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Preface

Human civilization, from its beginning to date, has been fondly using wood for
building home and furniture, and as a superior construction material. One of the
hallmarks of wood’s success is its “anisotropy” of strength and hardness in different
directions/orientations. Hence wood represents an intrinsically anisotropic material
in our natural environment, which candidly manifests the beneficial consequences
of anisotropy in its properties. This anisotropy, i.e., the direction-dependency of
physical properties, of such natural materials has inspired materials scientists and
sparked the quest for anisotropic materials with useful properties. With such an
inspiration, the scientists have ventured into the realm of nanometer length-scale
and have been curiously exploring the anisotropic nanoscale building blocks such
as metallic and nonmetallic particles as well as organic molecular aggregates. It
turns out that anisotropic nanoscale building blocks, in addition to direction-
dependent properties, exhibit the dimension and morphology dependence of
physical properties. Anisotropic nanoparticles in particular display several specta-
cular unique and unusual properties owing to spatial confinement of electrons,
photons, and electric fields around the particles as well as due to their large surface
to volume ratio. These promising properties have qualified them as enabling
building blocks of twenty-first century materials science, nanoscience, and nano-
technology. There has been tremendous development involving isotropic nano-
particles; however, anisotropic nanoparticles made of metals and metal oxides, etc.,
are emerging as a burgeoning endeavor because of their superior mechanical,
electrical, magnetic, optical and chemical properties. Their applications have been
demonstrated in electronics, photonics, biological and chemical sensing, imaging
and drug delivery, etc. Owing to their preferred orientation and ordering, aniso-
tropic nanoparticles can be organized into a multitude of well-defined higher-order
assembled structures. Moreover, ordered arrays of anisotropic nanoparticles’
assemblies furnish novel properties which are often distinctly different from the
properties of individual building blocks. Thus unprecedented and synergetic
properties are observed in numerous occasions resulting from the mutual cooper-
ative interaction of individual components. On the other hand, anisotropic supra-
molecular nanostructures of organic molecular and macromolecular components are
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known to assemble into functional soft and dynamic architectures with applicable
properties. These are easily processable and display greater response to smaller
external stimuli thereby expanding their functionalities and controllability toward
practical applications.

This book is not an attempt to exhaustively cover all the relevant topics on
anisotropic nanomaterials as it is extremely difficult to do so within a single book.
Instead, the book focuses on the recent developments of the most fascinating
themes on anisotropic nanomaterials: preparation, properties, and applications. The
various chapters cover the following contemporary topics: silicon nanowires: fab-
rication, devices and application (Chap. 1), methods and structures for self-
assembly of anisotropic 1D nanocrystals (Chap. 2), anisotropic gold nanoparticles:
preparation, properties, and applications (Chap. 3), synthesis and applications of
solution-based II–VI and IV–VI semiconducting nanowires (Chap. 4), rare earth-
based anisotropic nanomaterials: synthesis, assembly, and applications (Chap. 5),
liquid crystalline anisotropic nanoparticles: from metallic and semiconducting
nanoparticles to carbon nanomaterials (Chap. 6), self-assembled 1D semiconduc-
tors: liquid crystalline columnar phase (Chap. 7), self-organization of metal nano-
particles in two and three dimensions (Chap. 8), self-organized 3D photonic
superstructure: liquid crystal blue phase (Chap. 9), interfacial interactions in 1D and
2D nanostructure-based material systems (Chap. 10), mesoporous carbons for
energy (Chap. 11), hyperbolic metamaterials: design, fabrication, and applications
of ultra-anisotropic nanomaterials (Chap. 12), and printed anisotropic molecular
alignments (Chap. 13). In each chapter, the state of the art, along with future
potentials in the respective fields, is discussed and highlighted by leading experts.

This book offers up-to-date and accessible coverage of diverse anisotropic
materials with emphasis on their preparation, properties, and applications to
undergraduate and graduate students, as well as researchers both in academia and
industries working in inorganic chemistry, organic chemistry, polymer chemistry,
physics, biology, materials science, and engineering, electrical engineering,
chemical engineering, photonics, biomedical science, optic-electronics, nanosci-
ence, nanotechnology, and energy. It is hoped that readers will find the book useful
and this book may serve as a melting pot of truly multidisciplinary knowledge in
the field of anisotropic nanomaterials to stimulate future developments of advanced
materials and devices while strengthening our fundamental understanding of these
intriguing materials.

Finally, I would like to express my gratitude to Claus Ascheron at Springer for
inviting us to bring this fascinating and rapidly emerging field to a wider audience,
and to all our distinguished contributors for their dedicated efforts. Also, I am
indebted to my wife Changshu, my sons Daniel and Songqiao for their great
support and affectionate encouragement.

Kent, USA Quan Li
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Chapter 1
Silicon Nanowires: Fabrication
and Applications

Thomas Mikolajick and Walter M. Weber

Abstract Due to the high surface to volume silicon ratio and unique quasi one-
dimensional electronic structure, silicon nanowire based devices have properties that
can outperform their traditional counterparts in many ways. To fabricate silicon
nanowires, in principle there are a variety of different approaches. These can be
classified into top-down and bottom-up methods. The choice of fabrication method is
strongly linked to the target application. From an application point of view, electron
devices based on silicon nanowires are a natural extension of the downscaling of a
silicon metal insulator semiconductor transistor. However, the unique properties also
allow implementing new device concepts like the junctionless transistor and new
functionalities like reconfigurability on the device level. Sensor devices may benefit
from the high surface to volume ratio leading to a very high sensitivity of the device.
Also, solar cells and anodes in Li-ion batteries can be improved by exploiting the
quasi one-dimensionality. This chapter will give a review on the state-of-the-art of
silicon nanowire fabrication and their application in different types of devices.

1.1 Introduction

Silicon nanowires are quasi one-dimensional (1D) structures with a diameter of less
than 100 nm. The very small diameter results in a large surface to volume ratio. This
can be exploited in many ways in electronic devices [1]. When a gate is wrapped
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around the nanowire, the optimum control of the nanowire potential by the gate
potential is ensured. This makes nanowires an excellent choice for the ultimate
silicon metal insulator semiconductor (MIS) devices [2]. However, the same feature
also allows implementing device concepts that would have very poor properties in a
conventional planar configuration. The junctionless transistor [3] and tunnel field
effect transistors [4] are two prominent examples. Additionally, new types of
functionalities can be exploited by making the devices reconfigurable [5]. When it
comes to sensing devices, the small volume will allow effectively controlling the
potential of the nanowire by even a very small input signal, making the approach
very sensitive specifically for chemical sensing and bio-sensing [6, 7]. But also the
field of energy generation and storage can benefit from the quasi 1D structure. In the
solar cells the nanowires allow to more efficiently collect the incoming solar radi-
ation [8] whereby in Li-ion batteries the structure allows for volume expansion [9].

A large number of techniques exist to fabricate silicon nanowires. These can be
classified into bottom-up and top-down fabrication techniques. In top-down fabri-
cation, lithography is used to define the fabricated structure that is then transferred
from the photo-resist to the substrate by etching or a similar way of structuring the
already available material. In the bottom-up approach, the material is added to the
substrate in a self-organized way.

This chapter will review the current status of silicon nanowire technology. In the
first part the silicon nanowire fabrication techniques will be summarized and there
advantages and disadvantages will be discussed. The second part will then review
the very important field of silicon nanowire based electron devices. Devices that are
targeted to extend the current semiconductor roadmap are discussed together with
approaches that are intended to add new functionality to semiconductor devices.
The section on silicon nanowire based sensors will then focus on devices that can
take full advantage of the know-how from integrated circuit manufacturing and
illustrate further concepts. Finally, the possibilities for enhancing solar cells and Li-
ion batteries will be discussed. The summary will include the concepts that may
also gain importance and that are not covered in the previous sections. In all
sections silicon technology is used as the starting point due to the well-established
device technologies. However, it has to be considered that one of the advantages of
the nanowire approach is the simplicity in which different semiconductor materials
can be combined. Therefore, the prospects for even improving the device properties
by e.g. using germanium or III–V semiconductors will be discussed where
appropriate as well.

1.2 Fabrication Techniques for Silicon Nanowires

Traditionally semiconductor technology is driven by top-down fabrication using
photo lithography. This approach has successfully enabled to scale down device
dimensions all the way to the 10 nm range [10]. In contrast, bottom-up techniques
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have the potential to construct very complex structures without the need of defining
them in all details by a mask [11]. Nevertheless, there are still some missing links to
make the bottom-up approach a manufactural alternative. When it comes to silicon
nanowires, both paths are possible and have their advantages and drawbacks. In the
top-down fabrication, a clear path from today’s planar and FinFET devices to
nanowire devices can be drawn. However, the etching of the nanowire out of the
bulk silicon results in non-perfect geometry and requires advanced lithography. The
bottom-up approaches, on the other hand, may lead to excellent crystal quality and
small diameter using a very simple process. The precise placement and generation
of highly complex structures as integrated circuits still remains elusive. Therefore,
also combinations of both paradigms are considered. Another alternative is to use a
template made from an insulating material like silicon dioxide or aluminium oxide,
etch holes into the layer and fill the holes with silicon or the desired semiconductor
material. This can be considered as a top-down fabrication process for vertical
nanowires. The traditional top-down process, in contrast, will result in horizontal
nanowires although etching wires out of a bulk crystal is in principle also possible.

The most prominent nanowire synthesis method is named the vapor liquid solid
(VLS) growth mechanism. The VLS growth first described by Wagner and Ellis
[12] the growth occurs via phase changes that are mediated through a catalyst
particle. That means that the material to be grown, in this case silicon, is delivered
in the gas phase, either molecularly or in the form of a gas compound that is
introduced into the growth chamber. Figure 1.1 shows a schematic sketch illus-
trating the widely adopted VLS growth.

In the case of Si, molecular Si precursors can be evaporated either by Si effusion
cells, or pulsed vapor deposition. Silicon gas precursors include mono-silane
(SiH4), trichlorosilane (SiHCl3) or higher order silanes. The catalyst particle acts as
a collector of silicon. In the case of employing gas precursors, the catalytic nature
leads to lowering of the dissociation energies of the gas. Consequently, a high

Fig. 1.1 Schematic view of VLS growth of silicon nanowires. a Gold particles formed on the
growth substrate. b VLS growth using silane as silicon precursor
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concentration of silicon atoms is found at the catalyst particle´s surface, leading to
diffusion into the cluster. In the case of employing gold catalyst clusters, the gold-
silicon system can become liquid at temperatures above the eutectic point (363 °C),
provided that sufficient fraction of Si is present (e.g. 18.6 at.% at the eutectic
temperature). In case of a constant silicon flow, silicon atoms will continue to
diffuse into the Au–Si melt, although this is thermodynamically unstable. To reduce
energies, the super-saturated or excess silicon atoms condense into the solid-phase.
Nucleation of Si occurs at the footprint of the Au–Si catalyst layer by layer.
Consequently, a silicon monolith or nanowire is formed. Figure 1.2 shows the
starting gold catalysts in Fig. 1.2a, silicon nanowires grown on an oxidized silicon
wafer in Fig. 1.2b and a close up view of h110i oriented silicon nanowires lattice-
matched grown on a crystalline silicon (100) wafer. An important implication of the
VLS mechanism is that the size of the Au cluster defines the diameter of the
nanowire without the tedious need of further lithographic means. In addition, the
catalyst position on the substrate dictates the nanowire placement.

As explained above, in most cases gold particles are used as catalyst that decorates
the substrate’s surface. This is either done by dispersion of previously synthesized Au
particles or by the coalescence of thin Au films. The latter are often done by
depositing a very thin sub-nanometer layer of the catalyst film using physical vapor
deposition being followed by a coalescence step using thermal annealing or a plasma
treatment or the combination of both [13]. However, for compatibility reasons with
normal CMOS device fabrication, also gold-free processes have been developed
[14–16]. In the 1970’s, it was postulated by Givargizov, that due to thermodynamic
considerations there is a minimal critical diameter for growth [17]. It lasted until 1998
that Morales and Lieber [18] showed that silicon nanowires with diameters below
20 nm could be grown. A very detailed overview on the growth aspects of nanowires
can be found in [11].

Fig. 1.2 Nanowires grown by the VLS process. a Shows the catalytic gold particles formed by
sub–nanometer sputter deposition of Gold and a subsequent coalescence with a combination of a
thermal anneal in hydrogen atmosphere at 450 °C for 300 s and a subsequent plasma treatment
[13]. b Shows nanowires grown on an oxidized silicon substrate and c shows a close-up of
nanowires grown on a (100) oriented single crystalline silicon substrate
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One advantage of the VLS method is that the growth can be done on different
types of substrates. It has been shown, that thermodynamics dictate the crystal
growth direction of the nanowire, even if growth occurs on amorphous substrates,
i.e. without pre-defined lattice orientation. In addition, a correlation between crystal
direction and nanowire diameter is clearly visible [19, 20]. Schmidt attributed this
to the strong contribution of outer silicon atoms on the overall formation energies.
When a silicon substrate is used, epitaxial growth can be achieved as well.
Moreover, the grown wires can be subsequently transferred to any substrate even if
the direct growth on that substrate is not possible. In that case, however, the original
vertical nanowire arrangement cannot be maintained.

As alternative to CVD growth a wide variety of other growth methods can be
applied using catalysts [9]. Among them are the annealing in a reactive atmosphere
like hydrogen to form the nanowires directly from a silicon substrate [21], laser
ablation [22] and molecular beam epitaxy [23].

For top-down fabrication of nanowires well-established technologies from sili-
con VLSI circuit technology can be applied. To form horizontal nanowires that are
electrically isolated from the substrate, two approaches are commonly used. In the
simplest approach, a SOI substrate is used and the nanowire is etched into the thin
active silicon layer using an anisotropic etching process [24]. In the other approach
bulk silicon and a deep reactive ion etch (DRIE) process are used together to
structure a stack of nanowires [25]. Figure 1.3 shows both approaches schemati-
cally. The latter approach has the beauty that the footprint is small and there will be
several parallel nanowires to carry the current in a device using nanowires from
such a procedure. Figure 1.4 shows examples of nanowires created by both
techniques.

Fig. 1.3 Horizontal silicon nanowires fabricated by top down fabrication. a Starting with SOI
substrate and etching using anisotropic reactive ion etching. b Starting with bulk substrate and
etching with deep reactive ion etching and subsequent oxidation. Copyright © 2013 WILEY-VCH
Verlag GmbH & Co. KGaA [1]
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According to the above-described procedures the bottom-up fabrication will lead
to a vertical arrangement of nanowires and the top-down arrangement will lead to a
horizontal arrangement of nanowires. If horizontal nanowires have to be fabricated
by the bottom-up technique, the alignment is very critical. In general the nanowires
will be dispersed on the receiving substrate. For basic research, it can be sufficient
to simply use a direct writing lithography technique to further built the required
device. However, for mass fabrication an alignment of the structures will be
required. Although some promising approaches have been shown, so far no tech-
nique for reliable mass fabrication is available. Therefore, the top-down approach
seems to be the approach of choice for the mass fabrication of horizontal silicon
wires using a silicon substrate. Also vertical wires can be achieved by using
lithography and a subsequent anisotropic etching [26, 27], this technique has the
drawback that very high aspect ratios have to be etched and dimensional control is
very critical. On the other hand, the bottom-up approach naturally yields vertical
devices [28] and the precise positioning can be controlled by a defined positioning
of the catalyst particles. As an alternative, a template approach can be used to
flexibly define vertical nanowire structures [29]. In that approach first a template
layer has to be deposited. In [29] many different bottom-up techniques are described
to fabricate such templates. The most popular being anodized aluminum oxidized
(AAO) templates. However, also a suitable dielectric may be deposited and holes
are etched into the layer using a top-down lithography process to form the template.
Then the holes can be filled with the required nanowire material using a chemical
vapour deposition process or epitaxial growth process. The drawback is that in case
of a semiconducting nanowire like silicon the resulting nanowire will be poly-
crystalline rather than a single crystal [30]. To achieve single crystals, the technique
can be combined with bottom-up nanowire growth using a catalyst. If the holes are
generated by a self-organization process, this again can be considered as a true
bottom-up fabrication method.

Besides the fabrication of the nanowires themselves, a few critical processing
steps have to be available to fabricate electron devices. The most important are: the

Fig. 1.4 Examples of horizontal silicon nanowires achieved by top-down fabrication.
a Nanowires with 20 nm height and 25 nm widths produced using an SOI substrate. b Close
up view of the nanowires form on the SOI substrate. b Nanowires formed using the deep reactive
ion etch (DRIE) process © 2009 IEEE. Reprinted, with permission, from [25]
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previous mentioned alignment of nanowires in case that bottom-up grown nano-
wires will be used, the doping of nanowires, the formation of contacts to the
nanowires and finally the formation of a well-defined dielectric shell.

For alignment, a number of techniques have been proposed [31, 32]. Polar
nanowires can be aligned in strong electric fields [33]. Dielectrophoresis has been
used successfully for wire alignment [34, 35]. Microfluidic alignment [36], contact
printing [37, 38] and Langmuir-Blodgett techniques can also be used [39–41].
Recently a nanoscale combing technique [42] showed encouraging results.
However, all methods still face issues with either wire density for high integration
or rather low yield of the desired structures or both [31]. Therefore, for high device
densities comparable or beyond the state of the art, CMOS top-down approach is
still the more preferred choice to define the nanowire location. However, for
applications on flexible substrates or in sensors with parallel nanowires [38] some
of the available procedures like contact printing could already be sufficient.

Doping of nanowire structures is also a critical issue. In modern CMOS fabri-
cation, most doping steps are done using ion implantation. This, however, is not
straightforward due to the geometry of silicon nanowires. Specifically the defined
doping in a vertical arrangement is problematic. In bottom-up grown structures
different options exist to dope the wires during growth. In case of catalyst-enabled
growth, it is an intriguing idea to use the catalyst itself as dopant for the nanowire.
In most cases only very low concentrations of the catalyst are actually transferred to
the nanowire [10, 14]. Nevertheless, especially p-doping by using aluminum cat-
alysts has recently shown very promising results [16]. In vapor phase processes, the
doping can also be supplied by an additional precursor gas [43–45]. Care has to be
taken to control the doping distribution both in radial an axial dimension [43].

To contact the nanowires a metal to nanowire contact is required. This can be the
limiting factor for the device construction [46]. Using a metal silicide is very
favorable method [47, 48]. Specifically intruded nickel silicide contacts offer a very
technologically simple method of fabricating the metal to silicon nanowire contacts
with sharp interfaces [48–50].

Finally in order to achieve reproducible device properties it is important to
passivate the nanowire surface and form a good gate insulator for a field effect
transistor (FET). The natural oxide of silicon is one of the main reasons why silicon
has considerably outperformed every other semiconductor for high density and high
performance circuits and systems [51]. Therefore, it is natural to also use silicon
dioxide in silicon nanowire devices and indeed it can deliver excellent properties
[52]. However, also here the higher k value of materials like hafnium dioxide
(HfO2), which is established in CMOS technologies today, is of benefit [53].
Atomic layer deposition (ALD) is the technique best suited to deposit dielectrics on
nanowires since it can form conformal films on arbitrary geometries. Nanowire
devices with aluminum (Al2O3), oxide and HfO2 gate dielectrics have been dem-
onstrated for device [54, 55], sensor [56] and nonvolatile memory applications [57].
Care has to be taken to carefully engineer the silicon/dielectric interface to avoid
interface traps and charge trapping in the high-k layer. Another advantage of
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deposited dielectrics is the possibility to combine them with different semicon-
ductors like germanium or GaAs and enable their use despite of the absence of a
high performance natural oxide like in the case of silicon.

1.3 Electron Devices Based on Silicon Nanowires

Silicon exhibits unique properties when it acquires a 1D shape. Quantum con-
finement of electrons and holes is predicted to be substantial only at aggressive
diameters below of 3 nm [58]. Note that this is in contrast to III–V semiconductors,
where confinement is visible already at larger diameters. Therefore, it makes sense
to denote the behavior of Si nanowires as quasi 1D. The band structure is strongly
modified for Si nanowires with diameters below of *10 nm. The band gap
increases for smaller diameters and a direct band gap can be obtained for suffi-
ciently small diameters [58, 59]. The quasi 1D behavior of silicon nanowires with
very small dimensions can be utilized in devices in many different ways. For field
effect devices, when the gate electrode is wrapped around the nanowire, the opti-
mum geometric gate coupling can be provided to the active region. In addition to
this, if the silicon thickness is small enough to allow a full depletion at low voltages
the best scaling behavior of the device can be achieved [60]. A useful parameter to
characterize the gate control over the channel is the natural or screening length [61].
It describes the efficiency of bending the energy bands and depends on the gate
geometry, gate dielectric, nanowire thickness and doping concentration. Depending
on the density of states nanowire field effect devices can be designed to operate
either in a classical gate capacitance limited mode or the quantum capacitance limit.
In the latter the channel charge remains constant when scaling down the gate oxide
thickness leading to an improved power to delay product [62].

Using scaled nanowires, very promising circuit demonstrations have already
been shown [63, 64]. Another more conventional approach comes from semicon-
ductor memories, especially NAND Flash. For decades, the dilemma between fast
erase and retention is hindering the full success of charge trapping devices [65]. The
underlying physical reason is that the field in the tunnel oxide and the top oxide
cannot be controlled independently of each other like this can be done in a floating
gate device. Generally speaking, it is necessary to enhance the field in the tunnel
oxide and possibly at the same time reduce the field in the top oxide. Nanowires and
to a lower extent tri-gates [66] offer a unique opportunity here, since the geometry
will automatically generate a higher field at the bottom oxide and the extension of
the field increase can be controlled by the diameter of the nanowire. Figure 1.5
illustrates that situation. Therefore, nanowire devices have been extensively
explored for charge trapping devices. An excellent overview on the literature on
that subject can be found in Chap. 3 of [67]. However, up to now the technological
hurdle for introducing nanowires to push charge trapping applications is too high,
as long as a cheaper scaling can be achieved using floating gates. Since almost ten
years intense research has been started to explore the third dimension in NAND
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Flash memories, [30, 67] which might turn this cost per function relation. It was
shown that by using concepts where many layers can be fabricated and then con-
nected by a single or a few lithography steps is necessary to scale the cost into the
desired range.

Many concepts have been proposed to reach that goal [67, 68]. In most of these,
a charge-trapping layer is much easier to integrate then a floating gate. Here the
nanowire geometry is beneficial. It has further been shown, that for the particular
application the small dimensions enable the use of polycrystalline material for the
transistor body [69]. This enables a rather simple fabrication technique where holes
are etched into the layer stack and the holes are subsequently filled with polysilicon
[30, 70]. The basic process is illustrated in Fig. 1.6. One variant of this concept has
reached the market recently [71] and more devices are expected in the near future.
Besides NAND Flash, the general concept can also be extended to other devices
like resistive RAM (RRAM) [72]. Although not all applications can benefit from
the nanowire geometry in the same way the charge trapping memory cell does, in
most cases a nanowire like structure will be the result of this type of integration
scheme.

Also logic devices benefit largely from the excellent gate control when imple-
mented in a nanowire structure. However, for viable applications additional
requirements have to be fulfilled. Thus, alternative concepts to the conventional
MOSFET have emerged. The most important of these are illustrated in Fig. 1.7.
With ever decreasing device dimensions doping becomes more and more prob-
lematic. On the one side the doping profiles need to be controlled much more
precisely. However, due to diffusion during dopant activation an ideal steplike
profile is hard to achieve even if very short millisecond annealing is used. Second,
the number of dopants in the active channel region decreases. Since the relative
variability will scale with N−1/2 [73] doping fluctuations will make the control of
the threshold voltage nearly impossible [74]. In addition to these difficulties, it has

Fig. 1.5 Schematic cut in width direction of a planar (a) and a nanowire based (b) charge trapping
memory cell. The arrows indicate the field lines in the device in programing or erase operation. In
the nanowire device the field lines are denser in the bottom oxide. Therefore the exchange of
carriers between the charge trapping layer and the silicon transistor body is enhanced and the
charge exchange between the charge trapping layer and the gate-electrode is reduced
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Fig. 1.6 Principle of stacking several layers and connecting them using a single lithography and
etching step. The upper row shows the top view and the lower row shows the cross section
according to the cut line A-B as indicated in the top view. The starting layer stack is shown in (a).
After defining holes by lithography and etching the structure in (b) results. Finally the holes are
filled again and the filling layer is polished back resulting in a nanowire structure inside the holes
(c). The flow is strongly simplified to illustrate the basic principle and details like functional layers
are omitted

Fig. 1.7 Different options for electron devices using silicon nanowires. The top drawing a shows
a generic 3-D view of a silicon nanowire device with metallic source/drain regions and the
surrounding gate. The cross sections b–e illustrate different device concepts: b Conventional
nanowire MOSFET, c Schottky Barrier FET, d Junctionless FET and e Tunnel FET. Copyright ©
2013 WILEY-VCH Verlag GmbH & Co. KGaA [1]
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been proven by calculations and experiments, that for certain nanowire geometries,
the ionization energies of dopants are higher than in bulk [75, 76]. For nanowires
without a surrounding gate dopant deactivation takes place, i.e. to achieve the same
doping effect, a higher dopant concentration is needed, especially for thin nanowire
diameters.

Both the Schottky barrier field effect transistor (SBFET) [77, 78] and the
junctionless transistor [3] can help to control these issues. In the SBFET, the highly
doped source and drain regions are replaced by metal-semiconductor Schottky
junctions, and the silicon body of the transistor can be undoped. The device benefits
from the nanowire geometry since very sharp and defined silicide junctions can be
used [79]. For charge transport this implies that two energy barriers are introduced
along the current path. The thickness of these barriers is efficiently controlled by the
gate due to the electric field enhancement at the tip-like metal electrode geometry.
The on-state for sufficiently small gate lengths is given by tunneling through the
Schottky barriers, while the off-state is controlled by thermionic emission over a
high and thick energy barrier. The undoped channel eliminates issues of threshold
voltage control caused by doping fluctuations. In the junctionless device, the whole
nanowire is highly doped. Thus, the formation of a very sharp junction in the scaled
device is elegantly avoided. In contrast to conventional FETs, the on-state is driven
in the accumulation mode, and the charge carriers flow throughout the complete
nanowire cross-section. Doping fluctuation issues are reduced due to the much
higher doping of the channel region.

One of the biggest challenges for further device scaling is the inability to scale the
threshold voltage due to the thermal limit of 60 mV/dec for the subthreshold slope
[80]. Since lowering the supply voltage is of very high importance both for physical
device scaling and reduction of the power consumption it is one of the most pressing
issues to find ways in order to reduce the subthreshold slope below this value. One
promising option is the tunneling field effect transistor (TFET) [4, 81].

The TFET would also greatly benefit from the nanowire geometry. From an
electrostatic point of view, the nanowire geometry with a surrounding gate stack
facilitates sufficient band bending for band-to-band tunneling. Furthermore, for suf-
ficiently small diameters the energy distribution of density of states exhibits van
Hoove singularities. Hence, a comparatively high amount of states are available for
band to band tunneling at the conduction and valence band edges. As the energetic
window for band to band tunneling cuts the high energy tail of the Fermi distribution
function, the tunnel FET principally enables a switching behaviour with a reduced
subthreshold swing below 60mV/dec at room temperature. However, like in Schottky
FETs, the tunneling transmissibility through the energy barriers limits the on-current
through the device. Therefore, from today’s point of view TFET are alternatives for
low operating power. Recently, encouraging results have been shown demonstrating a
performance that is coming close to the requirements for an actual implementation
[82, 83]. In a recent publication [84] the combination of a junctionless transistor and a
tunnel FET is described, combining features of both device types.

There are two more aspects that make the use of nanowires in such devices very
attractive. First, it is much easier to combine different semiconductors with
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considerable lattice mismatch in nanowires [85]. Second, nanowire devices can be
constructed both in a horizontal and vertical arrangement. Both features have been
exploited in [86, 87] where CMOS compatible nanowire structures using a Si/InAs
heterostructure as a building block for TFETs are demonstrated.

All those devices target an improvement of the classical CMOS technology,
exploiting the enhanced electrostatic control within the nanowire geometry.
However, silicon nanowires also enable a new type of transistor, in which the device
polarity can be controlled by an electrical signal [5, 52, 88, 89]. Therefore the same
physical device can be used at different times as p-channel or n-channel transistor.
These so called reconfigurable field effect transistors (RFET) hold the potential to
lower the transistor count needed for the same functionality. The different concepts
to build such a device are illustrated in Fig. 1.8 and briefly introduced in the fol-
lowing. Detailed discussions on the different concepts can be found in [1, 5].

In the electrostatic doping approach [88, 90–93], shown in Fig. 1.8a, the back-
gate is used as program gate to select electron or hole transport. The program gate
bends the silicon bands at both junctions simultaneously. Negative program gate
voltages increase the barrier height at the conduction band and thereby block
electrons. At the same time the energy barrier height for holes is the natural
Schottky barrier height. Albeit, its thickness is diminished and thermal assisted
tunneling of holes can take place. Correspondingly, positive program gate voltages
block holes and enable electron injection. Once the program gate is set to a specific
polarity, the top gate is then used to adjust the amount of current flowing from
source to drain. The use of buried and common gates, as employed in Fig. 1.8a,
implies having a comparatively weak gate coupling to the active region and
therefore a high gate operation voltage. Moreover, the independent operation of
neighboring devices, as required in integrated circuitry, can only be solved by
substantial technological means leading to a limited scalability of this structure.

In the approach sketched in Fig. 1.8b [89, 94, 95], the two outer top gates are
kept at the same potential and provide a similar function as the back gate in
Fig. 1.8a. Thus, this concept allows the individual control of different devices in one
chip. In the top-down realization a surrounding gate architecture is provided for
both control and program gates [94]. Moreover, in a single device numerous

Fig. 1.8 Schematic cross sections of the different concepts for reconfigurable silicon nanowire
devices. In the electrostatic doping device (a) the back gate is used to adjust the barrier heights and
a top gate controls the current trough the device. The simultaneous control of both Schottky
barriers (b) can also be accomplished by using top gates and an additional control gate in the
middle then controls the carrier flow. In the RFET (c) approach the program gate above the drain
junction and the control gate above the source junction control the polarity and the current flow
respectively
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nanowire channels are vertically stacked in parallel to enhance the drive current.
The three gates can also be connected independently to allow the control of the
threshold voltage of the device [95].

The RFET device shown in Fig. 1.8c uses two independent top gates each
overlapping one of the Schottky junctions [52, 96]. One of them is used to control
the polarity. The other is used to control the amount of current flowing through the
device. In contrast to the other polarity control concepts and to conventional
CMOS, the main part of the active region is ungated.

Recently significant progress has been made both in understanding and
designing the appropriate transport mechanisms [97–99] and showing the benefit of
building circuits out of the reconfigurable devices [100–102]. If CMOS circuits are
to be constructed from such devices, it has to be considered, that the geometry
cannot be adjusted according to an unbalanced current output of p-channel and n-
channel devices since the same device has to be usable in both configurations.
Therefore, the output has to be symmetrical for both carrier types. Using stress
engineering this could be demonstrated in the approach with two top gates illus-
trated in Fig. 1.8c [103]. Figure 1.9 shows an inverter implemented in a single
bottom-up fabricated nanowire using this symmetrical RFET device. CMOS
functionality can be shown and identical characteristics are achieved if the role of
the two devices is interchanged [103]. When comparing the performance of such
devices to CMOS there is still a considerable gap due to the Schottky barrier
approach. Here, again, the flexibility of integrating different materials into nano-
wires can be exploited by using germanium nanowires [104].

Fig. 1.9 Complementary inverter based on a symmetrical reconfigurable field effect transistor.
a SEM image of the two identical RFET devices integrated into a single nanowire. In b the
resulting transfer characteristics of the p-channel and the n-channel programmed devices is shown.
In c the inverter transfer characteristic is shown together with the current through the inverter
demonstrating that a cross current is flowing only during switching
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1.4 Silicon Nanowire Based Sensors

Generally speaking, a sensor device transforms a physical or chemical signal of the
environment into an electrical signal [105]. Normally, the sensor device can be split
into the active sensing part, which translates the input signal into an intermediate
signal and the transducer that translates the intermediate signal into the final
electrical signal. In many cases, the two parts are closely linked. The quasi 1-D
properties of nanowires can be utilized in transducers and in some cases also for the
active sensing part of the chain. Especially chemical and biochemical sensor
research has intensively utilized silicon nanowires in the last decade [106]. But also
mechanical sensors can benefit especially from the very high piezoresistance effect
observed in silicon nanowires [107]. For example, accelerators that utilize the
piezoresistance effect for transduction can be significantly improved [108].
Moreover, freestanding nanowires can be very good oscillators. Combined with the
high piezoresistance this enables new classes of devices [109, 110].

The research on chemical and biochemical sensors is again strongly driven by
the exploitation of the extremely high surface to volume ratio combined with
excellent mechanical stability. Having in mind that excellent field effect transistor
devices can be constructed, it is a natural consequence to apply the idea which
Bergveld first explored in 1971 [111] in the ion sensitive field effect transistor
(ISFET) to place the impedance conversion in potentiometric devices in direct
vicinity of the measurement. Using classical planar devices, derivatives of this idea
have been established as transducers for chemical [112] and biochemical sensors
[113]. The transfer of these ideas to nanowire-based devices was therefore already
demonstrated more than a decade ago [114]. For biochemical sensors the diameter
of the nanowires can be as small as the species to be detected. As illustrated in
Fig. 1.10. This enables a very high sensitivity of the sensor device even if parallel

Fig. 1.10 Illustration of a chemical or biochemical sensor based on a nanowire field effect device.
a Schematic showing the FET transducer receptors immobilized at the surface. b Top view of a
sensor using conventional planar silicon technology. c Top view of nanowire sensor constructed
from three parallel nanowires. Red arrows indicate current paths

14 T. Mikolajick and W.M. Weber



nanowires are used in order to increase the device current, since the current
percolation paths are effectively blocked already by a single molecule per nanowire.
Looking at a single nanowire this situation paves the way to single molecule
detection as demonstrated in [115].

In Fig. 1.11, the response of a pH sensor using a Schottky barrier field effect
device with parallel nanowires [38] and an aluminum oxide pH sensitive layer is
shown [116]. Nearly Nernstian response is demonstrated for both rising and falling
pH. A large number of different biosensors has been demonstrated using nanowire-
based transducers, especially FETs [117–121]. The details of the sensing mecha-
nisms and functionalization are beyond the scope of this chapter and the reader is
referred to the references given. However, it is important to point out that nanowire
based devices have their specific advantage when it comes to a very sensitive
detection in small volumes and therefore can enable biosensors that are not possible
using a planar transducer.

The small size, flexible fabrication and mechanical properties of nanowires can
also be utilized to extend the functionality of biological sensors. Nanoscale FET
devices can be integrated at the tip of a kinked silicon nanowire, as it is reported in
[122–124]. Here, the nanoscale connections are made by the arms of the kinked
nanostructure. However, the spatial resolution of such a device is limited.
Therefore, the same group has presented an approach in which a SiO2 nanotube is
synthetically integrated on top of a nanowire FET. This nanotube penetrates the cell
membrane, bringing the cell cytosol into contact with the FET, which is then able to
record the intracellular trans-membrane potential [123].

Fig. 1.11 Output voltage of a pH sensor using a parallel nanowire SBFET coated with aluminum
oxide as a function of pH. The red symbols represent the values for rising pH and the black
symbols show the values for decreasing pH. The inset shows an SEM top view of the used sensor.
Reprinted with kind permission from Springer Science+Business Media: [116]
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1.5 Silicon Nanowire Based Solar Cells and Anodes
for Li-Ion Batteries

Energy generation from renewable sources and storage of electrical energy are
among the most pressing technical challenges for our society. These fields can benefit
from silicon nanowires [9] as well, as they have the potential to increase the optical
absorption and collection efficiency in solar cells [8, 125, 126]. Single nanowire solar
cells can be used to study the parameters that influence the performance of nanowire
based photovoltaics [126–129]. Additionally, they allow a seamless integration with
nanowire based electronics and sensors [127, 128]. For doing general purpose solar
cells, however, the single wire elements have to be arranged in large arrays [8, 131].
The potential of the single element to enable such a large scale assembly is therefore a
strong differentiator for the different concepts. Therefore, the low cost bottom-up
growth, which is compatible with different types of substrates, is the fabrication
method of choice for such devices. In order to accomplish all the requirements, a
coaxial structure is beneficial. First of all, the possibility to fabricate radial pn-
junctions has shown promising results [132]. Figure 1.12 shows a schematic view of
a silicon nanowire array based solar cell using this concept. Moreover, the flexibility
of combining different materials in the nanowire arrangement is utilized as can be
seen, for example, in [128]. Also classical heterojunction concepts using crystalline
and amorphous silicon can easily be implemented [131].

Li-ion batteries are currently one of the best technical solutions to store electrical
energy and retrieve it on a short and flexible timescale [133]. Up to date graphite is
the standard anode material used in such batteries. However, theoretical calculations
predict that silicon can improve the capacity by almost one order of magnitude.

The increased Li accommodation of up to 3.75 Li atoms per silicon atom comes
together with a huge lattice expansion upon lithiation which results in more than
250 % volume expansion [9, 133]. This will lead to the pulverization of the anode
during cycling. Figure 1.13a illustrates this for the case of a thin film anode. The

Fig. 1.12 a Schematic view of a silicon nanowire based solar cell with a radial pn-junction.
b SEM micrographs from top view and cross section of the solar cell, as well as from the silicon
nanowire array. © Optics Express, reprinted with permission from [130]
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breaking of the structure leads to an interruption of the current flow through the
anode. Using silicon nanoparticles (Fig. 1.13b) can improve the cyclability.
However, a certain amount of particles is released to the electrolyte and current flow
towards the collector is limited. A nanowire on the other side can expand laterally
and still maintain the current transport in the vertical direction (Fig. 1.13c) [108].
Excellent research results have been shown in half-cells, but the enhanced cycla-
bility in full cells remains to be shown [9, 134–137]. Promising results with
nanowires directly grown on carbon meshes were recently demonstrated [138]. For
full cell operation, also the formation of the solid-electrolyte interface (SEI) at the
silicon surface needs to be controlled, in order to tune the electrochemical reactions.
Again, the flexibility in forming heterostructures including different materials can
be utilized to enhance charge storage batteries [139, 140].

1.6 Summary

Silicon nanowires are quasi 1D structures with a diameter below 100 nm. They can
be grown with high precision using bottom-up techniques. In addition, today’s top
down fabrication technology has reached the sub 100 nm nanoelectronic era in

Fig. 1.13 Schematic illustration of the effect of volume expansion during lithiation of silicon
[133]. Silicon applied as a thin film (a). The massive volume expansion destroys the film. Silicon
applied as silicon nanoparticles (b). In this case there is room for expansion, but the electrical
connection is lost. Silicon applied as silicon nanowires (c). For nanowires a radial expansion is
possible while maintaining the vertical connection to the underlying substrate
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2004 [141]. Therefore also classical lithography techniques can be used to fabricate
silicon nanowires. Different devices can strongly benefit from the quasi 1D feature
that is reflected by the high surface to volume ratio. The scaling of today’s elec-
tronics can be enhanced by the ultimate gate control and the possibility to reduce
the subthreshold slope below the thermal limit of 60 mV/dec. The vertical NAND
Flash device is a first demonstration of nanowire like structures in mass production
[71]. Though, in this case the nanowire results from a development coming from
top-down microelectronics, but the effect of the nanowires is clearly present. It is
expected that we will see more similar examples, where the top-down technologies
are developed to a point such that the learning from the bottom-up nanowire
research can be exploited in volume manufacturing. Additional, functionalities like
reconfigurability can be added to silicon devices as well, based on the precise
control of electrical field in such structures. Additionally in nanowire devices dif-
ferent semiconductor and insulator materials can be combined both in a radial and
longitudinal fashion much more flexible than in bulk semiconductor technologies.
In the framework of electron devices, this feature will allow to implement high
mobility materials in a simpler way than in bulk technologies.

The high surface to volume ratio has the potential to design sensors that are
much more sensitive than their planar counterparts. Especially biosensors, where
very small amounts of analytes have to be detected in very small volumes, can
benefit from this feature.

In solar cells, the light trapping is enhanced by forming radial structures, as the
pn-junction can be placed much closer to the carrier generating region. In Li-ion
batteries the potential of the very high lithium incorporation in silicon cannot be
exploited in planar structures. Silicon nanowires also hold a unique opportunity in
that field.

Besides the examples given in this chapter, there are many more potential
applications like optical devices [142, 143], thermoelectric devices [144], catalysts
[145] and even more [146]. It is therefore expected that silicon nanowire technology
will evolve as a very versatile supplement to the existing silicon technology.
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Chapter 2
Methods and Structures for Self-assembly
of Anisotropic 1D Nanocrystals

Shuang-Yuan Zhang, Kwok Wei Shah and Ming-Yong Han

Abstract In the nanoscience and nanotechnology, the study of nanocrystal self-
assembly has been regarded as a key technology in leading future industrial
development. The colloidal self-assembly techniques, particularly for one-dimen-
sional (1D) building blocks, have been widely adopted for the systematic fabrica-
tion of functional nanocrystals and received an extensive research attention.
However, the increase in the building blocks’ anisotropy, e.g. from sphere to rod/
wire, has dramatically leveled up the difficulty in organizing them into ordered
structures. To realize tailored 1D nanocrystal self-assembled structures, a profound
understanding and detailed design of self-assembly mechanism and procedures are
much needed. Here, a thorough review over 1D nanocrystal self-assembly methods
and alignments are present to achieve large-scale functional structures. Through
different techniques, such as evaporation, template, electric field, Langmuir-
Blodgett film and chemical bonding, nanocrystals with various shapes can be self-
assembled on substrates, at interfaces and in solutions. These assembled structures
that have been achieved so far, can exhibit different degrees of alignments, such as
stripe pattern as non-close-packed structure, horizontal, vertical alignments as
close-packed monolayers, nematic, semectic alignments, AB stacking of vertical
alignments, three-dimensional (3D) assembly as close-packed multilayers. In gen-
eral, these self-assembly techniques can reach much small dimension and create
microstructures that possess unique properties different from their individual
building blocks.
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2.1 Introduction

The past few decades have witnessed an enormous explosion in the research efforts
in the nanoscience and nanotechnology: from synthesizing new nanomaterials to
characterizing [1–9], understanding their unique chemical, physical, biological
properties [10–18], and more recently to self-assembling these individual compo-
nents into larger systems and structures [19–25]. The self-assembly of individual
nanocrystals has provided a bottom-up method that reaches much smaller dimen-
sion. It is able to align, pattern, integrate nanocrystals into ordered and functional
microscale structures that is inaccessible from top-down methods, e.g. lithography,
nano imprinting [26–28]. The colloidal route of nanocrystal self-assembly is an
alternative means of nanofabrication to develop efficient micro-sized devices in a
simple and versatile manner [29]. More importantly, it offers an inexpensive
approach to build up large structures with new functions that differ from their initial
building blocks. These new collective properties of assembled structures are tunable
upon varying size, morphology and composition of these building blocks as well as
the packing order [30]. A variety of nanomaterials including metals [31–37],
semiconductors [38, 39], oxides [40–42], inorganic salts [28, 43], and polymers
[38, 44] have been achieved to be self-assembled into larger, ordered structures
with new properties. These assembled structures provide new perspectives for the
application in the photonics [45–50], plasmonics [51–53], SERS [54–59], devices
and deliver revolutionary solutions for magnetics [16, 41, 60, 61], electronic/pho-
tovoltaic devices [62–64], catalysis and energy storage [65]. Many of these
applications are based not only on individual nano-objects but also on assemblies in
which these nano-objects interact with one another and organize in dedicated ways.
Therefore, the ability to self-assemble various nanocrystals into large ordered
structures with desired size, shape and orientation has become crucial in solving
new challenges and problems in nanoscience and nanotechnology research.

The building blocks for ordered self-assembled structures, which have been
achieved so far, are priced restrictive requirements to be mono-dispersed [66, 67].
Individual nanocrystals, often terms as “artificial atoms” can assemble into large,
microscale supercrystal or ordered solid structure in a dynamic equilibrium process
when prepared with high uniformity. Traditionally, the building blocks of most
assemblies are limited to spherical nanoparticles, and are studied extensively using
simple drop-casting method [68–73]. The face-centered cubic (fcc) or hexagonal
close-packed (hcp) packing pattern are usually observed when drop-casting and
drying the uniform spherical nanoparticle dispersion onto a flat surface. Recent
advances put emphasis to improve drop-casting method, with careful control over the
evaporation rate and the choice of carrier solution, to enable the near-spherical
nanoparticles, e.g. cubic, octahedral to form close-packed assembled structures.
However, the increase in the building blocks’ anisotropy is found dramatically level
up the difficulties to assemble such nanocrystals into long-ranged ordered
structure [74–76], and the conventional drop-casting method face complexities in
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self-assembling one-dimensional (1D) high anisotropic nanostructures, such as
nanorods, nanowires [74].

In addition, when the self-assembly building blocks become assorted, especially
lD anisotropic nanocrystals are used to assemble ordered structures, the crystal
orientations (facet orientation) of these nanocrystals within the assembled structure
become a prominent issue and of fundamental and practical research interest.
Unlike spherical nanocrystals fitting into fcc or hcp pattern with a random crystal
facet orientation, some 1D anisotropic nanocrystals assemble into more complicated
packing patterns with both positional and orientational orders that otherwise
unattainable using spherical nanocrystals [20, 22, 74–77]. This is particularly sig-
nificant for certain applications as assemblies consisting of anisotropic nanocrystals
possess unique properties due to their anisotropic nature [78]. Therefore, a signif-
icant research attention is diverted to this field and different self-assembly
approaches, e.g. evaporation-mediated method, electric-field-assisted assembly, and
template-assisted assembly [26, 27, 79–85] have been developed to assemble 1D
anisotropic nanocrystals into ordered structures.

In this chapter, we focus on self-assemblies using 1D nanoscale building blocks
and assess various assembling methods and different packing structures. The recent
approaches that achieve self-assemblies on substrates, at interfaces, and in solutions
are categorized and illustrated with detailed working mechanisms and actual setups.
The different packing structures, such as stripes, monolayers, and multilayers that
are fabricated from 1D nanocrystals are listed in the following section, with the
emphases on the internal organization and unique properties. The challenges that
faced by the current research works are also discussed, hoping to offer an outlook
into future development. The ultimate goal is to provide a channel to fine tune 1D
nanocrystals self-assembly into desired structures that is both functional and
accessible for microscale applications.

2.2 Self-assembly Methods

Monodispersed colloidal nanocrystals with uniform size and shape distribution can
self-assemble into large and ordered structures in a dynamic process on substrate or
at interface or even in the colloidal solutions via different approaches. The for-
mation of ordered structures depends on the building blocks and assembly
approaches. The 1D anisotropic nanocrystals are particularly difficult to self-
assemble due to their anisotropic structure properties and therefore require specific
techniques and external facilitations. Here we summarize the approaches that have
been developed so far to assemble 1D colloidal nanocrystals especially nanorods
and nanowires into ordered structures.
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2.2.1 Self-assembly on Substrates

2.2.1.1 Evaporation-Mediated Assembly

The controlled evaporation-mediated assembly is derived from simple drop-casting
method that has been widely used in self-assembling spherical and non-isotropic
colloidal nanocrystals [86, 87] on solid substrates. The formation of ordered self-
assembled nanostructures was first observed using TEM by drop-casting the
ferrofluid (Fe1−xCx) solution on a TEM grid [88]. In general, when a drop of
nanocrystals suspension is withdrawn to deposit onto a flat substrate, as the carrier
solvent is slowly evaporated, the nanocrystals self-assembled into ordered structure
on the substrate surface to minimize the free energy (Fig. 2.1a) [89]. The relatively
weak attraction forces (electrostatic interaction, Van Der Waals force, capping
ligands interaction, hydrophobic interaction, capillary force [29] among nanocrys-
tals in the suspension gain importance when the solvent is slowly evaporated,
forcing nanocrystals to organize [82]. This aggregation process is also well
explained using thermodynamics [90] and phase segregation model [91, 92], where
the formation of final ordered structure depends on temperature, concentration,
choices of solvent, nanoparticles sizes and thermodynamic state. Therefore, when
the simple drop-casting method faces difficulty in self-assembling 1D anisotropic
nanocrystals, different approaches that control the evaporation parameters such
suspension concentration, choice of carrier solvent, evaporation rate have been
proposed and demonstrated in anisotropic nanocrystals assembly.

To self-assemble 1D nanocrystals into ordered structures, the as-prepared
nanocrystals are usually first subjected to a post-reaction treatment to narrow the
size distribution. Most often, a non-solvent is added into stock solution with stirring
until the initially homogeneous solution become turbid [81]. The large nanocrystals
aggregate and precipitate at low centrifugation speed while the small sized nano-
crystals remain in the supernatant. To further screening nanocrystals, additional
non-solvent is added into the supernatant and another size selection can be carried
out with a higher centrifugation speed. The above process is repeated until desired
size distribution is reached. The size selection can also be carried out using filtration
instead of centrifugation.

For the preparation of nanocrystal self-assemblies via controlled evaporation, the
resulting uniform nanocrystals are dispersed into appropriate solvent with desired
nanocrystal concentration. The concentration and choice of stabilizing surfactant
can be adjusted by centrifugation, re-dispersion and ligand-exchange to avoid
disordered aggregation [93, 94]. The surfactant concentration in the nanocrystal
dispersions has to be larger than a critical value for the formation of ordered
superstructures. This critical concentration appears to correspond to the amount of
surfactant required to form a bilayer on the nanocrystal surface. Au nanorods
without the surfactant bilayer coating tend to aggregate in a disordered manner
because of the large van der Waals attraction (Au–Au Hamaker constant
A ≈ 1.95 eV) [95]. A minimum surfactant concentration is therefore required to
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maintain the balance between the entropic depletion potential and electrostatic
repulsion potential for the formation of nanorod superstructures [94].

A typical setup for controlled evaporation is shown in Fig. 2.1b, in which the
solvent was evaporated with a fine control. A drop (5–10 mL) of 1D nanocrystal
dispersion was placed onto a clean flat substrate, e.g. silicon, silicon nitride. The
droplet was kept undisturbed at a particular temperature (usually 30–60 °C depends
on the chosen solvent’s boiling point and desired evaporation rate) for a constant
evaporation rate. Higher temperature above 60 °C was reported to cause disordered
assemblies as the evaporation was too fast for the nanorods to attain their equi-
librium positions. The humidity of the evaporation chamber was also under

Fig. 2.1 Evaporation-mediated assembly. a Schematics showing the progression of evaporation-
mediated assembly: the initial random distribution of nanorods, self-assembly during evaporation,
formation of small assemblies, and final deposition of large-area assembled structures. Reproduced
with permission from [89]. b Schematic diagram of an evaporation-mediated assembly setup. The
substrate is placed in the bottom of a short-walled container, which is filled with 1D nanocrystal
solution. This container is set on a hotplate, and placed inside a small Teflon evaporation chamber.
A controlled flow rate of dry nitrogen through the small atmosphere of the chamber enables control
of solvent evaporation rate. Reproduced with permission from [93]. c–e Schematics of the
deposition method in evaporation-mediated assembly. c A TEM grid is inserted about 1/4 of the
diameter into the Au nanorod solution. A thin film of solution is formed due to the capillary action.
d Evaporation of water from the thin film causes influx of water and nanorods. e The accumulation
of nanocrystals leads to the formation of self-assembled structures. Reproduced with permission
from [96]
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carefully control for a constant evaporation rate. In often cases, approximately 60 %
humidity caused by water or solvent was maintained during the evaporation [94].
Very slow evaporation rate which took several hours was usually adopted in self-
assembling 1D nanocrystals and found helpful to increase packing order and
assembled structure size. The evaporation chamber could also be supplied with a
controlled flow of dry nitrogen either under atmosphere or under reduced pressure.
The final assembled structures were shown related to concentration of 1D nano-
crystal dispersions. Different nanorod concentrations were tested. The use of rela-
tively concentrated solutions resulted in well-ordered nanorod assemblies, whereas
the use of dilute solutions did not favor the formation of ordered assemblies.

The evaporation can also be controlled by capillary action in a much simple
setup. The capillary force is able to induce a flow (solvent and nanocrystal) from
solution to the substrate and create a thin film on the substrate. The solvent flux
compensates the evaporated solvent from the film; while the nanocrystal flux causes
nanocrystal accumulation and results in the self-assembled structures. El-Sayed and
co-workers [96] have described an immersion method in controlling the evapora-
tion so as to grow self-assembled structures from Au nanorods. In a general sce-
nario, a flat substrate (a carbon-coated copper gird for instance) was vertically
inserted partially into Au nanorod solution with the bottom part of gird immersed in
the solution (Fig. 2.1c–e). Drying of the colloidal solution over 8 h led to the
formation of reproducible self-assembled structures in most regions of the substrate.
The immersion of substrate in colloidal solution first created a thin film on the
substrate. The gentle evaporation of solvent from the thin film increased the lateral
capillary forces between nanorods and built up a pressure gradient. This caused the
influx of water and nanorods, and finally led to the packing of nanorods at the
contact interface of the solution and substrate. It was shown that the immersion
method could produce self-assemblies with high quality and factors such as the rate
of water evaporation, the ionic strength, the surfactant concentration, and the par-
ticle size and shape distributions were important in this process.

2.2.1.2 Electric-Field-Assisted Assembly

In colloidal system, the external electric field has long been found to induce or
strengthen the interactions between the nanocrystals and/or their capping ligands
[97]. For 1D nanocrystals (including their capping ligands) carrying free electrons
or with strong dipole moment, the electric field is a perfect stimulus in directing
their assembly into a desire pattern and orientation [48, 76, 98–104]. These 1D
nanocrystals are usually polarized along their longitudinal axes and experienced
forces exerted by the electric field in the field streamline direction. When the
electric-field-induced interactions are sufficiently strong to overcome Brownian
motion, 1D nanocrystals can move along the electric field streamline and form a
well-ordered structures with little defects and increased symmetry [102, 105].
A simple model can be established by considering thermal energy to evaluate
the energy input in order to align 1D nanocrystals into ordered structures.
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The electric-field-induced alignment energy are required to overcome thermal
energy at room temperature kBT = 26 meV (kB is the Boltzmann constant) that
would otherwise randomize the orientation of the 1D nanocrystals [100, 101]. On
the basis of this, the minimum external electric field strength, lower bound of free
electron density or dipole moment magnitude of nanocrystals can be determined
when assembling the 1D nanocrystals.

In general, both direct current (DC) and alternating current (AC) electric field
can be used as the external field in assisting 1D nanocrystals assembly. The
nanorods or nanowires are able to be aligned uniformly over areas on the scale of
several tens of square micrometers by following the electric field streamlines. In the
case of DC electric-field-assisted assembly, a non-conducting flat surface, e.g.
Si3N4, is used as the substrate and a pair of electrodes are placed either on the two
sides of the substrate (left-right manner, Fig. 2.2a) or in a top-down manner
(Fig. 2.2b). The placement of the electrodes determines the electric field direction
and thus decides the assembled 1D nanocrystals orientation: perpendicular (top-
down manner) or parallel (left-right manner) to the substrate. A drop of colloidal 1D
nanocrystals solution is deposited on the substrate for a slow evaporation over a
period of several hours that depends on the solvent vapor pressure and environment.
A direct voltage V is applied simultaneously during the solvent evaporation, the
magnitude of which has to produce alignment energy larger than thermal energy at
room temperature (kBT) as discussed above. The DC electric-field-assisted is a
voltage-magnitude-dependent process and forces a high concentration of 1D
nanocrystals inside the gap between two electrodes. In fact, the 1D nanocrystals
concentration distribution contour strongly resembles that of electric field strength,
where the nanocrystals concentration is highest around the electrodes [101].

The AC electric-field-assisted assembly shares a similar setup as that of DC
electric field, with the change of alternating voltage applied at the electrodes. An
electrically insulated electrode structure that consists of multiple interdigitated
fingers pattern can be used to scale-up the assembly ability (Fig. 2.2c–e). The
interdigitated electrode structures are fabricated by optical lithography and sub-
sequent metal evaporation onto a Si/SiO2 substrate with sizes and spacings in the
order of a few microns [48, 76, 98]. The use of the AC electric field for the self-
assembly avoids charging effect and excessive accumulation of the 1D nanocrystals
around the electrodes [48]. Besides, it prevents the interference of electro-osmotic
and electro-chemical effects that present in the DC system [82]. Different from the
DC electric-field-assisted assembly, in which the applied voltage magnitude is the
major parameter in controlling the assembly; in the case of AC circuit, the fre-
quency of the alternating voltage also plays a role in assembling the 1D nano-
crystals. In general, as the frequency of the AC circuit increases, the assembling
time to form order assembled structure decreases. The high frequency prevents the
polar molecules in the solvent to reorient in the rapidly changed electric filed
because of their long relaxation times. This results in greater net polarization of the
1D nanocrystals and stronger alignment forces and thus shorter assembling
time [106].

2 Methods and Structures for Self-assembly … 33



Fig. 2.2 External-field-assisted assembly. a, b Schematic representations of the experimental set-
ups used in the assembly of colloidal cadmium chalcogenide nanorods under DC electric fields.
aWhen the parallel electrodes (Au) are arranged in a coplanar manner, the nanorods are aligned in
the plane of the substrate. The TEM image shows CdSe nanorods (shown as red bars) aligned
along the electric field streamlines (shown in yellow). Reproduced with permission from [101].
b A top-down arrangement of the electrodes results in nanorods that are oriented perpendicular to
the substrate. The TEM image shows perpendicularly aligned CdS nanorods. Reproduced with
permission from [102]. c Top and d cross-sectional views of the multiple electrode structures used
in the AC electric-field-assisted assembly. The interdigitated electrode fingers are placed on the
SiO2/Si substrate and covered with Si3N4 layer to prevent short circuit. Reproduced with
permission from [98]. e SEM image showing nanorods accumulate in the region of strongest
electric field and aligned along the electric field streamlines. Reproduced with permission
from [48]
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2.2.1.3 Template-Assisted Assembly

For colloidal nanocrystal self-assembling with a template, the template geometry
and surface chemistry play an important role by incorporating active sites for
nanocrystal selective deposition [107–111]. Modulating the geometry and surface
chemistry of templates therefore offers a convenient tool in assisting 1D nanocrystal
assembly. These templates can serve as hosts to accommodate 1D nanocrystals and
allow the creation of ordered structures [75, 112–116]. For instance, conventional
photo lithography permits patterning a substrate’s surface with precise spatial and
chemical control. This surface-modified substrate contains geometrically con-
strained sites and/or chemically active groups that induce the selective deposition of
nanocrystals onto substrate with desired pattern. It shall be noted that other than the
surface-modified substrates, biological molecules, e.g. DNA, peptides [117–123],
microstructures, e.g. carbon nanotubes [124] or block copolymers [125–128], can
also be considered as template in a broad sense. These molecules or structures
provide a platform onto which nanocrystals are aligned into ordered structures that
is complementary to themselves, through the covalent or non-covalent interactions.

The geometrically constrained template is a straightforward method that can
create different assembly patterns. The pattern feature size and morphology put
strict restrictions on how 1D nanocrystal deposit onto the surface. Due to the
anisotropic nature of 1D nanocrystals, only certain orientations are accessible for
their deposition (Fig. 2.3a–c). These templates need to be designed in accordance
with building blocks. An excessive large feature sizes lead to disordered structures
while a small feature sizes prevent the deposition of nanocrystals onto the template.
The pattern feature sizes are generally in the same order of building blocks
dimensions. For the case shown in Fig. 2.3a–c, to assembly CdSe nanorods with
dimension around 35 × 7.5 nm into horizontal line alignment, a channel width of
30 nm can be used to selectively align these nanorods [114].

Other than geometrically constrained template, 1D nanocrystals can also be
aligned on chemically active template. For instance, thiol groups tend to form
colvent Au–S bonding with Au nanocrystals and deposition of such dispersion
results in preferential anchoring of Au nanocrystals onto thiol-patterned surface
[109]. However, this type of assembling is applicable only to specific binding
combination. A more generic method is making using of the wettability of the
template surface. The substrate surface is patterned with hydrophobic and hydro-
philic regions (Fig. 2.3d–g). Any 1D nanocrystals that are dispersed in the water are
able to remain in the hydrophilic patterns when the excess suspension is withdrawn
by pipette. Once the water is evaporated, the 1D nanocrystals are confined within
the designed hydrophilic regions [113]. The orientation of 1D nanocrystals inside
the hydrophilic regions can be further controlled by narrowing the width of
hydrophilic region. When the width of hydrophilic region is less than the length
of nanorods or nanowires, these nanocrystals align along the longitudinal axis of
hydrophilic region.
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2.2.2 Self-assembly at Interfaces

Self-assembly at the interface has been observed and studied for more than a
century. A well-known example is Pickering emulsions, in which solid particles
adsorb at the paraffin-water interface to stabilize the emulsion droplets from coa-
lescence [129, 130]. This phenomenon has been extended to self-assemble colloidal
micron-sized particles and later on nanocrystals between two immiscible phases.
The alignment of particles at the interface can cause a reduction of total interfacial
energy and it is the dominant force in driving such self-assembly. If the decrease of
the interfacial energy is larger than the thermal energy that causes fluctuations, the
colloidal particles can be aligned at the interface. In general, the interfacial energy is
related to the particle size by Pieranski’s theoretical calculation [131–134]. The
total decrease of interfacial energy is smaller for small particles and therefore,
interfacial assembly originally only targets micro-sized particles. Nevertheless,
recent studies have successfully demonstrated 1D nanocrystals self-assembly at
interface, offering a flexible pathway for bottom-up assembly of nanorods or
nanowires into organized structures [135–138].

The Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) techniques are the
most widely used and developed methods in achieving 1D nanocrystal assembly at
interface. The nanorods or nanowires are required to be protected with hydrophobic
capping ligands [54] and spread evenly on the water surface. At the air-water
interface, the randomly orientated nanocrystals are compressed slowly using a
barrier with the surface pressure monitored (Fig. 2.4a–c). At different stages of
compression, a horizontally aligned monolayer or nematic, smectic aligned multi-
layer nanocrystals assemblies can be observed and collected onto desirable sub-
strate using either vertical (LB technique) or horizontal (LS technique) deposition
procedure [62]. The assembled 1D nanocrystals exhibit remarkable alignment
parallel to the barrier. Providing suitable surface passivation chemistry, this inter-
face-based method is applicable to various 1D building blocks, and the assembled
structure size, packing order and inter-nanocrystal spacing can be controlled
independently with engineering precision [135].

Deposition at the oil/water interface is another extensively studied technique in
directing self-assembly of 1D nanocrystals. The purified 1D nanocrystals are first
dispersed in organic solvent that is immiscible with water and has a low vapor
pressure. A small amount of such dispersion is drop-casted carefully onto the water

b Fig. 2.3 Template-assisted assembly. a–c Schematics of template-assisted assembly process via
geometric confinement: a flotation of template onto aqueous solution of PEO-covered CdSe
nanorods; b CdSe nanorods within the channels and on the template surface; c CdSe nanorods
isolated in the channels following rinsing of the template. Reproduced with permission from [114].
d–g Schematics of template-assisted assembly process via chemical interaction: d a nanowire
suspension is drop-casted on substrates with hydrophilic and hydrophobic patterns; e settling of
nanowires onto substrates; f formation of discrete droplets during the removal of the nanowire
suspension; g patterned nanowires on substrates. Reproduced with permission from [113]
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surface. The 1D nanocrystals are able to aggregate and align at the oil/water
interface while the organic solvent is allowed to evaporate slowly over a period of
several hours (Fig. 2.4d–g). The in-plane compression, interfacial tension and the
capillary force mediate the assembly of 1D nanocrystals. The ordered structures are
then harvested by a contact printing technique with a hydrophobic substrate, e.g.
polydimethylsiloxane (PDMS) stamp pad and eventually transfer to a device [49].
These individual 1D nanocrystals assembled at the interface maximize the inter-
facial coverage per nanocrystal and minimize the Helmholtz free energy of the
whole system. Due to its anisotropic nature, the 1D nanocrystals aligned parallel to
the interface generally cover more surface area and possess much lower interfacial
energy than those oriented perpendicular to the interface [132]. However, the
nanorods orientated perpendicular to the interface are still observed when the
concentration of nanorods reach a critical value [30, 133]. The interfacial energy
between liquids and nanocrystals, the aspect ratio and concentration are the major
parameters in controlling the orientation and structures of 1D nanocrystals inter-
facial assembly.

Fig. 2.4 Self-assembly at interfaces. a–c Schematics of Langmuir-Blodgett nanorod assembly at
the air-water interface. a Random distribution of nanorods at air-water interface. b Organization of
nanorods as the barrier compressing the nanorods. c Assembled structures when barrier reaches
final compression stage. d–g Schematics of nanorod assembly at water-toluene interface. d CdSe/
CdS nanorods in toluene are spread dropwise on water surface. e After the toluene evaporation, the
floating film is harvested by liftoff of a PDMS stamp pad. The zoomed image shows a TEM image
of self-assembled CdSe/CdS nanorods. f The inked PDMS is brought into contact with the organic
layer by a gentle pressure. g The self-assembled is transferred onto organic surface after PDMS
stamp is removed. The zoomed image shows a SEM image of self-assembled CdSe/CdS nanorods.
Reproduced with permission from [49]
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2.2.3 Self-assembly in Solutions

Solution based assembly is perhaps the most simple while complicated method in
achieving 1D nanocrystals self-assembly. It is simple as it involves little or no
external facilitations (e.g. electric-filed, template), while enables the nanorods or
nanowires spontaneously assembled within the solution [58, 137, 139–143]. It is
complicated as it engages a variety of chemical interactions, e.g. hydrogen bond,
chemical bonding, electrostatic force [144–151], among the whole spectrum of
nano-entities inside the solution. Each of the interaction works in a unique way and
is very specific towards different combinations of nanocrystals, capping ligands and
solvent. In that sense, the solution-based assembly is a complicated method requires
dedicated design of the whole solution system.

Although the driving forces vary for different solution based assemblies, this
type of assemblies, however, shares a similar process. At first glance, small self-
assemblies are formed randomly in the solution due to the chemical interactions and
collisions caused by the Brownian motion. These small self-assemblies, serve as
nucleation sites, subsequently draw neighboring building blocks together and grow
into ordered microscale structures [152–155]. The assembly process is closely
related to the concentration and temperature of the stocking solution. In general, as
the concentration of 1D nanocrystals and temperature increase, the collisions
between the nanocrystals are more frequent and thus the assembling of collided
nanocrystals become easier and faster [156]. A selective change of solvent quality
can trigger or facilitate the above process, by causing the destabilization of a well-
dispersed nanocrystal solution [74, 138, 155, 157].

Making use of the hydrogen bond of capping ligand is one frequently used
method in directing solution-based assembly. Bifunctional molecules such as cys-
teine, glutathione, 3-mercaptopropionic acid, 11-mercaptoundecanoic acid, and
α,ω-alkanedithiols which carries thiol group are shown selectively bind to the end
or side surface of Au nanorods via hydrogen bonds [145, 148, 156–158]. This
hydrogen bonding can be controlled by the variation of the pH value of the solution,
which enables the Au nanorods assembled in a side-by-side (Fig. 2.5a) or end-to-
end (Fig. 2.5b) pattern or disassembled back to random alignment. The pH value of
solvent close to these bifunctional molecules PKa value favors the assembly while
the pH value away from the PKa value favors the disassembly, which agrees with
the hydrogen-bonding theory. Other than hydrogen bond between the capping
ligands, the chemical bonding is another useful force in assembling 1D nano-
crystals. Zhang et al. have reported chemical bond driven self-assembly of CoP
nanowires when aging them in the reaction solution for 120 min [159]. The capping
ligands adsorbed/desorbed from CoP nanowires dynamically in the mother reaction
solution, and their controlled removal led to direct interaction between adjacent
nanowires to form Co-P chemical binding. As shown in Fig. 2.6a, b, this chemical
bond was direction-specific, forcing nanowires position in a particular facet, thus
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provided both positional and orientational order. In addition, electrostatic force
[160], depletion attraction (Fig. 2.6c–f) [161] and avidin-biotin recognition [144,
162] have also been demonstrated successfully in self-assembling nanorods or
nanowires at specific locations to form ordered close-packed or non-close-packed
structures.

Fig. 2.5 Self-assembly in solutions. a Schematics of the side-by-side self-assembly of Au-tipped
CdSe nanorods via hydrogen bonds. The Au tips are ligand-exchanged with 11-mercaptoundeca-
noic acid and cross-linked via hydrogen bonds between their carboxylic groups. Reproduced with
permission from [157]. b Schematics of the end-to-end self-assembly of Au nanorods via hydrogen
bonds. (Step 1) The Au tips are capped with α,ω-alkanedithiols. (Step 2a) Above a critical
concentration of α,ω-alkanedithiols, nanorods form dimmers and (Step 2b) subsequently chain
structure via hydrogen bonds between their thiol groups. Reproduced with permission from [148]
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2.3 Self-assembly Packing Structures

Other than various methods that have been demonstrated to self-assemble 1D
nanocrystals, numerous packing orders have also been achieved using these 1D
building blocks. Different from the fcc or hcp pattern that is typically formed by
isotropic nanocrystals, the anisotropic nature of 1D nanocrystals renders them great
possibility to be arranged into diverse packing orders, such as stripes, horizontal/
vertical monolayer, nematic/smectic multilayer, AB stacking of vertical alignments,
and 3D assemblies. The assembled structures from 1D nanocrystals usually possess
both positional and orientational orders that require precise alignment of building
blocks. The collective properties of these assembled structures differ from their
individual building blocks and vary upon the change of the packing order. In this
section, we review various alignments that have been achieved in self-assembling
1D nanocrystals with the emphasis on the nanorod and nanowire building blocks.

2.3.1 Non-close-Packed Structures

The non-close-packed structures formed by the 1D nanocrystals refer to the self-
assembled structures that are not continuously aligned over a large-scale area in at
least two directions, e.g. x, y directions in Cartesian coordinates. They are of low
surface coverage and generally in the form of networks of stripes pattern (also
called ribbons or chains in some literatures) with substantial amount of space in
between [163–165]. Each stripe is a single layer structure, which can reach several
micrometers long. These stripes are usually placed independently with low level of
ordering (Fig. 2.7a–d). However, within the stripes, the building blocks are well
organized in two basic alignments: side-by-side or end-to-end. A single stripe
pattern can consist of either one of these alignments or a combination of both. In
general, the inter-nanorod/nanowire energetic forces such as van der Waals force,
dipole-dipole interaction favor side-by-side alignment due to the large contact area
when they are aligned along the longitudinal axis. This alignment is widely
observed in various stripe patterns. Nevertheless, in certain cases, such as a
kinetically limited self-assembly process [166], end-to-end structures can be the
dominated form in composing the stripes.

b Fig. 2.6 Self-assembly in solutions. a–b Schematics of solution-based self-assembly of CoP
nanowires via chemical bonds. a The CoP nanowires are aligned along (200) facet and b allow the
irreversible formation of chemical bonds between Co and P atoms from neighboring nanowires.
Reproduced with permission from [159]. c–f Schematics of solution-based self-assembly of CdS,
CdSe, CdS/CdSe nanorods via depletion attraction. c Nanorods coated with hydrophobic
surfactant are dispersed in organic solvent. d Assembly is triggered by introducing additive
(macromolecule) into the solvent. e An osmotic pressure (depletion attraction) is developed and
drive nanorods aligned together when nanorods approach each other and create a volume
inaccessible to additive. f Final assembled structures. Reproduced with permission from [161]
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One example of non-close-packed structures that are based on side-by-side
alignment is displayed in Fig. 2.7a, b, which has been reported by Yang and his co-
workers [143]. Nb2O5 nanorods with diameter of 1.3–1.6 nm (Fig. 2.7a) and ZnO
nanorods with diameter of 1.1–1.4 nm (Fig. 2.7b) were demonstrated to be self-
assembled into well-defined, uniform, stripe structures that could reach 1.6 µm in
the length with aspect ratio of *80. The side-by-side arrangements here created the
largest contact area for the neighboring nanorods, and thus ensured the formation of
stripes through the interactions between surfactants and inorganic species. A range
of sub-2 nm (down to one unit cell) transition metal oxide (TiO2,) and rare earth

Fig. 2.7 TEM images of side-by-side stripe pattern formed by a Nb2O5 nanorods, b ZnO
nanorods. Reproduced with permission from [143]. c TEM images of primarily end-to-end stripe
pattern formed by CdS nanorods. The inset shows an FFT of the region enclosed by an outlined
square. d Corresponding schematic diagram of primarily end-to-end stripe pattern. Within the
stripes, a few nanorods are packed side-by-side, an orientation favored by both antiparallel dipole
interactions (represented by the black arrows) and van der Waals attraction. Reproduced with
permission from [166]
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oxides (Eu2O3, Sm2O3, Er2O3, Y2O3, Tb2O3, and Yb2O3) were also demonstrated
to be self-assembled into arrays of stripes.

The end-to-end alignment in the non-close-packed structures is mostly seen
when specific bindings, e.g. hydrogen bonding, exist at the tips of the nanorods/
nanowires, as the case we mentioned in solution based assembly (Fig. 2.5b). The
contact area of end-to-end alignment is much limited compared with side-by-side
configuration, and therefore it is not the preferred structures. Nevertheless, Korgel
and his co-workers showed in a kinetically limited self-assembly process, in which
the CdS nanorods formed primarily end-to-end alignments (Fig. 2.7c) when
evaporating a small amount of CdS colloidal solution at a low surface coverage.
The evaporation process promoted a kinetically limited structure (Fig. 2.7d) via the
spinodal decomposition. There was also a preferred orientation of the stripes as
shown by the fast Fourier transforms (FFT) image in Fig. 2.7c inset. The distances
specified by the linear spot positions in FFT corresponded to the distances between
stripes (center to center). However, when the FFT was taken at a large scale of
multiple domains of stripes, a diffuse ring instead of spots was observed, suggesting
the stripe pattern lacked long-range ordering [166].

The non-close-packed structures can also be constructed from a combination of
both side-by-side and end-to-end alignments. Each stripe pattern, for instance, is
able to consist of a few columns of nanorods that are aligned end-to-end.
Meanwhile, within each column, the nanorods are attached to each other via a side-
by-side alignment. Such structures require dedicated constrains in directing nano-
crystal alignment, and are usually achieved with the aid of external facilitation. The
internal organization of stripes such as the number of columns in a single stripe can
be further controlled by adjusting external facilitation. The competition between the
side-by-side and end-to-end alignments within the stripes is a destabilizing factor
that can lead to the disorganization of the self-assembly. Banin and his colleagues
have used a copolymer film as a template, to successfully self-assemble polysty-
rene-coated (PS-coated) CdSe nanorods into non-close-packed structures with both
side-by-side and end-to-end alignments (Fig. 2.8a–d) [125]. The copolymer film
was casted from polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and
featured with alternating PS and PMMA domains. The PS-coated CdSe nanorods
were therefore selectively bound to the PS domains on the template. By aligning
perpendicular with respect to their hosting PS domains, the CdSe nanorods maxi-
mized attractive van der Waals interactions from neighboring nanorods, while
minimized the repulsive interactions from surrounding PMMA domains (Fig. 2.8b).
Via adjusting the ratio between the PS domain width and the nanorod length, the
CdSe could form multiple end-to-end aligned rows. However, this orientational
preference of nanorods in both side-by-side and end-to-end alignment diminished
for decreasing nanorod aspect ratio and gave way for adverse orientational entropy
effects [126]. The long nanorods with long copolymers template were preferred for
highly organized stripe patterns as short nanorods and/or short copolymers were
more prone to morphological defects.
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2.3.2 Close-Packed Monolayers

2.3.2.1 Horizontal Alignment

Close-packed monolayers in horizontal alignment from 1D nanocrystals are simple
two-dimentional (2D) planar monolayer structures, with all building blocks closely
assembled and arranged horizontally with respect to the monolayers. In an ideal
scenario, the longitudinal axes of these building blocks are aligned parallel to one
common direction to maximize the attractive interactions while maintain the lowest
system energy. One typical example of such parallel structures is the Langmuir-
Blodgett film (Fig. 2.4a–c); in which all 1D nanocrystals’ longitudinal axes are
aligned parallel to the barrier when the barrier compresses the air-water interface
slowly. The alignment along the 1D nanocrystals’ transverse direction, however,
enjoys more degrees of freedom. As shown in Fig. 2.9a, the ZnS nanorods in the
transverse direction form zigzag staggered rows with neighboring nanorods

Fig. 2.8 a SEM images of non-close-packed structures formed by PS-coated CdSe nanorods on
PS-b-PMMA coated substrate, showing a coexistence of both side-by-side and end-to-end
alignments. b Schematic diagram showing the preferential alignment of the perpendicular
orientation over the parallel orientation with respect to their hosting PS domain. The attractive and
repulsive interactions depicted as green and red stripes, respectively; while PMMA domains are
colored orange, and PS domains underneath the nanorods are colored yellow. c AFM micrograph
of non-close-packed structures formed by PS-protected CdSe nanorods on PS-b-PMMA coated
substrate. Height scale 10 nm. d AFM height profile corresponds to the black line, where
arrowheads mark crossed nanorod-filled PS domains. Reproduced with permission from [125]
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overlapping with each other. This arrangement is sometimes termed as 2D nematic
phase (see nematic alignment in 2.3.3 close-packed multilayers for more details). In
addition to the zigzag-staggered structures, 1D nanocrystals in the transverse
direction can also form ordered rows without overlapping. Showing in Fig. 2.9b,
the ends of any ZnS nanorod are evenly spaced with the ends of other nanorods
either ahead or behind it [137]. This forms layered structures in the transverse
direction and is sometimes termed as 2D smectic phase (see smectic alignment in
2.3.3 close-packed multilayers for more details).

Fig. 2.9 TEM images of horizontally aligned ZnS nanorod monolayer in a zigzag staggered
structures and b layered structures. Reproduced with permission from [137]. c TEM and
d magnified TEM images of horizontally aligned CdSe nanorod monolayer in disclination
structures. The inset of c gives the corresponding SAED pattern. The disclination structure
nucleates at the center and grows into six branches with angel discontinuity of 60°. Reproduced
with permission from [139]
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Other than longitudinal axes aligned parallel to one common direction, the self-
assembly of 1D nanocrystals in the horizontal alignment can exhibit a disclination
structure. It is usually observed as a disruption towards the long-range parallel
structures, where the director of individual nanorods/nanowires changes continu-
ously about the center [135]. The disclination structure is initially thought ener-
getically unfavorable and should not occur for the monolayer system. However,
Alivisatos’s group [139] later observed a disclination structure in a vortex shape
with CdSe nanorods. Figure 2.9c showed an isolated vortex-shaped self-assembly,
the inset of which gave the corresponding selected area electron diffraction (SAED).
The hexagonal spot pattern from SAED indicated a sixfold symmetry of ordering.
A magnified image in Fig. 2.9d further revealed CdSe nanorods around the center
were separated into six branched, which agreed with SAED pattern. Within each
branch, the nanorods were arranged parallel to a common direction and formed a
distinct crystalline domain. In-between two adjacent branches, a discontinuity of
60o in nanorod orientation existed. The centers of disclination structures were
generally regarded as defects, which served as nucleation sites for the disclination
structure to grow.

In the horizontal alignment, the inter-nanocrystal spacing is an important
parameter that influences the collective property of the whole assembly. It is shown
this spacing affects the coupling between adjacent nanocrystals and therefore
coupled plasmon modes that give rise to coherent propagation of energy along the
array. When the spacing is well adjusted, the assembled monolayer is able to
propagate light along the nanorod–nanorod chain effectively [52, 167]. In general,
the inter-nanocrystal spacing remains the same within one horizontally aligned
monolayer, even for the 1D nanocrystals aligned differently at the ends. As illus-
trated in Fig. 2.10a, b [58, 142], two ends of neighboring Au nanorods were either
aligned perfectly along the same axis (eclipsed end-to-end, Fig. 2.10a), or had a
lateral displacement (staggered end-to-end, Fig. 2.10b). Though these two
arrangements were different in organizing the structure, the inter-nanorods spacing
between two ends of the Au nanorods were shown to be the same, *8.5 nm. This
spacing also coincided with the distance between two sides of neighboring Au
nanorods. The inter-nanocrystal spacing generally remains constant for the same
monolayer, but varies for different monolayers. In the case of Langmuir-Blodgett
film, the inter-nanocrystal spacing can even be manually controlled through the
compression pressure.

Unlike the self-assembly structures from spherical nanocrystals, some horizon-
tally aligned monolayers have exhibited both positional and orientational orders due
to their anisotropic building blocks. Zhang et al. have reported a solution-based
self-assembly process in which horizontally aligned CoP nanowire monolayers
were assembled with the same facet orientation. The CoP nanowires with aspect
ratio greater than 40 were self-assembled into monolayers with horizontal align-
ment. As shown in the Fig. 2.10c, the CoP nanowires were aligned along their
longitudinal axes and close-packed with neighboring nanowires. The corresponding
FFT in Fig. 2.10d clearly indicated a linear spot diffraction pattern that signified
the parallel alignment and same inter-nanowire distance (center to center).
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The HRTEM image revealed that all the (200) planes were parallel in the adjacent
CoP nanowires, indicating the oriented attachment of nanowires with the same
lattice orientation. This orientational order is particular important for the anisotropic
materials, as the collective properties are associated with their anisotropy, e.g.
magnetism, can be maintained and even strengthened.

Fig. 2.10 TEM images of horizontally aligned Au nanorod monolayer in a eclipsed end-to-end
and b staggered end-to-end patterns. Reproduced with permission from [142]. c TEM and
d corresponding FFT images of horizontally aligned CoP nanowire monolayer. e HRTEM images
of six neighboring CoP nanowires, showing uniform lattice orientation from (200) planes.
Reproduced with permission from [159]
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2.3.2.2 Vertical Alignment

Close-packed monolayers in vertical alignment from 1D nanocrystals are three-
dimentional (3D) block monolayer structures, with all building blocks closely
assembled and arranged vertically with respect to the monolayers. Vertical align-
ment of nanorods is of special interest because it helps to further minimize the size
below the lithographic limit and exhibit single transistor behavior [168]. For a
vertically aligned monolayer that perfectly aligned, it possesses a honeycomb
structure, as the case in Fig. 2.11a, b. When viewing from top of such monolayer,
(Fig. 2.11a), each of the 1D nanocrystals stands perpendicularly to the substrate and
is surrounded by six neighboring nanocrystals. These six nanocrystals form a
hexagonal pattern, which achieves the highest packing efficiency that is energeti-
cally favorable. The lateral arrangement of neighboring nanocrystals is similar to
those in horizontally aligned monolayers (Fig. 2.11b), in which the longitudinal
axes of these 1D building blocks are aligned parallel to one direction so as to
maximize the attractive interactions [157].

Similarly to the horizontally aligned monolayers, some vertically aligned
monolayers also possess both positional and orientational orders. Ryan’s group [75]
has observed the anisotropic CdS nanorods were aligned vertically in the hexagonal
shape on a substrate with uniform lattice orientation (Fig. 2.11c–e). The trans-
mission electron diffraction pattern of a single crystal (Fig. 2.11d) revealed its
perfect wurtzite crystal structure from [001] zone axis. Close analysis from the
HRTEM image in Fig. 2.11e indicated clearly a similar orientation of (100) planes
from the vertically aligned nanorods. Only a slight angular variation of ±6 °C was
observed for (100) planes from neighboring nanorods that affirmed the orientational
ordering. A quantitative assessment of vertically aligned nanocrystals can be further
calculated based on the building blocks’ orientational ordering. Since the nano-
crystals are assembled with uniform lattice orientation, the information of the lattice
orientation can be transferred into the information of the nanocrystal orientation.
Alivisatos’s group has demonstrated an evaluation technique in assessing the per-
centage of vertically aligned CdS nanorods against entire nanorod population using
grazing-incidence wide-angle X-ray diffraction. The longitudinal axes of these
wurtzite CdS nanorods coincided with the c-axis [001] direction. When the nano-
rods were aligned vertically as shown in Fig. 2.11f, the diffraction pattern from
(002) planes (blue dashed line in Fig. 2.11g) reflected to the top of Bragg ring,
which corresponded to the ω direction at 0° (green arrow in Fig. 2.11g). Integrating
diffraction intensity of (002) planes as a function of ω gave the orientation distri-
bution, with the ω = 0° refer to the vertically aligned structures. In the case they
demonstrated, 75 % nanorods were self-assembled in the vertical alignment [93].

As the vertical and horizontal alignment share similar structure properties,
experiment has shown the coexistence of horizontally and vertically aligned
structures [30, 169]. A concentration correlation with the packing order has
been observed when drying colloidal water droplets containing CdSe nanorods
[100, 133]. At a high concentration region (e.g. the center of the droplet), the
nanorods are aligned vertically to the substrate. However, at a low concentration
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region (e.g. in between the center and periphery of the droplet), the nanorods are
aligned horizontally to the substrate. At the lowest concentration region (e.g. the
periphery of the droplet), a less-organized structure with nanorods in local ordering
is observed. In addition to the coexistence of horizontally and vertically aligned
structure, Zhang et al. have demonstrated a selective alignment at different aging
temperature. For example, at low aging temperature 0 °C, the CoP nanowires were
found to form horizontally aligned monolayers (Fig. 2.10c). While at high aging
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temperature, i.e. room temperature, the CoP nanowires formed vertically aligned
monolayers (Fig. 2.11i). The inter-nanowire distance (center to center) given by the
FFT image (Fig. 2.11j) is *7.0 nm, which was the same as the spacing in the
horizontal alignment, suggesting the basic unit of horizontal and vertical alignment
was similar.

2.3.3 Close-Packed Multilayers

2.3.3.1 Nematic Alignment

“Nematic” is a common term used primarily in describing the phase of liquid
crystals. It refers to the organization of liquid molecules with a long-range orien-
tational order in the longitudinal direction but no translational order. The liquid
molecules in nematic liquid crystals are free to flow and randomly distributed as
long as they keep the orientational order. Some of close-packed multilayer struc-
tures self-assembled from 1D building blocks resemble this ordering; and the term
“nematic” has been borrowed to describe such structures. As shown by the SEM
image in Fig. 2.12a, a nematic aligned multilayer structure has all longitudinal axes
of Au nanorods pointing in the same direction. However, in the transverse direction,
there is no periodicity observed for the Au nanorods. The FFT pattern of nematic
alignment (Fig. 2.12a inset) also reveals single-direction diffuse streaks, which
agrees with the long-range orientational order but no translation order. The nematic
alignment can be viewed as the 3D assembly of nanocrystals in two steps. The
nanorods/nanowires are first assembled together in an end-to-end pattern to form
stripes (chains). These stripes are then packed together, nearly parallel to each other,
into a 3D structure [94].

Similar to the liquid crystals, the nematic alignment of 1D nanocrystals is fre-
quently observed in the electric-field-assisted assembly. The anisotropic 1D
nanocrystals, especially metal, oxide, sulfide, can be polarized and behave like
liquid crystals in the electric filed. When an external electric field is applied to the

b Fig. 2.11 a Dark field TEM image (top view) and b SEM image (side view) of vertically aligned
Au-tipped CdSe nanorod monolayer. The inset of a shows a magnified image and the scale bar
represents 50 nm. Reproduced with permission from [157]. c TEM image of vertically aligned CdS
nanorod monolayer. d Single-crystal electron diffraction indexing of one CdS nanorod at [001]
zone axis. e HRTEM image of three neighboring CdS nanorods, showing uniform lattice
orientation from (100) planes. Reproduced with permission from [75]. f TEM image and g X-ray
diffraction pattern of vertically aligned CdS nanorod monolayer. The diffraction from (200) planes
is marked by blue dashed line. The green arrow at ω = 0° corresponds to vertically aligned
nanorods; the red arrow at ω = 0° corresponds to horizontally aligned nanorods. h Orientation
distribution of vertically aligned CdS nanorods obtained by plotting the diffraction intensity of
(002) planes in g as a function of ω. Reproduced with permission from [93]. i TEM and
j corresponding FFT images of vertically aligned CoP nanowire monolayer. Reproduced with
permission from [159]
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colloidal solution, these polarized 1D nanocrystals tend to orient themselves along
the direction of the field and form a nematic aligned structures. An example is
illustrated by Manna and his colleagues, where asymmetric core-shell CdSe@CdS

Fig. 2.12 a SEM image of
Au nanorod multiplayers in
nematic alignment. The
corresponding FFT pattern in
the inset shows single-
direction diffuse streaks,
suggesting only the
orientational order but no
translational order.
Reproduced with permission
from [94]. b, c SEM images
of CdSe@CdS nanorod
multiplayers in nematic
alignment which are self-
assembled in the electric field.
The red arrow in b indicates
the direction of the electric
field, and the red square
marks the region that is
displayed in c. Some rods in
b are highlighted in red as a
guide to the eye. Reproduced
with permission from [76]
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nanorods were self-assembled in the electric field. The nanorods in between the
electrodes were aligned uniformly over areas on the scale of tens of micrometers by
following the field streamlines (Fig. 2.12b). The magnified view of a selected area
(Fig. 2.12c) further indicated the nematic alignment [76]. It has shown that, even
with a rather small dipole moment, the presence of sufficient anisotropy in the
nanocrystal morphology can induce the ordering in orientation [104].

2.3.3.2 Smectic Alignment

“Smectic” is another term used frequently in liquid crystal field to describing a
distinct ordered phase. Molecules in the smectic liquid crystals enjoy a general
orientational order in the longitudinal direction like the nematic liquid crystals. In
the transverse direction, they tend to organize into well-defined layers and exhibit a
translational order. These layers can slide over one another as one entity. However,
movement is restricted for molecules to cross the layers. Similar to the term
“nematic”, “smectic” has also been borrowed to describe some of close-packed
multilayer structures from 1D building blocks. The 1D nanocrystals show
remarkable similarity to the liquid modules and can be self-assembled into struc-
tures resembling smectic liquid crystals. A typical example of smectic aligned
nanorods is presented in Fig. 2.13a. The longitudinal axes of Au nanorods are
aligned roughly parallel to each other. In the transverse direction, the nanorods form
separated layers that positioned to one direction. There is twofold of ordering for
the smectic alignment as indicated by two-direction diffuse streaks in the FFT
pattern (Fig. 2.13a inset). The parallel alignment of Au nanorods in the longitudinal
direction is reflected by two diffuse streaks marked with arrow 3; while the layer-
by-layer stacking in the transverse direction is reflected by an orthogonal set of
streaks as marked with arrow 4 [94]. Talapin has further elucidated an antiparallel
organization for the smectic multilayer structure that based on the attractive dipole
interactions. For instance, the CdSe nanorods, which possessed large permanent
dipole along the longitudinal axes, were able to be close-packed into smectic
multilayers. The attractive dipole interactions were the driving forces and respon-
sible for such alignment. The pairing of dipole moments required an antiparallel
organization of neighboring nanorods within a layer and between adjacent layers
(Fig. 2.13b) [74]. The Monte Carlo simulations for hard spherocylinders show the
antiparallel organization is energetically favorable and can stabilize the smectic
alignment. The smectic alignment can also be considered as 3D assembly of
nanocrystals in two steps. The nanorods/nanowires are first assembled together in a
side-by-side pattern to form layers. These layers are then stacked together, nearly
parallel to each other, into a 3D structure.

The smectic alignment shares a lot of similarities with nematic alignment, and
often case, both alignments can be achieved with same materials upon a slight
change of experiment settings. According to the Onsager’s hard-rod model
[170, 171], 1D nanocrystals interacting with repulsive forces can display nematic
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alignment at low packing density. The anisotropic nanocrystals favor the parallel
ordering as it increases the translational entropy by minimizing the excluded vol-
ume from the adjacent 1D nanocrystals. The sacrifice of orientational entropy can
be compensated by the increase in the translational entropy. Frenkel’s later com-
puter simulation has demonstrated upon the increase of packing density, a ther-
modynamically stable smectic alignment is instead developed in the colloidal
system with predominantly repulsive interactions. Apart from the packing density,
the formation of nematic or smectic alignment is found experimentally aspect-ratio
dependent as well. Long 1D nanocrystals (aspect ratio >7) tend to form nematic
alignment while smectic alignment is favorable for short ones [78].

Fig. 2.13 a SEM image of
Au nanorod multilayers in
smectic alignment. The
corresponding FFT pattern in
the inset shows two-direction
diffuse streaks, suggesting
both orientational and
translational order.
Reproduced with permission
from [94]. b TEM image of
CdSe nanorod multilayers in
smectic alignment. The
antiparallel organization of
nanorods in the inset shows a
possible energetically
favorable orientation to pair
dipole moments both within
and across layers. Reproduced
with permission from [74]
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2.3.3.3 AB Stacking of Vertical Alignments

The AB stacking of vertical alignments is a 3D close-packed organization, which is
composed of multiple vertically aligned layers that stacked in an end-to-end fash-
ion. The alternating layers in the AB stacking structures have exactly the same
organization within layers, however, with a rotational or lateral displacement across
layers. The self-assembly of AB stacking structures is considered to start with the
formation of individual vertically aligned monolayers. The vertically aligned
monolayers are usually in the form of honeycomb structures (see vertical alignment
for more details). When depositing such monolayers sequentially, a multilayer is
expected which results from the layer-by-layer stacking. The stacking of vertical
aligned monolayers maintains their original alignments, but creates diverse 3D
arrangements. Typically, 3D stacking of nanorods is routinely observed when the
concentration of 1D nanocrystals in solution is high [102]. A four-layer structure is
shown in the SEM image in Fig. 2.14. Each layer by itself is an individual con-
tinuous 2D planar structure and the rods at the edges are perfectly orthogonal to the
substrate, suggesting monolayers are preassembled before the multilayer structures
[89]. This is further evidenced in experiments as both monolayers and multilayers
are observed at the same time [172]. For AB stacking multilayers TEM images, a
typical interference pattern can be observed due to the superimposition from two
overlapping vertically aligned honeycomb structures. The AB stacking with a
misorientation angle and/or lateral displacement from the two layers is the primary
reason in causing such periodic effects when viewing two layers simultaneously in
transmission mode. This further manifests a rotational and/or translational move-
ment exist between the AB stacked layers [165].

Fig. 2.14 SEM image of a
four-layer CdS nanorod
structure by AB stacking of
vertical alignments.
Reproduced with permission
from [89]
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Many self-assembled multilayer structures are based on a close-packing of
building blocks, with the incoming building blocks filling the spaces between the
previous assembled ones. For instance, the fcc and hcp patterns for the spherical
nanocrystal self-assemblies are aligned upon one sheet of spheres arranged at the
interstices of triangular bases from the underlying sheet. The vertically aligned
monolayer, generally, is flat at the top and bottom surfaces and does not have
obvious spacing. The 3D stacking pattern of monolayers from 1D nanocrystals
therefore possesses more degrees of freedom than spherical building blocks. The
incoming layer is less restricted and able to have both rotational and translation
movements over the underlying base layer. The actual lateral displacement can be
determined from TEM images while the misorientation angle can be obtained with
the help from corresponding FFT or SAED patterns. There are generally two sets of
spots in the electron diffraction patterns that arise from different orientated layers;
and measuring the rotational deviation between them gives the misorientation
angle. For honeycomb structures, the hexagonal symmetry in the monolayer means
that every 30° rotation is a period. The exact structure of AB stacking of honey-
comb structures has been studied comprehensively by Ryan and coworkers using
STEM. When there was no offset in the overlapping layers, the TEM image
(Fig. 2.15a) remained as a typical honeycomb packing pattern. However, the moiré
fringe emerged when a misorientation angle existed between stacked layers
(Fig. 2.15b–d). The interference appeared as a repeating hexagonal motif, with the
size inversely proportional to the misorientation angle. As the angle offset increased
to 29°, near to one period of 30°, a 12-fold ordering was seen (Fig. 2.15d), sug-
gesting the rotational symmetry but no translational symmetry. A different inter-
ference pattern occured when a lateral displacement existed between the stacking
layers (Fig. 2.15e, f). Only one hexagonal pattern was seen in the FFT pattern
(Fig. 2.15e inset), suggesting the hexagonal symmetry of individual monolayer was
kept intact, and further confirming the monolayer was preassembled before the
stacking [173].

2.3.3.4 3D Assemblies

Other than nematic, smectic and AB stacking of vertical alignments, 1D nano-
crystals can be self-assembled into other close-pack multilayer structures, which are
termed as 3D assemblies here. 3D assemblies exist in many shapes, such as sphere,
cylinder, and are difficult to realize compared with other packing alignments. The
studies of complex 3D assemblies started from isotropic building blocks. Han’s
group has reported an oriented self-assembly of nanoparticles into uniform ellip-
soidal structure [174], in which all the building blocks were aligned in the same
facet orientation (identical crystallographic directions in all three dimensions). The
resultant self-assembly appeared as monocrystalline structure in SEAD and
HRTEM investigations. The facile desorption and exchange of capping ligands
facilitated direct interactions between nanoparticles and led to orientated attachment
of nanoparticle to form ellipsoidal structure.
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Hollow spherical assemblies, such as micelle and vesicle, are one of the common
3D assemblies from 1D building blocks. Kumacheva and coworkers have reported
a hollow spherical assembly by using Au nanorods. As shown in Fig. 2.16a, b, the
walls of these spheres were composed of a single layer of Au nanorods, and the
side-to-side spacing between the nanorods remained approximately at 5.3 nm. The
cylindrical surfaces of the Au nanorods were exposed to the surroundings while the
two ends were interconnected with neighboring nanorods. Similar to the isotropic
building blocks, the surface chemistry played an important role in self-assembling
such alignment. Showing in Fig. 2.16a, the cylindrical surfaces of Au nanorods
were coated with a double layer of cetyl trimethylammonium bromide (CTAB),
while the two ends of nanorods were anchored with thiol-terminated polystyrene
molecules. This ligands coating essentially formed a hydrophilic gold nanorod
tethered with a hydrophobic homopolymer at both ends. When adding water into
the stock solution and incubating, these amphiphilic nanorods tended to intercon-
nect at the ends to reduce the exposure of hydrophobic chain into water. By further
assembling into sphere, they could minimize such exposures and interfacial energy,
reaching a thermodynamically favored structure [138].

Recently, Cao’s group has reported solid self-assembled structures with multiple
well-defined supercrystalline domains, which open up new avenues for aligning 1D
nanocrystals into more complex structures. These multiple domains structures were
self-assembled in solution from highly fluorescent CdSe-CdS nanorods with their
configurations and sizes dependent on the total number (Nt) of constituent nanorods

b Fig. 2.15 TEM images, FFT and SAED patterns of CdS nanorod multiplayers by AB stacking of
vertical alignments. a TEM images showing honeycomb packing when two layers are stacked
perfectly. b–d DF-STEM images and corresponding FFT and SAED patterns (insets) showing
Moiré fringes when two layers are stacked at a misorientation angle: b *9°, c *17°, d *29°. e,
f TEM and HRTEM images showing interference when two layers are stacked with lateral
displacement. The FFT in e inset displays only one set of hexagonal diffraction spots. Reproduced
with permission from [173]

Fig. 2.16 a Schematic diagram of polymer-tethered gold nanorods. b SEM image of the hollow
spherical self-assemblies obtained in the ternary dimethyl formamide/tetrahydrofuran/water
mixture. The inset shows corresponding schematic diagram of the nanorod assemblies.
Reproduced with permission from [138]
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inside each self-assembly. For a regular double-domed cylinder structure, Nt needed
to be less than *80,000. Different from above-mentioned self-assembled struc-
tures, this double-domed cylinder itself consisted of seven distinct domains: the
central cylinder, two domes at the top and bottom of cylinder, and four corners. The
cylinder and two domes were comprised of multiple layers in AB stacking of
vertical alignments, where the cylinder domain occupied a larger volume than that
of corresponding domes. The four corners had their constituent nanorods aligned
parallel to the electron beam and therefore these nanorods were seen as dots in the
TEM images. In general, the longitudinal axes of nanorods within each domain
were aligned parallel to each other, where the longitudinal axes of nanorods from
two neighboring domains were aligned perpendicular to each other. The building
blocks in this self-assembly possessed certain degrees of freedom (largely due to the
rotational freedom around the longitudinal axes) as the corresponding SAED data
showing ring or arc patterns. This internal organization of double-domed cylinders
was further affirmed by the SAXS data. Two types of peaks were identified and
corresponded to: (1) layer-to-layer periodicity from neighboring layers along rod
longitudinal direction, (2) rod-to-rod periodicity within the same layer perpendic-
ular to rod longitudinal direction. By varying incubating solvent, Cao’s group has
also demonstrated the formation of single-domain, needle-like self-assemblies [175,
176].

2.4 Summary and Outlook

In recent years, the self-assembly of 1D nanocrystals have become one of the most
prominent fields for the nanoscience research and applications. The ability to
organize and integrate small dimensional building blocks into large-area functional
assemblies is an indispensible piece in incorporating nanotechnology into practical
innovations. The self-assembled structures can possess unique properties that differ
from the original building blocks. Different applications based on the optical,
electronic, magnetic properties [82] of the self-assemblies are demonstrated. In
particular, 1D nanocrystals, due to anisotropic structural properties, exhibit both
challenges for self-assembling techniques as well as fascinating properties that
appeal broad research interest. 1D nanocrystals, especially nanorods and nanowires,
are shown here to be assembled via evaporation-mediated, electric-field-assisted
and template-assisted assemblies on substrates. The evaporation-mediated self-
assembly can strengthen the relatively weak attraction forces and help 1D nano-
crystals aggregate together to minimize the free energy. The electric-field-assisted
and template-assisted assembly is able to make use of external facilitations and
induce building blocks orientated according to electric fields or template constrains.
In the case of self-assembly at interfaces, the alignment of 1D nanocrystals leads to
a reduction of total interfacial energy and drives them into ordered structures. The
self-assembly in solutions is also demonstrated, which utilizes the chemical inter-
actions in between 1D nanocrystals, capping ligands and solvents. Distinct from
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isotropic building blocks, the self-assemblies of 1D nanocrystals display a number
of different assembled structures. The 1D nanocrystals can form non-close-packed
structures, such as stripes in both end-to-end and side-by-side alignments. The
close-packed structures, in the other hand, exist in the form of monolayers or
multilayers. A horizontal or vertical alignment is observed for the basic monolayer
assemblies; while nematic, smectic, AB stacking of vertical alignments, and 3D
assemblies are seen for the organization of 1D nanocrystals into multilayer struc-
tures. The self-assembly of 1D nanocrystals has gradually evolved into a versatile
tool that could ultimately form tailored structures using specific approaches.

Looking ahead, the self-assembly of 1D nanocrystals will be the next step of
nanofabrication for future technological innovations. It is a bottom up approach that
is inexpensive and operates at smaller dimensions than current lithography based
techniques. However, comparing to the patterned structures that built upon
lithography, the self-assembled structures are prone to defects and the sizes of most
assemblies are limited to micrometer range. The abilities to create centimeter-scale
and defect-free nanocrystals assemblies are crucial for the development of reliable
devices and shall be major focus in industrial applications. Meanwhile, the current
self-assembly methods require the building blocks to be mono-dispersed. The
restriction on the uniformity hinders the assembling of 1D nanocrystals with dif-
ferent sizes and shapes. The early attempts on binary 1D building blocks reported
so far, usually find a phase separation of binary mixture instead of blended self-
assembled patterns [94, 137, 177]. The fields that self-assemble two or more
components with different chemical compositions still remain unexplored. A pat-
terned structure with different chemical compositions now can only be obtained
from physical methods, e.g, lithography, nanoimprinting. In addition, self-assembly
of 1D nanocrystals utilizing magnetic field has seldom been reported. As a com-
parison, spherical nanoparticles are often demonstrated to be aligned in the external
magnetic field. The 1D nanocrystals, due to the shape anisotropy, actually induce
magnetic anisotropy that would open a new window to self-assemble 1D building
blocks. In general, the self-assembly of 1D nanocrystals is still at its early stage of
research and needs a better understanding towards the assembly mechanisms and
structure-property relationships. Further comprehensive studies are required to find
out simple and versatile methods that can create complicated, large-scale and
defect-free self-assembled functional hierarchical architectures.
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Chapter 3
Anisotropic Gold Nanoparticles:
Preparation, Properties, and Applications

Chenming Xue and Quan Li

Abstract Anisotropic metal nanoparticles with a catalog of promising anisotropic
electronic, optical, and chemical properties have been regarded as enabling building
blocks in the bottom-up fabrication of functional materials and devices.
Specifically, anisotropic gold nanoparticles are currently emerging as fascinating
materials due to their unique shape-, size-, and surface-dependent properties. In this
chapter, we present the synthesis, properties and applications of different one-, two-
and three-dimensional anisotropic gold nanoparticles (AuNPs). The most widely
adopted top-down and bottom-up synthesis approaches have been discussed in
addition to some of the recently introduced new methods for the fabrication of
differently shaped anisotropic AuNPs. The optical property, photothermal effect,
surface enhanced Raman scattering, fluorescence enhancement and quenching,
surface modification, toxicology, and supramolecular organizations of anisotropic
AuNPs have been highlighted. Various practical and potential applications of
anisotropic AuNPs in catalysis, sensing, photothermal therapy, drug and gene
delivery, and biological and biomedical areas are briefly outlined.

3.1 Introduction

Since medieval period, gold nanoparticles (AuNPs) have been used to decorate
church glasses and Lycurgus cup [1]. However, they were beyond comprehension
due to the then scientific limitations. In the early part of 20th century, scientists
began to investigate these extremely small particles, and several theories were
developed to explain their unusual and unique physical properties compared to the
bulk materials. For example, the famous Mie theory [2] of which the most special
one is localized surface plasmon resonance (LSPR), e.g. the free electrons trapped
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in the particle surface show the collective oscillation (Fig. 3.1) frequency, resulting
in a plasmon absorption band in the visible to near infrared (NIR) and even to
infrared (IR) region. A solution of well-dispersed AuNPs shows a typical deep-red
color [3]. In the past decades, the AuNPs were systematically studied, nevertheless
sophisticated synthesis methods and attractive applications based on their unusual
properties are under intensive investigation. In this context, the spherical (isotropic)
AuNPs are so far the most studied class of metal nanoparticles.

In contrast to isotropic AuNPs, anisotropic AuNPs have caught a broad interest
due to their appealing and unprecedented properties. The existence of anisotropic
AuNPs was noticed in the beginning of the twentieth century by Zsimondy, who
discovered colored solutions of anisotropic AuNPs. He also invented the ultrami-
croscope to visualize the shapes of gold particles, and received the 1925 Nobel Prize
for “his demonstration of the heterogeneous nature of colloidal solutions and for the
methods he used”. It was not until the past decade that anisotropic AuNPs became a
research endeavor at its own right and has been drawing great attention because the
structural, optical, electronic, and catalytic properties are different from, and most
often superior to those of spherical AuNPs. All these fascinating applications are
based on their size- and shape-dependent electronic and optical properties that also
vary in individual state and self-assembled state. For example, isotropic AuNPs
exhibit one relatively simple LSPR, while anisotropic gold nanorods (AuNRs)
exhibit two LSPR signals: longitudinal (along the long axis) and transverse (across
the long axis) LSPR (Fig. 3.1b). Owing to their unusual properties, anisotropic
AuNPs have qualified for broad and interesting applications in different areas such as
sensors, biological and biomedical treatments, optical devices and metamaterials.

During the past two decades, the explorations of anisotropic AuNPs including
their properties and applications have become accessible and been extensively
expanded. The anisotropic AuNPs show interesting light absorption and scattering
phenomena, resulting from extraordinary shape dependent collective electronic
resonances. According to their anisotropic shape and self-assembled state, they can
absorb light from visible to IR region. For example, depending on the AuNRs’
tunable aspect ratio (length/diameter), the longitudinal LSPR varies from visible
frequency (small aspect ratio) to NIR and even IR frequencies (large aspect ratio).
The wavelength region between 800 and 1300 nm, the so-called “biological win-
dow” can penetrate tissue and cells without causing cell damage. Moreover, the
self-assemblies of AuNRs can further alter LSPR due to plasmon coupling between
neighboring AuNRs. Based on these unusual plasmonic effects of anisotropic
AuNPs, they show attractive properties such as light absorption and scattering,
fluorescence, photothermal effect, and optical tuning, leading to promising appli-
cations in medicinal diagnostics and photothermal therapy (“theranostics”) [4–7],
and optical devices [8].

The fabrications of anisotropic AuNPs are based on two different well-developed
methods: top-down physical nanofabrication approach and bottom-up wet chem-
istry approach. Both approaches have their own pros and cons. The top-down
methods are easy to produce AuNPs in a well-organized fashion and with controlled
narrow size distribution, but the sizes are usually relatively large. The bottom-up
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wet-chemistry methods have advantages in preparing small size colloidal AuNPs
with good yields and controllable polydispersity. However, organizing them into
well-ordered arrays is challenging. For the chemistry methods, during the past two
decades scientists have discovered and improved the seed-mediated growth method
to prepare AuNPs with high efficiency and excellent size distribution. This method
is very successful in synthesizing AuNRs, the most representative anisotropic
AuNPs. There are also other wet-chemistry synthesis methods, e.g. photochemistry,
electrochemistry, sonochemistry, templates, galvanic replacement, for anisotropic
AuNP synthesis. With these methods, fascinating shapes of anisotropic AuNPs
including one-dimensional (1D) (nanowires, nanotubes, and nanobelts), two-
dimensional (2D) (stars, pentagons, squares/rectangles, dimpled plates, hexagons,
and truncated triangles), and three-dimensional (3D) (nanotadpoles, nano-urchins,
nanodentrites, nanocubes and core-shell structures) have been realized.

It is interesting to note that anisotropic AuNPs show special properties according
to their different shapes such as optical property, photothermal effect, surface-
enhanced Raman scattering (SERS) effect, fluorescence enhancement and
quenching phenomena, toxicology, and self-assembly behaviors. Surface coating is
an important issue after synthesis, providing stability as well as compatibility.
Especially for biological and biomedical applications, it is utmost important to
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passivate the surface of nanoparticles with biocompatible groups in order to
introduce AuNPs into biosystem for functionalization and to provide necessary
intermolecular interactions to combine AuNPs with demanding materials for drug
delivery or gene transfer. Furthermore, anisotropic AuNPs have shown other
interesting applications in diverse areas such as catalysis, sensing and molecular
recognition, nanoelectrodes and optical tuning.

Although anisotropic AuNPs are relatively new building blocks, they have
become a rapidly emerging research field due to their promising applications. This
chapter covers an overview of this interesting research subject. Various synthesis
approaches for preparing and stabilizing anisotropic AuNPs with an emphasis on the
representative and most commonly used seed-mediated wet-chemistry approach are
introduced. The typical properties of different anisotropic AuNPs are highlighted
based on the AuNPs’ morphology and supramolecular assemblies. Finally, the
functionalization and attractive applications of the anisotropic AuNPs in optics,
photonics, catalysis, materials science, biological and biomedical areas are presented.

3.2 Methods and Techniques for Synthesis of Anisotropic
Gold Nanoparticles

3.2.1 Top-Down Method

Top-down physical lithography methods are direct ways to produce anisotropic
AuNPs, which have typical polycrystalline structures. Among them, the most widely
used method is electron-beam lithography (EBL) [9]. In the typical procedure, an
electron-sensitive resist is initially coated on the substrate. Followed by the exposure
to an electron beam, the area will dissociate into smaller polymer segments that can be
selectively removed bywashingwith a developing agent. Then, gold can be deposited
onto the opening patterns written by the electron beam. This lift-off technique can
offer anisotropic AuNPs with controllable shapes and sizes in tens of nanometers’
length-scale. Focused ion beam (FIB) lithography [10] is another lithography tech-
nique which sputters away unwanted portions of a continuous film by a raster ion
beam (typically gallium), creating nanostructures of the desired shapes. Anisotropic
AuNPs have been produced using both EBL [10] and FIB techniques [11]. FIB
produced Au nanodisks [12]. EBL and FIB techniques were also combined to prepare
anisotropic AuNPs arrays of Au microholes [13], grooves, nanowire circuits [14],
hexagonal arrays of Au triangles [15] and Au nanorings [16]. Mirkin’s group has
discovered another lithography method called on-wire lithography (OWL) [17, 18],
which can make gapped cylindrical structures on a solid support with gaps and
segment length controlled on a length scale under 100 nm by the template-based
electrochemical process (Fig. 3.2) [19]. Although the top-down lithography tech-
niques can produce AuNPs with controllable size, shape, and alignment, their scaling
up is limited and smaller AuNPs with sizes less than 10 nm are not easily accessible.
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3.2.2 Bottom-Up Method

To prepare anisotropic AuNPs, the bottom-up solution based method has been well
developed and widely used. The simplest and most easily accessible 1D anisotropic
AuNRs have drawn great attention from scientists. Conditions of seed-mediated
growth method, photochemistry, electrochemistry, sonochemistry, templates,

Fig. 3.2 Synthetic strategy for preparing sub-100 nm diameter nanostructure arrays with on-wire
lithography (OWL). a Schematic depiction of method beginning with (1a) release of template-
synthesized multisegmented metal nanowires from anodic aluminum oxide (AAO) membranes
into solution by dissolving the membrane and metal backing. (1b) Vacuum filtration of nanowires
on to larger pore AAO membranes. (2) Electron beam evaporation of a thin (5–10 nm) SiO2

backing layer (blue coating). (3) Sonication in ethanol to release half-coated wires into solution.
(4) Selective etching of sacrificial material (typically Ni, black segments) to produce 1D
nanostructure arrays with geometry matching the original nanowire. b Schematic showing the
decreased interaction area (solid black lines) between the nanowires and the porous substrate,
decreasing the van der Waals attraction between the surfaces. c–e SEM images of 55 nm Au–Ni
nanowires after steps 1, 2, and 4 (c, d, and e, respectively). c The 55 nm diameter Au–Ni
nanowires codeposited with 270 nm Au–Ni nanowires, highlighting the increased resolution
available with this new method compared to the previous smallest OWL structure. Scale bar is
350 nm. d Au–Ni nanowires filtered on to a porous AAO substrate, depicting the decreased
interaction area shown schematically in (b). Scale bar is 300 nm. e SEM image of 55 nm Au
nanorods arrays with varying gap sizes after etching away the Ni segments. Scale bar is 165 nm
[19]. Copyright 2011 American Chemical Society
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galvanic replacement have been discovered and developed. During the earlier
research, different methods have been attempted to produce anisotropic AuNPs. In
early 1960s, vapor−liquid−solid (VLS) method has been demonstrated [20]. In
1989, Wiesner and Wokaun reported the first example of AuNRs by adding Au
seeds into the solution of HAuCl4. The seeds were created by reduction of HAuCl4
with phosphorus (as in Faraday’s synthesis) and these seeds further grew up to
AuNRs by reduction of Au3+ with H2O2 [21]. Until 1990s, seed-mediated growth
approach for AuNRs was discovered and after continual improvement, it has
become the method of choice [22]. It offered a convenient and versatile wet-
chemistry way to synthesize AuNRs with excellent yield, monodispersity and
controllable aspect ratio and size, and also reproducibility. A typical procedure is
shown in Fig. 3.3. Accompanying the progress of this seed-mediated growth
method that provides feasible access to AuNRs, fundamental optical properties
were recognized. AuNRs with the sizes of *150−180 nm × 25 nm
(length × width), which exhibit the aspect ratio between 8 and 20, have been
synthesized [23]. It is worthwhile to mention that the modifications from the El-
Sayed research group improved the yield and polydispersity of the AuNRs by
replacing sodium citrate with the stronger cetyltrimethylammoniumbromide
(CTAB) stabilizer during the formation of the seeds, as well as using AgNO3 to

Fig. 3.3 Three-step seed-mediated growth approach for making gold and silver nanorods with a
controlled aspect ratio [29]. Copyright 2005 American Chemical Society
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direct the formation and to control the aspect ratio of the AuNRs [24]. The role of
Ag+ is also critical in formation of other shapes of AuNPs, for example, high-index
concave cubic Au nanocrystals have been synthesized by the reduction of HAuCl4
with ascorbic acid in the presence of a chloride-containing surfactant and small
amounts of AgNO3 [25]. The yield of such a procedure is about 99 % with aspect
ratios between 1.5 and 4.5. Higher aspect ratios up to 10 or 20 were obtained upon
the addition of a cosurfactant (benzylhexadecylammonium chloride (BDAC) [24]
or Pluronic F-127 [26]) to the original growth solution and by varying the con-
centration of AgNO3. The synthesized single crystal AuNRs have a penta-twinned
structure with Au {111} lattice at the end-caps and the Au {100} or {110} along
the longitudinal faces [27]. Besides, AgNO3 has been found to play a critical role in
the formation of long AuNRs [28].

AuNRs with low aspect ratio (aspect ratio: 2–5, size: *20−60 nm × 12 nm)
have been developed by a modified seed-mediated growth protocol [24, 30]. In this
method, smaller AuNP seeds (ca. 1.5 nm) stabilized with CTAB are added to the
growth solution with the assistance of a small amount of AgNO3 and the mild
reducing agent ascorbic acid. AgNO3 used herein is crucial in controlling AuNR
shapes. The AuNRs produced by this method display different crystal faces com-
pared to the earlier ones [31]. Later, the seed-mediated growth procedure has been
modified as a “seedless” version which uses small organic additives to control
AuNR sizes and aspect ratios (between 2 and 5). In such a new way, the standard
silver-assisted growth method is employed and seeds are generated in situ by
adding a small amount of the strong reducing agent sodium borohydride, instead of
using preformed AuNP seeds [32]. The control of aspect ratio is based on the
sodium borohydride concentration rather than the AgNO3 concentration.
Interestingly, although the size of AuNRs (∼25 nm × 6 nm) prepared through this
“seedless” method is quite smaller than the formal procedures, the yield is poorer
and the size distribution is broader.

Having been developed in the past years, the seed-mediated growth approach
and its modified ones have become the most popular for synthesizing anisotropic
AuNRs with aspect ratios from 2 to 20 with desirable yield and monodispersity.
They have advantages of simple procedure, high yield, scale-up quantity, feasible
size/shape control, and flexible for further structural modifications [33]. Similarly,
AuNRs themselves can be used as seeds in the synthesis of more complex struc-
tures, for instance, Pt nanodots can form on AuNR surface which possesses more
complex properties [34]. Based on this method, now commercially available
AuNRs have appeared in market. This greatly promotes the research in anisotropic
AuNPs and their fascinating applications.

With different additives (e.g. foreign metal ions, iodide ions), the overgrowth of
colloidal AuNRs can be tuned affecting their shape, facet, aspect ratio and com-
position, e.g. forming dumbbell-like AuNR nanostructures [35]. Shape transfor-
mation from rod to octahedron is observed under sonication in dimethylformamide
(DMF) in the presence of poly(vinylpyrrolidone) (PVP) [36]. Similarly, overgrowth
of AuNRs can induce nanopeanut and octahedra structures by glutathione and
cysteine [37].

3 Anisotropic Gold Nanoparticles … 75



However, the mechanism of AuNR growth during synthesis is one unsolved
challenge to date. Even though large efforts have been devoted to this subject, it is
still not fully understood. Fixing this can improve the efficiency and versatility of
the synthesis of AuNRs in the future [38]. Two AuNR growth mechanisms were
brought up and studied [39]. The growth is governed either by binding the head
group of a cationic surfactant to the {100} face of the AuNP seed preferentially,
instead of the less-favored rod end [29], or by the electric field of the double layer
between the positively charged seed and negatively charged AuCl2− on the CTAB
micelle. Different from multiply twinned crystalline citrate-capped seeds growing
into multiply twinned structures, single-crystalline CTAB-capped seeds lead to
single-crystalline AuNRs with {110} faces on the side and {100} faces on the end.
Ag deposits on the {110} sides faster than that on the {100} ends, and in this way
the seeds grow into rods. A hybrid mechanism involving diffusion of AuCl2− on the
CTAB micelles to CTAB-capped seed spheres resulting from electric-field inter-
actions has been proposed by Murphy and co-workers. Silver ions preferentially
deposit onto the {110} facets, where CTAB molecules are preferentially bound and
providing bromide counter ions forming an AgBr solid layer thereon, which results
in particle growth into AuNRs along the {110} direction. There is a critical [Br−]/
[Au3+] ratio around 200 that leads to the maximum aspect ratio of the AuNRs,
however beyond such ratio, Br− acts as a poison.

3.2.3 Other Methods

3.2.3.1 Photochemistry

Photoreduction was an alternative method for generating anisotropic AuNPs. For
instance, UV light can reduce HAuCl4 to form AuNRs with the aid of rod shaped
cationic micelles. The pioneer work of this method was introduced in 1995 by
Esumi et al. [40]. Different from the seed-mediated procedure where the micelle
surfactant molecules stabilize a specific crystal face resulting in AuNRs, in the
photoreduction procedure, Au3+ ions bound to rodlike cationic micelle surfactant
molecules to form ion pairs. After excited by UV light with 235 or 300 nm [41], the
Au3+ ions were reduced to Au0. This process includes the aggregation of metal
nuclei to form primary particles, and these particles assemble to form AuNRs
resulting from the stabilization of a specific crystal face by surfactant micelles [42].
One prominent advantage of this photocatalyzed procedure is that high yield of
AuNRs can be obtained in a single step [32], rather than the typical two-step seed-
mediated growth method. In the presence of poly(vinylpyrrolidone) (PVP) and
ethylene glycol [43], or TiO2 colloids [44], the photochemical method could be
used to synthesize other anisotropic AuNPs such as platelet-like shape with an
asymmetric five-twinned structure and six-star shape.
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3.2.3.2 Electrochemistry

The electrochemical method to produce AuNPs was first reported by Svedberg in
1921. During 1990s chemists modified the electrochemical reduction method using
organic surfactant (CTAB) and porous aluminum oxide membrane templates for
shape control [45], and arrays of AuNRs with micrometer scale dimensions
(*100 nm by 100–200 µm) were created [46]. Those sizes are too large, but
smaller AuNRs (60 nm × 12 nm) can be prepared with modified synthesis approach
by using surfactant mixtures as soft templates [47]. In this approach, an Au plate
anode and a Pt plate cathode were immersed into an electrolyte containing CTAB
and co-surfactant tetradodecylammonium bromide (TOAB). Binding to the CTAB
micelle, Au3+Br4

−
first formed from the Au anode due to electrolytic oxidation, and

then migrated to the cathode and reduced to Au0. By the assistance from Ag+

cations from redox reaction between Au3+ and an Ag plate, AuNRs were formed
with controllable aspect ratios. These AuNRs were separated from the cathode by
sonication [47]. As shown by high-resolution transmission electron microscopy
(HRTEM) and diffraction studies, AuNRs produced by this way are single crystals
having no stacking faults, twins, or dislocations, with aspect ratios of 3–7 [48].
With the advantages of simplicity, efficiency and applicability, electrochemical
method is continually developed for the synthesis of other anisotropic AuNPs, for
example dendritic AuNPs [49]. The photochemistry and electrochemistry methods
have limitations of expensive synthesis and significant amount of byproducts:
spheres, rods, cubes, plate, and prisms AuNP mixtures.

3.2.3.3 Sonochemistry

Ultrasonication is another useful approach for the synthesis of small nanoparticle,
which can control both their shapes and sizes by the use of surfactants and alcohols
[50]. With this method, single-crystalline flexible Au nanobelts with a width of 30–
50 nm and a length of several micrometers have been synthesized [51].

3.2.3.4 Template

One successful well-known template for the synthesis of AuNPs is silica nano-
spheres. Around such templating cores, Au layers can be coated. This powerful
strategy allows the control over the size and thickness of the Au nanoshells by
changing the reaction time and the concentration of the plating solution [52].
Anisotropic AuNRs were generated on substrates from colloidal solution using
catalytic seed nanospheres to directly grow [53]. However, only 15 % of seeds are
converted to rods while the rest seeds promoted a myriad of shapes including
spherical, triangular and hexagonal. To improve this method, nanoporous track-
etched polycarbonate or anodized alumina membrane was used as the templates
where gold atoms are deposited by electrochemical reduction [54]. To tune the
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AuNR aspect ratio, the pore diameter (5–200 nm) in the membrane template was
adopted to control the width, while the amount of the deposited gold determines the
length. Various templates have been used for synthesizing different anisotropic
AuNPs: porous membranes [55], mesoporous silica [56], Si(100) wafers [55],
pyrolytic graphite [57], polymers [58], nanoparticles [59], carbon nanotubes [60],
inorganic clusters (e.g. LiMo3Se3) [61], surfactants organized in micelles [27, 47]
as well as biomolecules (e.g. plant extracts) [62], microorganisms [63], polypep-
tides, and DNA [64].

3.2.3.5 Galvanic Replacement

Galvanic replacement is another approach for making anisotropic AuNPs. Without
external current sources, Au cations in the plating bath are reduced by a metal in a
spontaneously thermodynamically and kinetically favorable reaction [65]. The
driving force of this reaction is the difference of the redox potential between the
reducing metal and the Au3+/Au0 system. Intensively developed by Xia group, the
reduction of Ag nanostructure has been used as a sacrificial template to fabricate
hollow Au nanostructures [66, 67]. Starting from Ag nanocubes, anisotropic gold
nanocages have been synthesized. These reactions proceed in two steps: formation
of seamless hollow structures with the walls made of Au–Ag alloys by galvanic
replacement; and subsequent formation of hollow structures with porous walls by
dealloying [68]. In addition, aluminium is also used as the metal source since
aluminium foil is inexpensive and has a very low oxidation potential which can
reduce many transition-metal cations [69]. As fluoride forms stronger bonds than
chloride, NaF and NH4F were used to dissolve the alumina layer to allow the
galvanic displacement, resulting in anisotropic Au dendrites [70]. The galvanic
technique has some advantages such as no need of template, surfactant, or stabi-
lizer, and can be conducted simply at room temperature, compared to the former
methods.

3.2.4 Other Shapes of Anisotropic AuNPs

3.2.4.1 One-Dimensional (1D) AuNPs

Except for the widely investigated 1D anisotropic AuNRs, there are various
remarkable shapes of anisotropic AuNPs. Among 1D structures, there are nano-
wires (NWs), nanotubes (NTs), and nanobelts (NBs). If the AuNRs continually
grow to an extremely large aspect ratio, they become AuNWs, which generally
show some mechanical flexibility. For example, the AuNRs stabilized by CTAB
and pentahedrally twinned were used for preparing AuNWs by the tip-selective
growth [71], generating crystalline AuNWs with 12–15 μm in length and
90 ± 10 nm in diameter. UV irradiation, photoreduction, and thermal reduction
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were also used to make AuNWs [72]. With other metal elements such as Pt and Cu
combining with Au, the bimetallic NWs can be fabricated [73]. Interestingly, the
method of fabrication of AuCuNWs can also lead to the formation of AuCu
nanotubes (AuCuNTs). Therefore, CuNWs were used as templates, and the
AuCuNWs were formed as intermediates that ultimately led to the AuCuNTs [74].

Both AuNWs and AuNTs can be prepared by electroless deposition onto the
pore walls of porous polymer membranes working as a template, and long Au
deposition time leads to AuNWs while short time leads to AuNTs [75]. 4-
(Dimethylamino)pyridine is a powerful auxiliary reagent for the electroless depo-
sition method to yield AuNTs (Fig. 3.4) [76]. In other ways, hollow AuNTs with
highly ordered Au arrays were synthesized by the galvanic replacement reaction
using an anodized aluminum oxide template [77], a polymer NT as a sacrificial core
[78], and thiol-functionalized nanoporous films as a scaffold [79].

Gold nanodumbbells (AuNDs) were synthesized by a modified seed-mediated
method [80, 81]. The presence of tiny amounts of iodide stimulated tip growth
prominently, resulting in well-defined dumbbell structures. Hybrid AuNDs were
attractive according to their multiple functions. The Au/Ag core/shell structures
have been created either by silver deposition onto AuNDs [82], or by galvanic
replacement and reduction [83]. There are other metals for hybrid AuNDs,
including CdSe [84], CoPt3, FePt and Pt [85].

3.2.4.2 Two-Dimensional (2D) AuNPs

Beyond 1D structures, anisotropic AuNPs have 2D structures with well-defined
specific shapes, such as stars, pentagons, squares/rectangles, dimpled plates,
hexagons, and truncated triangles [86]. One widely used approach is using polymer
templates, since the versatile polymers can act as stabilizers, templates, and

Fig. 3.4 SEM images of free-standing AuNTs [76]. Copyright 2010 American Chemical Society
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reductants [72, 87–89]. For example, PEO20PPO70PEO20 (PEO = poly(ethylene
oxide), PPO = poly(propylene oxide)) was used as both the reductant and stabilizer
to prepare large gold nanosheets (10 μm in width and 100 nm in thickness) [72].

The morphology could be finely adjusted through control of the reactant ratio
and the reaction conditions. A large-scale synthesis of micrometer sized Au
nanoplates was carried out [90]. Triangular and hexagonal gold nanoplates in
aqueous solution were synthesized by thermal reduction of HAuCl4 with trisodium
citrate and CTAB, yielding gold nanoplates with the width as small as 10 nm to
several hundreds of nanometers [91].

A mild and relatively environmental friendly one-pot biomimetic method was
developed to fabricate gold nanoplates having hexagonal and truncated triangular
structure with a thickness less than 30 nm [92]. The use of a biological reductant
such as brown seaweed Sargassum [93], tannic acid [94], serum albumin protein
[95], and glycine [96] was explored over the last decade. There is a type of special
gold nanoplates having triangular nanoprisms morphology. These nanostructures
show three congruent edge lengths in the range from 40 nm to 1 μm and a thickness
ranging from 5 to 50 nm [97–99]. They can be prepared in high yields, which
exhibit visible and IR LSPR.

3.2.4.3 Three-Dimensional (3D) AuNPs

For 3D anisotropic AuNPs, gold nanotadpoles have an interesting tadpole-like
structure. They have special optical and electrical properties leading to unique
potential applications in second-order nonlinear optics, nanoelectronics. Gold
nanotadpoles were synthesized via a simple chemical procedure, i.e. in aqueous
solution reducing chloroauric acid with trisodium citrate in the presence of sodium
dodecylsulfonate as a capping agent, and the 3D crystalline structures were char-
acterized by TEM, AFM, and HRTEM (Fig. 3.5) [100]. Tadpole-shaped AuNPs
later were synthesized in high yield by a temperature-reducing seeding approach
without any additional capping agent or surfactant [101]. The formation mechanism
was ascribed to an aggregation-based growth process. A 3D hybrid nanostructure
consisting of Au heads and Pd tails has been demonstrated, these 3D nanotadpoles
were expected to display properties of both Pd nanorods and AuNPs [102].

Since branched gold nanostructures, such as monopods, bipods, tripods, tetra-
pods, hexapods, and multipods like nanoflowers, nanostars, and urchins have sharp
edges and corresponding high localization of surface plasmon modes [103], they
are anticipated for applications in nanocircuits and nanodevices, and in vivo tests,
including biosensing [104], imaging [105], targeting [106], and photothermal
therapy [107]. The branched AuNPs in aqueous solution was first synthesized by
Carroll and co-workers in 2003 [108], using triangular Ag platelets as seeds and
reducing Au3+ with ascorbic acid in the presence of CTAB leading to anisotropic
Au monopods, bipods, tripods, and tetrapods. The dimension and number of
branches were varied under combinations of the [seed]/[Au3+] ratio in a seed-
mediated synthesis approach [109]. There are other routes to produce branched
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AuNPs [110], with a high yield up to 90 % [111]. Generally, the branched AuNPs
have poorer monodispersity than other shapes.

For the branched nanoparticles, they have complicated LSPR consisted of
multiple sharp peaks in the visible and NIR region. The study showed the resulting
LSPR energies can be considered as a hybridization of the core and tip plasmons
(Fig. 3.6) [112].

Interestingly, another type of anisotropic AuNP dendrites exhibits the hierar-
chical tree-type architecture with trunks, branches, and leaf components. With such
hyperbranched architectures, they have attracted much attention for their fascinating
fractal growth phenomena and their potential applications in functional devices,
plasmonics, biosensing, and catalysis [113, 114]. They are mainly synthesized by
electrochemical deposition. For example, Au dendrites are synthesized on a glassy
carbon electrode by electrodeposition with a square-wave potential from a solution
of HAuCl4 containing cysteine as the blocking molecule [113]. Shape-controlled
synthesis of Au dendrites was achieved in the presence of supramolecular

Fig. 3.5 a TEM and b AFM images of tadpole-shaped AuNPs. c, d HRTEM images of the c head
and d tail of a gold nanotadpole. Insets The corresponding Fourier transform patterns [100].
Copyright 2004 American Chemical Society
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complexes formed from dodecyltrimethylammonium bromide (DTAB) and β-
cyclodextrin (β-CD) (Fig. 3.7) [115].

A typical core/shell nanostructure contains a supporting core and a thin Au
nanoshell, for example, SiO2@Au NPs exhibit a strong plasmon resonance, and
core radius and shell thickness dependent SERS effect [116]. The plasmon wave-
length could be tuned by varying the relative size of the inner and outer shell layer
over a wide range from visible to IR spectrum, of which the NIR region between
700–1100 nm is particularly useful in biomedical applications, such as therapy and
diagnostics [117]. There are other metal or metal oxide cores used to replace SiO2

[118]. For example, Fe3O4@Au core/shell NPs modified with antibodies and
fluorescent dyes work as contrast probes for the multimodal imaging of tumors
[119]. In a more complicated system, covering a magnetic Co@Au core/shell NPs
with a pure Co core and an intermediate Au shell, a compact outer cobalt oxide
shell was further coated on it [120].

A layer of hard inorganic nanomaterials is used for surface modification of
AuNRs, showing advantages of increasing stability, facilitating surface chemistry,
and tunable properties. Silver coating on AuNRs is successfully accomplished
whose thickness can be controlled through the concentration of silver precursors
and reducing agents [121]. The silver coated AuNRs have practical application in
enhancing Raman scattering [122]. Silicon coatings can be achieved by simple
addition of aqueous sodium silicate to the AuNR solution, which is then mixed with

Fig. 3.6 Principle of the plasmon hybridization of the LSPR of a gold nanostar. Panel a shows an
experimental scanning electron micrograph. The scale bar is 100 nm. Panel b shows the theoretical
model, consisting of a truncated spherical core, (c) and tips, consisting of truncated prolate
spheroids (d). Panel e illustrates the concept of plasmon hybridization in the nanostar. The core
plasmons interact with the tip plasmons and form bonding and antibonding nanostar plasmons.
The polarization angle is defined in the upper right corner [112]. Copyright 2007 American
Chemical Society
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3-mercaptopropyl trimethoxysilane (MPTMS) or 3-mercaptopropyl triethoxysilane
(MPTES) solution, forming mesoporous silicon shell on AuNR surface resulting in
red-shifted longitudinal LSPR [123]. Other hard inorganic coating layers on AuNRs
have been explored such as iron oxide coating [124], platinum coating [125], and
silver sulfide or selenide [126]. These inorganic layers coated AuNRs have
promising applications of magnetic separation, imaging, catalysis, and optical
nonlinearities.

Hollow gold nanospheres (HAuNSs) were synthesized by layer-by-layer (LbL)
assembly [52, 127]. Through the size-controllable LbL technique, HAuNSs were
deposited on a sacrificial template of polyelectrolyte-modified polystyrene (PS)
nanospheres. Afterwards, the PS core was removed by either calcination or dis-
solution [128].

Recently, there is a novel class of remarkable nanostructures gold nanocages
(AuNCs) possessing hollow interiors and porous walls synthesized by galvanic
replacement [129], which have potential in colorimetric sensing and biomedical
applications. During synthesis, HAuCl4 solution was added to a boiling suspension
of Ag nanocubes which act as both template and reducing agent in a controlled
manner. Due to the difference of electrochemical potential between Au and Ag (the
reduction potential of AuCl4−/Au: 0.99 V, of AgCl/Ag: 0.22 V versus the standard
hydrogen electrode), there happened galvanic replacement and thereby Au depos-
ited on Ag nanocube surface. The resulting hollow, porous cage-like Au nano-
structures were characterized by SEM and TEM [129]. For a representative process

Fig. 3.7 SEM images of Au nanodentrites grown in mixed DTAB/β-CD solution,
[DTAB] = 5.0mM; [β-CD]/[DTAB] = 0.5. From [115]. Copyright 2009American Chemical Society
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and structure (Fig. 3.8), nanoboxes derived from 50 nm Ag nanocubes were first
converted into nanocages. Then by increasing the amount of the etchant Fe(NO3)3
during the dealloying process, only porous cubic nanoframes were left [130].

Fig. 3.8 TEM and SEM (inset) images of a 50-nm Ag nanocubes; b Au/Ag alloy nanoboxes
obtained by reacting the nanocubes with 4.0 mL of 0.2 mM HAuCl4 aqueous solution; and c–
f nanocages and nanoframes obtained by etching the nanoboxes with 5, 10, 15, and 20 µL of
50 mM aqueous Fe(NO3)3 solution. The inset in (f) was obtained at a tilting angle of 45°, clearly
showing the 3D structure of a nanoframe. The scale bars in all insets are 50 nm. EDX analysis
indicates the atomic ratio of Au:Ag was 15:85, 30:70, 45:55, 60:40, and 100:0 for the samples in
panels b, c, d, e, and f, respectively [130]. Copyright 2007 American Chemical Society
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3.3 Properties

3.3.1 Morphology

For the AuNPs synthesized by seed-mediated growth approach [109], AuNPs gen-
erally showmorphologies of tetrahedron (four triangles) [131], hexahedron (cube, six
squares) [132], octahedron (eight triangles) [133], dodecahedron (twelve pentagons)
[134], and icosahedron (twenty triangles) [135], which are characterized by low-
index facets ({111} for tetrahedron, octahedron, dodecahedron and icosahedron, and
{100} for the cube. AuNPs also showed rhombic dodecahedral shape [133], which
could further transform into other nonplatonic shapes such as rhombic cuboctahedron
and then truncated octahedron in the presence of PVP at a low water content [109].

3.3.2 Optical and Photothermal Property

One characteristic property ofAuNPs is that they exhibit LSPR, an optical phenomenon
leading to confined resonant photonwithin the dimensions of the AuNPswhen aAuNP
interacts with incident photons, which results in an oscillation of the conduction band
electrons back and forth on its surface and further induces a charge separation between
the free electrons and the ionic metal core, and thereby generates a dipole oscillation
[136]. The LSPR oscillation of the colloidal AuNPs usually results in a certain color of
the solution that has a strong absorption signal in the visible region. The LSPR is
dependent on the particle material, size, shape and the dielectric properties of the
surrounding medium [137]. For spherical AuNPs, both light absorption and scattering
are enhanced by AuNPs, which cause light extinction [138]. Based on Mie theory and
relative Gan theory [139], quantitative description of the cross-sections of absorption
(Cabs), scattering (Csca), and total extinction (Cext) are derived [140].

Different from those of spherical AuNPs, anisotropic AuNPs have their own
particular LSPR. Normally, AuNPs with core diameters between ∼3 and 200 nm
display a LSPR with a maxima intensity at approximately 520 nm. AuNRs are well
known for their characteristic LSPR signals: once the symmetry of the gold core is
altered to the anisotropic AuNRs, two distinct LSPR modes corresponding to the
different axes across the AuNRs emerged, i.e. a transverse LSPR along the short
axis and a longitudinal LSPR along the long axis. Typically, the longitudinal LSPR
peak will red shift when the aspect ratio increases, which has been investigated by
simulation and demonstrated in experiments [138]. A representative experimental
example is displayed in Fig. 3.9 [141]. Quantitatively, it has been discovered that
there is a linear relationship between the peak position and aspect ratio [47]:

kmax ¼ 95Rþ 420
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Owing to the interesting photothermal effect of AuNRs, they show promising
biological and biomedical applications. When AuNRs are exposed to the laser light
resonant with their surface plasmon oscillation, they can strongly absorb the light
and rapidly convert it into heat via a series of photophysical processes. The
mechanism was investigated and explained by El-Sayed group [142]. When the
heating rate is much faster than the cooling rate, heat is accumulated within the
lattice causing a temperature rise of the AuNRs in a short time which is sufficient
enough to lead to structural changes, such as shape transformation and particle
fragmentation. For example, when a colloidal AuNR solution was exposed to
femtosecond laser pulses (100 fs, 52 μJ) [143], the shape transformation is observed
as shown in Fig. 3.10. The wavelength of the exciting laser (800 nm) coincides with
longitudinal plasmon absorption of AuNRs. In Fig. 3.10b, all the AuNRs have
transformed into spheres. For the UV-vis spectrum in Fig. 3.10c, only one LSPR
band at about 520 nm exists for typical spherical AuNPs and the longitudinal
plasmon band has totally disappeared. In Fig. 3.10d, the volume of the resulting
spherical particles is similar to the original AuNRs, which concludes that AuNRs
melt into spherical AuNPs under the intense laser irradiation based on photothermal
effect. From more exploration, it was discovered that the shape transformation of
AuNRs depends on laser’s energy and pulse-width [143], and the unusual photo-
thermal melting process and its mechanism were investigated [144]. Also there are
other related spectral properties such as the aspect ratio dependent fluorescence
[145], shape-dependent electron-photon relaxation [146] and LSPR line width (for
sensing local environmental changes for biomolecular recognition) [147].

Since AuNRs have important applications in sensing, plasmon-enhanced spec-
troscopies, biomedical imaging, and photothermal therapy for cancer, controlling
the shapes (aspect ratio) and sizes of AuNRs with desired physical and chemical
properties are required, which are crucial for their performances [148]. For exam-
ple, AuNRs with larger aspect ratio have response to NIR light and therefore are

Fig. 3.9 Surface plasmon
absorption spectra of AuNRs
of different aspect ratios,
showing the sensitivity of the
strong longitudinal band to
the aspect ratios of the
AuNRs [141]. Copyright
2006 American Chemical
Society
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excellent candidates for photothermal therapy. At a fixed aspect ratio, larger AuNRs
having larger extinction coefficients due to stronger light scattering provide better
performance in optical imaging applications, whereas smaller AuNRs provide
improved efficiency in photothermal therapy applications due to their higher
absorption efficiency [149]. The plasmon bands of other anisotropic AuNPs with
different shapes have been also explored [129, 150]. Typically, there are bands from
separate parts and ensemble structure. For example, gold nanostars show a plasmon
band of the core and variant plasmon bands relating to the tips and core–tip
interactions [111].

3.3.3 Surface Enhanced Raman Scattering (SERS)

Because of the plasmon resonance, the Raman signals depending on the power of
the local electric field is very high at the AuNP surface. Originating from the
dramatic amplification of electromagnetic fields in the AuNP ensembles, AuNPs in

Fig. 3.10 Effect of laser heating on AuNRs, shown in TEM images of a colloidal AuNR solution
having a mean aspect ratio 3.8 before (a) and after (b) irradiation with 100 fs laser pulses centered
at 800 nm. c UV-vis absorption spectra of this colloidal gold solution before (solid line) and after
(dotted line) irradiation with laser pulses. d The volume of the AuNRs before and after this laser
irradiation is compared [143]. Copyright 1999 American Chemical Society
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close proximity to each other will result in near-field interparticle interactions,
creating a collective extinction response that is quite different from the individual
ones [151]. Excitation of the LSPR produces a strong electromagnetic field at the
surface of the AuNP that can interact with materials in close proximity to the AuNP
surface [22, 152]. The plasmon electromagnetic field can therefore be used to
enhance the scattering spectra of chemical species adsorbed on AuNPs, a phe-
nomenon known as surface enhanced Raman scattering (SERS) or to detect changes
of specific analytes in the local chemical environment. For anisotropic AuNPs, the
Raman scattering signal of molecules is enormously enhanced by contributions
from the strong absorptions in the NIR regime and the extremely high electric field
intensities at the tip or hollow structures [153]. Therefore, it is necessary to control
the size, shape, and structure of anisotropic AuNPs to effectively enhance the
sensitivity of effective molecular detection [77, 154]. The most attractive ones are
AuNRs because of their easily accessible anisotropic shape and tunable size. There
are two coupling fashions for AuNRs: side-by-side and head-to-head configurations
which result in different shifts of LSPR signals: the one with side-by-side geometry
shows a blue-shift in the longitudinal LSPR and a red-shift in the transverse LSPR,
while the other with head-to-head geometry shows a red-shift in the longitudinal
LSPR with little change in the transverse LSPR [155]. Such plasmonic coupling
effect is an emerging field which is of great interest to SERS applications for
molecular detecting as the SERS effect of AuNRs is much higher (e.g. 105 times)
than spherical AuNPs [156]. On the aspect of biomedicine, AuNRs aligned by oral
cancer cells showed excellent sensitivity in detecting the cancer cells [157]. Acidic
cancer cells and healthy cells are distinguished by monitoring changes in the Raman
spectrum induced by pH changes of carboxy groups in a mercaptobenzoic acid
layer on HAuNSs which have activity in NIR region [158].

3.3.4 Fluorescence Enhancement and Quenching

The interaction between AuNPs and a fluorophore results from a change in the
electromagnetic field and the intensity of the photonic mode near the fluorophore.
For AuNP–fluorophore distances less than 4 nm, the fluorescence is strongly
quenched. At larger distances, the fluorescence intensity is increased. For fluores-
cence quenching, characteristic fluorescence of organic dyes such as perylene and
porphyrin attaching on AuNP and AuNR surface via Au–S linkage with distance
less than 4 nm were significantly quenched (Fig. 3.11) [159, 160]. In another
experiment, the simple inert short n-C10 alkyl chain protected AuNPs with different
size and AuNRs could quench the perylene diimide dyes (PDIs) close to their
surface, from which the mechanism of such quenching effect was investigated and
ascribed to energy transfer [161]. The fluorescence enhancement originates cou-
pling with far-field scattering. For example, the quantum yield of indocyanine green
(ICG), a NIR fluorophore, was increased by up to 80 % near the surface of an Au

88 C. Xue and Q. Li



nanoshell. Such conjugates have been used for enhancing sensitivities in fluores-
cence imaging in vitro and in vivo [162].

3.3.5 Toxicology

In general from in vitro studies, AuNP cores are nontoxic for cells, which are in
contrast with other nanoparticles such as carbon nanotubes, asbestos, and metal
oxides causing drastic damage to cells. Anisotropic AuNPs have an enormous
potential in theranostics and addressing the in vivo nontoxicity of these AuNPs are
essential to convince drug administration. In vitro and in vivo toxicology studies
have been undertaken to examine the damage of cells, tissues, and organs of
animals upon loading AuNPs for biomedical applications [22, 163].

In vitro studies have shown that the toxicity of AuNRs is ascribed to the CTAB
ligands, rather than the Au core itself. Researchers successfully found biocompat-
ible materials such as polyacrylic acid or poly(allylamine) hydrochloride to coat
AuNPs, resulting in almost no death of cells [164]. For citrate-capped AuNPs, a
study in mice by Chen et al. showed that small (3–5 nm) and large AuNPs (30 and
100 nm) were not toxic, but medium-sized AuNPs (8, 12, 17, and 37 nm) provoked
severe sickness, loss of weight, change in fur color, and shorter life spans due to
injury of the liver, spleen and lungs [165].

For the stability issue of AuNPs in biosystems, it is also an important subject to
be investigated, since AgNPs are as intrinsically toxic for their relative easy

Fig. 3.11 Left PDI-AuNR
CH2Cl2 solution shows no
emission under UV lamp
(365 nm, 6 W). Right free PDI
after detaching from PDI-
AuNR by adding I2 in CH2Cl2
solution shows strong yellow
−green fluorescence under
UV lamp [160]. Copyright
2012 American Chemical
Society

3 Anisotropic Gold Nanoparticles … 89



oxidation to Ag+. On contrary, Au0 is much more difficult to oxidize than Ag0,
which guarantees the safety issue of AuNPs. The AuNP cores of isotropic AuNPs
larger than 5 nm are biologically inert [22, 166]. However, for the anisotropic
AuNPs with highly exposed AuNP surface areas and defects, more studies are
required aiming at the toxicology in biosystems.

3.3.6 Surface Modification

Surface modification not only provides stability to the AuNPs, but also introduces
foreign functions. In addition, to introduce AuNPs into biosystems, it requires
surface modification for desirable compatibility with the systems.

A number of organic materials are used to functionalize AuNPs and introduce
multiple functions. This has been realized by the exchanging process in which the
surface grafted surfactant molecules exchange with functional organic molecules,
usually a type of organic thiols (RSH) or a mixture of two kinds of organic thiols.
Owing to the strong covalent Au–S bondings, this is a relatively simple and
effective procedure that can completely remove the original surfactants and replace
with organic functional thiols on the entire surface. For the organic thiol monolayer
protected anisotropic AuNRs, the solubility, surface chemistry and related prop-
erties are dominated by the organic shell. Simple n-alkyl thiols [167], and other
functional materials such as photoresponsive azo thiols [168], chiral-azo thiols
[169], organic dyes (porphyrin, perylene) [159, 160] and polymers terminated with
thiols (poly2-(dimethylamino)ethyl methacrylate, poly(acrylic acid), polystyrene)
have been used [170].

Different from isotropic AuNPs, AuNRs have unique properties in thiol
exchange process and the resulting AuNRs have more shape-dependent properties.
For example, the seed-mediated growth approach prepared AuNRs coated by
CTAB with open positions on the two heads where there are no CTAB surfactant
molecules covering [29]. Therefore, the thiols will first bind on the open tips of
these AuNRs and then replace the CTAB surfactants on sides, leading to sequential
surface modification of AuNRs which induce more functions such as directed self-
assemblies, including side-by-side and head-to-head types [171].

Another effective way to functionalize the surface of AuNR is covering the sur-
factant layer (e.g. CTAB) with materials having intermolecular interactions such as
electrostatic and ionic interaction to CTAB molecules. With the presence of the
CTAB layer on the surface imparting a net positive charge, alternate adsorption of
anionic and cationic polyelectrolytes on these positively charged AuNRs leads to the
formation of polyelectrolyte multilayers around the AuNRs [172, 173]. One repre-
sentative example of AuNRs coated by polyelectrolytes multilayers [poly acrylic acid
sodium salt (PAA) and polyallylamine hydrochloride (PAH)] is displayed in
Fig. 3.12, which briefly indicates the process of layer-by-layer coating on AuNRs and
encapsulating of functional small Rhodamine 6G molecules.
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The critical prerequisite to introduce AuNRs into the biosystem is to function-
alize AuNRs with biocompatible materials, because for potential clinical trials,
AuNRs should be friendly to human health and the environment. With the widely
used seed-mediated synthesis approach, AuNRs are coated by a CTAB layer. Free
CTAB molecules are detrimental to human cells but surface bound CTAB mole-
cules are not toxic [174] and AuNRs are supposed to be safe for in vivo and clinical
studies. However, although free CTAB molecules can be separated by centrifu-
gation or dialysis membrane, CTAB surfactants could leave AuNR surface because
they are dynamically unstable. The charge interactions that adsorb CTAB on AuNR
surface are much weaker than Au–S covalent bonds. Therefore, a better way is to
modify the AuNR surface that CTAB is either replaced or covered by biocom-
patible molecules. For example, by coating phosphatidylcholine on AuNRs, there
was much lower cytotoxicity than the twice-centrifuged CTAB-AuNRs [175]. Poly
(diallyldimethylammonium chloride)-AuNR, poly(4-styrenesulfonic acid)-AuNR
even showed no observable toxicity [176]. Another simple approach to prepare
biocompatible AuNRs is using polyethylene glycol polymers (PEG), via mixing
PEG-SH with the CTAB-AuNR in solution undergoing thiol exchange for hours
[177]. More experiments have been carried out to conjugate biomolecules to
AuNRs and mainly four different methodologies have been developed: (a) direct
ligand exchange, (b) electrostatic adsorption, (c) the use of a biofunctional linker,
and (d) surface coating [148].

The thiol exchange reaction is effective for small biofunctional molecules such
as 3-mercaptopropionic acid (MPA) [178], but challenging for large molecules such
as antibodies and proteins that are too large to reach the AuNR surface because of
the densely packed CTAB layer.

Fig. 3.12 AuNR coated with layer-by-layer polyelectrolytes where and R6G is wrapped in
different types of polymer layers [173]. Copyright 2012 American Chemical Society
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3.3.7 Supramolecular Organizations (Self-assembly
and Alignment)

The functional molecules providing attractive intermolecular interactions on the
surface of AuNPs could work as molecular “glue” to assist anisotropic AuNP
assemblies. For anisotropic AuNPs, the LSPR allows them to concentrate and
manipulate light depending on their size, shape and proximity and assemblies in
specific patterns. For example, AuNRs having head-to-head or side-by-side
assembly fashions exhibit distinct collective properties due to plasmon coupling
between them, which are different from those of both individual AuNRs and bulk
materials [109, 179]. Controlling and tuning anisotropic AuNP self-assemblies are
highly interesting and vital. The AuNR self-assembly might potentially contribute
to the preparation of metamaterials with unusual electromagnetic properties [180].
To achieve AuNR self-assemblies, intermolecular interactions offered by functional
materials on AuNR surface can be exploited. So far, promising AuNR self-
assembly nanostructures have been developed. Bifunctional small molecules with a
thiol on one end for binding onto AuNRs and another functional group on the other
end providing intermolecular interaction are used to promote head-to-head AuNR
assemblies. The first chemically driven assembly of AuNRs by DNA was reported
by Dujardin et al. who assembled AuNRs in parallel stacks by DNA hybridization
[181]. Appropriate choice of the thiolate ligands (e.g. 1,2-dipalmitoyl-sn-glycero-3-
phophothioethanol) [182] or mercaptopropylsilane [183]) and solvent evaporation
are joint to prepare side-by-side assembly of AuNRs. Recently, prominent results
have been found. For example, with hydrophobic favoring effect, AuNRs with PS
on AuNR tips resulted in impressive linear chain like head-to-head assemblies
(Fig. 3.13) [171]. Functional groups, providing streptavidin bridging, hydrogen
bonds and DNA hybridizations, are good candidates. For example, AuNRs are
functionalized with thioacetic acid at the ends and further conjugated to anti-mouse
IgG [184]. Mouse IgG having two binding sites with the AuNRs is added and
initiated AuNR head-to-head assemblies forming linear chains up to 3 mm.

Apart from thiols, Pan et al. [185] showed that the AuNRs can be directly
assembled into 1D and 2D architectures via the electrostatic interaction between
DNA and AuNRs. Such assemblies via ionic interaction were also demonstrated
using adipic acid [186], citrate molecules [187], and dimercaptosuccinic acid [182].
By using Gemini surfactants replacing CTAB during AuNR growth, the resulting
AuNRs can self-assemble even into standing superlattices formed during drying
[188]. This method has also been applied to inorganic Ag layer coated AuNRs,
which form similar 3D super lattices of AuNR side-by-side assemblies, demon-
strating highly efficient SERS [189].

Furthermore, inducing AuNR alignment in thin film is of particular importance
for their practical applications [190, 191]. In early work, an electric field was tested
to induce AuNR alignments in solution [192]. Recently, Lavrentovich group has
applied electric field to align colloidal AuNRs in a concentric fashion to

92 C. Xue and Q. Li



demonstrate cloaking effect, which is similar to the simulated prediction model
[193]. LCs provide a long range orientational order to assist AuNR alignments
which also respond to external field such as mechanical, electric and magnetic field.
Lyotropic LC hosts that form nematic and hexagonal phases can be quite advan-
tageous in aligning a high loading of AuNRs which are functionalized with micelles
on surface [194]. Recently, organo-soluble thermotropic LCs were also used for
such purpose [195]. In solid medium, polymer engineering is an attractive strategy
to assemble AuNRs. AuNRs dispersed poly(2-vinyl pyridine) (P2VP) polymer
films exhibit controllable optical properties through AuNR self-assembly and per-
colations [196]. There are other polymers such as poly(N-isopropylacrylamide) and
its acrylic acid derivative [197, 198 ], poly(vinyl alcohol) (PVA) [191, 199], poly
(styrene-b-methylacrylate) [200] enable fabrication of anisotropic arrangements of
AuNPs. For example, colloid AuNRs were embedded during the polymer prepa-
ration. The alignment of AuNRs can be confirmed by polarized light: with the
electric field of the incident light parallel or perpendicular to the alignment direction
of AuNR, only the longitudinal or the transverse LSPR band can be excited and
detected [191]. In another way using patterned channels, translational ordered
AuNR arrangements have been fabricated by the synergetic self- and directed-
assembly processes and lithography [201].

Fig. 3.13 a Schematics of the
side view of the long face
(left) and the edge (right) of
the AuNR carrying CTAB on
the long side and thiol-
terminated PS molecules on
the ends. (b and c) Darkfield
TEM images of the AuNR
chains after 2 (b) and 24
(c) hours assembly.
[M]0 = 0.84 × 10−9 (mol/L).
Scale bar, 100 nm (both
panels) [171]. Copyright
Science 2010
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3.4 Applications

Unlike spherical AuNPs, there are more remarkable plasmonic phenomena of
anisotropic AuNPs. Among them, particularly for AuNRs with exceptional optical
properties, a variety of applications have emerged including biological and bio-
medical applications such as biosensing, biomedical imaging, gene and drug
delivery, disease detection, diagnosis, plasmon-enhanced spectroscopy, and
photothermal cancer therapies [22, 142, 202].

3.4.1 Catalytic Application

The catalytic activity and sensitivity of metal NPs (MNPs) are dependent primarily
on their size and shape. As a consequence of the presence of sharp edges and
corners, the number of active surface sites in anisotropic AuNPs is very high
compared to spherical AuNPs. Therefore nano-engineering is crucial in tailoring
NP properties.

A breakthrough in catalysis research that opened up a wide area of AuNP-
catalyzed oxidation reactions [203] is carbon monoxide (CO) oxidation by dioxy-
gen at low temperature catalyzed by small (<5 nm) AuNPs on titanium oxide [204].
It is widely accepted that CO molecules are preferentially adsorbed at edges and
steps on the surface of AuNPs rather than on the facets. For example, it was shown
that the perimeter interfaces around AuNPs are the sites for CO oxidation [205].
Thus, research interests in such catalysts began to focus on anisotropic AuNPs
[206], which show higher catalytic efficiency than simple AuNPs due to more edges
and steps on anisotropic ones [207]. Some hybrid bimetallic anisotropic AuNPs
also exhibit high activities in various catalytic reactions [208–210], e.g. for the
tandem reaction of alcohols and nitrobenzenes to generate N-alkyl amines and
imines [209].

3.4.2 Sensors and Molecular Recognition

Since the strong affinity between anisotropic AuNPs and heavy metal cations can
alter the position of the plasmon band of AuNRs or the fluorescence of targeted
ions, it allows detecting heavy metal cations in aqueous solutions with ultrahigh
sensitivity without sample pretreatment. Since the LSPR frequency of AuNRs
depends on the dielectric constant of the surrounding medium, the shift of LSPR
band provides an opportunity to monitor the changes of the local environment,
which can be used for sensors [211]. There are many examples of functionalized
AuNRs for devices including multiplex colorimetric detection [212, 213]. Heavy
metal ions are widely distributed in biological systems that play an important role in

94 C. Xue and Q. Li



many biological and environmental processes. The analytical determination of toxic
metals is an important issue in both environmental monitoring and clinical research
[214]. Currently, AuNRs are the most widely used anisotropic AuNPs for detecting
heavy metal ions. A multiplex biosensor assay using different responses of AuNRs
relating to different targets is developed [215], in which human, rabbit, and mouse
immunoglobulin G (IgG) were conjugated to AuNRs with different aspect ratios via
a MUDA linker. Variant shifts of the LSPR wavelength of AuNRs were monitored
when binding to their respective complements (anti-IgGs). Except for the absorp-
tion spectrum shift of AuNRs, the scattering wavelength shift from individual
AuNRs was also reported in biomolecular protein sensing [213]. Single molecular
DNA detection is achievable by using AuNR sensors linked to F1-ATPase motors
in dark field microscopy [216].

In recent years, AuNRs as SERS probes in biological applications were inten-
sively investigated [156, 217]. The reasons are: they have strong SERS enhance-
ment; their LSPR bands can be tuned by the aspect ratio to match with the
excitation laser (especially in the harmless red to NIR region); and they have proper
size (length scale of 20–100 nm) with optimal enhancement [217]. Although using
SERS effect for sensing was first discovered based on spherical AuNPs [218],
AuNRs show much stronger SERS enhancement with the factors on the order of
104–105 due to the lightening-rod effect [156]. One representative example is
peptide-conjugated AuNRs for molecular cancer diagnosis [219].

The AuNRs with various functionalized ligands on the surface exhibit the varia-
tion in the characteristic longitudinal plasmon absorption when in contact (coordi-
nation) with metal ions. Cysteine (Cys) modified AuNRs have been used as
colorimetric probes in the titration of Cu2+ ions. The strong coordination of Cu2+ ions
with cysteine results in a stable Cys-Cu-Cys complex and induces the aggregation of
the AuNRs along with a rapid color change from blue-green to dark gray [214].
Dithiothreitol (DTT) modified AuNRs were used as a LSPR sensor of Hg2+ ions. In
this case, the DTT molecules were strongly adsorbed on the surface of the AuNRs
through thiol groups and induced the aggregation of AuNRs. The induced aggre-
gation of AuNRswas inhibited in the presence of Hg2+ ions, and the aggregation level
was dependent on the concentration of Hg2+ ions. The degree of aggregation could be
determined by the change in the intensity of the longitudinal plasmon absorption in
the UV/Vis spectrum [220]. The detection of some other metals such as Cr6+ and Pb2+

was recently reported by using a similar method [221].
Besides the change of longitudinal plasmon absorption signal, fluorescence is

another effective method for ion detection, for example for the detection of Hg2+

ions in a homogeneous medium, with AuNRs used as a fluorescence quencher
[222]. Nanowires are required for applications such as ultrasensitive and multiplex
DNA detection through SERS and other biomedical SERS-based techniques [223].
Bimetallic AuPtNWs are useful electrochemical sensors for glucose with increased
selectivity, sensibility, and repeatability compared to monometallic nanowires [73].

Besides AuNRs, other shapes of anisotropic AuNPs also have advantages for
biosensors [224]. Au nanopyramids, nanotubes, nanocages, nanowires, nanostars
and Au@Ag NRs have been reported as biosensors and bioprobes [225]. These
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anisotropic AuNPs functionalized with specific molecules (small molecules, DNA,
antibodies, and biotin) can recognize particular nano-objects (protein, DNA, drugs,
and streptavidin) based on the change in the plasmon absorption, or the SERS
intensity. Conical AuNT/pores can be advantageous to avoid unwanted plugging
and are ideally suited to detect protein-type bioanalytes [226]. Au nanoplates
exhibit a wide range of unique electrical and optical properties. For example, they
show significant SERS [227], tip-enhanced Raman scattering (TERS) [228], and a
shape- and size-dependent surface plasmon absorbance in the visible to IR region,
which have potential applications in sensors and probes [228]. Dendritic AuNPs
exhibited significant catalytic activities, and the good SERS sensitivity for the
detection of biomolecules also indicated their potential applications in biosensing
and nanodevices. SiO2@Au NPs were applied to optical imaging [229], biomedical
detection [230], and photothermal cancer therapeutic ability [231], and may enable
a new class of infrared materials, components, and devices to be developed. AuNCs
and Au nanoframes were investigated in catalysis [232] and biosensing in view of
their controllable LSPR properties that depend on the size and, most importantly,
the thickness of the walls [233].

Similar to biosensors described above, with the same principle of showing LSPR
shifts, anisotropic AuNPs are used for molecular recognition. For example, func-
tionalized AuNRs and Au nanoplates have been used for organic solvent recog-
nition, toxin recognition and glucose recognition, respectively [94, 234, 235].

3.4.3 Nanoelectrodes

Anisotropic AuNPs have also been used in electrochemistry applications. Au
nanotubes were applied as nanoelectrodes showing a much higher sensitivity (more
than twice) than the embedded Au nanoelectrodes, which could be used in appli-
cations like molecular detection [236]. The AuNWs and AuNTs synthesized in this
way can be used as nanoelectrodes, molecular filters, and chemical switches [75].

3.4.4 Biomedical Applications: Imaging, Diagnostics
and Therapy

3.4.4.1 Imaging

AuNRs, HAuNSs, AuNCs, and Au nanostars are remarkable anisotropic AuNPs for
biomedical applications because: (1) they have a large absorption in the NIR
window for photothermal therapy; (2) they can selectively accumulate at sites of
interest through the enhanced permeability and retention (EPR) effect or by surface
modification with specific coatings; (3) their simple functionalization (e.g. with
PEG) and structural features allow their use as nanocarriers for drugs, DNA, or
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RNA; and (4) they have long body circulation times [129, 237]. The emerged term
“theranostic” of AuNP nanocomposites combines functionalities of both contrast
agent and therapeutic actuators within a single nanoparticle. Au nanoshells were the
first AuNPs to be used as efficient theranostic agents that combine imaging and
phototherapy functions [162].

The development of new techniques to diagnose cancer early is contributing to
increase the cancer survival rate. To detect the cancer cells, AuNPs such as
spherical Au nanoshells [162], AuNPs [238], AuNRs, Au nanocages, and Au
nanostars are photoresistant and stable, thus offering long-time operation for optical
imaging, owing to their unique interaction process with light particles showing
efficient contrast in optical imaging. The most important factors in vivo diagnostic
techniques include light scattering imaging, two-photon fluorescence imaging, and
photothermal/photoacoustic imaging [22]. The Au nanoshells developed by Halas
and co-workers that scatter light in the NIR physiological “water window” have
been used as contrast agents for dark-field scattering [162, 229], photoacoustic
imaging [162], and optical coherence tomography (OCT) [162, 231].

AuNPs strongly scatter light of their plasmon wavelengths. AuNRs having
strong scattering in the NIR region are capable of detecting cancer cells under
excitation at spectral wavelengths where biological tissues absorb only slightly
(Fig. 3.14) [141]. For other imaging techniques, AuNRs can greatly enhance the
contrast in the photo acoustic tomography (PAT) technique due to the high

Fig. 3.14 Cancer diagnostics using AuNR-enhanced light scattering. Optical dark-field micros-
copy of normal HaCaT cells and cancerous HSC and HOC cells incubated with anti-EGFR
antibody conjugated gold nanospheres (top panels, left to right). Bottom, as above, but with
AuNRs. Anti-EGFR-conjugated gold nanoparticles specifically bound to cancer cells, thereby
resulting in strong scattering under dark-field microscopy and thus enabling detection of malignant
cells. a Light scattering images of anti-EGFR/Au nanospheres after incubation with cells for
30 min at room temperature. b Light scattering images of anti-EGFR/Au nanorods after incubation
with cells for 30 min at room temperature [141]. Copyright 2006 American Chemical Society
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efficiency of the surface plasmon absorption in the NIR region for opto-acoustic
imaging [239]. For example, Etanercept-conjugated AuNRs were able to show PAT
imaging of a rat tail joint [240] and this technique can be used for detecting prostate
cancer [241]. Currently, dark-field imaging based on the light-scattering properties
of anisotropic AuNPs (shells, spheres, rods, and cages) is widely used for cancer
imaging through functionalized nanoparticle–receptor binding to cell-surface bio-
markers [22, 242]. Compared with Au nanoshells, the AuNCs appear to be more
effective contrast enhancement agents [243].

3.4.4.2 Photothermal Therapy

Using photothermal effect, there are applications of AuNPs for thermal therapy, drug/
gene delivery. Thermal therapy involves the destruction of cancer cells by heating.
Taking AuNRs as an example, they can release heat during relaxation after irradiated
by laser pulse [141, 244]. When activated by a NIR laser which can penetrate cells or
tissues without damage, AuNRswith low aspect ratio can be used as therapy agents to
treat tumor cells in vitro based on such photothermal effect [141]. Various energy
sources have been applied, including radio frequencies, high-intensity focused
ultrasound, microwaves, and lasers. The heat energy can be delivered by external or
internal manners, through interstitial, intraluminal, or intracavitary approaches.
However, because of absorption by normal tissues, the amount of energy delivered to
the treatment volume is limited, which reduces the potency of the thermal effect. To
improve the efficacy and tumor selectivity, light-absorbing materials (known as
photothermal contrast agents) are introduced into tumor cells to mediate the photo-
thermal effect. A temperature increase of 30–35 °C provokes cell death. Various Au
nanostructures, including nanoshells [245], NRs, NCs, and nanostars that absorb NIR
light (wavelength 700–850 nm), have been shown to be effective in photothermal
therapy [246]. The first use of anisotropic AuNPs in targeted photothermal therapy
was conducted by the Halas research group by using silica@Au nanoshells func-
tionalized with antibodies such as anti-HER2. The antibodies directed the AuNPs
toward the cancer cells because they could conjugate with surface cell markers that
were overexpressed by cancer cells. These antibodies were linked to orthopyridyl
disulfide-PEG-n-hydrosuccinimide (OPSS-PEG-NHS) that was bound to the Au
surface through strong Au–S bonds. The advantage of the PEG linker is that it
provides an enhanced permeability and retention effect which involves the new blood
vessels formed at the tumor site. This photothermal therapy was first demonstrated in
mice with subcutaneous tumors of 1 cm size. Analysis showed that photothermal
treatment resulted in tissue damage over a similar sized area as that was exposed to
laser irradiation. Magnetic resonance thermal imaging (MRTI) revealed an average
temperature increase of 37 °C after 5 min irradiation, which is sufficient to induce
irreversible tissue damage. Nanoshell-free samples showed an average increase of 9 °
C, which was considered to be safe for cell viability [247].

AuNRs have been extensively applied in this research recently. El-Sayed and co-
workers pioneered strategies in utilizing AuNRs in photothermal therapy. In an
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example of preferential AuNR binding to human oral cancer cells, conjugation of
AuNRs to anti-EGFR antibodies could enable selective photothermal therapy [141].
In more-recent studies, they linked macrolide to PEG-functionalized AuNRs, which
preferentially delivered AuNRs into inflamed tumor tissues via tumor-associated
macrophage cells (TAMs) [248]. AuNRs coated by mPEG-SH 5000 could be
activated by 808 nm laser with an energy of 1 W/cm2 for 10 min and then effec-
tively stopped the growing of mice tumors [249]. The photothermal heat generated
by laser irradiated AuNRs in cells can be calculated [250]. In addition, it is note-
worthy to point out in the case of pulse laser irradiation, it could induce cell death,
while successive irradiation causes reshaping of the nanorods into nanospheres,
thereby preventing the cell death [251]. Their promising function in photothermal
therapy has the potential to replace conventional surgery and chemotherapy [252].

AuNCs with large absorption cross-sections also show a large photothermal
effect. The absorbed photons are converted into phonons (lattice vibrations), which
in turn produce a localized temperature increase. Xia and co-workers demonstrated
the photothermal destruction of breast cancer cells in vitro through the use of
immuno-AuNCs. AuNCs with an edge length of 45 nm were selected because of
their predicted large absorption cross-section. SK-BR-3 cells were treated with
these immuno-AuNCs, and then irradiated by a laser with a wavelength of 810 nm
and a power density of 1.5 Wcm−2 for 5 min. The treated cells were stained with
calcein-AM and ethidium homodimer-1, so that live cells showed green fluoresce
and dead cells showed red fluoresce. This analysis revealed a well-defined zone of
cellular death consistent with the size of the laser spot [253]. Au nanostars were
successfully conjugated with anti-HER2 nanobodies and demonstrated specific
interaction with HER2t and SKOV3 cells and the conjugates resulted in specific
photothermal destruction of tumor cells in vitro. Exposing the cells to either only
NIR light or nanoparticles did not affect cell viability. Nonspecific NPs conjugated
with anti-PSA nanobodies did not result in any cell death upon laser irradiation,
thus demonstrating the high specificity of these anti-HER2-conjugated Au nano-
stars [107]. Hybrid nanomaterials composed of two unique components not only
retain the beneficial features of both, but also show synergistic properties. Hybrid
AuNCs were also investigated in photothermal therapy. Single-wall carbon nano-
tubes (SWCNTs) were functionalized and attached to AuNCs through a thiol
group. The as-prepared AuNC-decorated SWCNTs were then modified with RNA
aptamer A9, which is specific to human prostate cancer cells. The photothermal
response for the hybrid nanomaterial is much higher than that for single nanoma-
terials [254].

3.4.4.3 Drug and Gene Delivery

Anisotropic AuNPs have recently been used as nanocarriers for effective drug or
gene delivery systems [255, 256 ]. Generally, surface functionalized AuNRs work
as plasmonic carriers that simultaneously exhibit carrier capabilities, improved
colloidal stability, plasmonic properties, and non-cytotoxicity under physiological

3 Anisotropic Gold Nanoparticles … 99



conditions. Critically, the surface of AuNRs can adsorb cargos such as DNA oli-
gonucleotides, RNA oligonucleotides, and siRNA [238]. For the mechanism that
how this system works, since there is shape transformation of AuNRs under
exposure to NIR laser pulses, AuNRs are used to release DNA or drugs [257]. The
AuNRs assisted gene delivery approach has caught much attention in recent years
because they can replace the conventional virus-mediated gene delivery to avoid the
risk of cytotoxicity and immunologic responses. For example, thiolated gene having
enhanced green fluorescence protein (EGFP) was covalently conjugated to AuNRs
and exposed to Q-switched Nd:YLF laser. The laser induced both of AuNR shape
transformation and DNA release due to Au–S bond breakage (Fig. 3.15) [257].
During laser irradiation, the intensity of the longitudinal LSPR absorption peak at
782 nm decreased and the transverse LSPR at 520 nm increased, suggesting the
transition from rod shape to spherical shape. The irradiated cells showed strong
gene expression after 1–2 days, whereas in nonirradiated cells there was no gene
expression. Besides thiols, Plasmid DNA was adsorbed to phosphatidylcholine
(PC)-modified AuNRs by electrostatic interaction which was release by Q-switched
Nd:YAG laser illumination [258]. For the result, 1 % of the DNA molecules was
released and 0.5 % was active [255].

With AuNRs, the remote control of gene expression with an optical switch is
accomplished. Drug delivery can also be activated under NIR laser irradiation based
on AuNRs functionalized with polymer materials, such as typical poly(N-isopro-
pylacrylamide) (PNIPAM) as well as its acrylic acid forms [259], due to their
prominent thermal responsive properties. When temperature increases above the
lower critical solution temperature (LCST), the polymer layer undergoes shrinkage.
Laser irradiation induces the AuNRs to produce heat that affects the surface tem-
perature-responsive polymer materials. By electrostatic interactions, both AuNRs
and drug molecules are loaded inside the particles. When irradiated by laser, the
heating energy by AuNRs triggers the microgel to deswell and release drug mole-
cules. Further when the laser is turned off, the microgel will swell back to its original
volume, thus the drug release can be controlled. Figure 3.16 illustrates the process of
such laser irradiation controlled volume phase transition of AuNRs embedded
PNIPAAM-hydrogels [260]. In the system, PEGmodified AuNRswere first prepared

Fig. 3.15 Schematic illustration demonstrating that the cells containing EGFP-AuNR conjugates
within a spot (3.5 mm in diameter) are irradiated by NIR laser (left). After laser irradiation, the
gold nanorods of EGFP-AuNR conjugates undergo shape transformation that resulted in the
release of EGFP DNA (right) [257]. Copyright 2006 American Chemical Society
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and then dispersed in PNIPAAM hydrogels, with concentration more than 100 μM.
When stimulated by the NIR irradiation with power >490 mW, cylindrical shape gel
(original diameter: 140 μm) showed shrinkage at the irradiated spot which further
grew along the gel. This induced gel shrinking occurred much more rapidly by NIR
irradiation than by temperature increasing. The process was monitored by the fluo-
rescence microscope as the drug molecules (R-Dex-1) showing fluorescence pictured
deformation of the gel. With the advantage of the high spatial resolution and rapid
release at the irradiated spot, controlled release at the specific point of the drug was
successfully achieved [260]. One attractive aspect of functional AuNRs is that they
can have these applications simultaneously with proper surface materials. This is also
a field for future research. In another example, AuNR/poly(N-isoproylacrylamide)
core/shell can release norvancomycin under NIR laser irradiation [261].

Halas and co-workers described a SiO2@Au nanoshell system that released
single-stranded DNA from its surface when illuminated with plasmon-resonant
light. This system allowed examination of DNA dehybridization induced by
excitation of localized surface plasmons on the NPs [262]. In another study, the
light-triggered release of the fluorescent molecule DAPI (4,6-diamidino-2-phenyl-
indole) inside living cells was investigated from a host–guest complex with DNA

Fig. 3.16 Top The collapse of polymer with temperature above its LCST when under IR laser.
Bottom a–g Fluorescence microscopic images of the polymer containing AuNRs and R-Dex-1
which has fluorescence during NIR irradiation. Scale bars 100 μm [260]. Copyright 2007
American Chemical Society
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bound to SiO2@Au nanoshells [263]. Diagnostic and therapeutic drug delivery
based on SiO2@Au nanoshells was also investigated recently for the treatment of
ovarian cancer [264]. With their hollow structures, AuNCs serve as “pockets” that
are appropriate for drug release. PEG-coated AuNCs have been used as nanocar-
riers for doxorubicin and triggered drug release under irradiation with NIR light.
This drug delivery system was considered to be a dual-modality cancer therapy that
combined both photothermal therapy and chemotherapy. An in vivo study of this
delivery system indicated greater antitumor activity than either doxorubicin or
AuNCs alone [246]. In another example, AuNCs coated with a thin monolayer of
temperature sensitive PNIPAAm and acrylamide (Am) precursors with disulfide
groups have been used for triggering release with NIR light. The IR light can be
absorbed by the nanocage and converted into heat, triggering the smart polymer to
collapse and release the drug payload. When the laser is turned off, the polymer
chains will revert to the extended conformation and terminate the release (Fig. 3.17)
[265]. The surface of AuNCs was functionalized with thermally responsive poly-
mers to control the release through NIR laser irradiation or high-intensity focused
ultrasound. Another system to achieve the controlled release was obtained using a
phase-change material (PCM) loaded in the hollow interiors of AuNCs. An increase
in temperature uncaps the pores and releases the guest molecules from the AuNCs.
The release is controlled by varying the power or duration of the ultrasound
treatment [266]. Very recently, Wan and co-workers reported a bioresponsive
controlled-release AuNC system. The AuNC was selected as a support and an ATP
molecule was used as the target [267].

3.4.5 Optical Tuning

Since AuNRs can provide intensive local electromagnetic fields and large field
enhancements [268], there are impressive nonlinear properties leading to applica-
tions such as optical devices [269]. AuNRs show important potential in metama-
terials, e.g. negative index materials for super lenses and invisible cloaking. For
example, the well-organized AuNRs including self-assembly and orientations are
demanded [270]. According to the design based on coordinate transformation,
AuNRs self-assemble in head-to-head fashion forming continuous strips are good
candidate for an optical cloak in visible frequency (Fig. 3.18). The AuNR strips are
all perpendicular to the cylinder’s inner and outer interfaces. For easier material
generation, AuNR spatial position does not have to be periodic and can be random,
and for large-scale cloaks the wires can be broken into smaller pieces that are
smaller in size than the incoming wavelength. In addition, to accomplish the above
materials, the fabrication techniques with controls over spacing, aspect ratio, and
orientation are also important [11].

AuNWs have potential applications as nanoscale optical waveguides in the
visible and NIR regions [271]. AuNWs are indeed an ideal platform to produce
surface plasmon waves by direct illumination of one end of the nanostructure. They
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can thus be used as tools for fundamental studies of subwavelength plasmon-based
optics of wave propagation. This strategy was pioneered by Halas and co-workers,
who used Ag- and Au-NWs with longitudinal dimensions of more than 10 μm. The
addition of an adjacent NWs, substrate, or other symmetry-breaking defect enables
direct coupling with the guided waves in a NW. Networks of plasmonic AuNWs
can serve as the basis for optical devices such as interferometric logic gates, which
can lead to nanorouters and multiplexes, light modulators, and a complete set of
Boolean logic functions [272]. For AuNPs with branched structure such as

b Fig. 3.17 Schematic illustration and characterization of controlled-release system by AuNCs.
a How the system works. A side view of the Au nanocage is used for the illustration; b atom-
transfer radical polymerization of NIPAAm and AAm monomers (at a molar ratio of m = n) as
initiated by a disulphide initiator and in the presence of a Cu(I) catalyst; c TEM images of Au
nanocages for which the surface was covered by a pNIPAAm-co-pAAm copolymer with an LSCT
at 39 °C. The inset shows a magnified TEM image of the corner of such a nanocage [265].
Copyright 2009 Nature group

Fig. 3.18 Coordinate transformation and structure of the non-magnetic optical cloak. a The
coordinate transformation that compresses a cylindrical region r < b into a concentric cylindrical
shell a < r < b. r1 and r2 define the internal and external radius of a fraction of the cylindrical cloak.
There is no variation along the z direction. b A small fraction of the cylindrical cloak showing
well-organized AuNR wires [270]. Copyright 2007 Nature Group
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nanostars, it greatly increases the overall excitation cross-section and field
enhancement of the nanostar tips. The antenna effect of the nanostar core may be
responsible for the relatively bright and narrow scattering spectra of nanostars in the
single particle measurements [273].

3.5 Conclusions and Outlook

After an extensive research in spherical AuNPs in last decades, enabled by versatile
synthesis method the anisotropic AuNPs have emerged as a hot topic in recent years
showing an impressive potential in applications including catalysis, sensors, bio-
medical uses (bioimaging, therapy, drug delivery), and optical devices. Bottom-up
chemical and top-down physical approaches have been effective to provide
anisotropic AuNPs with different shapes and sizes based on the knowledge of the
key roles of some stabilizers such as CTAB, Ag+, and halide ions. However, large-
scale reproducible production of AuNPs of specific shapes and sizes remains a
crucial challenge although such controllability has been envisioned to open up
numerous opportunities for these intriguing anisotropic functional nanoscale
building blocks.

Anisotropic AuNPs exhibit superior and unique optical and catalytic properties
compared to their isotropic spherical counterparts [206]. They display tunable
LSPR depending on their size, shape, the dielectric properties of the surrounding
medium, and the self-assembly state. The LSPR band of anisotropic AuNPs can
shift to the NIR region (usually 800–1300 nm) while that of spherical isotropic
AuNPs position in the visible region. In the NIR region, the absorption by cells and
tissues is lower, therefore the biomedical applications, including cell imaging,
sensing, cancer diagnosis and treatment, and optical controlled drug and gene
delivery become possible. Through suitable surface modifications, anisotropic
AuNPs have been rendered biocompatible thus significantly widening their scope.
Another important aspect is the emergence of metamaterials that can be fabricated
from the assemblies of anisotropic AuNPs. Moreover, the applications of AuNRs
and AuNWs have been demonstrated in plasmon waveguides and optical devices.
Development of methods toward dynamic ordered assemblies of anisotropic AuNPs
could furnish reconfigurable functional materials and devices which exploit their
electronic and optical properties. Judging from the research and development
progress of the anisotropic AuNPs, it can be optimistically anticipated that they will
play a greater role in the nanoscience and nanotechnology of twenty-first century
besides their biological and biomedical applications.
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Chapter 4
Synthesis and Application
of Solution-Based II–VI and IV–VI
Semiconductor Nanowires

Pornthip Tongying, Maksym Zhukovskyi and Masaru Kuno

Abstract Semiconductor nanowires (NWs) possess unique optical and electrical
properties due to their anisotropic shape as well as their size-tunable electronic
structure. In this chapter, we discuss the solution phase synthesis of II–VI and
IV–VI semiconductor nanowires (e.g. ZnSe, CdS, CdSe, CdTe, PbS, PbSe, and
PbSexS1−x) as well as NW-based heterostructures involving core/shell and metal
nanoparticle-decorated morphologies. We subsequently discuss the application of
these materials within the context of nanowire yarns, nanowire-functionalized
cotton textiles, and renewable energy applications involving nanostructured solar
cells and photocatalytic hydrogen generation.

4.1 Introduction

One-dimensional (1D) II–VI and IV–VI semiconductor nanowires possess distinct
optical and electrical properties due to their two-dimensional (2D) confinement and
anisotropic shape. These features make them desirable for use in various applica-
tions. As illustrations, II–VI NWs have been used in photodetectors [1–4], solar
cells [5–9] and in photocatalytic applications [10, 11]. Likewise, IV–VI NWs,
especially the lead chalcogenides, have been used in infrared photodetectors [12],
thermoelectric devices [13, 14] and in field effect transistors (FETs) [15–17]. NWs
can also serve as the foundation for heterostructures having specifically engineered
properties. This high degree of applicability, possessed by NWs, has thus made
them one of the most studied nanosystems to date.
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Numerous approaches exist for creating NWs. Well established techniques
include Vapor-Liquid-Solid (VLS) [18], oriented attachment [19], Supercritical-
Fluid-Liquid-Solid (SFLS) [20] and Solution-Liquid-Solid (SLS) growth [21]. In
this chapter, we focus on the SLS growth of group II–VI and IV–VI semiconductor
NWs and their core/shell and metal nanoparticle-decorated counterparts. We then
describe their potential uses in various applications.

4.2 Synthesis of II–VI and IV–VI Nanowires (NWs)

4.2.1 Solution-Liquid-Solid (SLS) Growth

SLS growth was first developed by Trentler et al. in 1995 [21] and is the liquid
phase analogue of traditional VLS growth. In Trentler’s original study, crystalline
InP, InAs and GaAs nanowhiskers were synthesized using In and Ga/In nanopar-
ticle (NP) catalysts formed in situ by the decomposition of tri-tert-butylindane and
gallane. Resulting whiskers possessed widths of 10–150 nm with complementary
lengths up to several micrometers. Metallic In (or Ga/In) droplets were found at the
tips of these fibers suggesting their seeded growth.

SLS, like VLS growth, employs molten metal nanoparticles to solubilize ele-
ments derived from the thermolysis of molecular precursors. Semiconductor
nucleation occurs within “catalyst” NPs once they become supersaturated. This
eventually leads to self-segregation of the semiconductor at the droplet/solvent
interface and, in turn, initiates seeded NW growth. The deposition of additional
material at the semiconductor/droplet interface extends the NW length with con-
tinued growth occurring until the droplet becomes depleted of precursors. NW
diameter control is established through the choice of catalyst nanoparticle size.
Consequently, when narrow diameter NPs are used, growth of NWs with radii
within the confinement regime of a number of systems is possible. Unwanted radial
growth is additionally suppressed by using surfactants in solution that bind to
exposed NW surfaces. Figure 4.1 summarizes this general SLS growth scheme.

Fig. 4.1 Qualitative SLS growth mechanism for semiconductor NWs using low melting metal
nanoparticle catalysts. Reprinted with permission from [34]. Copyright 2006 American Chemical
Society
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Although Trentler’s early report showed proof-of-concept, resulting whiskers
exhibited irregular morphologies as well as broad diameter and length distributions.
This could be attributed, in part, to the uncontrolled size of employed metal NP
catalysts. Consequently, the next stage in the development of SLS growth was the
controlled synthesis of high quality metal NP catalysts with well-defined sizes and
with narrow size distributions. Empirically, Bi has proven to be the best metal
catalyst for producing high quality SLS NWs. This has motivated the various
syntheses for size controlled Bi NPs described below.

In 2001, Yu et al. reported the formation of nearly monodisperse Bi, Sn and In
NPs with controlled diameters using a heterogeneous seeded growth mechanism
[22]. Specifically, NPs were formed by decomposing Bi[N(SiMe3)2]3, Sn(NMe2)2,
or In(C5H5), in a solution containing Au NP seeds (diameter *1.5 nm) stabilized
by a polymer [poly(styrene0.86-co-vinyl-pyrrolidinone0.14)]. Resulting NP diame-
ters ranged from 7 to 25 nm. This work was followed by the development of a
similar synthesis for d = 3–115 nm (d = 5–17 nm) Bi NPs involving the
decomposition of Bi[N(SiMe3)2]3 (or BiCl3) in the presence of Na[N(SiMe3)2] and
poly(1-hexadecene)0.67-co-(1-vinylpyrrolidinone)0.33] [23]. Resulting NPs from
these studies were subsequently used to grow InP and GaAs NWs with diameters in
the range of 3.5–11 nm [24] and 6.0–17 nm [25]. Corresponding Bi NPs were
used to demonstrate the growth of CdSe NWs with mean diameters ranging from
5 to 20 nm [26].

Grebinski et al. similarly reported the synthesis of Au/Bi core/shell NPs. This
entailed coating small 1.5 nm diameter Au NPs with Bi through the decompositions
of Bi(Et)3 or Bi(Bu)3 at low temperatures (*100 °C) in diphenyl ether [27]. The
size of resulting NPs (d = 1.5–2.5 nm) was controlled through the amount of Bi
precursor introduced. Using these particles, Grebinski subsequently demonstrated
SLS-induced CdSe NW growth with diameters below 10 nm [27].

Later, Fanfair et al. reported the synthesis of Bi NPs through the NaBH4 induced
reduction of Bi(III) 2-ethylhexanoate in the presence of tri-n-octylphosphine (TOP)
and dioctyl ether [28]. Resulting Bi NPs possessed an average diameter of 20 nm.
This was followed by Li et al. who demonstrated a simple room temperature
synthesis for Bi NPs involving the reduction of Bi[N(SiMe3)2]3 or BiCl3 with TOP
in dioctyl ether [29]. Resulting Bi NPs were stabilized with amines such as
oleylamine and had a mean diameter of *3.3 nm. These Bi NPs were subsequently
used to demonstrate the growth of d = 7.9 and d = 22.3 nm CdSe NWs.

Finally, Puthussery et al. found that Bi NPs could be produced in situ through
the exposure of BiCl3 to chalcogen precursors being introduced into NW reaction
mixtures [30]. Resulting Bi NP diameters were found to scale with BiCl3 con-
centration and ultimately resulted in the development of facile “one pot” syntheses
for CdS, CdSe and CdTe NWs.

In what follows, we describe details about the Bi-NP seeded growth of II–VI and
IV–VI NWs.
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4.2.1.1 Synthesis of Group II–VI NWs [CdE (E = S, Se, Te)
and ZnE (E = Se, Te)]

The first synthesis of straight (d = 5–20 nm) CdSe NWs using Bi and Au/Bi NP
seeded SLS growth was reported by Yu et al. in 2003 [26]. This was soon followed
by Grebinski et al. who demonstrated the growth of d < 10 nm CdSe NWs using
Au/Bi core/shell NPs [27]. The same group later reported the Au/Bi NP seeded
growth of both straight and branched (d = 8–10 nm) CdSe and CdTe NWs [31, 32]
as well as (d = 10.4 nm) CdS NWs [30]. Later, Li et al. reported the Bi NP seeded
growth of straight CdSe NWs where a systematic variation of the reaction
parameters (e.g. reaction temperature, precursor concentration and reaction time)
led to wires with diameters ranging from d = 6 to 33 nm and with corresponding
lengths up to tens of micrometers [33].

In the case of zinc chalcogenide NWs, Wang et al. first synthesized ZnTe NWs
using Bi NPs in the presence of Zn(stearate)2 (or diethylzinc, ZnEt2) and tribu-
tylphosphine telluride (TBPTe) [34]. This was followed by the work of Dong et al.
who produced ZnSexTe1−x NWs using Bi NPs in the presence of Zn(stearate)2 and
trioctylphosphine selenide (TOPSe)/TBPTe [35]. Resulting diameters were on the
order of 10 nm with accompanying lengths of *1 μm. Fanfair et al. likewise
showed the Bi NP seeded growth of branched ZnSe NWs using ZnO and TOPSe as
precursors [36]. Resulting diameters were on the order of *10–40 nm with lengths
on the micrometer scale. Finally, Petchsang et al. demonstrated the growth of ZnSe
NWs using Zn(stearate)2, TOPSe and BiCl3 in tri-n-octylphosphine oxide (TOPO)
[37]. The mean NW diameter was *22 nm with lengths on the order of 10 μm.

Chemicals involved in the synthesis of II–VI NWs generally include a group II
metal source, a chalcogen precursor, a high boiling coordinating/non-coordinating
solvent and a low melting metal NP catalyst. Furthermore, Bi is often the preferred
catalyst since it empirically produces high quality wires. We now provide more
details about the SLS growth of CdSe NWs since it has been the most extensively
studied and developed SLS system to date.

4.2.1.2 Synthesis of CdSe NWs

For CdSe NWs, the group II precursor is often a metal salt [e.g. cadmium acetate
(CdAc2)] or a metal oxide [e.g. cadmium oxide (CdO)]. These metal salts/oxides,
however, are not used directly. Instead, they are converted into intermediate species
through exposure to long chain fatty acids such as octanoic, myristic or stearic acid.
What results are species such as cadmium octanoate, cadmium myristate and
cadmium stearate which are the actual cadmium precursors used in reactions and
whose decomposition kinetics are controlled through the compound’s corre-
sponding ligand stability constant. This enables kinetic control of subsequent NW
reactions and leads to the production of high quality wires.

Next, TOPSe, trioctylphosphine sulfide (TOPS) and trioctylphosphine telluride
(TOPTe) are often employed as convenient chalcogen sources. They originate from
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the work first done by Steigerwald [38] to find chemical routes for synthesizing
bulk solid state materials. These convenient precursors are easily prepared by
dissolving S, Se or Te powder in neat TOP, yielding TOPS, TOPSe or TOPTe stock
solutions with concentrations in the *1 M range. Such TOPX (X = S, Se, Te)
precursors have since been used extensively in the chemical synthesis of analogous
colloidal quantum dots [39].

Both coordinating (e.g. TOPO) and non-coordinating [e.g. octadecene (ODE)]
growth solvents have been used in the SLS growth of CdSe NWs. These solvents
serve two roles. First, they act as high boiling media that can sustain NW growth at
elevated temperatures to improve their crystallinity. Common growth temperatures
range from 240 to 360 °C. Next, coordinating solvents act as surface passivating
agents during growth. This helps maintain optimal growth kinetics, prevents radial
NW growth, and, in the case of surfactants such as TOPO, passivates surface-
related NW defect states.

The experimental setup, which incorporates all of these elements, is shown in
Fig. 4.2. In brief, growth solvents and precursors are combined in a three-neck
flask. The flask is then connected to a Schlenk line. This allows the reaction vessel
to be evacuated and backfilled with an inert gas such as nitrogen. A resistive heating
mantle heats the precursors. Temperatures are controlled via a thermocouple con-
nected to a temperature controller [40].

A more detailed description about the synthesis of CdSe NWs follows. First,
CdO, TOPO and octanoic acid are mixed in a three neck flask. The mixture is then

Fig. 4.2 Cartoon illustrating
the reaction apparatus used
for SLS NW growth.
Chemicals and conditions
represent those used in the
synthesis of CdSe NWs [40].
Reproduced by permission of
the PCCP Owner Societies
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heated to melt the TOPO and is simultaneously degassed under vacuum to
remove any water. Once complete, the temperature of the reaction mixture is raised
to 320 °C under nitrogen. During this heating process, CdO reacts with octanoic
acid to produce Cd(octanoate)2. A color change of the solution from red to clear
occurs highlighting this. Afterwards, the temperature is adjusted to the final growth
temperature that typically ranges from 240 to 360 °C.

Once the reaction mixture temperature has stabilized, an injection solution
consisting of TOPSe and Bi NPs (or BiCl3) is introduced. An immediate color
change from clear to brown occurs, indicating the nucleation and growth of CdSe
NWs. The reaction mixture is then left heated at the growth temperature for several
minutes whereafter it is cooled to room temperature. While still warm, the reaction
mixture is diluted with toluene to prevent TOPO from solidifying. Produced NWs
are recovered by centrifuging the resulting suspension. Subsequent washings steps
are carried out to remove any excess surfactant where washing is done by exposing
the wires to neat toluene and then centrifuging the suspension to recover the NWs.
The obtained product is ultimately stored as a concentrated toluene suspension and
remains stable for several years. Representative transmission electron microscopy
(TEM) images of straight CdSe, CdTe and CdS NWs are shown in Fig. 4.3.

4.2.1.3 NW Diameter Control

In the SLS growth of CdSe and other NWs, diameter control is primarily achieved
by preselecting the starting catalyst NP size. In this regard, a link between catalyst
size and NW diameter has previously been established by Yu et al. who showed
that in the case of CdSe NWs synthesized with Au/Bi (d = 8.72 nm) and Bi (d = 21
and 24 nm) NPs, resulting NWs had near identical diameters of 5–11 and 16–20 nm
respectively [26]. A later study by Grebinski et al. showed that CdSe NWs made
using d = 1.5–3.0 nm Au/Bi NPs had corresponding mean diameters which ranged
from 7 to 10 nm and which increased with increasing Au/Bi NP size [31].

When BiCl3 is used to produce NWs, diameter control is achieved by varying its
concentration in the reaction mixture. Empirically, increasing BiCl3 concentrations
result in larger diameter Bi NPs as seen through increases in corresponding NW
diameters. In the case of CdSe NWs, diameters have been tuned from d = 5 to 10.6 nm
using a ten-fold increase in the amount of BiCl3 added to reaction mixtures [30].

Apart from catalyst size, indirect ways exist for tuning NW diameters. In par-
ticular, varying the metal to chalcogen ratio of preparations influences NW diam-
eters. Namely, larger NW diameters are obtained by increasing the Cd:Se ratio of
SLS preparations [31]. Analogously, using more reactive metal/chalcogen precur-
sors results in narrower diameter NWs. As an example, in the growth of ZnTe NWs,
narrower wires were obtained when ZnEt2 was used as a precursor over less
reactive Zn(stearate)2 under the same conditions [ZnEt2: d = 3.7–5.0 nm; Zn
(stearate)2 d = 5–12 nm] [34].

Figure 4.4 shows resulting ensemble absorption and photoluminescence (PL)
spectra of SLS grown CdSe NWs with varying mean diameters between 5 and
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10.5 nm [30]. The spectra show that CdSe’s band edge absorption and PL energies
blueshift in tandem with decreasing NW diameter. This demonstrates the existence
of carrier confinement effects and more broadly, highlights the ability of SLS
growth to produce nanowires within the confinement regime of a number of
important systems.

4.2.1.4 NW Branching

Next, despite the relatively low growth temperatures used in SLS growth, resulting
wires are highly crystalline. However, many SLS-produced CdSe NWs exhibit
mixtures of zincblende (ZB) and wurtzite (W) phases as well as twin boundaries
[30, 31]. Interestingly, ZB/W phase admixtures have also been seen in VLS grown

Fig. 4.3 Low and high magnification TEM images of straight a, b CdSe, c, d CdTe, and e, f CdS
NWs. (Facile synthesis of II–VI nanowires using bismuth salts [30]. Copyright 2010 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim)
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GaAs, InAs and ZnSe NWs and occur when two crystal phases of similar energy
exist [41, 42].

While such phase admixtures are not optimal for transport applications, other
opportunities arise. Namely, phase admixtures can be used to control NW mor-
phologies. This, in turn, enables the production of branched NWs. In the case of CdSe
and CdTe NWs, what results are tripod, V-shaped and Y-shaped wires [31, 32].
Representative TEM images of branched CdSe NWs can be seen in Fig. 4.5.

The underlying origin of these branched morphologies results from the presence
of a central ZB core at branching points of the wire. Exposed {111} faces then
enable NW growth in different directions. This results in characteristic tripod,
V-shape and Y-shape NW morphologies for II–VI NWs, first seen in Fig. 4.5 and
outlined schematically in Fig. 4.6.

Branching is not unique to CdSe and CdTe NWs. It has also been seen in ZnSe
[36] and PbSe NWs (discussed in the next section) [43]. Consequently, a general
branching mechanism that rationalizes this phenomenon is discussed in detail in
[40]. In brief, the simultaneous nucleation and growth of two NWs on a single
catalyst NP (a geminate nucleation event) explains the various morphologies.
Specifically, having two nucleated wires on a molten catalyst enables a common
crystalline core to develop between the two wires. This core can subsequently lock
the two arms into place along its unique crystallographic directions. For II–VI NWs
such as CdSe and CdTe, a ZB core can thus unite two wires with orientations along

Fig. 4.4 Ensemble
absorption (solid blue line)
and PL (dashed red line)
spectra of CdSe NWs with
various diameters. (Facile
synthesis of II–VI nanowires
using bismuth salts [30].
Copyright 2010 WILEY-
VCH Verlag GmbH & Co.
KGaA, Weinheim)
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different 111h i directions. At this point, if growth stops, a V-shaped NW results
with a characteristic 109.5° angle. If growth continues through addition of material
along a new {111} face of the ZB core, a tripod NW results. Alternatively, if
growth continues through addition of material along an existing 111h i direction,
identical to that of one of the two arms, a Y-shaped NW results. In this manner, the
appearance of tripod, V-shaped, Y-shaped and other branched CdSe/CdTe NW
morphologies can be rationalized. An identical mechanism can be invoked to
explain branching in lead chalcogenide wires described in the next section.

4.2.1.5 Synthesis of Group IV–VI NWs (PbS, PbSe, and PbSexS1−X)

The flexibility of SLS growth enables not only II–VI but also IV–VI NWs to be
synthesized [43–46]. Specifically, crystalline PbS and PbSe NWs have been made
using Bi and Au/Bi NP seeded growth in tandem with lead oleate/TOPS [44] and
lead acetate/TOPSe [43] precursor pairs. Specifically, PbSe NWs have been made
by injecting a solution of TOPSe and Au/Bi NPs into TOP containing lead acetate
and octanoic acid at 175 °C [43]. Resulting NWs possess mean diameters between

Fig. 4.5 a Low magnification TEM image of branched CdSe NWs. b High magnification
TEM image of a tripod NW. Additional low and high magnification TEM images of c, d tripod,
e, f V-shaped and g, h Y-shaped NWs. Adapted with permission from [31]. Copyright 2004
American Chemical Society
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5 and 10 nm and have lengths ranging from 1 to 5 μm. In all cases, as with II–VI
NWs, lead chalcogenide NW diameters are controlled by the size of the starting
catalyst NP.

Fig. 4.6 Cartoon schematic of straight a CdSe or CdTe and b PbSe NWs. c–e Cartoon schematic
of branched CdSe and CdTe NWs. f Cartoon schematic of T-shaped PbSe NWs [40]. Reproduced
by permission of the PCCP Owner Societies
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Branching has also been demonstrated with PbSe NWs despite the absence of a
ZB/W phase admixture in this system [43]. In this regard, given that the rock salt
crystal structure of PbSe is its only low energy crystallographic phase, only rock
salt NWs are obtained. At first glance, this would not seem amenable to inducing
branching. However, in practice, branched PbSe NWs with characteristic right
angle and T-shapes have been produced [43]. The existence of these morphologies
can again be rationalized using the above mentioned geminate NW nucleation
mechanism described in the NW branching section of this chapter.

4.2.1.6 Use of Single Source Precursors

Due to the differing decomposition kinetics and/or reactivity of individual precursors,
the use of metal/chalcogen precursor pairs has occasionally failed to produce highly
crystalline and diameter controlled lead chalcogenide NWs [45]. Thus, to
overcome this problem, single source precursors, where both metal and chalcogen
exist within the same compound, have been employed. Specifically, Sun et al. have
reported the synthesis of straight, diameter controlled PbS NWs using lead(II)
diethyldithiocarbamate [Pb(S2CNEt2)2] [45]. Binary PbS and PbSe as well as ternary
PbSexS1−x NWs have also been made using lead(II) diethyldithiocarbamate [Pb
(S2CNEt2)2] or lead(II) imido(selenodiisopropylphosphinate) [Pb((SePiPr2)2N)2] in
the presence of BiCl3 and TOPO [46]. In the latter study, resulting PbS and PbSe
NWs possess a mean diameter of 9 nmwith lengths exceeding 10 µm. Representative
low and high magnification TEM images of these wires are shown in Fig. 4.7a–d.

The use of single source precursors simultaneously enables the growth of ternary
alloy PbSexS1−x NWs. They are synthesized in an analogous manner to binary PbS
and PbSe NWs through the decomposition of both Pb((SePiPr2)2N)2 and (Pb
(S2CNEt2)2 in the presence of BiCl3 [46]. Of note is that the NW composition can
readily be tuned by varying the mole ratio of these two precursors. Specifically, Pb
((SePiPr2)2N)2/Pb(S2CNEt2)2 mole ratios of 4:1, 1.5:1, 1:1, 1:1.5 and 1:4 yield
ternary PbSexS1−x NWs where x = 0.8, 0.6, 0.5, 0.4 and 0.2, respectively. Resulting
PbSexS1−x NW diameters range from d = 9 to 11 nm with corresponding lengths
between 4 and 10 µm. The wires are fully alloyed with no apparent compositional
gradients along their length. Representative low and high magnification TEM
images of PbSexS1−x NWs are shown in Fig. 4.7e, f.

4.2.2 Synthesis of Core/Shell Semiconductor NWs

We now transition to a discussion about the growth of NW heterostructures, spe-
cifically, core/shell semiconductor NWs which possess a number of potentially
useful properties given the presence of nanoscale heterojunctions [47]. In this
section, we therefore describe how such core/shell morphologies can be synthe-
sized, starting with the wires described in Sect. 4.2.1. In practice, this entails
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coating SLS-produced NWs with a second species through the slow introduction
and thermolysis of molecular precursors.

Such core/shell structures generally involve Type I or Type II band offsets. In the
former case, a Type I offset is created when the shell possesses a larger band gap
than the NW core and when its conduction and valence bands simultaneously
enclose those of the core. Consequently, upon photoexcitation of the core/shell
structure, resulting carriers find themselves confined to the core. In principle, this
leads to improved NW emission quantum yields (QYs), which stems from sup-
pressed carrier access to surface states. For example, CdSe NWs coated with 6 and
10 monolayers CdS exhibit PL quantum which increase from 0.14 % (uncoated) to
0.25 and 0.46 %, respectively [48]. As will be discussed later in this chapter,
photocatalytic hydrogen generation efficiencies also increase due to enhanced
carrier lifetimes [10].

By contrast, Type II heterostructures possess staggered band offsets between
core and shell conduction/valence bands. This means that one of the bands of the
shell is higher in energy than that of the corresponding core. At the same time, the
opposite is true of the other band. Representative systems include CdSe/ZnTe and
CdS/ZnTe core/shell NWs.

The potential usefulness of such Type II heterostructures stems from their
improved charge separation efficiencies upon photoexcitation [49, 50]. Specifically,
because of the nature of the band offsets, carriers of one type are forced to stay in

Fig. 4.7 Low and high magnification TEM images of binary a, b PbSe, c, d PbS and ternary e,
f PbSexS1−x NWs. Adapted with permission from [46]. Copyright 2012 American Chemical
Society
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the core while carriers of the other type experience favorable charge transfer into
the shell. Consequently, Type-II heterostructures exhibit charge separation ten-
dencies suitable for solar cell applications. Furthermore, these band offsets mean
that tunable emission wavelengths in the red as well as infrared are possible if
spatially indirect transitions in these materials can be realized [51]. Figure 4.8
shows SEM images of the various Type I and II core/shell NWs systems that have
been made. Insets illustrate corresponding bulk core/shell band offsets.

The synthesis of these heterostructured NWs remains challenging due to the
large parameter space that must be explored. This includes a consideration of
the lattice mismatch between materials, the thermal stability of the parent NWs, the

Fig. 4.8 SEM images of a, b CdS/CdSe, c, d CdSe/CdS and e, f CdSe/ZnTe core/shell NW
heterostructures. Insets on the right illustrate bulk band offsets between the core and shell in each
system. Reprinted with permission from [49]. Copyright 2008 American Chemical Society
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selection of appropriate metal/chalcogen precursors for the shell, and the choice of a
suitable growth solvent.

Having a small lattice mismatch between the NW and the shell makes more
favorable the formation of core/shell structures. As an illustration, the 3.9 % lattice
mismatch between CdSe and CdS makes the creation of CdSe/CdS or CdS/CdSe
core/shell morphologies possible, as first demonstrated with colloidal CdSe quan-
tum dots (QDs) [52]. Analogous CdSe/CdS NW heterostructures have since been
realized [48, 49]. Similarly, CdSe/ZnTe NWs have been made by taking advantage
of the 0.8 % lattice mismatch between CdSe and ZnTe [49]. Although a small
lattice mismatch between the core and shell is generally preferred, a tolerance for
larger mismatches exists. In the case of colloidal nanocrystals, CdSe/ZnS QDs have
been made where the bulk lattice mismatch between CdSe and ZnS is 12 %
[53, 54]. Likewise, in the case of NWs, ZnSe/CdSe NWs have been made with a
6.3 % lattice mismatch between materials [37].

At the same time, core NWs must remain stable at the elevated temperatures
needed to thermalize shell precursors. Hence, the thermal stability of core NWs is
important and is often tested by suspending them in a growth solvent and heating
the suspension to temperatures compatible with the decomposition of the shell
precursors. This has been discussed by Goebl et al. for CdSe and CdS NWs [49].

Optimal shell deposition temperatures, in turn, depend on the reactivity of the
molecular precursors. For example, reactive precursor pairs such as dimethylcad-
mium (CdMe2) and bis(trimethylsilyl)sulfide (TMS)2S [or bis(trimethylsilyl)sele-
nide, (TMS)2Se] thermalize at temperatures as low as 215 °C and lead to acceptable
shell growth for CdSe (CdS) NWs. Replacing (TMS)2S [or (TMS)2Se] with TOPS
(or TOPSe), however, requires an increase in the deposition temperature in order to
achieve suitable shell growth. This is due to the lesser reactivity of TOP-based
precursors [49].

Finally, precursor introduction rates play an important role in determining the
quality of resulting core/shell NWs. Specifically, slower injection rates result in
smoother, more uniform coatings [49]. By contrast, rapidly introducing shell pre-
cursors often leads to uneven or patchy coatings.

4.2.2.1 Examples of Core/Shell NWs

Some examples of core/shell NWs include CdSe/CdS and CdSe/ZnS wires pro-
duced by Li et al. [48]. In this study, cadmium hexadecyl xanthate (Cd-HDX) and
Zn-HDX single source precursors were used to achieve shell growth as well as
different shell morphologies. Shell growth begins with the nucleation of CdS (or
ZnS) on core CdSe NWs via the decomposition of Cd-HDX (or Zn-HDX) in TOP
at 90 °C. This is then followed by a ripening process which ultimately results in
ribbon formation along the core NW length, as illustrated in Fig. 4.9a [48].

CdSe/CdS NWs have likewise been made by decomposing CdMe2/(TMS)2S
[49] or CdMe2/S powder [10] precursor pairs in a noncoordinating solvent such as
squalane. Resulting shells appear rough and exhibit islanding (Fig. 4.8). Initial shell
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growth occurs through a Stranski-Krastanov growth mechanism, involving mono-
layer formation prior to island growth. This has also been observed for CdSe/ZnTe
core/shell NWs. In the case of CdS/CdSe NWs, Volmer-Weber growth is observed
where three-dimensional island growth is preferred from the beginning due to the
unfavorable wetting of CdS with CdSe. In all cases, beyond these initial differences
in shell growth, what results are thick polycrystalline shells, composed of randomly
oriented nanocrystalline domains.

ZnSe/CdSe NWs have likewise been made by exposing ZnSe wires to CdAc2 in
TOPO at moderate temperature. TOPSe is subsequently introduced to initiate shell
growth [37]. The procedure yields uniform shells where thicknesses can be varied
by altering the reaction time after injection of the Se precursor. Representative TEM
images of these core/shell NWs have been provided in Fig. 4.10.

Fig. 4.9 a Schematic showing the growth of CdSe/CdS NWs. TEM images of b initial CdS
nanorod formation on the surface of CdSe NWs and c the subsequent appearance of the shell after
ripening. (Synthesis and characterization of colloidal core–shell semiconductor nanowires [48].
Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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4.2.3 Hybrid Metal Nanoparticle Decorated NWs

Hybrid metal-semiconductor nanostructures result from combining two or more
disparate metal and semiconductors into one system. Such heterostructures are
multifunctional, making them useful in optoelectronic and photocatalytic applica-
tions [55–57]. As examples, decorating semiconductor nanostructures with metal
nanoparticles has led to improved semiconductor charge separation efficiencies.
This stems from photogenerated electrons preferentially migrating into metal
nanoparticles, leaving behind holes in the semiconductor. Such enhanced charge
transfer has been observed in CdSe NWs decorated with surface adsorbed Pt NPs
[11]. Additionally, NW optical properties can be influenced by the presence of these
particles. As an example, the presence of metal NP plasmon resonances has led to
the observation of emission enhancement in Au NP decorated CdS NWs [58].

In what follows, we discuss the synthesis and growth of such hybrid metal-
semiconductor NWs. This task of combining two or more dissimilar materials into

Fig. 4.10 Low and high magnification TEM images of ZnSe/CdSe NWs [37]. Reproduced by
permission of The Royal Society of Chemistry
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one nanostructured system is challenging. As described in Sect. 4.2.2 on the synthesis
of core/shell nanowires, a numbers of parameters must be considered simultaneously
in order to carry out such syntheses successfully. This includes a consideration of
lattice constant mismatches between materials, the interfacial energy among mate-
rials, the presence of surface defects, and the accessibility/reactivity of the surface.

The energetics of the reaction also play a crucial factor in determining the
growth of metal NPs onto NW surfaces. Fortunately, spontaneous nucleation of
metal nanoparticles in the absence of elevated temperature or reducing agents is
suppressed by the large barrier for homogeneous nucleation. Correspondingly, the
deposition of metal NPs onto NW surfaces is aided by the lower barrier for het-
erogeneous nucleation [59, 60].

4.2.3.1 Examples of Hybrid Metal Nanoparticle Decorated
Semiconductor NWs

We now illustrate several examples where metal NPs have been deposited onto the
surfaces of solution-grown NWs. An initial example comes from Talapin et al. where
Au NPs have been preferentially deposited onto the edges of zig-zag PbSe NWs by
exposing them to HAuCl4 in the presence of oleic acid and oleylamine at 35 °C
(Fig. 4.11e) [61]. The decoration density is variable and can be further increased by

Fig. 4.11 TEM images of PbSe NWs with a straight, b zig-zag and c branched morphologies.
TEM images of Au NP decorated d straight, e zig-zag and f branched PbSe NWs. g low
magnification TEM images of Au NP decorated PbSe NWs. Reprinted with permission from [61].
Copyright 2007 American Chemical Society
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using PbSe NWs with branched morphologies. This results in NW surfaces that are
almost entirely covered with 5 nm Au NPs (Fig. 4.11f). Notably, NPs preferentially
nucleate at the edges and branches of wires due to their higher surface energies.

Talapin et al. have similarly demonstrated the deposition of Au NPs onto straight
PbSe NWs [61]. Resulting NWs show nearly equidistant Au NPs across the NW
surface with a mean inter-particle spacing of 40–60 nm (Fig. 4.11d). Nucleation and
growth in this case is non-selective given that straight NWs lack topological fea-
tures that can serve as distinct nucleation sites.

Jen-La Plante et al. have likewise reported decorating straight CdSe NWs with
Au NPs by adding a solution of gold chloride (AuCl3), didodecyldimethylammo-
nium bromide (DDAB, a phase transfer agent) and dodecylamine (DDA, a reducing
agent) to a suspension of NWs. This results in Au NP nucleation and growth along
the NW length [62]. Finally, Tongying et al. have successfully decorated CdSe and
CdSe/CdS core/shell NWs with nanometer-sized Au NPs [10] using a procedure
adapted from Menagen et al. [63]. In this study, a solution of AuCl3 was added to a
suspension of CdSe and CdSe/CdS core/shell NWs under vigorous stirring and
under simultaneous UV illumination. Subsequent deposition of uniform d = 3–5 nm
Au NPs was observed along the NW length within an extremely short period of
time (*30 s). Images of these Au NP decorated wires are shown in Fig. 4.12.

Fig. 4.12 Low and high magnification TEM images of Au NP decorated a, b CdSe c, d CdSe/
CdS core/shell NWs. Reprinted with permission from [10]. Copyright 2012 American Chemical
Society
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In addition to Au, NWs can be functionalized with Pt NPs. This has been shown
by Jen-La Plante et al. [62] for CdSe NWs as well as by Tongying et al. for CdSe and
CdSe/CdS NWs [11]. In the latter case, CdSe and CdSe/CdS core/shell NWs were
decorated with Pt NPs by modifying a procedure first developed for CdS NRs [64].
The synthesis entails exposing a suspension of NWs to platinum acetylacetonate in
1,2 dichlorobenzene. The mixture is then injected into a solution of oleic acid,
oleylamine, and diphenyl ether at 200 °C to initiate NP growth. Pt NPs subse-
quently form along the NW length with resulting Pt NP sizes (diameter: 3–5 nm)
controlled by the overall reaction time (5–7 min). Representative TEM images of
these wires are shown in Fig. 4.13.

4.3 Applications of Semiconductor Nanowires

In Sect. 4.2 of this chapter we have discussed the SLS growth of NWs. We have
also shown how NW morphologies can be altered by varying parameters such as
the nature and concentration of precursors as well as the NP catalyst size. In
addition, we have seen how NWs can be further modified by creating NW-based
heterostructures. This includes core/shell morphologies as well as metal-semicon-
ductor hybrid structures. In this section, we describe the assembly of solution-based
NWs and their use in renewable energy application such as in photocatalytic
hydrogen generation.

Fig. 4.13 Low and high magnification TEM images of Pt NP decorated a, b CdSe, c, d CdS and
e, f CdSe/CdS core/shell NWs [11]. Adapted by permission of The Royal Society of Chemistry
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4.3.1 NW Assembly

The large carrier mobility, strong light absorbing nature, mechanical flexibility and
high aspect ratio of semiconductor NWs make them suitable for a variety of
electronic applications. Successful integration of NWs into devices, however,
requires their assembly into mesoscopic structures. Towards this end, there have
been many techniques which have been developed, including microfluidics [65],
electrospinning [66], Langmuir–Blodgett [67], and magnetic/electric field align-
ment [68]. Unfortunately, many of these methods possess disadvantages including
not being applicable to a wide range of semiconductors, not being scalable, and
potentially resulting in the original nanostructure being affected through the use of
additional chemicals (e.g. polymers, epoxides, amines etc.). The development of
scalable NW assembly techniques is thus an important, ongoing research topic.

Manipulating NWs using electric fields represents one promising approach for
their large-scale assembly. As an illustration, CdSe NWs have recently been aligned
using AC dielectrophoresis (DEP) [1]. The approach entails depositing a suspension
of NWs between two electrodes followed by the application of an AC electric field
to align the wires. Figure 4.14a, b show bright field and PL images of resulting
aligned CdSe NWs. Specifically, wires are seen to deposit onto both electrodes,
orienting themselves along the field lines.

The origin of the AC DEP alignment effect stems from the interaction between
induced dipoles in the wires and field gradients that exist at the electrode edges.
Consequently, the DEP force and alignment velocity depend strongly on the

Fig. 4.14 AC DEP aligned CdSe NWs. a Bright field image after alignment. b Epifluorescence
image taken at a given time during the alignment process. Emission images of CdSe NWs aligned
c under illumination and d in the dark. Reprinted with permission from [1]. Copyright 2007, AIP
Publishing LLC
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magnitude of the induced dipoles in the wires. In this regard, an interesting
observation made during these measurements was the enhancement of DEP
alignment efficiency when CdSe NWs were illuminated with light. A hypothesis
developed to explain this effect invoked the presence of mobile charges in the wires
generated through above band gap illumination. Consequently, larger induced
dipoles could result in the wires, leading to better overall NW alignment.
Representative PL images comparing AC DEP aligned NWs under illumination and
in the dark are shown in Fig. 4.14c, d.

The linear alignment of CdSe NWs results in a high degree of PL polarization
anisotropy in both their absorption and emission. Figure 4.15a, b show represen-
tative photoluminescence images of aligned CdSe NW ensembles, which clearly
demonstrate differences in the emission intensity with polarization angle.
Furthermore, by defining an absorption/emission polarization anisotropy
ρ = (Iǁ − I⊥)/(Iǁ + I⊥) [Iǁ (I⊥) is the observed emission intensity under parallel
(perpendicular) polarized excitation relative to the aligned NW ensemble long axis]
the degree of NW alignment can be quantified. These experiments reveal ρ-values
of ρabs = 0.24 (ρem = 0.27) for aligned NW ensembles as well as ρabs = 0.74
(ρem = 0.60) for small NW bundles. When compared to ρ-values measured in
individual NWs [ρabs = 0.77 (ρem = 0.76)], these ensemble ρ-values reveal the high
degree of NW alignment achieved using AC DEP.

An analogous technique for organizing NWs into macroscopic yarns involves
Light Induced Nanowire Assembly (LINA) [2]. The method entails slowly
depositing a concentrated NW solution with a glass pipette onto the surface of a

Fig. 4.15 a Perpendicular and b parallel polarized photoluminescence images of AC DEP aligned
CdSe NW ensembles. Corresponding c absorption and d emission polarization anisotropy plots
from an aligned ensemble. Reprinted with permission from [1]. Copyright 2007, AIP Publishing
LLC

4 Synthesis and Application of Solution-Based II–VI … 139



triboelectrically charged glass substrate under visible light illumination. A Van de
Graaff generator (VDGG) charges the substrate prior to deposition. Experimentally,
what results are NW fibers that spontaneously form, oriented normal to the
substrate.

As with AC DEP, the approach exploits the interaction between induced dipoles
in the wires and externally applied electric fields, in this case, stemming from
charges on the substrate. Of note is that deliberately illuminating the sample with
above band gap light creates many photogenerated carriers in the wires. This is
aided by their large absorption cross sections [CdSe: σabs ≈ 6.93 × 10−13 to
σabs ≈ 3.91 × 10−11 cm2 μm−1 (d = 6–42 nm); CdTe: σabs ≈ 4.32 × 10−13 to
σabs ≈ 5.10 × 10−12 cm2 μm−1 (d = 7.5–11.5 nm)] [69–71] and leads to corre-
sponding induced dipole moments of ≈105 D assuming complete charge separation
along the NW length [1]. Dipole-dipole interactions in solution then lead to end-to-
end as well as side-to-side NW bundling and result in macroscopic NW bundles
that consist of many wires aligned along the same direction. Figure 4.16 illustrates
LINA conducted in toluene for three dilute CdSe, PbS and PbSe0.5S0.5 NW
suspensions.

Next, Fig. 4.17a–e illustrates CdSe and CdTe NW yarns made using LINA. In
this case, concentrated suspensions of the wires are slowly deposited onto a
triboelectrically charged substrate under visible light illumination. Macroscopic
NW alignment occurs whereupon subsequent solvent evaporation results in a NW
yarn. Typical lengths are on the order of centimeters but yarns as long as 25 cm
have been made. Corresponding diameters range from 10 to 20 μm and can be
altered by changing the pulling rate from the NW suspension or by changing its
concentration. In particular, increasing the pulling rate or alternatively, decreasing
the NW stock concentration yields thinner yarns. Most importantly, LINA can be
automated and enables the scalable formation of various NW yarns (Fig. 4.17f).

At the same time, LINA allows the creation of heterostructured yarns. For
example, using a homogeneously mixed solution of CdSe and CdTe NWs results in
a yarn made of both CdSe and CdTe NWs. Longitudinally segmented yarns made
of different materials are also possible when LINA is carried out in a sequential
fashion. This entails starting a yarn of one material followed by positioning the end
of this yarn over a second charged substrate supporting a separate concentrated NW
suspension. The second NW type subsequently adds to the end of the first yarn and
extends it. Moving the resulting yarn back over the original substrate and repeating
LINA then creates a segmented yarn of the form CdSe/CdTe/CdSe/CdTe etc.

In all cases, NW yarns show sizable optical polarization anisotropies.
Specifically, CdSe NW yarns exhibit absorption polarization anisotropies of
ρabs * 0.2 while homogenously mixed CdSe/CdTe yarns possess corresponding
ρ-values of ρabs * 0.13. As with the earlier AC DEP results, this indicates that
NWs in the yarns exhibit a relatively high degree of overall alignment. This opens
up the possibility of using NW yarns in applications such as polarization-sensitive
photodetectors [1, 2], a topic that will be discussed later in this chapter.
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Finally, NWs can be used to functionalize natural fibers. In particular, cotton can
be decorated with SLS grown NWs using the light or electrostatically-induced
attraction of NWs [3]. What results are cotton fibers and textiles that retain their
original mechanical properties while inheriting new chemical and optical properties
from the deposited wires.

Fig. 4.16 a, b CdSe, c, d PbS, and e, f PbSe0.5S0.5 NW suspensions in toluene before and after
LINA. (Light induced nanowire assembly: The electrostatic alignment of semiconductor
nanowires into functional macroscopic yarns [2]. Copyright 2013 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim)
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NW functionalization of cotton is carried out by dip-coating cotton fibers and
textiles into NW suspensions under illumination with above band gap light.
Alternatively, the cotton is charged with a VDGG prior to dip coating. The
deposited NWs subsequently form an interlinked network that encapsulates indi-
vidual cotton fibers in a conformal fashion (Fig. 4.18).

Fig. 4.17 a Image depicting NW yarn formation. SEM images of resulting b, c CdSe and
d, e CdTe NW yarns. f 8 cm long CdSe NW yarn formed by automated pulling. (Light induced
nanowire assembly: The electrostatic alignment of semiconductor nanowires into functional
macroscopic yarns [2]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Illuminating NW suspensions with light during cotton functionalization results
in an increased proclivity for depositing macroscopic NW bundles. As seen with
LINA, the bundling phenomenon originates from the light-induced dipole-dipole
interaction between individual wires. A bundling tendency is also observed when
cotton is chemically cationized with 2,3-epoxypropyltrimethylammonium chloride
(EPTAC) prior to dip-coating (Fig. 4.18f).

Fig. 4.18 SEM images of a bare cotton, and cotton functionalized with CdSe NWs after b,
c simple dip-coating, d light-enhanced dip-coating, e VDGG-enhanced dip-coating and f dip-
coating onto cationized cotton. Reprinted with permission from [3]. Copyright 2014 American
Chemical Society
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4.3.2 NW Barcodes

The ability to functionalize cotton with a wide variety of NWs as well as with
binary combinations of NWs, enables the barcoding of textiles for identification
purposes [3]. As shown in Fig. 4.19, the cotton/NW fabrics exhibit characteristic
Raman spectra of component NWs. For illustration purposes, three NW combi-
nations on cotton (i.e. CdTe/CdS, CdSe/CdS, CdTe/CdSe) have been tested.
Consequently, combinations of NW types can lead to unique Raman signatures
with potential uses in anti-counterfeiting and in other applications.

4.3.3 NW-Based Photodetectors

SLS-grown NWs have also been used to fabricate NW-based photodetectors [1–3].
In a first example, devices have been made using NW functionalized cotton fibers/
textiles. Specifically, cotton/CdSe, cotton/CdTe and cotton/CdSe/CdTe threads
were placed over two Au electrodes 60 μm apart. Under bias (−150 to 150 V) and

Fig. 4.19 Raman spectra of
homogeneously mixed (1)
cotton/CdSe/CdTe, (2) cotton/
CdSe/CdS, and (3) cotton/
CdTe/CdS NW fibers.
Corresponding Raman
barcodes obtained from each
material are also shown.
Reprinted with permission
from [3]. Copyright 2014
American Chemical Society
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under dark conditions, little current was observed. However, upon exposure to
visible light the device current increased by more than two orders of magnitude.
Figure 4.20a, shows typical current-voltage characteristics of these cotton/NW
photodetectors in the dark and under illumination. Corresponding photocurrent
action spectra of these cotton/CdSe and cotton/CdTe NW devices correlate with
their linear absorption spectra. This indicates that the NWs are responsible for
observed photocurrents in the devices (Fig. 4.20b). Similar results were observed
for analogous NW (or NW yarn) based photodetectors [2, 4].

It was found that device responsivity could be improved by post-synthesis
treatment of the NWs or by creating heterostructured NW networks (Fig. 4.20a, c).
In the former case, NWs treated with pyridine to remove insulating species on the
NW surface exhibited improved transport behavior across wires. In the latter case,
NW mixtures composed of wires with Type II band offsets relative to each other
yielded improved device charge separation efficiencies [50, 72]. Both approaches,
in turn, resulted in corresponding enhancements of device responsivities.

Fig. 4.20 a I–V characteristics and b, c photocurrent action spectra of CdSe, CdTe, and
homogeneously mixed (50/50) CdSe/CdTe NWs deposited onto cotton fabrics. d Plot of the
photocurrent polarization anisotropy from an aligned CdSe NW ensemble and comparison to the
response of a commercial Si photodetector. a–c adapted with permission from [3]. Copyright 2014
American Chemical Society. d Adapted with permission from Singh [4]. Copyright 2007
American Chemical Society
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Because NWs can be aligned using various techniques, resulting photodetectors
are also polarization sensitive (Fig. 4.20d). In the case where AC DEP-aligned NWs
have been used to make devices, corresponding photocurrent polarization aniso-
tropies take values on the order of 0.13. This is similar to previously seen
absorption (emission) anisotropy measurements of AC DEP-aligned NW ensembles
ρabs = 0.24 (ρem = 0.27). They are also consistent with photocurrent polarization
anisotropy measurements carried out on NW yarn photodetectors (ρ = 0.13–0.24)
[1, 2]. The polarization sensitivity of NW photodetectors should be contrasted to the
case of commercial Si photodetectors, which are not polarization sensitive.

4.3.4 NW Solar Cells

II–VI NWs are also potentially useful materials for creating nanostructured solar
cells. Their anisotropic shape, favorable band gaps and large absorption cross
sections make them useful active elements in solar cells. In this regard, there have
been several recent demonstrations of solar cells built using SLS-produced NWs. A
few examples are described below.

In a first study, Yu et al. demonstrated the use of CdSe NWs in a photoelect-
rochemical solar cell [8]. The device architecture consisted of indium tin oxide
coated glass (ITO) as a transparent conductive substrate, a close packed NW
absorber layer, sodium sulfide as an electrolyte and Pt as the counter electrode. The
device also included colloidal CdSe quantum dots to fill in voids between NWs
within the close packed NW absorber layer. The use of quantum dots made of the
same material and possessing similar conduction and valence band levels was
intended to improve the overall charge connectivity of the nanowire network. The
energy level diagram illustrating the relative photoelectrochemical energies of
different materials in the system is shown in Fig. 4.21a.

Fig. 4.21 a Energy level diagram and b open circuit voltage decays for photoelectrochemical
solar cells system based on CdSe NWs and QDs. (A CdSe nanowire/quantum dot hybrid
architecture for improving solar cell performance [8]. Copyright 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim)
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Experimentally, QD-modified NW solar cells show significant improvements in
incident-photon-to-carrier conversion-efficiencies (IPCE) over comparable NW
only cells. Values were seen to rise from 13 to 25 %. Furthermore, complementary
open circuit voltage decay (OCVD) lifetimes increased from t1/2 = 4.5 to 10.6 s
(Fig. 4.21b). This demonstrated that QDs within the NW layer prevented back
electron transfer to the electrolyte, enhancing overall charge separation efficiencies
of the system. Consequently, device power conversion efficiencies were observed to
rise from η * 0.007 to η * 0.012 % under simulated 1 sun conditions.

In a later example, CdSe NW solar cells were made using carbazole as a hole
mediator [5]. Cells were built using fluorine doped tin oxide (FTO) coated glass as a
conductive transparent substrate, ZnO as a compact (hole blocking) layer, a NW
absorber layer, carbazole intercalated into the NW layer, sodium sulfide and sulfur
as electrolytes and Cu2S with reduced graphene oxide deposited on FTO as the
counter electrode.

The purpose of the carbazole molecules was to achieve rapid hole extraction from
the NWs, given their favorable HOMO level compared to the bulk CdSe valence
band. Consequently, this would act to suppress unwanted charge recombination in the
NWs following photoexcitation and would, in turn, improve device performance.

Figure 4.22a shows IPCE values recorded at different incident light wavelengths
for CdSe NW devices with and without carbazole treatment. In the visible region of
the spectrum, the maximum solar cell IPCE for untreated CdSe NWs was *10 %.
In the case of carbazole treated CdSe NWs, however, IPCE values were seen to rise
up to *45 %. Corresponding power conversion efficiencies also showed dramatic
improvements from η = 0.01 % without carbazole to η = 0.46 % with carbazole.
Complementary OCVD measurements confirm the effectiveness of charge separa-
tion in carbazole treated devices. Specifically, the apparent half-life of electrons in
these solar cells increased from t1/2 = 1.3 s without carbazole to 3.3 s with car-
bazole. This is illustrated in Fig. 4.22b.

Fig. 4.22 a IPCE spectra and b open circuit voltage decays of solar cells based on CdSe NWs
before (I) and after (II) carbazole treatment [5]. Reproduced by permission of The Royal Society of
Chemistry
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Along the same lines, Choi et al. used CdS NWs co-sensitized with squaraine
dye to improve solar cell photoconversion efficiencies by extending their spectral
response into the red and near infrared [7]. In this case, the organic dye was
intended to act as an additional photosensitizer, adding to the absorption of NWs in
the device. Choi’s work subsequently showed that *20 fold improvements in solar
cell power conversion efficiencies were possible, from η * 0.02 to η * 0.45 %,
using NW/squaraine composites.

Finally, Choi et al. explored using CdSe and CdS NW multilayers to improve
solar cell performance [9]. The device consisted of FTO as an optically transparent
substrate, ZnO as a blocking layer, stacked CdSe and CdS NW absorber layers,
sodium sulfide and sulfur as electrolytes and reduced graphene oxide mixed with
Cu2S on FTO as the counter electrode. The underlying concept behind this solar
cell was to exploit Type-II band offsets between CdSe and CdS NWs to achieve
efficient charge separation following photoexcitation. Experimentally, multilayer
CdSe and CdS cells were found to exhibit an order of magnitude improvement in
power conversion efficiencies over comparable CdSe or CdS NW solar cells.
Resulting power conversion efficiencies were η * 1 %.

4.3.5 NW-Based Photocatalysts for Hydrogen Generation

Semiconductor nanostructures with suitable band gaps (Eg * 1.7–3.1 eV) and
electrochemical potentials (ECB ≤ −0.41 V and EVB ≥ +0.82 V vs. NHE at pH = 7)
represent promising materials for use in photocatalytic hydrogen generation. This is
because they absorb a good fraction of the incident solar radiation while their
energetics enable charge transfer events that can carry out relevant chemistries.
Furthermore, semiconductor nanostructures possess many advantages over their
bulk counterparts due to their large surface-to-volume ratios, size-dependent optical
properties, large absorption cross sections and ease of heterojunction fabrication.

On this last point, semiconductor nanostructures are interesting systems because
of the relative ease of making heterojunctions with them. Implementing semicon-
ductor/semiconductor heterointerfaces can dramatically improve not only the life-
time but also the spatial separation of photogenerated charges. Furthermore,
nanostructures which feature metal/semiconductor heterojunctions should posses
enhanced photocatalytic hydrogen generation activities since, in many cases, metal
NPs possess suitable proton binding energies and simultaneously act as acceptors
for photogenerated electrons.

We have previously illustrated in Sects. 4.2.2 and 4.2.3 how NW heterostruc-
tures can be made through the creation of core/shell morphologies as well as
through the decoration of NWs with metal nanoparticles. Such NW-based hetero-
structures can, in turn, be used for photocatalytic hydrogen generation studies.
Specific systems that have been investigated therefore include CdSe, CdSe/CdS
core/shell, CdSe/Au NP, CdSe/Pt NP, CdSe/CdS/Au NP and CdSe/CdS/Pt NP NW
photocatalysts. In all cases, UV-visible illumination of these photocatalysts in
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aqueous solution and in the presence of sulfite/sulfide leads to hydrogen generation.
Corresponding H2 generation efficiencies have been quantified to better rationalize
the role these semiconductor/semiconductor and metal/semiconductor heterojunc-
tions play in dictating NW photocatalyst efficiencies.

Gas phase chromatography sampling of H2 generation measurements generally
reveal that CdSe NWs alone exhibit low H2 generation efficiencies. Creating core/
shell structures or decorating these NWs with metal nanoparticles, however, dra-
matically improves their H2 generation efficiencies. Figure 4.23 shows specific
results obtained from Pt NP decorated CdSe NW photocatalysts. Table 4.1 provides
a fuller summary of observed hydrogen generation efficiencies across different
CdSe NW systems.

Qualitatively, CdSe NWs show low H2 generation efficiencies because of
unwanted charge recombination processes in these wires. Table 4.1 shows that all
other systems with semiconductor/semiconductor and metal/semiconductor junc-
tions exhibit improved efficiencies. This indicates the importance of suppressing fast
non-radiative processes in CdSe NWs or finding way to extract charges on time-
scales competitive with these events. Consequently, CdSe/CdS core/shell systems
likely show enhancements due to improved carrier lifetimes stemming from the
passivation of CdSe NW surface defects while metal NP decorated counterparts
exhibit enhancements because of improved charge separation efficiencies.

Fig. 4.23 Hydrogen
generation efficiencies of
CdSe NW-based
photocatalysts [11].
Reproduced by permission of
The Royal Society of
Chemistry

Table 4.1 Summary of hydrogen generation efficiencies of CdSe NW-based photocatalysts under
broadband and 520 nm illumination

NW system Broadband illumination (μmol/h/g) 520 nm illumination (μmol/h/g)

CdSe 1.76, 1.98 0.30

CdSe/AuNP 2.61

CdSe/CdS/Au NP 38.05

CdSe/Pt NP 62.15 10.80

CdSe/CdS 58.06, 80.92 33.51

CdSe/CdS/Pt NP 434.29 38.07
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To develop a more quantitative understanding of the results in Table 4.1 and why
double heterojunction CdSe/CdS/Pt NP NWs show the largest H2 generation effi-
ciencies, transient differential absorption (TDA) experiments were conducted on
each system. The technique enables one to follow the fate of photoexcited carriers in
NWs following photoexcitation. In this regard, TDA spectroscopy is an important
tool for probing the photophysics of semiconductor nanostructures because it allows
one to spectroscopically follow the kinetics of excited carriers. For II–VI materials
such as CdS and CdSe, observed TDA bleaches reflect the population of excited
conduction band electrons given their relatively small effective mass [73]. Thus, by
monitoring the temporal evolution of TDA bleaches, electron transfer reactions in
II–VI nanostructures as well as their kinetics can be studied.

In what follows, only CdSe, CdSe/CdS and their Pt NP decorated counterparts
are discussed. This is because the relatively poor performance of Au NP decorated
systems ultimately stems from the slow electron discharge kinetics of Au, which
inhibits reduction processes [74, 75]. Figure 4.24a first shows linear absorption
spectra of CdSe, CdSe/CdS and CdSe/CdS/Pt NP NWs. Next the bottom of
Fig. 4.24a shows experimental transient absorption bleaches observed after

Fig. 4.24 a Linear absorption (top panel) and TDA (bottom panel) spectra of CdSe, CdSe/CdS
and CdSe/CdS/Pt NP NWs. b Band edge bleach kinetics of CdSe, CdSe/CdS and CdSe/CdS/Pt NP
NWs when excited at 387 nm. c Band edge bleach kinetics of CdSe and CdSe/Pt NP NWs when
excited at 387 nm [11]. Reproduced by permission of The Royal Society of Chemistry
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photoexciting each system. Negative going bleaches are seen at energies corre-
sponding to features in the linear absorption and reflect the carrier population of
different bands in the system. From the growth and decay kinetics of these bleaches,
especially CdSe’s band edge bleach at *683 nm the kinetics of various electron
transfer processes can subsequently be extracted.

In the case of CdSe NWs, Fig. 4.24b shows that their band edge bleach recovery
occurs quickly within *200 ps. This indicates that most of the photogenerated
electrons in CdSe NWs recombine quickly in a non-radiative fashion due to the
presence of defects on or within the wires. At 1 ns, only 4–8 % of the initially
generated electrons remain wherein these long-lived species are most likely
responsible for H2 generation.

In the case of CdSe/CdS core/shell NWs, electron lifetimes noticeably increase
due to the passivation of surface defects by the CdS shell. This has been observed
directly in TDA measurements through increases in the remaining charge fraction at
1 ns when only the core of core/shell NWs has been excited [10, 11]. At 1 ns,
between 25 and 33 % of the initially generated electrons remain available for
chemical reduction, rationalizing why core/shell wires possess better H2 generation
efficiencies than their core only counterparts (Table 4.1).

In tandem, the Type-I heterojunction between the CdSe core and the CdS shell
means that photogenerated electrons created in the shell also add to those in the core
[10]. In the TDA measurement, this has been directly observed as a decrease of the
CdS bleach at 450 nm accompanied by a growth of the CdSe bleach at 683 nm.

An interesting conclusion from these TDA measurements is that H2 generation in
CdSe/CdS core/shell NWs occurs not on the CdS shell but rather predominantly on
the CdSe core [10]. This is because long-lived photogenerated electrons, responsible
for the reduction, are seen to accumulate in the CdSe core. These H2 generation
results thus highlight the porosity of the CdS shell in CdSe/CdS NWs [10].

Next, in the case of Pt NP decorated systems, TDA measurements show ultrafast
electron transfer into Pt. This can be seen in Fig. 4.24c where TDA kinetics of the
CdSe band edge bleach show that the addition of Pt NPs causes an immediate
(<1 ps) recovery of the band edge bleach. This ultrafast charge transfer, in turn,
improves CdSe/Pt NP NW H2 generation efficiencies since a larger fraction of
CdSe’s photogenerated electrons are transferred to Pt which possesses favorable
proton binding affinities and electron discharge kinetics [74, 75], ultimately
resulting in efficient H2 generation.

Finally, in the case of Pt NP decorated CdSe/CdS NWs, the CdS shell passivates
surface defects of the core. The CdS shell also contributes electrons to CdSe when
excited. At the same time, the CdS shell contributes electrons to its surface
adsorbed Pt NPs. Consequently, TDA measurements suggest a buildup of electrons
in the CdSe core as well as in surface adsorbed Pt NPs when CdSe/CdS/Pt NP NWs
are excited. This suggests that H2 generation occurs in two places within this double
heterojunction system—at the surface of the CdSe core and at the surface of the Pt
NPs. The large H2 generation efficiencies of this system (Table 4.1) can thus be
rationalized as stemming from the combined effects of (i) the efficient surface
passivation of CdSe NWs, which increases carrier lifetimes, (ii) the contribution of
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additional electrons to the CdSe core from the CdS shell, which increases overall
carrier densities, (iii) the efficient transfer of electrons from the CdS shell to surface
adsorbed Pt NPs and (iv) the optimal proton binding affinities and electron dis-
charge kinetics of Pt, which enable efficient proton reduction.

4.4 Conclusions and Outlook

In this chapter, we have discussed the synthesis of high quality semiconductor NWs
using SLS growth. The method allows highly crystalline NWs to be grown at low
temperatures. It also enables the growth of wires with tunable compositions, straight
and branched morphologies and, more interestingly, the growth of wires within the
confinement regime of a number of important systems. Various NW heterostruc-
tures can subsequently be fabricated using SLS-derived wires. This includes het-
erostructures exhibiting semiconductor/semiconductor and semiconductor/metal
heterojunctions. Resulting NW architectures exhibit enhanced properties such as
extended carrier lifetimes, improved emission quantum yields and enhanced charge
separation efficiencies. The extent to which SLS NWs can be tuned, engineered,
and assembled thus demonstrates their potential use within a broad range of
applications. As illustrations, several examples, within the context of NW solar
cells and photocatalysts, have been described.

Despite this great promise, however, challenges remain towards eventually
implementing SLS-derived wires into commercial devices. This includes: (i) dem-
onstrating scalable syntheses, (ii) developing a better understanding of NW surface
defects so that their impact can be controlled and/or mitigated, (iii) developing high
emission quantum yield NWs, (iv) improving the control of interfaces in hetero-
structured NWs, and (v) realizing the scalable, macroscopic assembly of these
wires. Consequently, continued research and development on various fronts is
needed, which portends exciting future developments for SLS NWs yet to come.
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Chapter 5
Rare Earth Based Anisotropic
Nanomaterials: Synthesis, Assembly,
and Applications

Chun-Hua Yan, Ling-Dong Sun, Chao Zhang, Chun-Jiang Jia,
Guang-Ming Lyu, Hao Dong, Xiao-Yu Zheng, Yan-Jie Wang,
Shuo Shi, Pei-Zhi Zhang and Lin-Dong Li

Abstract Rare earths (RE) refer to the lanthanide elements La–Lu together with Sc
and Y. Conventionally, they have found applications in phosphors, magnets, cat-
alysts, fuel cell electrodes/electrolyte. Here in this chapter, we discuss the synthesis,
assembly and applications of rare earth based anisotropic nanomaterials. Regarding
synthesis, the anisotropic growth behaviors of these nanocrystals are predominantly
governed by their own unique crystal structures. Yet for wet-chemistry synthetic
methods where a number of parameters could be finely tuned, the addition of
particular coordination agents, templating agents or mineralizers has proven to be
an effective way to direct the growth of nanocrystals into some anisotropic struc-
tures. Regarding applications, anisotropic nanomaterials, compared to their iso-
tropic counterparts, often exhibit distinct properties. For example, the luminescence
of anisotropic nanomaterials can display polarization and site-specific features. As
for rare earth nanomaterials as magnetic resonance imaging (MRI) contrast agents,
the high surface area of anisotropic nanostructures can give rise to superior per-
formances. And for catalysis applications, anisotropic nanomaterials expose rich,
highly active facets, which is of great importance for facet-selective catalytic
reactions. In the chapter, we will start with introduction of the crystal structures of
rare earth compounds, then briefly summarize the synthesis and assembly of rare
earth anisotropic nanomaterials, and discuss their properties and applications in
three realms, namely, luminescence, magnetism and catalysis.
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5.1 Crystal Structures of Rare Earth Compounds

5.1.1 Rare Earth Oxides

As rare earth elements show strong affinity to oxygen, they can be easily synthe-
sized in the air, and rare earth oxides enjoy the most investigation among its solid
compounds. Rare earth oxides mostly take the form of sesquioxides (RE2O3) due to
their trivalency, while some elements can also exist as divalent or tetravalent ions in
their oxides, thus forming monoxides, dioxides or mixed valence oxides with a
complex crystal structure [1]. Europium and ytterbium monoxides are the only two
rare earth monoxides that are stable in solid form, and they are readily oxidized in
the air. Praseodymium and terbium usually exist as both trivalent and tetravalent
ions in their oxides, thus forming mixed valence oxides with non-stoichiometric
formulas of Pr6O11 and Tb4O7, respectively. Cerium exists exclusively as tetrava-
lent ions in its most stable oxide, CeO2 [2].

Rare earth sesquioxides are the most common category of rare earth oxides.
Depending on their cationic radii, rare earth sesquioxides can be most stable in
hexagonal phase (A phase), monoclinic phase (B phase) or body-centered cubic
phase (C phase) under ambient conditions (as shown in Fig. 5.1). In both hexagonal
(A phase) and monoclinic (B phase) sesquioxides, a rare earth cation is coordinated
by seven oxygen ions, with six oxygen ions forming an octahedron around the
cation. In hexagonal sesquioxides, the last oxygen ion rests on one of the octahe-
dron’s faces, while in monoclinic sesquioxides, the last oxygen ion locates
exceptionally far from the cation. Light rare earth sesquioxides such as La2O3,
Ce2O3, Pr2O3 and Nd2O3 usually exist in hexagonal phase due their large cationic
radii, while Sm2O3 usually takes monoclinic phase due to its smaller cationic
radius. In body-centered cubic (C phase) sesquioxides, a rare earth cation is
coordinated by six oxygen ions, resembling a cubic fluoride structure with two
anions removed. The cation occupies two different kinds of vacancies formed by
differently removed surrounding anions. Y2O3 and all lanthanide oxides heavier
than Sm2O3 (Eu2O3 to Lu2O3) exist in C phase.

EuO and YbO have a cubic halite structure and the space group Fm3m with the
cation coordinated by six oxygen ions. The monoxides can also be mixed with the
corresponding sesquioxides in 1:1 ratio to form the mixed valence oxides of Eu3O4

and Yb3O4, respectively.
As one of the most studied rare earth compound, CeO2 is a notable exception to

the sesquioxide norm. CeO2 has a cubic fluorite structure and the space group
Fm3m, with the cation coordinated by eight oxygen atoms. As the valence of
cerium can alternate between Ce(III) and Ce(IV), Ce4+ in the lattice can be reduced
to Ce3+ under reductive conditions, accompanied by the generation of oxygen
vacancies that serve as highly active catalytic sites and oxygen storage centers.
Despite the formation of Ce3+, CeO2 can maintain its cubic fluorite structure under
intense reduction. This excellent chemical stability combined with its thermal sta-
bility makes it a versatile catalyst and oxygen sensor under rigorous conditions [3].
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PrO2 and TbO2 also possess a cubic fluorite structure similar to CeO2. The ses-
quioxides of praseodymium and terbium adopt a body-centered cubic structure as
described above, enabling them to mix with their cubic fluorite dioxides to form
mixed valence oxides.

5.1.2 Rare Earth Fluorides

Binary rare earth fluoride REF3 has two kinds of crystal structures: trigonal flu-
ocerite structure and orthorhombic β-YF3 structure. Trigonal REF3 has a

Fig. 5.1 Crystal structures of rare earth oxides. a Hexagonal sesquioxide. Blue spheres denote
RE3+; red sphere O2−. b Monoclinic sesquioxide. Blue, green and orange spheres denote RE3+ in
three different coordination environments; red spheres O2−. c Cubic sesquioxide unit cell projected
along the c axis. Blue and red spheres denote RE3+ in two different coordination environments; red
spheres O2−. d Cubic fluorite CeO2. White spheres denote Ce4+; red spheres O2−
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hexagonal phase with the space group of P-3c1. The rare earth cations lie on a
twofold rotation axis. There are nine fluorine atoms near each rare earth atom. The
distance of RE3+ and F− ions is between 0.242 and 0.264 nm. There are two F− ions
far from the RE3+ ions with a distance of 0.301 nm. Rare earth atom is nine-
coordinated via 9 fluorine atoms. Each F− anion bonds with three RE3+ cations in a
three-bridged configuration. β-YF3 belongs to orthorhombic structure, Pnma space
group. In this system, it is a three-dimensional (3D) network molecule with a F−

anion as a bridged atom. Each F− anion bonds with three Y3+ as three bridges.
There are nine F− anions coordinated with Y3+, eight of them close to the Y, while
the other one is a little far. The nine F− anions form a triangular prism coordination
polyhedron (shown in Fig. 5.2).

REF2 has a cubic fluorite structure, Fm3m space group. REF2 can produce some
complex fluorides. EuF2 and CsF can form perovskite CsEuF3. EuF2 and MgF2 can
form orthogonal SmMgF4 and EuMgF4. EuF2 and AlF2 can form cubic solid
solution (Eu, Al) F2.00-2.44 and tetragonal system EuAlF5. EuF2 can form EuZrF6,
EuSiF6, EuThF6 with ZrF4, SiF4 and ThF4 respectively.

5.1.3 Rare Earth Complex Fluorides

According to the coordination states of rare earths, the rare earth complex halide
AmREXn (A = alkali and/or alkaline earth metal; RE = rare earth; X = halide)
compounds can take the following forms: (1) AREX4, a fourfold coordination of
rare earth cations is accompanied by twofold or threefold coordination of the alkali
and/or alkaline earth atom. (2) A2REX5, rare earth cations are in a fivefold coor-
dination configuration, energetically more stable than a fourfold one. (3) A3REX6,
the fivefold and sixfold coordination of rare earth cations are energetically com-
petitive. For both A2REX5 and A3REX6, each coordination state can be realized in
various forms that differ in detail but are close in energy.

Fig. 5.2 Crystal structures of trigonal REF3 and orthorhombic REF3 (built by CERIUS2 software
(http://www.accelrys.com/cerius2)
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Common structure types of the AREF4 include tetragonal anti-scheelite (LiYF4),
hexagonal (NaNdF4), trigonal (KErF4), and orthorhombic (KCeF4) type [4–6]. In
addition, a high-temperature modality exists which has A+ and RE3+ cations at the
Ca2+ sites of cubic CaF2 structure with statistical distribution.

As shown in Fig. 5.3, α-NaREF4 has a cubic phase with the space group of
Fm3m. β-NaREF4 has a hexagonal phase (space group: P-6 or P63/m). In the cubic-
phase α-NaRF4, Na

+ and RE3+ cations are randomly distributed in the cationic
sublattice. In the hexagonal-phase β-NaREF4, the cation sites contain three types: a
onefold site occupied by RE3+, a onefold site occupied randomly by 1/2 Na+ and 1/
2 RE3+, and a twofold site occupied randomly by Na+ and vacancies [7].

5.1.4 Rare Earth Oxyhalides

Rare earth oxyhalides have two structures: tetragonal phase (P4/nmm space group)
and trigonal phase (R3m space group), as shown in Fig. 5.4 [8, 9]. In the tetragonal
phase, RE3+ cations occupy the position with C4v symmetry. The tetragonal phase is
thermodynamically less stable, and tends to form nonstoichiometric compounds
with more complex structures. In the hexagonal phase, RE3+ cations occupy the
position with C3v symmetry. At high temperature, the hexagonal phase can trans-
form into cubic structure.

5.1.5 Rare Earth Phosphates and Vanadates

For rare earth orthophosphates (REVO4), there exist four different phases, mostly
depending on the cationic radius of rare earth element: monazite, xenotime, rhab-
dophane, and churchite [10]. Rare earth orthovanadates (REVO4) have two

Fig. 5.3 Crystal structures of α-NaREF4 and β-NaREF4 built by CERIUS2 software (http://www.
accelrys.com/cerius2)
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isomorphic phase structures, namely, monoclinic (m-) monazite type, and tetragonal
(t-) zircon type. The phase selectivity for REVO4 relies on the radius of RE3+, only
zircon type is observed for all rare earth orthovanadates excluding LaVO4 and
CeVO4 that can crystallize in both monoclinic and tetragonal phased structure
[11, 12].

5.2 Synthesis, Assembly of Rare Earth Based
Anisotropic Nanomaterials

5.2.1 One-Dimensional (1D) Nanostructures

One-dimensional (1D) nanostructures include nanorods, nanowires, and nanotubes.
Many solid materials naturally grow into 1D nanostructures, the growth direction of
which is usually dominated by the crystallographic symmetry [13–17]. However,
rare earth oxides often have isotropic structures; for example, CeO2 crystals has a
face-centered cubic (fcc) structure (space group: Fm3m). Therefore, CeO2 nano-
crystals tend to present high-symmetry morphologies, such as cubes and octahedra.
To obtain low-symmetry morphologies, templating or capping agents are generally
needed to differentiate the surface energy of each facet and to direct anisotropic
growth and the formation of 1D structures. Therefore, various templating methods
have been established for preparing CeO2 nanorods and nanowires. Porous anodic

Fig. 5.4 Crystal structures of
trigonal REOF, tetragonal
REOF and cubic REOF built
by CERIUS2 software (http://
www.accelrys.com/cerius2)
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alumina membranes (AAM) are commonly used in such synthesis as hard templates
by virtue of their modulated pore diameters, ideally rod-shaped pores and excep-
tionally narrow size distribution [18–20]. CeO2 nanowires were successfully syn-
thesized with an improved sol–gel method within the hexagonally ordered
nanochannels of the AAM. Ce3+ cations and corresponding anions reacted directly
inside the nanochannels to form intermediates with 1D nanostructures. After post-
treatment, the intermediates were transformed into the arrays of CeO2 nanowires
within the pores of AAM template [20].

CeO2 nanorods can also be synthesized with solvothermal/hydrothermal meth-
ods [21–23], which generally feature controlled composition and morphology, low
aggregation and high crystallinity, because of the diffusion-controlled growth in
solvent media in a closed system. Yan’s group prepared high-aspect-ratio ceria
nanorods through a facile hydrothermal treatment without addition of any templates
[24]. Using Ce(NO3)3 as the precursor, hexagonal Ce(OH)3 intermediate was
formed in the presence of OH− anions (6 mol L−1). After drying, white Ce(OH)3
nanocrystals were converted into yellow CeO2·nH2O in ambient atmosphere,
without any change in their shape. Very recently, Yan’s group have obtained
lanthanide-doped CeO2 nanowires through a modified hydrothermal route in the
presence of NaOH and NaCl without any additional capping agents (as shown in
Fig. 5.5) [25]. Such preparation process can be described with the following
equations:

Ce3þðaqÞ þ xLn3þðaqÞ þ yOH�
ðaqÞ ! Ce OHð Þ3:x%LnðsÞ ð5:1Þ

Ce OHð Þ3:x%LnðsÞ þ yO2ðgÞ ! CeO2:x%LnðsÞ þ zH2O ð5:2Þ

In this approach, Ce3+ precursor was dissolved in a high-concentration alkaline
solution, forming one-dimensional Ce(OH)3 intermediates with hexagonal struc-
ture. Upon calcination at 300 °C for 1 h, the nanowires transformed into CeO2:Ln
nanowires without prominent change in shape.

Zink’s group reported a facile template-free hydrothermal method to obtain
hierarchical architectures of CeO2 nanorods in an acidic medium (as shown in
Fig. 5.6) [26]. Na3PO4, as a mineralizer, plays a key role in controlling the mor-
phology of CeO2 nanostructures by adjusting the electrostatic potential and surface
energy of CeO2 nanorods. They investigated the mechanisms of nucleation and
crystal growth process by varying the cerium precursors and concentration, con-
centration of phosphate, reaction temperature, pH of the reaction mixture, seeding
and secondary treatment. Aspect ratios of these CeO2 nanorods and nanowires can
be precisely controlled and finely tuned from 4.1 to more than 100. The single-
crystalline CeO2 nanorods/nanowires grew along the [211] direction by an “ori-
ented attachment” mechanism, followed by Ostwald ripening. Both phosphate and
chloride ions were critical to the synthesis of one-dimensional CeO2 nanorods and
nanowires in both primary and secondary hydrothermal process. The strong coor-
dination effect of phosphate with cerium ions was the driving force for the
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“dissolution” of nanorods under highly acidic condition. Chloride ions acted as a
stabilizing agent in maintaining the rod/wire structure.

Rare earth oxide nanotubes have received extensive interests since the synthesis
of carbon nanotubes in 1991 because they might offer unique properties and lead
directly to original technological applications [27]. Han et al. first reported a facile
method to synthesize CeO2-x nanotubes by a hydrothermal route with mild reaction
conditions [28]. By elevating the precipitation temperature and prolonging the

Fig. 5.5 TEM (a, c), HRTEM (b, d), and HAADF-STEM EDS elemental mapping (e, f) images
of CeO2:Nd (a, b, e) and CeO2:Lu nanocrystals (c, d, f). (Reprinted with permission from [25].
Copyright 2013 American Chemical Society)
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aging time, a large amount of nanotubes were formed. Nevertheless, this method
had a few disadvantages, such as the time-consuming procedures, excessive by-
products and difficulties for purification.

Yang’s group developed an effective hydrothermal method to synthesize CeO2

nanotubes with large cavities, thin walls and high quality [29]. A facile oxidation-
coordination-assisted dissolution process of the hydroxide precursors was involved.
First, Ce(OH)3 nanowires were used as the starting materials; then the outer wall of
Ce(OH)3 nanostructures was partially oxidized by air. The oxidation-coordination-
assisted dissolution process was limited inside the 1D nanomaterials. Finally, the
ceria nanotubes with large cavities and thin walls were formed.

Chane-Ching et al. reported a general method for the synthesis of nanostructured
materials with large surface area through the self-assembly of functionalized
nanoparticles in a liquid-crystal phase [30]. Surface-functionalized ceria nanopar-
ticles with the protonated amino acid interact directly with the ethylene oxide
(CH2CH2O) groups of the copolymer. Based upon the weak interactions between
the surfaces of the nanoparticles and the template, organized hexagonal arrays of
CeO2 nanoparticles are obtained and the symmetry of the arrays was preserved after
calcination at 500 °C.

Seal et al. developed a very simple, green chemical route to guide self-assembly
and time-dependent evolution of ceria nanoparticles into ultralong polycrystalline
ceria nanorods [31]. By freezing and subsequent aging of an aqueous solution,
CeO2 nanoparticles trapped in voids (which form in ice) gradually evolve into

Fig. 5.6 TEM analyses of CeO2 nanorods obtained from (a–c) primary and (d–f) secondary
synthesis. (Reprinted with permission from [26]. Copyright 2012 American Chemical Society)
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polycrystalline nanorods by localized oriented attachment process. MD simulations
also predicted that the type of morphology evolution observed for the ceria nano-
structures can be driven by the dimensional constraints.

Yan’s group obtained four types of self-organized monolayer patterns (i.e.,
isolated particles, short chainlike (pseudo-1D aggregated), pearl necklace-like (1D
aggregated), and dendritic (pseudo-2D aggregated) alignments during a PVP-
assisted alcohothermal synthesis of ceria nanocrystals [32]. Possible self-organi-
zation mechanism of the nanosized CeO2 colloids from isolated particle to 1D and
2D aggregated alignments were associated with the delicate balance of the attractive
and repulsive forces caused by the adsorbed hydroxyls, PVP, and alkylammonium
cations on the surfaces of CeO2 nanocrystals during the irreversible evaporation of
the solvent.

Using block copolymer Pluronic P123 as the template and ceric nitrate and
zirconium oxide chloride as the precursors, highly ordered 2D hexagonal meso-
porous Ce1–xZrxO2 solid solutions with a 2D hexagonal (p6mm) structure were
synthesized via a novel direct and reproducible method as shown in Fig. 5.7 [33].
The overall synthesis strategy is based on a sol-gel process combined with evap-
oration-induced self-assembly in ethanol, without any extra reagents to adjust the
pH of the sol-gel reaction. A series of mesoporous Ce1–xZrxO2 with different Ce/Zr
ratios can be obtained under the optimized conditions, such as appropriate pre-
cursors, surfactants, and reaction temperature.

Nanosized rare earth fluorides and complex fluorides usually adopt plate-like
morphologies due to their crystal structures, yet under certain conditions (for
example, in the presence of shape-directing surfactants), 1D nanostructures can also
be obtained. Chen et al. employed a precipitation method and prepared ortho-
rhombic and hexagonal phase EuF3 nanocrystals with various shapes, including
nanospheres, nanobundles, nanorods, nanowires and nanoplates [34, 35]. Through a
hydrothermal route, Li et al. obtained monodisperse LaF3 and NaLaF4 nanorods

Fig. 5.7 TEM images of the mesoporous Ce1–xZrxO2 (x > 0.5) recorded along the a [001] and
b [110] orientations. The inset in (a) is the corresponding FFT (fast Fourier transform) diffraction
image, and the one in b is the corresponding SAED pattern. (Reprinted with permission from [33].
Copyright 2007 American Chemical Society)
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with different aspect ratios [36]. They also developed a solvothermal method to
prepare NaYF4 nanocrystals by controlling the reactant concentration, temperature
and duration, rod-like nanocrystals with good crystallinity and different sizes and
aspect ratios were obtained [37–40]. Using YCl3, NaF and EDTA as the starting
materials, Qian et al. obtained spindle-like YF3 with a hydrothermal method [41].
Interestingly, Zhao et al. discovered hexagonally ordered arrays of NaYF4 nano-
tubes in a solvothermal reaction [42]. Yan’s group developed a general thermolysis
method to prepare rare earth fluorides and complex fluorides in high-boiling sol-
vents (such as octadecene, oleic acid and oleylamine) using trifluoroacetate salts of
rare earths and alkali metal; with proper ratio of Na to rare earth, hexagonal-phase
NaYF4 nanorods were obtained [43]. Using a similar approach, they obtained
ultrathin EuOF nanowires with diameter below 2 nm [44]. The nanowires are
highly flexible and can form ordered superstructures in a parallel configuration on
substrates. A proper ratio of Eu precursor and surfactant oleic acid was found to be
crucial for obtaining such wire-like structures.

For orthophosphates of light lanthanides (La–Gd), hexagonal rhabdophane and
monazite phase rod-like or wire-like products could be obtained (as shown in
Fig. 5.8) [45, 46]. With a temperature of l80–240 ºC, the products become the
monazite phase with the morphology strongly affected by the acidity [47]. LaPO4:
Ln3+(Ln3+ = Ce3+, Tb3+) and LaPO4:Ce

3+,Tb3+/LaPO4 core/shell nanowires have
been synthesized on a large scale through a direct precipitation in a water-based
system under moderate conditions without the assistance of any surfactant, catalyst,
or template [48]. The diameters of the obtained nanowires are about 15 nm, and the
lengths range from hundreds of nanometers to several micrometers. For heavy
lanthanides (Ho–Lu) and Y, a synthesis temperature as low as 70 ºC is required to
obtain hydrated monoclinic churchite phase, for example, YPO4 nanowires [49].
Higher temperature leads to tetragonal zircon phase. Usually, a particle-like mor-
phology is obtained with acidic conditions. When a chelating agent like EDTA is
introduced, the hydrated hexagonal nanorods of YPO4 could be obtained [50]. For
intermediate lanthanides (Gd, Tb, Dy), hexagonal, tetragonal, and monoclinic
phases may coexist. Therefore, results are more complex. Typically, rhabdophane
type TbPO4 nanorods form at low temperature and zircon type TbPO4 nanocubes
form at high temperature, both with acidic mother liquors [46]. Hexagonal DyPO4

nanorod bundles form at low temperature [51]. Usually, the rhabdophane products
of light rare earths convert to monazite products, while the churchite phase converts
to zircon products with heat treatment [52].

Surfactants, chelating agents, as well as block copolymers are used to control the
size and shape of rare earth phosphate nanocrystals. Bu et al. reported a P123-
assisted hydrothermal synthesis of CePO4:Tb single-crystalline thin nanorods of
10–12 nm in width. The surfactant Pluronic P123 was found to play a crucial role
both to improve luminescence properties and nanorod homogeneity [53]. When the
pH value of reaction system is adjusted to below 1.0, uniform spindle like nanowire
bundles of LaPO4 could be obtained [54]. Xing et al. reported the synthesis of
uniform CePO4 nanorods by reaction of aqueous [(CTA)3PO4] micelles with [Ce
(AOT)3] reverse micelles prepared in isooctane [55]. Ghosh et al. reported the
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synthesis of LaPO4:Er,Yb and LaPO4:Er@YbPO4 nanorods using a reverse
micelles system [56]. Li et al. reported an OA-assisted solvothermal routes in mixed
solution of water and ethanol for the synthesis of uniform hexagonal REPO4·nH2O
nanocrystals at 140 ºC (as shown in Fig. 5.9) [57]. The synthesis in high-boiling
solvents gives out a number of advantageous features for the synthesis of doped
REPO4 nanocrytals. Yan et al. reported a series of high-quality dispersible REPO4

nanocrytals with shapes of nanopolyhedra, quasinanorods, nanorods, and nanowires
which are synthesized at 180–260 ºC in oleic acid and oleylamine solvents via a
limited anion-exchange mechanism [58]. The assembly behavior during the syn-
thesis of rare earth orthophosphates has been observed. Li et al. reported a one-pot
synthesis of CePO4 nanowires attached to CeO2 octahedral micrometer crystals
[59]. Ce(NO3)3·6H2O and (NH4)2HPO4 are used in a molar ratio of 2:1, pH value is
tuned to be about 1, and the treatment temperature is 180 ºC. The photolumines-
cence properties of CePO4 nanowires attached to CeO2 octahedral micrometer
crystals are enhanced strongly in comparison with pure CePO4 nanowires.

For anisotropic orthovanadates, the first example reported is LaVO4. Different
from YVO4 that only crystallizes in tetragonal phased structure, LaVO4 exhibits
both monoclinic and tetragonal phased structure. Therefore, phase modulation is the
first task for the synthesis of LaVO4-based materials. Wet chemistry routes always
show superiority on the selective synthesis of nanomaterials with desired phase
structure and morphology [60]. Sun et al. contributed several reports on this subject.
In their synthesis, they used NaVO3 and La(NO3)3 as the starting agents. The phase
structure and morphology of LaVO4 are dominated by aqueous pH value. Below
pH 3.5, LaVO4 crystallizes into irregular shaped m-phase nanoparticles. The t-
phase nanorods only form in the pH range of 4.5–6.0. It is noticed that at early
stage, NaVO3 and La(NO3)3 solution were mixed to form a yellow suspension of
m-LaVO4. Then, the crude precipitates were transformed into t-LaVO4 nanorods
during a 48 h hydrothermal treatment at 180 °C with pH value of 4.5–6.0. The
obtained nanorods had average diameters of 20 nm and lengths close to 100 nm
along [001] direction. Besides the direct precipitation combining hydrothermal
treatment, introducing chelating agent is also a powerful tool to restrict crystal
growth, regulate the crystallization and get anisotropic materials. Yan et al. firstly
used EDTA-assisted hydrothermal method to prepare t-LaVO4 nanorods. The
transformation from monoclinic phase to the metastable tetragonal structure dra-
matically enhanced the luminescence intensity of LaVO4:Eu, validating the

b Fig. 5.8 a TEM image of LaPO4 nanowires; b HRTEM image of a single 23 nm LaPO4

nanowire; c TEM image of SmPO4 nanowires; d TEM image of a uniform 50 nm SmPO4

nanowire; e HRTEM image of a single SmPO4 nanowire taken from the highlighted section with
inset showing the electron diffraction pattern; f TEM image of EuPO4 nanowires; g TEM image of
a uniform 80 nm EuPO4 nanowire; h HRTEM image of a single EuPO4 nanowire taken from the
highlighted section with inset showing the electron diffraction pattern; i TEM image of CePO4

nanowires; j TEM image of PrPO4 nanowires; k TEM image of NdPO4 nanowires; and l TEM
image of GdPO4 nanowires/nanorods. (Reprinted with permission from [46]. Copyright 2003
Wiley-VCH.)
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correlation between structure and properties of materials [61]. They subsequently
found that weak coordinating ligands, like sodium acetate or sodium citrate, only
promote the crystallization of m-LaVO4, also benefits the homogeneous doping of
other rare earth ions in LaVO4 lattice [61], but have no effect on the polymorph
selection for the tetragonal phase. Also, by varying the ratio of [EDTA]/[La3+], the
aspect ratio of the LaVO4 nanorods/nanowires also could be tuned (as shown in
Fig. 5.10) [62, 63]. Employing a reverse microemulsion system with SDS (sodium
dodecylsulfate) as the surfactant, Fan et al. obtained t-LaVO4 nanowires and
nanotubes after 170 °C treatment [64]. By altering the SDS concentration, the
morphology of LaVO4 was variable between nanowires and nanorods, and the
aspect ratio along the [001] direction could reach 100.

5.2.2 Two-Dimensional (2D) Nanostructures

Recently, 2D nanomaterials, such as nanoplates and nanosheets have attracted
broad attention because of their special structures and properties coming from the
quantum confinement of electrons [65–68]. However, the facile synthesis of 2D rare
earth oxide nanomaterials remains a challenge [69, 70]. Yan’s group synthesized a
series of dispersible rare earth oxide nanocrystals using rare earth benzoylacetonates
[71], acetylacetonates, or acetates [72] as precursors by thermal deposition method

Fig. 5.9 TEM image of REPO4·nH2O nanocrystals: a Dy, b Er, c Ho, d Tm, e Yb, and f Lu.
(Reprinted with permission from [57]. Copyright 2007 Wiley-VCH)
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(as shown in Fig. 5.11). Interesting, these nanocrystals exhibit a striking ability to
self-assemble into large-area nanoarrays. By tuning the polarity of the dispersant,
the RE2O3 nanocrystals could be aligned to form “side-to-side” or “face-to-face”
self-assembly nanoarrays on carbon-coated copper grids [71, 72]. Rare earth oxides
with different morphologies, including nanopolyhedra, nanoplates, and nanodisks,
were synthesized in oleic acid/oleylamine mixed solvents. The nature of metal
cations as well as the selective adsorption of the capping ligands plays a critical role
in the shape-controlled growth process.

Murray et al. synthesized ultrathin 2D ceria nanoplates via a thermal decom-
position method in the presence of mineralizers (sodium diphosphate) [73]. Many
reaction parameters, such as precursor ratio, concentration, and reaction time, were
varied to tune the morphology of nanoplates. Sodium diphosphate proved to be
critical for accelerating the crystallization process and controlling the morphology
of ceria nanocrystals. The obtained CeO2 nanoplates exhibit much higher oxygen
storage capacity than that of 3D CeO2 nanomaterials prepared with other methods
due to their higher theoretical surface-area-to-volume ratio and desirable (100)
surfaces.

Generally, metal oxides with a cubic crystal structure, including ceria, inherently
do not show any preference for 2D anisotropic growth behaviors. However, Xia
et al. prepared ultrathin, single-crystalline ceria nanosheets with a thickness of
approximately 2.2 nm and lateral dimension up to 4 μm by a simple aqueous route
(as shown in Fig. 5.12) [74]. A balance of the anisotropic hydrophobic attraction
and the electrostatic interactions may govern the spontaneous 2D self-organization

Fig. 5.10 TEM and HRTEM images of as-obtained t-LaVO4 nanocrystals (a and b) and t-LaVO4

nanorods (c and d). (Reprinted with permission from [63]. Copyright 2005 American Association)
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of initially formed small ceria nanocrystals. Subsequently, the nanosheets were
formed through a recrystallization process. Due to the quantum size effect associ-
ated with the extremely small thickness, these ceria nanosheets hold great potentials
for fundamental studies.

In order to study the role of active sites in catalysis, Xie’s group successfully
synthesized three-atom-layer thin CeO2 sheets with about 20 % pits occupancy
using an “ultrafast open space transformation” strategy [75]. An intermediate of
ultrathin CeCO3OH sheets with thin 2D structures were obtained using sodium
oleate, CeCl3 and NH3·H2O as the starting materials. Subsequently, freestanding
ultrathin CeO2 sheets with numerous surface pits were synthesized after direct
heating of the CeCO3OH intermediate at 400 °C for 2 min in air. By contrast, they
prepared clean three-atom-thick CeO2 sheets without surface pits by elevating the
heating temperature to 550 °C and shortening the duration to 10 s.

Rare earth fluorides and complex fluorides often take 2D shapes. Li et al. syn-
thesized uniform LaF3 nanoplates with Yb3+/Er3+ and Yb3+/Ho3+ dopants in a
hydrothermal autoclave [76]. Yan’s group employed the thermolysis approach with
the single precursor La(CFCOO)3 and obtained highly monodisperse LaF3

Fig. 5.11 a Formation of rare earth oxide nanopolyhedra, nanoplates, and nanodisks. b–d TEM
images of the as-obtained Eu2O3: b OA/OM = 1:7, 310 °C, 1 h (inset HRTEM image of an Eu2O3

nanoparticle; scale bar 10 nm); c OA/OM = 3:5, 310 °C, 20 min; d OA/OM = 3:5, 330 °C, 1 h.
(Reprinted with permission from [71]. Copyright 2005 John Wiley and Sons)
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triangular nanoplates [77]. By altering the solvent, the nanoplates can self-assemble
into highly ordered superlattices on substrates in a side-by-side or face-to-face
manner (as shown in Fig. 5.13). They subsequently obtained monodisperse ultrathin
LaOCl nanoplates (ca. 4.0 nm in thickness) using a similar method [78], and found
that when different long chain amines (oleylamine, hexadecylamine and octadec-
ylamine) were used as the surfactant, the LaOCl nanoplates could self-organize into
face-to face and side-by-side superstructures, nanowire-like and nanorod-like
superstructures. The different interaction strengths of amine capping ligands were
presumed to be responsible for the different behaviors in self-assembly configura-
tions. Apart from self-assembly, the same group also employed Langmuir-Blodgett
technique to fabricate dense monolayers of a variety of differently shaped hydro-
phobic nanostructures [79], including sphere-like NaYF4 and LiYF4 polyhedra, 1D

Fig. 5.12 Characterization of ceria nanosheets. a, b TEM images of nanosheets with different
sizes. c TEM image of a self-folded nanosheet. d Tapping-mode AFM image and the height along
the line shown in the AFM image. e Powder XRD pattern. f HRTEM image and the corresponding
FT pattern (inset). (Reprinted with permission from [74]. Copyright 2010 John Wiley and Sons)
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NaYF4 nanorods, 2D LaF3 triangular nanoplates, CaF2 square nanoplates and EuF3
hexagonal nanoplates. The effects of size, shape symmetry on the assembly kinetics
were discussed.

Examples of 2D rare earth phosphates and vanadates are relatively rare, since they
usually take rod-like or spindle-like shapes due to their crystal structures. Li et al.
reported an oleic-acid-assisted solvothermal routes in mixed solution of water and
ethanol for the synthesis of uniform REPO4·nH2O nanocrystals at 140 ºC [57].
Hexagonal nanoplates with sub-100 nm diagonal diameter could be obtained, which
self-assembled on substrate into ordered hexagonal monolayers. Qian et al. syn-
thesized a series of rare earth vanadates and compared the effect of different chelating
ligands including trisodium citrate, sodium tartrate and sodium malate [80]. They
found when the amount of citrate or tartrate was higher than twofold molar ratio of
Y3+, a preferential growth would arise, yielding YVO4 nanoplates with a donut-like
morphology (as shown in Fig. 5.14). This method can be extended to vanadates of
heavy lanthanide elements, such as DyVO4 and ErVO4. Li et al. prepared LaVO4:Eu
square nanoplates using a hydrothermal method with the assistance of oleic acid as
surfactant [81]. The monodisperse 40 nm × 40 nm × 10 nm nanoplates tend to self-
organize into ordered 2D arrays. They also synthesized a series of t-REVO4 colloidal
nanocrystals by using the same method [82]. They found the preferential growth
direction of nanocrystals was decided by the steric repulsions of active points on
crystal facets. LaVO4, CeVO4, and PrVO4 nanocrystals revealed a square sheet-like
morphology since their [100] and [010] directions had smaller rejection. With
reducing ionic radius, YVO4, NdVO4, SmVO4, and EuVO4 showed similar square
morphology, but the corners and edges of the nanoplates were broken or damaged.
From EuVO4 to LuVO4, the breakage on nanocrystals edges became more pro-
nounced and the proportion of irregular nanocrystals gradually increased. For
TmVO4 and LuVO4, the selectivity of crystalline growth direction almost
disappeared.

Fig. 5.13 TEM images of the a side-by-side and b face-to-face superlattices of LaF3 nanoplates.
Insets are the SAED patterns. (Reprinted with permission from [77]. Copyright 2005 American
Chemical Society)
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Fig. 5.14 SEM images of monodisperse YVO4 assemblies obtained from 24 h hydrothermal
reaction at 140 °C. Different chelating agents were used. a, b 2:1 molar ratio of citrate/Y3+; c, d,
3:1 molar ratio of citrate/Y3+; e, f, 4:1 molar ratio of citrate/Y3+; g, h, 2:1 molar ratio of tarate/Y3+.
(Reprinted with permission from [80]. Copyright 2009 Wiley-VCH)
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5.3 Applications of Rare Earth Based Anisotropic
Nanomaterials

5.3.1 Luminescence Properties and Optical Applications

5.3.1.1 General Introduction of the Luminescence
Properties of Rare Earths

Featuring abundant energy levels of 4f electron configurations, trivalent rare earth
ions activated nanocrystals exhibit unique and fascinating luminescence properties
[83]. Compared with semiconductor quantum dots and organic dyes, rare earth
activated nanocrystals possess excellent photostability, large Stokes/anti-Stokes
shifts, sharp-band emissions, and long luminescence lifetimes [84]. Benefiting from
these advantages, RE-activated nanocrystals are promising candidates for applica-
tions in lighting and displays [85], optical fibers and amplifiers [86], bioimaging
[87], photoactivation reactions [88], and photovoltaic devices [89].

With differently arranged energy levels, various rare earth activators are
endowed with distinctive transition pathways. Ce3+, widely studied and used for
phosphor activators, is featured by its broadband 4f → 5d transition [90]. For other
RE3+ activators, intra-configurational 4f → 4f transitions are the main intrinsic
mechanism for their luminescence processes. Three different pathways for intra-
configurational transition may occur in rare earth ions, namely, down-shifting,
quantum-cutting (also known as downconversion), and upconversion (as shown in
Fig. 5.15). In a down-shifting process, a high-energy excitation photon results in a
low-energy one emitted, with the quantum efficiency below 100 %. Tb3+, Eu3+,
Sm3+ and Dy3+ are typical activators for the down-shifting studies [91]. Due to their
sufficiently high efficiencies and long luminescence lifetimes, down-shifting-based
nanocrystals have been employed as candidates for lighting and displays and

Fig. 5.15 Simplified illustration of intra-configurational transition pathways for rare earth ions.
a Down-shifting. b Quantum-cutting (or downconversion). c Upconversion. The upward,
downward and dashed arrows represent excitation, emission and relaxation processes, respectively
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time-resolved biodetection applications [92, 93]. In a quantum-cutting process, one
high-energy excitation photon splits into two (or more) low-energy ones by cas-
cading down the ladder-like energy levels, with the quantum efficiency above
100 %. Nanocrystals with Pr3+/Gd3+–RE3+ (RE = Eu, Tb, Er) pairs and Yb3+–RE3+

(RE = Tb, Tm, Pr) pairs dominate the quantum-cutting studies [94]. Considering the
high quantum efficiency and specific visible or near-infrared (NIR) emissions,
quantum-cutting-based nanocrystals are promising in lighting, displays, and par-
ticularly, improvement for solar cells [95, 96]. The photon upconversion process
refers to a non-linear optical process where two (or more) low-energy excitation
photons generate a high-energy one assisted by real intermediate excited states,
with the quantum efficiency below 100 % [97]. In this section, we will mainly
discuss the photon upconversion processes and extended optical applications of rare
earth activated anisotropic nanocrystals.

5.3.1.2 Photon Upconversion in Rare Earth Anisotropic
Nanostructures

Due to the high conversion efficiency, energy transfer upconversion (ETU) emis-
sions have been widely studied. Two different types of luminescent centers, namely,
a sensitizer and an activator, are involved in the ETU process [98–100]. Yb3+, with
only one excited state (2F5/2) and a large absorption cross-section at 980 nm, is an
outstanding sensitizer for the ETU process. Moreover, the energy of 2F5/2 state
matches well with that of most rare earth ions, which also facilitates Yb3+ as a
commendable sensitizer. With ladder-like arranged energy levels, long-lived
intermediate excited states and excellent resonance with the energy gap from 2F7/2
to 2F5/2 of Yb3+, Er3+, Tm3+, and Ho3+ (especially Er3+ and Tm3+) ions are ideal
pairing activators for the ETU process. In addition, the host matrices also have
significant influences on the upconversion behaviors of doped luminescent centers.
Generally, rare earth based fluorides and complex fluoride salts are considered as
optimal host matrices due to their low phonon energy and high transparency for
NIR photons [101–103].

In Yb3+–Er3+ activated nanocrystals, three-photon 415 nm emission (2H9/

2 → 4I15/2), two-photon 525, 545 and 655 nm emissions (2H11/2 → 4I15/2,
4S3/

2 → 4I15/2,
4F9/2 → 4I15/2) can be observed after the successive energy transfer from

Yb3+ to Er3+ (Fig. 5.16a) [104]. In Yb3+–Ho3+ activated nanocrystals, three-photon
485 nm emission (5F3 → 5I8), two-photon 545 nm emission (5F4,

5S2 → 5I8) and
650 nm emission (5F5 → 5I8) are the typical upconversion spectral fingerprints
(Fig. 5.16b) [105]. The densely arranged energy levels of Er3+ and Ho3+ determine
that multiple photon upconversion processes are scarcely observed in Yb3+–Er3+

and Yb3+–Ho3+ activated nanocrystals. However, multiple photon upconversion
emissions, coming from three-, four-, and five-photon transitions, can be frequently
detected in Yb3+–Tm3+ activated nanocrystals. This should be attributed to the
discretely arranged energy levels of Tm3+, which, to a large extent, reduce the non-
radiative relaxation processes. Therefore, two-photon 800 and 695 nm emissions
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(3H4 → 3H6,
3F3 → 3H6), three-photon 645 and 475 nm emissions (1G4 → 3F4,

1G4 → 3H6), four-photon 450 and 365 nm emissions (1D2 → 3F4,
1D2 → 3H6), and

even five-photon 345 and 290 nm emissions (1I6 → 3F4,
1I6 → 3H6) can be

simultaneously released from Yb3+–Tm3+ pairs (Fig. 5.16c) [106].
When rare earth activated nanocrystals adopt anisotropic morphologies, their

upconversion properties differ greatly from those with isotropic ones, especially the
polarized upconversion emissions. Qiu et al. for the first time investigated the
polarized upconversion emissions from Yb3+–Tm3+ activated hexagonal phased
NaYF4 single nanorod [107]. Upon excitation with a 980 nm linearly polarized
laser, sharp energy level splitting of the 1D2 and

1G4 states of Tm
3+ was observed at

room temperature, generating singlet-to-triplet emissions at 735 nm (1D2 → 3F3)
and 768 nm (1G4 → 3H5), which previously were assumed to be partially forbidden
(Fig. 5.17a). In the meanwhile, the multiple discrete emission intensity periodic
variation with polarized direction was also observed (Fig. 5.17b). Moreover, the
aspect ratio of nanorod was studied for the effect on the polarization property
(Fig. 5.17c). Hexagonal-phased NaYF4:Yb,Tm single nanorod and single nanodisk
were found to possess quite similar fitting contours in each transition of Tm3+,
suggesting a negligible effect of aspect ratio on the polarization anisotropy.
However, when Gd3+ ions were doped into the nanorods, the polarization anisot-
ropy became distinctly different. Two different kinds of intensity variation states
were observed for each transition. The authors reasoned that the different local
symmetry of Tm3+ in NaYF4:Gd,Yb,Tm nanorods should be responsible. Based on
the comprehensive studies, the intrinsic transition properties and crystal local
symmetry should dominate the polarization anisotropy.

Apart from the polarization anisotropy, the pleochroism of upconversion emis-
sions is also embodied in anisotropic nanocrystals. Yan et al. prepared a series of
hexagonal phased NaYF4:Yb,Er nanocrystals with different sizes ranging from

Fig. 5.16 Proposed upconversion energy transfer pathways in a Yb3+–Er3+, b Yb3+–Ho3+ and
c Yb3+–Tm3+ pairs. Excitation and emission processes are represented by upward and downward
solid arrows, respectively. The dotted and dashed arrows denote energy transfer and non-radiative
relaxation processes, respectively
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*20 to *300 nm. As the size increased, the morphology of the nanocrystals
changed from spherical to disk-like. And the green-to-red emission ratio of Er3+

was found to increase with the nanocrystals from isotropic to anisotropic (Fig. 5.18)
[104, 108]. Furthermore, the authors investigated the upconversion behavior of one-
dimensional NaMgF3:Yb,Er nanorods. Different from the upconversion profile of
hexagonal-phased NaYF4:Yb,Er nanodisks, for which the green emission domi-
nated the visible regime, the green emission from NaMgF3:Yb,Er nanorods was
significantly weaker than the red emission [109]. Recently, they developed a novel
structure of NaYF4:Yb,Er nanocages, deriving from the removal of NaCl in NaCl/
NaYF4:Yb,Er core/cage nanocomposites. The upconversion behavior of NaYF4:
Yb,Er nanocages and nanospheres were examined. It was found that the red-to-
green emission ratio of Er3+ decreased to 0.44 in nanocages from 1.89 in nano-
spheres [110]. Zhu et al. compared the upconversion profiles of orthorhombic

Fig. 5.17 a Scanning electron microscopy image of NaYF4:Yb,Er nanorod and its upconversion
emission spectrum upon excitation with a 980 nm linearly polarized laser. b Polarization angle
(φem) dependent upconversion emission spectra. c Polar plots of the upconversion peak intensity as
a function of the emission polarization angle, which is corresponding to the transitions of Tm3+ in
NaYF4:Yb,Er nanorod, nanodisk, and NaYF4:Gd,Yb,Er nanorod. (Reprinted with permission from
[107]. Copyright 2013 American Chemical Society)

5 Rare Earth Based Anisotropic Nanomaterials … 179



KSc2F7:Yb,Er nanorods with hexagonal NaYF4:Yb,Er nanorods [111]. They
observed greatly enhanced red and violet emissions of Er3+ in KSc2F7:Yb,Er
nanorods. Liu et al. prepared 1D orthorhombic KYb2F7:Yb,Er nanorods, where Yb

3

+ ions were localized as tetrad clusters. The spectral results exhibited that multi-
photon violet emission of Er3+ was significantly enhanced compared with that in
hexagonal NaYF4 nanodisks [112]. Moreover, the violet emission of Er3+ was
assigned as a four-photon emission.

When multiple activators are embedded in anisotropic nanocrystals, the up-
conversion emissions become more intriguing. Li et al. studied the upconversion
behavior of hexagonal phased NaYF4:Yb,Ho nanorods after Ce3+ doping [113].
They observed that the red-to-green emission ratio of Ho3+ increased after the
introduction of Ce3+, with the emission output from pure green to greenish-yellow.
Moreover, unusual 5G5 → 5I7 and

5F2,
3K8 → 5I7 transitions of Ho

3+ and 5d → 4f
transitions of Ce3+ can be simultaneously observed. Qin et al. modulated the red-to-
green emission ratio of Er3+ in hexagonal-phased NaYF4 one-dimensional micro-
tubes by precisely defining the doping ratio of Tm3+ dopant [114]. An increased
red-to-green emission ratio of Er3+ was detected with elevated content of Tm3+

from 0 to 2 mol%, with the emission output altering from green to red. Multiphoton
cross-relaxations within Tm3+

–Er3+ pairs were proposed to account for the spectral
variation. Lee et al. fabricated a series of quasi-two-dimensional anisotropic core/
shell nanostructures, where the shell layers preferentially grew on the side faces
(100) of the hexagonal phased NaYF4 nanocrystals. Er3+ and Tm3+ ions were
separately embedded in the core and shell regions, respectively, giving out multi-
color upconversion emissions upon NIR excitation [115]. Recently, Liu et al.
employed an end-on growth of upconversion nanocrystals compromising Tm3+ and
Er3+ ions onto the hexagonal one-dimensional NaYF4 nanorods. The emission
output was further modulated by tuning the molar ratio of sensitizer and activator.

Fig. 5.18 a Upconversion emission spectra of different sized hexagonal NaYF4:Yb,Er nanocrys-
tals in cyclohexane. b Diagram of green to red emission ratio versus the size of NaYF4:Yb,Er
nanocrystals, with insets representing the morphology transition from isotropic to anisotropic.
(Reprinted with permission from [104]. Copyright 2007 American Chemical Society)
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A series of dual-color upconversion nanorods displaying different combinations of
the three primary colors were obtained (Fig. 5.19). With the dual-color emitting
nanorods, they achieved some prototype models for barcoding for anti-counter-
feiting application [116].

Recent progresses show that upconversion emissions from anisotropic nano-
crystals can be tailored by the other co-assembled nanomaterials. Yan et al.
investigated the upconversion emissions from a two-dimensional dense film of
NaYF4:Yb,Er nanocrystals by co-assembling with Ag nanowires [117]. They
noticed 2.3 fold and 3.7 fold enhancement for the green and red emissions,
respectively. And the large scattering efficiency of Ag nanowires was proposed to
account for the enhancement. Kagan et al. studied the upconversion emission in an
assembly comprising single NaYF4:Yb,Er nanodisk and single Au nanorod (as
shown in Fig. 5.20) [118]. The longitudinal surface plasmon resonance of the Au
rod was tuned to match the 977 nm excitation wavelength of the NaYF4:Yb,Er
nanodisk by tailoring the dimension of the rod. And the spatial distance between the
two composites was within the range of the intense near-fields surrounding the Au
rod tips. As a result, two and threefold enhancements were achieved for the green
and red emissions of Er3+, respectively. Moreover, the enhancements exhibited a
strong dependence on the polarization of the excitation light relative to the Au rod
axis. The longitudinal polarization exhibited more spectral changes than the
transverse one. Zink et al. encapsulated single NaYF4:Yb,Er nanorod and single
smaller superparamagnetic Fe3O4 nanocrystal into one mesoporous silica nano-
particle, and further exposed the nanocomposites to oscillating magnetic field [119].
The upconversion behavior of NaYF4:Yb,Er nanorod was modulated by heat
magnetically induced by Fe3O4 inside the nanocomposites. Spectral results showed

Fig. 5.19 a Scanning electron microscopy image of NaYF4 based nanorod. b–f Optical
micrographs showing five sets of dual-color-banded upconversion nanorods. Note that the
appearance of a tinge color at the tip junction is due to the chromatic aberration and limited
resolution of the microscope. (Reprinted with permission from [116]. Copyright 2014 American
Chemical Society)
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that the emission ratio of 525 to 545 nm of Er3+ enhanced with elevated temper-
ature, which resulted from prolonged exposure time to the magnetic field.

The excitation pathways can be modulated in anisotropic nanocrystals as well.
Yan et al. extended the NIR excitation band of Yb3+–RE3+ (RE = Er, Tm) pairs by
introducing Nd3+ into a separated layer with an array of Yb3+ ions as the energy
bridgers (Fig. 5.21) [120]. As a result, almost similarly efficient upconversion
emissions can be obtained upon 980 nm (for Yb3+) and 808 nm (for Nd3+) exci-
tations. Moreover, the potential overheating issue induced by longtime 980 nm
irradiation was largely minimized by shifting the excitation wavelength to 808 nm.
Similarly, Wang et al. also realized energy transfer management in multishell
structured anisotropic nanorods upon 808 nm excitation [121]. Besides spatial
separation of Nd3+ and activators, Han [122] and Liu [123] also achieved cascade
sensitization of upconversion emissions by co-doping Nd3+ and Er3+/Tm3+ in the
same layer.

5.3.1.3 Optical Applications

The past few years witnessed the rapid development of rare earth upconversion
nanocrystals in various aspects, including bioimaging studies [124], theranostics
[125], sensing and detection [126], photovoltaic devices [127], and photoactivation

Fig. 5.20 Simulated field
intensity enhancement maps
for a transverse and
b longitudinal excitation
polarization. c Representative
upconversion emission
spectra from the center of the
NaYF4:Yb,Er nanodisk under
longitudinal (blue) and
transverse (red) incident
polarization for the Au–
NaYF4:Yb,Er assembly.
(Reprinted with permission
from [118]. Copyright 2014
American Chemical Society)
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reactions [128]. In this part, we will present a brief summary of rare earth up-
conversion nanocrystals for applications in biology and photoresponsive materials.

Due to the specific NIR excitation, resolvable UV to NIR emission and deep
tissue penetration, rare earth upconversion nanocrystals have been widely used as
biomarkers for biological studies. Various models, such as cells [129], C. elegans
[130], rats [131] and rabbits [132], have been employed to assess the bioimaging
performance of rare earth upconversion nanocrystals. Yan et al. examined the
bioimaging capability and assessed the toxicity of NaYF4:Yb,Tm nanocrystals
in vitro and in vivo [133]. After incubation with the upconversion nanocrystals,
bright upconversion emission signals can be collected from HeLa cells and
C. elegans (Fig. 5.22). Moreover, no obvious toxicity effect was found for both
cells and C. elegans. Li et al. synthesized sub-10 nm hexagonal NaLuF4:Gd,Yb,Er
nanocrystals and applied them for sensitive in vivo imaging. Subcutaneous imaging
of 50 KB cells and intramouse imaging of 1000 KB cells after intravenous injection
were obtained [134].

Besides single-modal optical imaging, rare earth upconversion nanocrystals have
also been assembled with magnetic nanocrystals, noble metal nanocrystals and
photosensitive molecules to support multi-modal imaging, theranostic and biode-
tection applications. Liu et al. deposited Au and Fe3O4 nanocrystals onto hexagonal
NaYF4:Yb,Er nanodisks to conduct photothermal therapy, magnetic resonance
imaging and upconversion imaging studies [135]. Yan et al. fabricated multifunc-
tional NaGdF4:Yb,Er@CaF2@SiO2 nanocomposites, which were further grafted
with photosensitizers to generate singlet oxygen, for upconversion imaging, mag-
netic resonance imaging and photodynamic therapy [136]. Li et al. decorated NIR
cyanine dye hCy7 molecules on hexagonal NaYF4:Yb,Er,Tm nanocrystals. When
MeHg+ ions were added to the nanocomposites, the red emission of Er3+ became
significantly enhanced while the NIR emission of Tm3+ sharply decreased.

Fig. 5.21 a Proposed energy transfer pathways for Nd3+ activated upconversion emissions.
b Typical upconversion emission spectra of Yb3+–Er3+ activated nanocrystals upon 980 and
808 nm excitations. (Reprinted with permission from [120]. Copyright 2013 American Chemical
Society)
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They realized both in vitro and in vivo detection of MeHg+ ions with the detection
limit of 0.18 ppb [137].

Upconversion emissions from rare earth activated nanocrystals are also demon-
strated to trigger photoactivation reactions. Diarylethene derivatives, o-nitrobenzyl
containing molecules, and azobenzenes are typical photoresponsive molecules.
Branda et al. used alternative irradiation of upconversion emissions from NaYF4:Yb,
Tm andNaYF4:Yb,Er nanocrystals to remotely control the photoswitching process of
diarylethene derivatives [138]. By precisely defining the composition of upconver-
sion nanocrystals and tuning the NIR excitation power, reversible photoswitching
process of diarylethene derivatives was achieved [139]. Xing et al. reported a novel
type of nanocomposites for controllable release of D-luciferin molecules, which were
decorated on the surface of NaYF4:Yb,Tm nanocrystals via the o-nitrobenzyl
group. Upon NIR excitation, UV emissions from Tm3+ can trigger the disassociation
of D-luciferin molecules [140]. Recently, Yan and Li et al. fabricated a NIR-light-
responsive self-organized helical superstructure by doping chiral azobenzenes and
two-dimensional (2D) Yb3+–Tm3+ activated nanodisks into a liquid crystal host.
Upon high power excitation, UV emissions (Fig. 5.23a) from Tm3+ can direct the

Fig. 5.22 In vitro and in vivo bioimaging of NaYF4:Yb,Tm nanocrystals. a, b False-colored
upconversion emission signals in visible (400–700 nm) and NIR (720–800 nm). c Merged images
of HeLa cells and upconversion emissions. d, e False-colored NIR upconversion emission signal
and the merged image of C. elegans. (Reprinted with permission from [133]. Copyright 2011
Elsevier B.V.)
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trans to cis isomerization of azobenzenes, resulting a red-shifted reflection wave-
length of the liquid crystal (Fig. 5.23b). At low power excitation, the blue emissions
(Fig. 5.23c) from Tm3+ are observed to trigger the reversible process of the blue-
shifted absorption of liquid crystal (Fig. 5.23d) [141].

5.3.2 Magnetic Properties and MRI Applications
of Anisotropic Rare Earth Nanostructures

The rare earth elements are well known for their superior magnetic properties. Their
trivalent ions are characterized by fn configurations, which renders them large
paramagnetic susceptibility (expect Sc3+, Y3+, La3+ and Lu3+, due to their lack of 4f
unpaired electrons) [142]. Different from the 3d electrons of some transition metal
ions (Fe3+, Mn2+ and Co2+, etc.), the 4f electrons of rare earth ions are less influ-
enced by the microenvironment, as they are shielded by outer-shell (5s25p6) elec-
trons. Besides, some of their compounds possess distinctive magnetic properties,
such as large saturation magnetization, large magnetocrystalline anisotropy con-
stant, large magnetostriction constant and remarkable magneto-optic effect [143].
As a result, rare earth materials have been widely used in traditional magnet

Fig. 5.23 Upconversion emission spectra from Yb3+–Tm3+ activated nanodisks and reflection
spectra of liquid crystal upon high power excitation (a, b) and low power excitation (c, d).
(Reprinted with permission from [141]. Copyright 2014 American Chemical Society)
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technology over the past decades, for example, SmCo5 and Nd2Fe14B are well-
known permanent magnets for their large static magnetic field; yttrium barium
copper oxide are famous for displaying high-temperature superconductivity. With
the development of nanotechnology, rare earth magnetic materials also have proved
their great potential for applications in nanoscale, particularly in the field of mag-
netic resonance imaging (MRI) (Table 5.1).

As a very powerful noninvasive detection protocol, MRI has superb advantages,
such as fast scan time, deep penetration, high spatial resolution, and no radio-
chemical damage [144, 145]. Nevertheless, the low imaging sensitivity hampered
its further application. MRI contrast agents (CAs), which are able to alter the
relaxation time of surrounding protons, have been utilized to improve the sensitivity
both in clinical diagnosis and biological research [146]. Longitudinal relaxation
enhancement is mainly related to the inner-sphere regime that chemically
exchanges directly with the paramagnetic centers, while transverse relaxation
enhancement is mainly related to proton’s effective diffusion and interaction with
magnetic dipolar moment in outer-sphere regime (Fig. 5.24) [147]. The ability of
CAs to shorten longitudinal relaxation time (T1) and transverse relaxation time (T2)
is evaluated by longitudinal relaxivity (r1) and transverse relaxivity (r2), respec-
tively. Generally, CAs with low r2 to r1 ratio (r2/r1) are used for T1-weighted
images, while CAs with high r2/r1 are used for T2-weighted images. For clinic, Gd-
based chelates (especially Gd-DTPA) and superparamagnetic iron oxide nanopar-
ticles (SPIO) are most widely used T1 and T2 CAs, respectively. To lower the risks
of free Gd3+, [148] most clinical lanthanide CAs are used in form of chelates, so as
to stabilize Gd3+ by coordination [149, 150]. However, the leakage of Gd3+ is

Table 5.1 Ground state, g values, calculated and experimental room temperature χT value for Ln
(III) ions

Ln (III) Configuration Ground state gJ χTcal
a (emu mol−1 K) χTexp (emu mol−1 K)

Ce f1 2F5/2 6/7 0.8 0.66–0.78

Pr f2 3H4 4/5 1.6 1.45–1.62

Nd f3 4I9/2 8/11 1.64 1.45–1.53

Pm f4 5I4 3/5 0.9 1.05

Sm f5 6H5/2 2/7 0.09 0.32

Eu f6 7F0 0 0 1.53

Gd f7 8S7/2 2 7.88 7.61–7.8

Tb f8 7F6 3/2 11.82 11.76–12.01

Dy f9 6H15/2 4/3 14.17 13.01–14.05

Ho f10 5I8 5/4 14.07 13.26–13.78

Er f11 4I15/2 6/5 11.48 11.05–11.28

Tm f12 3H6 7/6 7.15 7.03

Yb f13 2F7/2 8/7 2.57 2.53

Reprinted with permission from [142]. Copyright 2009 Springer Science and Business Media
aχTcal = (1/8) gJ

2[J(J + 1)]
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inevitable due to coordination equilibrium. Moreover, the Gd3+-based chelates
usually have small molecular weight, resulting in rapid clearance from human body.
Aiming to solve the present problems of chelate CAs, the concept of nanopartic-
ulate CAs has been raised [151]. The advantages of nanoparticle-based CAs
include: (1) rigid inorganic structure could minimize the leakage of Gd3+; (2) high
payload of Gd3+ per nanoparticle could ensure large local contrast enhancement; (3)
larger size than chelates could prolong not only the circulation time in vivo, but also
the rotational correlation time (τR); (4) multi-functional bio-applications can be
realized through doping and further surface engineering.

5.3.2.1 Gd-Based Anisotropic Nanostructures as MRI CAs

With seven unpaired electrons and isotropic orbitals, Gd3+ has both large magnetic
moment and long electric relaxation time (due to the negligible spin–orbit inter-
action), and is widely accepted as the best choice for longitudinal proton relaxation
enhancement [150]. Nano-sized gadolinium oxide nanoparticles were first evalu-
ated for their physicochemical and NMR properties by McDonald et al. in 2003
[152], which opened the research field of rare earth-based nanoparticulate MRI
CAs. Up to now, the studies of Gd-based T1 CAs have been extended from gad-
olinium oxides (Gd2O3) to gadolinium hydroxide (Gd(OH)3), gadolinium fluoride
(GdF3), sodium gadolinium fluoride (NaGdF4) and gadolinium oxysalts (such as

Fig. 5.24 Schematic illustrations of proton phenomena in magnetic systems relating to T1 and T2
relaxations. a Paramagnetic metal complex system and the selected key parameters to T1 relaxation
of protons: molecular tumbling time (τR), proton residence lifetime (τM), and the coordinating
water molecular number (q), while the magnetic gradient field around paramagnetic center is
neglected. b Phenomena of proton interaction with a spherical magnetic nanoparticle system: water
molecular diffusion and chemical exchange with surface magnetic metals, related to their T2 and T1
contrast enhancements, respectively. (Reprinted with permission from [147]. Copyright 2014
American Chemical Society)
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GdPO4), etc. Besides, doping Gd3+ into other inorganic matrices has become an
effective strategy to combine MRI with other imaging modalities [153].

Relaxivity is one of the most important indexes for CAs, which could reflect the
contrast enhancement efficacy. High relaxivity is always pursued, since it will bring
benefits including improved image quality, reduced injection dose and lower risks.
However, the r1 value of Gd-DTPA is quite low (about 4 s−1 mM−1 at 1.5 T) [154].
Although Gd-based nanoparticles were supposed to have higher relaxivities than
Gd-DTPA in the beginning, the r1 values of those nanoparticles in early stage were
still not sufficiently high. This probably could be explained by the immaturity of
synthetic methods, since those nanoparticles usually had irregular shapes and wide
size distribution. In recent years, with the development of synthetic method, uni-
form and monodispersed nanoparticles could be readily obtained, and size has been
found to significantly affect the relaxivity. Lee et al. synthesized ultrasmall para-
magnetic Gd2O3 nanoparticles with the size around 1 nm and a large r1 was
estimated (9.9 s−1 mM−1) [155]. They discussed the size dependence of r1 in two
terms, surface to volume ratio (S/V) and cooperative induction effect. On one hand,
it is indicated that only surface Gd3+ significantly contribute to the longitudinal
relaxation. Therefore, decreasing the size will lead to larger S/V and more surface
Gd3+, and positively influence the r1. On the other hand, several surface Gd3+ could
possibly accelerate the longitudinal relaxation of water protons by cooperative
induction. When the size is too small to produce this effect, the r1 value would
decrease. The optimal range of particle size that they suggested is 1–2.5 nm
(Fig. 5.25). van Veggel et al. reported on the size-tunable synthesis of NaGdF4
nanoparticles below 10 nm [156]. Through the analysis of the relationship between

Fig. 5.25 Schematic diagram showing that a four surface Gd(III) ions as an example
cooperatively induce the longitudinal relaxation of the water proton, whereas b such an effect
does not exist in individual Gd(III)−chelates. The interacting and non-interacting Gd(III) ions with
a water proton are denoted as dotted and solid arrows for their spins, respectively. The ligands are
drawn arbitrarily. (Reprinted with permission from [155]. Copyright 2009 American Chemical
Society)
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particle size and r1, they revealed that surface Gd3+ are the major contributors to the
relaxivity enhancement, and surface Gd3+ on a larger nanoparticle affect the re-
laxivity more strongly than those on a smaller nanoparticle.

Besides S/V, τR is another important parameter affecting relaxivity, which is
mainly determined by hydrated radii of nanoparticles [157]. For 0D nanomaterials,
the τR value shortens with decreasing size, counteracting the effect of S/V towards
relaxivity. Whereas for rare earth based nanomaterials with anisotropic morphol-
ogy, the effect of S/V and τR could be consistent, as a result, high relaxivity could be
realized through rational design of anisotropic nanoparticles.

For 1D nanostructures, most of the Gd-based nanomaterials have rod-like
morphology. Suzuki et al. synthesized dextran coated rod-like GdPO4 nanoparti-
cles, with 20–30 nm in the major axis and 6–15 nm in the minor axis [157]. The
nanoparticles showed high r1 and r2 values of 13.9 and 15.0 s−1 mM−1, respec-
tively, and 1.1 as the r2/r1 value at 0.47 T. The tumors in rabbit could be effectively
visualized with only 1/10 of the applied dose compared to the clinically used Gd-
DTPA [158].

Rod-like Gd(OH)3 nanoparticles with the length of 150 nm were synthesized by
Gillis et al., showing r1 and r2 of 4.03 and 8.0 s−1 mM−1, respectively, at 1.5 T
[159]. As the magnetic field increased to 7 T, the r1 slightly decreased and r2
increased linearly with the field. Zhao et al. synthesized GdPO4 nanorods (up to
*100 nm in length and *10 nm in diameter) in the presence of PVP molecules
[160]. The r1 of GdPO4 was 2.08 s−1 mM−1 at 4.7 T. Size-dependent MRI relax-
ivity of Eu-doped GdPO4 rod-like nanoparticles was investigated by Talham et al.
[161]. They found although ionic molar relaxivity decreases for larger particles, the
relaxivity per nanoparticle can be significantly greater. By doping light-emitting
lanthanide ions into GdPO4 host matrix, bimodal nanoprobe (luminescent and
magnetic) could be obtained.

Tan et al. demonstrated a simple synthetic strategy for the fabrication of Tb and
Yb/Er doped Gd2O3 nanorods [162]. As refluxing progressed, monodispersed
quasi-spherical Gd2O3 nanocrystals were produced at first, and then fused into
nanorods (18.8 ± 5.7 nm in length). The Yb/Er co-doped Gd2O3 nanorods exhibit
good T1-weighted MRI contrast enhancing and upconversion fluorescence prop-
erties. They also prepared NaDyF4:Yb

3+/NaGdF4:Yb
3+,Er3+ nanorods, with the

average diameter and length of 21 and 45 nm, respectively [163]. The r1
(0.321 s−1 mM−1) is quite small, and the presence of Dy3+ is inferred to affect the T1
induced by Gd3+. However the r2 (437.97 s−1 mM−1) is much higher than other
reported Dy-based materials, probably due to the additional synergistic contribution
of T2 shortening by the Gd3+ sitting adjacent to Dy3+ in the nanorods.

Jin et al. reported a facile solvothermal approach to synthesize monodispersed
ultrathin GdF3 nanowires (lengths of 20–40 nm and diameters of ca. 2 nm) [164].
The nanowires were formed through assembly of GdF3 nanocrystals. The surface
capping ligands anchored to some specific GdF3 surfaces selectively, and thus
facilitated the oriented attachment along the no (or less) capped crystal planes. After
modificated with the surfactant Pluronic F127, the GdF3 nanowires showed high r1
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of 15.0 s−1 mM−1 at 7 T. The large length in 1D direction and low symmetry of
nonspherical structure prolonged their τR compared to 0D nanoparticles, which was
believed to be responsible for the high r1.

2D nanostructures have also been well studied. Murray et al. reported shape-
controlled synthesis of Gd2O3 tripodal and triangular nanoplates [165]. With an
increase of magnetic field strength from 9.4 to 14.1 T, the r1 of PEI-capped Gd2O3

tripodal nanoplates decreased from 1.41 to 0.89 s−1 mM−1, and r2 increased from
140 to 193 s−1 mM−1. Reduced spectral density at higher magnetic field strengths
results in less efficient dipole-dipole relaxation and a corresponding decrease in r1.
The magnetic moment of paramagnetic nanoparticles is proportional to local
magnetic field strength, resulting in more effective dephasing of proton and thus
increased r2 at higher fields.

Colvin et al. synthesized Gd2O3 nanoplates via a thermal decomposition method
[166]. The nanoplates have a core diameter varying from 2 to 22 nm and a thickness
of 1–2 nm. When coated with an octylamine modified poly(acrylic acid) polymer
layer, the r1 of 2 nm Gd2O3 nanoplates reached 47.2 s−1 mM−1 at 1.41 T, about 10
times higher than that of Gd-DTPA.

Li et al. reported the synthesis of lanthanide ion doped GdVO4 tetragonal
nanosheets (with a thickness of *5 nm and a width of *150 nm) using a facile
solvothermal reaction [167, 168]. After the ligand exchange reaction with poly
(acrylic acid), the hydrophilic nanosheets showed excellent paramagnetic properties
(r1 reached 37.8 s−1 mM−1 at 0.5 T). This high r1 was attributed to the special 2D
nanostructure, since most of the Gd3+ were exposed on the surface of nanosheets
and water-soluble polymer coating may offer a hydrophilic interface between the
surface of the nanosheets and water molecules.

Alexandrou et al. synthesized Eu-doped GdVO4 nanoparticles which combine
magnetic resonance contrast enhancing properties with luminescence properties and
hydrogen peroxide sensing features [169]. The 2D projection of the nanoparticles is
an ellipse with the two major axes having lengths of 13.1 ± 1.1 and 26.6 ± 4.8 nm,
respectively. The paramagnetic nanoparticles showed high r1 (8.18 s−1 mM−1) and
r2 (9.38 s−1 mM−1).

5.3.2.2 Ln3+(Other Than Gd3+)-Based Anisotropic
Nanostructures as MRI CAs

Currently, the development of MRI is towards high field to further increase the
signal-to-noise ratio, and to further improve the temporal and spatial resolution
[170]. Unfortunately, the efficiencies of current clinically used CAs are reduced
when field strength increased to higher than 3 T [145, 171, 172]. Therefore, CAs
with high performance under high magnetic field are in urgent need. Paramagnetic
trivalent RE3+ ions other than Gd3+ are less efficient T1 relaxation agents, mainly
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due to their short electronic relaxation time. However, those paramagnetic RE3+

with large magnetic moments (such as Tb3+, Dy3+, Ho3+ and Er3+) can induce field
inhomogeneities, resulting in transverse relaxation enhancement of protons [173].
The r2 of lanthanide nanoparticles appeared to be proportional to the magnetic field
strength and to the square of the effective moment of the lanthanide [174]. Thus,
lanthanide-based nanomaterials hold great potential as T2 CAs for high field MRI
[171, 175].

Same with T1 CAs, relaxivity properties of T2 CAs are also believed to be influ-
enced significantly by size and shape. van Veggel et al. synthesized NaDyF4 nano-
particles with different sizes, and studied size dependence of r2 [176]. They found
larger nanoparticles show higher r2 than smaller ones, and attributed this to spin-
canting effects. With the decrease in the nanoparticle size, the S/V ratio increases and
curvature of nanoparticles becomes more pronounced. Spins located near the surface
tend to be slightly tilted, resulting in lowmagnetization value for small nanoparticles.
Zeng et al. reported the synthesis of NaErF4 with different shapes and discussed the
shape induced magnetic properties [177]. They speculated that the different shape
anisotropy leads to the difference of magnetization, and consequently the rod-like
morphology had highest magnetization. After doping with Yb3+, multi-functional
NaErF4 nanorods were obtained, combining upconversion emission, X-ray attenu-
ation and negative relaxation enhancement properties [178].

Shen et al. reported Co2+-doped NaYF4:Yb
3+,Tm3+ nanorods (mean width of

19.8 nm and mean length of 33.2 nm) as dual-modality imaging nanoprobes [179].
The r2 of nanorods was up to 1544 s

−1 mM−1, due to the doping of Co2+. Except the
aforementioned sodium lanthanide fluoride, hydroxides with rod-like morphology
have also been reported. Lee et al. reported water-soluble and biocompatible D-
glucuronic acid coated Dy(OH)3 nanorods (20 × 300 nm) and Eu(OH)3 nanorods
(9.0 × 118.3 nm) [180, 181]. The r1 and r2 of Dy(OH)3 was 0.97 and
181.57 s−1 mM−1 at 1.5 T, respectively, while both of r1 and r2 were very small for
Eu(OH)3, probably due to the insufficient surface coating. To compensate for the
deficiencies of individual imaging modalities, NaDyF4 nanorods coated with α-
cyclodextrin and modified with Gd-DTPA were prepared by Liao et al. [182] Dy3+

in the host matrix induces a high X-ray attenuation ability for CT and negative
enhancement for T2-weighted MRI (r2 = 7.68 s−1 mM−1), while Gd-DTPA induces
positive enhancement for T1-weighted MRI (r1 = 4.65 s−1 mM−1).

Reports of 2D lanthanide-based nanomaterials as MRI CAs are quite rare,
probably due to the relatively large S/V ratio, which is unfavorable for T2 CAs as we
discussed above. Lanthanide (Gd, Dy and Yb) oxides nanodisks were produced
with high-temperature colloidal syntheses by Helms et al. [183]. These nanodisks
were 10–14 nm in diameter with a thickness of a single unit cell. For Dy2O3

nanodisks, their r2 values showed ca. 1.7-fold enhancement over Gd-DTPA when
passivated with poly(acrylic acid)-methoxy-terminated polyethylene oxides along-
side Gd-DTPA at 1.41 T.
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5.3.3 Catalytic Application of Rare Earth
Anisotropic Nanostructures

The catalytic applications of rare earth nanomaterials draw large attention due to the
unique electronic structures as rare earth elements possess 4f orbitals without full
electron occupancy and lanthanide contraction. In particular, La and Ce are
extensively used as catalyst or catalytic components. Among the compounds of La
and Ce, ceria is the most representative catalyst and has been widely used in a
number of catalytic reactions. Ceria can uptake and release oxygen owing to the
transformation between Ce3+ and Ce4+ [184]. When the size decreases to nanometer
scale, ceria exhibits more excellent performances due to high ratio of atoms
exposed and thus high specific area. A large number of researches related to the
controllable synthesis and applications of ceria nanomaterials have been conducted
in the past decade. Therefore, here in this section, we will mainly focus on nan-
oceria to demonstrate the properties and applications of rare earth nanomaterials.

5.3.3.1 Basic Properties of Ceria Nanocrystals

As mentioned before, CeO2 crystals are in fluorite structure, consisting of a face-
centered cubic (fcc) unit cell of cations with anions occupying the octahedral
interstitial sites [185]. In this structure, each cerium cation is coordinated by eight
nearest-neighboring oxygen anions, and each oxygen anion is coordinated by four
nearest-neighboring cerium cations. Of note, there exist both +3 and +4 oxidation
states for cerium, and the transformation between Ce3+ and Ce4+ is reversible. Ceria
can form a non-stoichiometric oxide (CeO2–x) through releasing or uptaking oxygen
at the ambient partial pressure of oxygen, while maintaining the crystal structure
[186]. However, owing to the transformation between Ce3+ and Ce4+, the dis-
crepancy in the number of atomic neighbors and interatomic distances can cause
surface defects in ceria, which is often responsible for the catalytic activity of ceria
[17]. The main defect in CeO2 is the formation of oxygen vacancies. The fluorite
structure allows oxygen atoms for rapid diffusion as a function of the number of
oxygen vacancies. This character endows ceria nanomaterials the capacity to store
and release oxygen. In order to maintain the charge balance, the oxygen vacancies
form and disappear during the transformation between Ce3+ and Ce4+ [187].
Oxygen vacancies can be produced via the following defect reaction:

Oo + 2CeCe = 1=2O2 + V€oþ 2Ce0Ce ð1Þ

in which CeCe, Oo, Vö and Ce′Ce represent Ce
4+, O2−, oxygen vacancies and Ce3+,

respectively. Oxygen vacancies play an important role in the activity of ceria
nanomaterials for the various catalytic reactions like CO oxidation [188]. Besides
the defect properties, ceria also possesses versatile acid–base properties [189].
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The defect and acid–base properties are the bases of catalytic applications of ceria
nanomaterials.

There are three low-index lattice planes on the surface of CeO2 nanocrystals:
(100), (110) and (111) [185]. According to density functional theory calculations,
their stability follows this sequence: (111) > (110) > (100), while their activity
follows the opposite order [190, 191]. And the oxygen vacancies are different on
three planes. The energy required to generate oxygen vacancies on (111) plane
surface is greater than those on (110) and (100) plane surfaces. Therefore, (110) and
(100) planes in ceria are favorable in catalytic reactions owing to more vacancies.
Generally, the shape of CeO2 will determine the exposed lattice planes. For
example, ceria nanoparticles consisting of octahedra or truncated octahedral shapes
mainly expose the most stable (111) facets, while nanorods can be enclosed by
(110) and (100) planes, and nanocubes can expose (100) planes. So there are more
oxygen vacancies on the surface of nanorods and nanocubes. In view of the intrinsic
activity of different planes, the catalytic performance and applications are consid-
ered to be closely linked to morphologies of ceria nanomaterials. Recently, ceria
nanomaterials have been applied in a number of catalytic reactions, such as carbon
monoxide (CO) oxidation, photocatalysis, organic chemistry and bio-anti-
oxidation.

5.3.3.2 Catalysis for CO Oxidation

Ceria nanomaterials have been extensively applied in heterogeneous catalysis based
on its ability to release and uptake oxygen [192]. CO oxidation is a simple but most
extensively studied reaction in heterogeneous catalytic reaction. The reports on
catalytic application of ceria nanomaterials for CO oxidation are abundant.
Recently, the morphology-dependent catalytic properties of ceria nanomaterials
have been investigated including 0D nanostructures (nanocube [193, 194], na-
nopolyhedron [194]), 1D nanostructures (nanowire [193, 195], nanorod [193, 196],
nanotube [193, 196]) and 2D nanostructures (nanoplate [196]).

The morphology-dependent activities toward CO oxidation of ceria nanomate-
rials are essential for developing advanced catalysts. The activities of ceria toward
CO oxidation are regulated through controlling morphologies by the modulation of
specific area, exposed facets and oxygen vacancies. Ceria nanomaterials with high
specific area which have more active sites show superior catalytic performance
[197]. For example, Li et al. [197] prepared CeO2 hollow spheres via a layer-by-
layer method and observed the activity of the CeO2 hollow spheres was higher than
that of the non-hollow counterpart. Furthermore, CeO2 nanotube also exhibited
better catalytic performance in CO oxidation due to the exposed inner and outer
surface [198]. Therefore, multifold ceria nanomaterials with high specific area were
investigated so as to design favorable catalyst, such as spindle-like CeO2 [198],
platelet-like CeO2 [199] and mesoporous CeO2 [200].

However, specific area is not the sole factor influencing the catalytic activity
toward CO oxidation. For example, Zhou et al. [22] reported that single CeO2
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nanorods are more active for CO oxidation than irregular nanoparticles. The higher
activity was attributed to more exposed reactive crystal planes (100) and (110).
Recently, morphology-controlled synthesis of ceria nanomaterials, such as nano-
cubes, 1D nanomaterials (wire, rods and tubes) and 2D nanomaterials (plates),
provide an opportunity for designing excellent catalytic materials with desirable
exposed planes. For example, Yan et al. [24] focused on the shape-dependent
oxygen storage capacity of ceria nanocrystals with various shapes (nanopolyhedra,
exposing (111) and (100); nanorods, (110) and (100), and nanocubes, (100)). The
results showed that nanorods and nanocubes were more active than nanopolyhedra.
Therefore, the design of highly active catalyst with well-defined crystal planes has
been attractive and challenging in CO oxidation. Wu et al. [201, 202] investigated
CO oxidation over ceria nanocrystals with defined surface planes including rods,
cubes, and octahedra. They revealed that the reducibility of these ceria nanoparti-
cles is in accordance with their CO oxidation activity, following the sequence:
rods > cubes > octahedral. In addition, the intrinsic factor for this order was surface
oxygen vacancies on different planes. The redox activity of ceria is proposed to be
controlled by the nature of the oxygen vacancies which is critical for ceria catalysis.
Wu et al. [201] probed defect sites on CeO2 nanocrystals with well-defined surface
planes by Raman spectroscopy and O2 adsorption. They observed nanorods have
the most abundant intrinsic defect sites, followed by nanocubes and nanooctahedra
when ceria was oxidized. In addition, when ceria was reduced, more defect sites
induced are clustered on nanorods than on nanocubes. However, very few defect
sites can be generated on the nanooctahedra due to its lowest reducibility.
Moreover, increasing the proportion of active planes is an efficient approach for
enhancing the catalytic activity. Both CeO2 nanorods and CeO2 nanowires prepared
by Tana et al. [203] predominantly exposed the reactive {110} and {100} planes.
However, the CeO2 nanowires exhibited higher activity for CO oxidation than
nanorods because CeO2 nanowires expose a larger proportion of active planes on
the surface. Other 1D and 2D ceria nanomaterials were also assessed in CO oxi-
dation, such as CeO2 nanotubes, spindle-like CeO2, platelet-like CeO2, CeO2

nanoplates. The CO oxidation properties of nanorods, nanoplates, and nanotubes
were investigated by Pan et al. [14]. They observed an enhanced catalytic activity
for CeO2 nanoplates compared with CeO2 nanotubes and nanorods, and the crystal
surfaces (100) of CeO2 nanoplates were considered to play an important role in
determining their catalytic oxidation properties.

In addition, even if the morphology of ceria is the same, the activity can be
modulated by synthetic conditions. For example, Liu et al. [188] prepared two
nanorod samples by changing the precursor. Sample A with exposed (100) and
(111) facets showed lower activity than Sample B with exposed (100) and (110)
facets. The difference could be attributed to the difference of oxygen defects.
Therefore, in summary, the activity of nanoceria for CO oxidation is dependent on
the morphology, due to the differences in specific area, exposed planes and oxygen
vacancies.
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5.3.3.3 Photocatalysis

The researches regarding to photocatalytic applications of ceria nanomaterials are
mainly focused on the degradation of organic pollutants, including methylene blue,
methyl orange, Congo red and so on [204–207]. For example, Lu et al. [206]
reported the application of ceria nanowire in removing the Congo red. In addition,
ceria nanomaterials also exhibit activity in photolysis of water [208]. Lu et al. [208]
observed that CeO2 nanorods with (110) planes showed considerable photocatalytic
activity for hydrogen evolution due to their redox capacity.

5.3.3.4 Catalysis of Organic Chemistry Reactions

The redox and acid–base properties of ceria are important factors that allow for
activating complex organic molecules and selectively orienting their transformation
[189]. Sato’s group conducted significant research on catalytic application of ceria
nanomaterials in organic synthesis, including alcohol dehydration reaction, alkyl-
ation reaction, condensation reaction and so on. For example, they reported CeO2

(111) facets have active sites for the reactions of butanediols and of propanoic acid
[209]. In addition, ceria nanomaterials also exhibit excellent catalytic properties in
redox organic reaction. Lv et al. [210] reported that CeO2 nanocube with exposed
(100) facets showed exclusive selectivity for the oxidation of toluene to benzal-
dehydes in liquid phase by O2. CeO2 nanoplates prepared by Zhang et al. can
selectively catalyze the reduction of nitro-aromatic compounds [211, 212].

5.3.3.5 Catalysis for Anti-oxidation

Recently, ceria nanomaterials attract large attention as an excellent anti-oxidant due
to the reversible conversion between Ce3+ and Ce4+ [213]. It was reported that ceria
nanomaterials can promote the decomposition of superoxide anion (O2•

−), hydro-
gen peroxide (H2O2) and hydroxyl radical [213–215]. Biologically, owing to the
oxygen defects on the surface acting as sites for free radical scavenging, ceria
nanoparticles exhibit excellent anti-oxidation performance in protecting cells from
radiation, inflammation, ischemic strokes and so on [26, 216–218]. Kim et al.
reported that ceria nanoparticles can protect against ischemic stroke [216]. Chen
et al. showed that nanoceria particles can prevent increases in the intracellular
concentrations of ROIs in primary cell cultures of rat retina and, in vivo, prevent
loss of vision due to light-induced degeneration of photoreceptor cells [217]. The
results reported by Nel et al. showed that CeO2 nanoparticles can suppress the
generation of reactive oxygen species (ROS) production, induce cellular resistance
to an exogenous source of oxidative stress and protect cells from oxidant injury
[218].

Most published studies show that nanoceria is well tolerated in living organisms.
However, the bio-response was closely linked to the morphology of ceria.
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Therefore, the bio-safety of ceria nanomaterials with particular morphology should
be concerned, such as nanorods. Nel group conducted the systematic study about
the effect of aspect ratio (R) of ceria nanorods on lysosomal damage, cytotoxicity,
and 1L-1β production by the human myeloid cell line (THP-1) [26]. Their results
showed that short CeO2 nanorods with R = 1–16 were nontoxic. The nanorods with
intermediary aspect ratios (R = 22, 31) did not cause any obvious cell death but did
induce IL-1β production. The two nanowire samples with the highest aspect ratio
led to significant IL-1β release as well as cell death. They also performed com-
parative studies in mouse and gastrointestinal tract (GIT) of zebrafish larvae in
order to verify this toxicological paradigm for large-aspect-ratio CeO2 nanoparticles
[219].

5.3.3.6 Other Applications

Ceria as catalyst is also applied in other catalytic reactions, such as steam reforming
[220], reduction of nitrogen oxide [221], gas sensitivity [222] and so on. Han et al.
studied the application of CeO2 nanotubes in steam reforming reaction [220], and
observed that CeO2 nanotubes showed higher activity than bulk CeO2. In addition,
rare earth composite nanomaterials are also widely used in industrial catalysis
acting as catalyst. Besides acting as the active component in catalytic field, CeO2

possess extensive applications acting as support. For example, the composite cat-
alyst, consisting of CeO2 and noble metal, was applied in three way catalyst, CO
oxidation, reforming reaction, water–gas shift reaction, NO reduction and so on
[223–227].

5.4 Perspective

The research field of rare earth based anisotropic nanomaterials has witnessed a
rapid development during the past few decades, due to their rich interests in
numerous applications. Though tremendous success has been achieved, a few
scientific challenges are yet to be addressed:

(1) Synthesis mechanism. The synthesis mechanism for plenty of systems remain
unclear or ambiguous, or simply still in the phase of presumption. This issue is
largely owing to the lack of powerful, in situ and real-time characterization
tools to monitor and document the reaction process. Therefore, developing
some general and highly sensitive on-line monitoring methodologies is
urgently necessary for investigating the synthesis mechanism. And undoubt-
edly, a more in-depth understanding of the synthesis mechanism would help
scientists to design synthetic routes for nanostructures with desired mor-
phologies, even those thermodynamically unfavorable ones.
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(2) Synthetic methods. The synthetic methods developed so far generally require
stringent conditions, such as high temperature, high pressure and inert gas
atmosphere. In addition, quite a few methods have to be conducted in non-
aqueous solutions, affording nanoparticles with strong hydrophobicity and
poor biocompatibility. And up to date, most synthetic procedures are per-
formed only in the lab in small batches, and can hardly be scaled up to an
industrially relevant level. Therefore, the research field still calls for advanced
synthetic methods that are green, facile, high-throughput, and readily scalable.

(3) Defect management. Defects in/on nanocrystals are inevitable, and can have
both positive and negative effects. For optical applications, it is generally
expected that the phosphors should possess good crystallinity and minimal
defects, and display high luminescence efficiency; whereas for catalysis
applications, defects in/on nanocrystals can usually serve as active catalytic
sites owing to their inherent high-energy states. Therefore, it is still desired to
develop novel methods for effectively annihilating or generating defects in/on
nanocrystals, whether during or after the synthesis.
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Chapter 6
Liquid Crystalline Anisotropic
Nanoparticles: From Metallic
and Semiconducting Nanoparticles
to Carbon Nanomaterials

Hari Krishna Bisoyi and Quan Li

Abstract Anisotropic nanomaterials made of metals, semiconductors, or carbon
are of special interest for their mechanical, electrical, magnetic, optical, chemical
and other spectacular properties in the bottom-up fabrication of advanced functional
materials and devices in the field of nanoscience and nanotechnology. To widen
their applicability, it is necessary to process these anisotropic building blocks into
different well-defined assembly structures with preferred orientations. This chapter
deals with the liquid crystalline properties of one- and two-dimensional (1D and
2D) anisotropic nanoparticles such as nanorods, nanotubes, nanodiscs and graphene
derivatives. The different strategies developed for the realization of liquid crystal
phases from metallic, semiconducting and carbon based anisotropic nanoparticles
have been discussed. High performance materials and devices fabricated by pro-
cessing via liquid crystalline route of these materials have also been highlighted.

6.1 Introduction

Liquid crystals (LCs) represent a state of matter which is characterized by a unique
combination of order and mobility of the building blocks. The building blocks of
the LC phase can be organic, inorganic or organometallic in nature. LC phase is a
true thermodynamic stable state of matter and has been accepted as the fourth state
of matter after solid, liquid and gas. Because of its occurrence between the crys-
talline solid and isotropic liquid, this phase of matter is often referred to as
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mesophase (intermediate phase). The constituents of the mesophases are known as
mesogens. LCs have been regarded as unique functional soft materials from both
scientific and technological point of view [1–7]. The counterintuitive combination
of order and dynamics (fluidity) of the building blocks in this fascinating state of
matter yields soft materials with anisotropic (direction dependent) properties that
are extremely responsive under the influence of small external stimuli [8]. Owing to
their dynamic nature, thermally, photochemically or mechanically induced structure
changes of LCs have been used for the construction of multifunctional stimuli-
responsive materials. The domains of LCs span multiple discipline of pure and
applied science including materials science and bioscience [9, 10]. Moreover, LCs
can be considered as prototype supramolecular systems which furnish well-defined
self-assembled architectures via different non-covalent secondary interactions.
Furthermore, LCs persuasively demonstrate the powerful organization principle of
matter by maximizing the interaction energy and minimizing the excluded volume.
The most common and commercial application of LCs is in flat panel information
display devices popularly recognized as LC displays (LCD). Some of the LCD
devices which enrich the comfort of our everyday modern life are computer-,
laptop- and television-monitors, mobile phone and camera screens, projectors etc.
In addition to their display applications, recently numerous beyond display appli-
cations of LCs are emerging [1].

LCs are commonly classified into two broad classes: thermotropic and lyotropic.
Thermotropic LCs can be obtained either by heating (thermal effect) crystalline
solids or by cooling isotropic liquids. Thermotropic LCs are widely used in flat
panel LCD devices. On the other hand, lyotropic LCs can be realized by dissolving
amphiphilic molecules with sufficient concentrations in suitable solvents. Often
water is used as the solvent and such anisotropic aqueous solutions find their
applications in food and cosmetic industry, soap and detergent industry including
drug delivery, gene therapy etc. [11]. In addition to flexible surfactant molecules, it
has been observed that tobacco mosaic virus (TMV), fd virus, deoxyribo nucleic
acid (DNA) and other biomacromolecules exhibit lyotropic liquid crystalline phases
in water [12–17]. LC nanoscience is currently emerging as an interesting field
which deals with the application of nanoscience and nanotechnology to LC science
[18, 19]. In this context, the design and synthesis of LC anisotropic nanoparticles
are very appealing. Since anisotropic nanoparticles exhibit many fascinating
characteristics, it has been shown that through LC phase processing functional
materials and devices with well aligned nanoparticles can be fabricated in a bottom-
up approach [20–33]. Moreover, lyotropic LC phases can be realized and stabilized
by dispersing anisometric nanoparticles such as rods and discs in appropriate
concentrations under suitable conditions. The theoretical aspects of the LC phases
of the colloids of anisotropic particles (rods and plates) were investigated by
Onsager in 1949 [34]. He rationalized the formation of the nematic phase by
excluded volume effects working among the particles. As the concentration
increases, the colloid transits from the isotropic phase to the isotropic/nematic
biphase, and eventually to the nematic phase. At a larger aspect ratio and high
particle concentration, the loss in orientational entropy is compensated and
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outweighed by the gain in translational entropy. Thus an anisotropic colloid transits
from isotropic to LC state.

In this chapter, LC phase behaviors of anisotropic metallic, semiconducting as
well as carbon based one-dimensional (1D) and two-dimensional (2D) nanoparti-
cles are covered. Different physical and chemical methods used for dispersion and
LC phase formation of nanoparticles under appropriate conditions are discussed. By
tuning the size and shape of the particles and their mutual interactions, novel and
interesting phase behavior has been observed. Exploitation of functional materials
fabricated through LC phase processing of the anisotropic nanoparticles has also
been highlighted.

6.2 Liquid Crystals of One Dimensional (1D) Nanoparticles

6.2.1 Liquid Crystalline Nanorods

Nanorods are a fascinating class of 1D nanomaterials with promising applicable
properties. The physical properties of nanorods can be modulated by varying their
length, diameter and aspect ratios (the ratio between length and diameter).
Compared to their spherical counterparts, nanorods exhibit unique properties. Both
metallic and semiconducting nanorods have been extensively synthesized by top-
down and bottom-up approaches and are studied as enabling building blocks in
nanoscience and nanotechnology. Tremendous attention is devoted to the explo-
ration of novel electric and optical properties of 1D nanoscale materials such as
nanowires, nanotubes and nanorods. Buining et al. reported in 1993 that dispersions
of sterically stabilized rodlike boehmite particles undergo an isotropic-nematic
phase separation [35]. The phase separation process was studied with polarizing
optical microscopy (POM). The boehmite core particles were sterically stabilized
by grafting a layer of poly(isobutene) on their surface. The boehmite particles were
200 nm long and 10 nm wide. Gold nanorods (GNRs) are a promising class of
metallic anisotropic nanoparticles which have been investigated widely in different
areas of nanoscience and nanotechnology as well as in biological sciences and
sensing. The anisotropic nanoparticles are known to self-assemble in different
structures. Interestingly, these ensembles exhibit unique properties that are different
from those of the individual GNRs and bulk materials. GNRs exhibit two kinds of
localized surface plasmon resonance because of coherent oscillations of the con-
duction band electrons in parallel and perpendicular directions to the GNR long
axis, these are known as longitudinal and transverse plasmon resonance respec-
tively. These plasmonic nanoparticles can form LC phases under suitable condi-
tions. Jana et al. synthesized GNRs in aqueous surfactant solution using a seed
mediated growth approach [36]. High aspect ratio GNRs were found to form LC
phases in concentrated solutions. The LC phases were characterized by POM,
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transmission electron microscopy (TEM) and X-ray scattering techniques (Fig. 6.1).
These phases possess concentration dependent orientational order.

LC phase formation has also been observed in low aspect ratio (4) GNRs during
drop drying on glass substrates. These drops exhibit characteristic birefringence
under POM with crossed polarizers and sparkling due to fluctuations in the director
field [37]. Characterizing the self-assembly of GNRs on TEM grids shows the
formation of nematic phase. Namatic and smectic-like arrays of mesogen func-
tionalized GNRs have been observed upon slow evaporation of solution in an
organic solvent on TEM grids (Fig. 6.2). Interestingly, these arrays can be reori-
ented by applying external magnetic field from planar to vertical orientation [38].

Lyotropic nematic LC phase formation in dispersions of silver nanowires and
nanoparticles in ethylene glycol and water has been reported [39]. The silver
nanowires and nanoparticles are coated with polyvinylpyrrolidone and their mix-
tures are dispersed in ethylene glycol and water. In the mixtures, the nanoparticles
partition to a separate phase and enable the nanowires LC phase formation at lower
than expected concentrations. Nanowire-rich LC phase exhibits a strand like
morphology and upon shearing, the LC phase results in significant nanowire
alignment. Because of silver’s excellent electrical, optical, thermal and antimicro-
bial properties, the silver coatings obtained from the dispersions are promising
materials for a range of applications.

Lanthanum phosphate (LaPO4) mineral LC suspensions with outstanding sta-
bility for electro-optical applications have been fabricated [40]. The colloidal sta-
bility of LaPO4 nanorod LCs was improved by transfer of particles from water
toward ethylene glycol. These nanorods were devoid of chemical functionalization
on their surface. POM and X-ray scattering studies revealed nematic and columnar
mesophases of the nanorods (Fig. 6.3). When an external alternative electric field is
applied, a very efficient orientation of the nanorods was obtained in the LC phase.
Such switchable nanorods can potentially be used in electro-optical devices.

Fig. 6.1 Polarizing optical
microscopy texture of LC
GNRs. Reproduced with
permission from [36].
Copyright The Royal Society
of Chemistry 2002
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Monodisperse silica nanorods with micrometer lengths were found to self-
assemble into LC phases in concentrated dispersions [41]. These nanorod LCs were
studied quantitatively on the single particle level in three-dimensional real-space
using confocal microscopy. The isotropic phase of silica rods in dimethyl sulfoxide
(DMSO) can be turned into a paranematic phase when an AC electric field was
applied as studied by confocal microscopy. In dispersions of higher aspect ratio
rods, a smectic phase was observed (Fig. 6.4). The ability of the system to form
smectic phases as well as isotropic and nematic phases makes it unique and very
suitable as a model system for the real-space study of colloidal LCs. Lyotropic
smectic LC phase behavior of silica nanorods in binary mixtures of DMSO and
water has also been reported [42]. It was observed that the phase behavior of the
system is affected by nanorod size polydispersity and DMSO concentration in the
binary solvent.

Kanie et al. reported thermotropic mesophases formed by hybridization of LC
phosphates and monodisperse spindle-shaped α-Fe2O3 particles [43]. Due to the

Fig. 6.2 TEM images of GNRs assembly. a Isotropic phase, b nematic-like assembly.
Reproduced with permission from [37]. Copyright 2009 Elsevier

Fig. 6.3 LC phases of lanthanum phosphate. Reproduced with permission from [40]. Copyright
2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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strong adsorption of phosphate ions on the particles, phosphate terminated mesogens
were designed to functionalize the particle surfaces. Upon mesogen functionaliza-
tion, the organic-inorganic hybrids exhibited thermotropic phase behavior and
nematic phase was identified. Recently, polymer coated iron oxide nanoparticles
forming lyotropic LC phases were reported [44]. The nanoparticles were function-
alized with brush-like layers of polystyrene or polyisoprene having different
molecular weights. The lyotropic phases in toluene can be shear aligned to obtain
macroscopic highly ordered single crystalline nanoparticle superlattices. Moreover,
within the ordered phases, the distance between adjacent nanoparticles can be varied
systematically via concentration and attached polymer molecular weight.

Goethite (α-FeOOH) is mostly used as pigment in industry. Interestingly, goe-
thite particles have a permanent magnetic moment along their long axis, presum-
ably due to uncompensated spins within their antiferromagnetic crystal structure. In
contrast, their magnetic easy axis is along the shortest particle dimension.
Therefore, the particles have the opposing tendencies to align with their long axis
parallel to the field at a low magnetic field strength and to orient perpendicular to a
higher magnetic field. This magnetic property of goethite nanorods has been

Fig. 6.4 Confocal microscopy images of silica nanorods in isotropic a and paranematic phase
b induced by electric field. For larger aspect rods a smectic phase is observed without application
of electric field. The smectic planes are visible in c and d. Reproduced with permission from [41].
Copyright 2011 American Chemical Society
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exploited to align them in their LC suspensions [45–52]. Goethite nanorods form
nematic phases in their aqueous suspensions. The nematic phase aligns in a very
low magnetic field. Interestingly, both parallel and perpendicular alignments to the
field have been observed depending on the field strength. Lemaire et al. further
showed that aqueous suspensions of goethite nanorods can display a rectangular
columnar phase at higher volume fractions. Interestingly, the nematic phase can
transition to columnar phase under a magnetic field and this magnetic-field-induced
transition is fully reversible and reproducible. Subsequently Vroege et al. found
smectic liquid crystalline order in suspensions of highly polydisperse goethite
nanorods in addition to nematic and columnar phases [47]. It seems very likely that
the fractionation and sedimentation-induced macroscopic separation associated with
the isotropic-nematic phase transition help to create the circumstances to form a
smectic phase upon storage for a prolonged time. The effect of fractionation on the
LC phase behavior of colloidal goethite dispersions with different polydispersity
has been studied in detail by the combination of X-ray scattering and TEM. The
occurrence of strong fractionation in highly polydisperse systems was found.
Nematic and smectic phases were observed in all the investigated systems, however
the occurrence of columnar phase was found only in systems with high polydis-
persity above some critical value [48]. Biaxial nematic and biaxial smectic phases
were found in the suspensions of goethite particles with a board like shape [51]. In
these systems, macroscopic domains were oriented by a magnetic field and the
phase structures were revealed by small angle X-ray scattering (Fig. 6.5). This study
showed that biaxial phases can be readily obtained by a proper choice of the particle
shape. It should be mentioned that in the uniaxial nematic phase the particles have
orientational ordering along one direction, i.e. the principal axis, in the biaxial
nematic phase the particles exhibit orientational ordering along two orthogonal
directions. Magnetic field induced nematic-nematic phase separation in goethite
nanorods has been demonstrated recently. Small angle X-ray scattering measure-
ments proved that the two resulting nematic phases have orthogonal orientations, a
uniaxial nematic phase with particles parallel to the field and a biaxial nematic
phase with particles perpendicular to the field [52]. Maeda et al. prepared

Fig. 6.5 X-ray scattering patterns of biaxial nematic phase in goethite suspensions. Reproduced
with permission from [51]. Copyright 2009 The American Physical Society
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monodisperse colloidal β-FeOOH particles and found that smectic ordering occurs
over a wide region from evaporating suspensions of the particle on substrates.
Subsequently they prepared monodisperse rodlike colloidal particles with a wide
range of aspect ratios. In their suspensions, nematic and smectic phases sponta-
neously appeared [53, 54]. The low aspect ratio particles exhibit isotropic-smectic
phase transition while the particles with high aspect ratio undergo isotropic-
nematic-smectic phase transitions. The larger size of the particles enabled the
observation of their arrangement and dynamics with an optical microscope.

Semiconductor nanorods ofCdSe formLCphases [55–57]. This has been achieved
by the recent advances in the control of the size and shapes of inorganic nanocrystals
during their synthesis. Li et al. made CdSe nanorods by pyrolysis of organometallic
precursors of Cd and Se in a surfactantmixture. TheCdSe nanorods are functionalized
with amphiphilic molecules, such that a polar functional group is bound to the
nanocrystal surface and long alkyl chains are projecting outward. The alkyl chains
provide high solubility of the nanorods in organic solvents. A solution of CdSe
nanorods in cyclohexane forms LC phase as the concentration is increased (Fig. 6.6).
Since CdSe nanorods have tunable and linearly polarized photoluminescence and
anisotropic nonlinear optical properties, LCs of CdSe nanorods can potentially be
used as functional components in electro-optical devices. Subsequently their
assembly on a substrate as well as isotropic-LC phase diagram has been studied in
detail.

TiO2 is a versatile material that has widespread industrial use as pigment, in solar
cells, as catalyst support, as photo catalyst etc. Achieving good colloidal stability of

Fig. 6.6 POM textures of the
LC phase of semiconductor
CdSe nanorods. Reproduced
with permission from [55].
Copyright 2002 American
Chemical Society
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aqueous suspensions of rutile nanorods is quite challenging. The van der Waals
attractions between particles are strong. However, suitable methods have been
developed to prepare stable rutile nanorod suspensions in water. Because of their
anisotropic shape, TiO2 nanorods at sufficiently high concentrations yield nematic
LC phase [58]. The LC phase has been characterized by POM and X-ray diffraction
(XRD) techniques. Very well aligned rutile films on glass substrates were produced
by spin-coating (Fig. 6.7), and the potential application of these rutile films in
photocatalysis was demonstrated. The photocatalytic properties were investigated
by monitoring the decomposition of methylene blue under polarized UV light
which showed that the rutile films exhibit anisotropic photocatalytic properties.

Organic-inorganic hybrid LCs have been obtained by mesogen functionalization
of spindle shaped anisotropic nanoparticles of anatase TiO2 [59]. The strong
adsorption of amines onto the surface of TiO2 has inspired their functionalization
with amine terminated rodlike mesogens. This yields stable thermotropic LC phase.
The nematic phase behavior of this hybrid was investigated by POM and XRD
studies. Meuer et al. adopted a different approach to obtain LCs from TiO2 nanorod
mesogens in organic solvents [60]. They designed and synthesized dopamine-
functionalized diblock copolymers which were subsequently linked to TiO2

nanorods. These polymer coated nanorods were well dispersible in organic sol-
vents. Encouraged by these results, they prepared polymethyl-methacrylate
(PMMA) functionalized nanorods and found that these nanorods form LC phases in
polyethylene glycol (PEG) oligomers. Interestingly, the clearing points of the LC
phases were found to depend on the concentration of the nanorods. With increasing
volume fraction of the nanorods, the clearing temperature was observed to rise.

Fig. 6.7 Dried film of rutile
nanorods fabricated from their
LC phase. Reproduced with
permission from [58].
Copyright 2007 American
Chemical Society
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In attempts to combine the properties of inorganic nanorods and organic poly-
mers, Zentel and co-workers have designed and synthesized a range of hybrid
materials [61–63]. Various nanorods were functionalized with diblock copolymers
containing anchor groups via grafting-to method. Stable dispersions of these hairy
rod hybrids form lyotropic LC phases (Fig. 6.8) at suitable concentrations in
organic solvents and thermotropic LC phases in oligomeric and polymeric matrices.
The transition temperatures of the LC phases were found to depend on the length of
the nanorods and the organic matrix.

ZnO semiconducting nanorods were grafted with hole conducting block
copolymers to enhance their solubility in organic solvents and compatibility in
oligomer matrices. These organic-inorganic hybrid nanorods furnish stable dis-
persions in solvents such as tetrahydrofuran, dioxane, toluene and xylene. At higher
concentration, the nanorods form LC phases in various solvents and in low Tg

oligomers [62]. While the nanorods exhibit lyotropic phase behavior in the organic
solvents, they display temperature-dependent phase behavior in oligomer matrices.
Highly oriented nanorod assemblies can be fabricated by processing from the LC
phase. It should be noted that the same strategy has been employed to obtain LC
phases from other semiconducting nanorods like SnO2 and CdTe. Block copolymer
grafted ZnO nanorods forming LC phase in a polystyrene oligomer matrix show a
switching behavior under an applied AC electric field. The alignment of the
nanorod mesogens can be switched from planar to homeotropic under the electric
field (Fig. 6.9) [63]. Dielectric measurements show that the switching behavior
arises due to the cooperative LC behavior since the ZnO nanorods themselves
exhibit a very small effective dipole moment. The orientation switching has been
visualized by scanning electron microscopy (SEM) owing to the large size of the
mesogen nanorods. These observations can potentially lead to new optoelectronic
devices based on reorientation of ZnO nanorods.

Zhang et al. prepared single-crystal ZnO nanowires with high aspect ratio which
upon appropriate functionalization formed nematic phases in organic and aqueous
media [64]. The LCs were readily processed to produce films with large-area

Fig. 6.8 LC phase formation in polymer functionalized semiconducting nanorods. Reproduced
with permission from [61]. Copyright The Royal Society of Chemistry 2008
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monodomains of aligned nanowires. Interestingly, the director field displays bend
deformation in organic mesophase dried films whereas the splay deformation is
observed in the aqueous case. The nanowires functionalized with an n-alkyl chain
display a propensity for bend distortion of the nematic director field in dry films
whereas carboxylic-acid-functionalized films were dominated by splay distortion
(Fig. 6.10). This suggests that the elasticity of the system can be tuned via
appropriate surface functionalization. The LC phase also provides a solution based
route for the fabrication of optoelectronic devices based on semiconductor nano-
wires. They further synthesized transition-metal Co and Mn-doped ZnO nanowires
which exhibited characteristic paramagnetic behavior. The suspensions of these
surface-functionalized magnetic nanowires spontaneously form stable homoge-
neous nematic LC phases in organic solvent above a critical concentration. Large-
area uniaxially aligned thin films of doped nanowires were obtained from the
lyotropic phase by applying either mechanical shear or magnetic field [65].

6.2.2 Liquid Crystalline Carbon Nanotubes

Carbon nanotubes (CNTs) are 1D hollow cylinders of graphite with high aspect
ratio. Generally, CNTs are classified into two categories based on their structure and

Fig. 6.9 Electric field induced reorientation of ZnO nanorods and the corresponding POM
textures. Reproduced with permission from [63]. Copyright 2010 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim
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dimensions: single walled CNTs (SWNTs), which consist of one layer of cylin-
drical graphene; and multi-walled CNTs (MWNTs), which contain several con-
centric graphene sheets. Both SWNTs and MWNTs display unprecedented physical
and chemical properties. The combination of superlative mechanical, thermal and
electronic properties displayed by CNTs makes them ideal for a wide range of
applications such as conductive and high strength composites, catalyst supports in
heterogeneous catalysis, energy-storage and energy-conversion devices, field
emitters, transistors, sensors, gas storage media, and molecular wires. Depending on
their geometry, nanotubes can be metallic or semiconducting, with a strong
anisotropy of conductivity being observed; they are primarily conductive along the
tubes and hardly conductive across them. Despite the extraordinary promise of
CNTs their realistic application as 1D conductors or semiconductors has been
restricted because of difficulties in dispersing and aligning them in the desired
direction. Well aligned CNTs are highly desirable for the preparation of variety of
nanodevices particularly where 1D charge migration is important.

CNTs can be viewed as highly anisometric rigid rod-like particles. Like other
anisotropic and one dimensional molecule, CNTs can form lyotropic LC phase
under suitable conditions [66, 67]. Windle group first reported the LC phase
behavior of carboxylic acid functionalized water soluble MWNTs [68]. They found

Fig. 6.10 Defect structures of the dried films of LC ZnO nanowire suspensions. Reproduced with
permission from [64]. Copyright 2011 American Chemical Society
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that when the concentration of the CNTs aqueous dispersions reached 4.3 % by
volume there was the phase transition from the isotropic to nematic phase char-
acterized by Schlieren texture typical of lyotropic nematic phase. The evaporation
of the solvent from the dispersions gave solid samples with very similar micro-
structure to the original dispersion which has been characterized by scanning
electron microscope (SEM) at a resolution sufficient to view the organization of
individual nanotubes. Song et al. studied in detail the isotropic-nematic phase
transition in dispersions of MWNTs [69–72]. They observed the coexistence of the
two phases over a significantly wide range of concentration which was attributed to
the polydispersity of nanotubes dimensions and their straightness. It was found that
longer and thicker nanotubes preferentially separate into the anisotropic nematic
phase. Subsequently they have investigated size-dependence and elasticity of LC
CNTs. Recently, they reported the fabrication of macroscopic fibers of well-aligned
MWNTs by wet spinning from the LC using ethylene glycol as the solvent. The
electrical conductivity of these CNT fibers has been found to be highly anisotropic.
Nanotubes were found to be highly aligned within these fibers due to the combi-
nation of shear forces and the LC phase.

Smalley et al. reported the exfoliation of CNT bundles with the help of a
superacid [73–77]. SWNTs can be dispersed at high concentration in superacid, the
protonation of CNTs sidewalls eliminates wall-wall van der Waals interactions and
promotes the dispersion process. The tubes are stabilized against aggregation by the
formation of an electrostatic double layer of protons and negative counter-ions. At
very low concentration, CNTs in superacids dissolve as individual tubes. At higher
concentration, solvated CNTs form nematic phase with polydomains (Fig. 6.11).
Under anhydrous condition, the LC phase can be processed into highly aligned
fibers with controlled morphology of pure CNTs without the aid of any surfactants
or polymers.

Fig. 6.11 Isotropic to nematic phase transition in CNTs. Reproduced with permission from [74].
Copyright 2006 American Chemical Society
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Badaire et al. reported the formation of LC phase of CNTs by non-covalent
functionalization with single strand DNA in water [78–80]. They observed that a
nematic-isotropic coexistence is formed for nanotubes concentrations between 2
and 4 weight%. Above 4 weight%, the system forms a single nematic phase of
unmodified and freely dispersed nanotubes. Poulin et al. uniformly aligned the
nematic aqueous suspensions of nanotubes in thin cells by mechanical shearing.
Homogeneous anisotropic thin films were obtained by drying the nematic phase.
The order parameter is measured by polarized Raman spectroscopy and found to be
quite weak due to entanglement of the nanotubes. Recently, Puech et al. showed
that bile-salt stabilized SWNTs exhibit a first order transition to a nematic LC
phase. The nematic phase expresses itself in the form of micron-sized spindle
shaped nematic droplet freely floating in the isotropic host dispersion confirmed by
polarization microscopy. Furthermore, the director field was found to be uniform in
these nematic droplets. They later reported that shortening the bile salt stabilized
nanotubes by high power ultrasonication and centrifugation allows the formation of
LCs that can easily be oriented under the form of large macroscopic monodomains.
The orientational order parameter of the LC was measured by polarized Raman
spectroscopy which was found to approach the value theoretically expected for LCs
made of rigid rods in solution. LC phase behavior of CNTs dispersed in biological
hyaluronic acid solutions has been stabilized and studied [82]. Another biopolymer
dispersant gellan gum is used to achieve aqueous dispersions of highly concentrated
SWNTs which exhibit LC phase [83]. Large-scale aligned-nanotube composites
membranes have been successfully prepared from such highly concentrated CNT
suspensions. Such membranes with improved alignment of CNTs may find
potential application in high-performance biocomposite functional materials such as
sensors and actuators. Recently, the first lyotropic cholesteric LC phase has been
realized by dispersing SWNTs in aqueous solutions of double-stranded DNA
(dsDNA) [84]. Interestingly, depending on the dispersion methodology the po-
lydomain nematic phase could also be obtained in these systems. The typical finger
print texture of CNT cholesteric LC phase is shown in Fig. 6.12. This controlled
phase behavior could open new routes for producing SWNT films with controlled
morphology and optical properties of cholesteric films.

Noncovalent functionalization of SWNTs is particularly attractive avenue for
dispersion because it enables modification of material properties without altering
the chemical structure of the nanotubes. Dispersion of SWNTs at high concentra-
tions in organic solvents, as alternative to water, provides increased flexibility for
incorporating various chemical functionalities, tuning morphologies, and as a result
controlling the properties of the resulting composite material. Among suitable
dispersants, conjugated polymers are promising candidates owing to their ability to
undergo pi-pi stacking with SWNTs. Organic solvent based nematic lyotropic LC
phase of noncovalently functionalized CNTs has been reported by Bao et al. [85].
They reported a high-concentration dispersion of SWNTs in organic solvents by
conjugated polymers and for the first time its transition into the nematic LC phase.
The polymer-SWNT LC composites can be easily aligned through simple shearing
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by pushing a drop of the polymer/SWNT dispersion with the edge of a glass pipette
tip on a glass substrate, resulting in large monodomains of uniform brightness.
Anisotropy in electrical conductance was observed in those shear-aligned SWNT
films. The conductance of a given film along the shearing direction is always at
least twice its conductance perpendicular to the shearing direction. The aligned
SWNT films fabricated from the nematic phase are potentially useful as electrodes
and are capable of alignment of LC materials and other molecular materials
deposited on them. Pyrene functionalized poly(methyl methacrylate) (PMMA) was
found to be highly efficient to solubilize and disentangle MWNTs in solutions that
self-organize as LC phases in PMMA and polyethylene glycol (PEG) 400 matrices
(these oligomeric matrices that are still mobile but do not evaporate like a solvent)
[86]. High concentration of oriented domains offers the potential to align CNTs at
high volume fractions.

Stable dispersions of CNTs have been achieved by dissolving purified CNTs in
aqueous sodium dodecyl sulphate solution by sonication and centrifugation [87]. LC
processing of highly oriented CNT arrays for thin-film transistors from the above
dispersions has been demonstrated by Tsukruk et al. It is further demonstrated that the
performance of thin-film transistors based on densely packed and uniformly oriented
CNT arrays is largely improved compared to random CNTs as shown in Fig. 6.13.
This approach has great potential in processing of high-performance electronic
devices based on high density oriented CNT films with good device characteristics.

Recently Jiang et al. reported the formation of LC phase by SWNT polyelec-
trolytes in DMSO [88]. It was found that small-diameter nanotubes were prefer-
entially functionalized when the polyelectrolytes are dispersed in DMSO. While
both nematic and chiral nematic phases of pure and functionalized CNTs have been
observed both in aqueous and organic mediums, however, smectic mesophase has
not been observed yet. The polydispersity of CNTs seems to be the preventing
factor to smectic phase formation. Moreover, thermotropic phase behavior of CNTs
remains elusive [89] and is still a challenging task.

Fig. 6.12 Finger print texture in CNT LC. Reproduced with permission from [84]. Copyright
2011 American Chemical Society

6 Liquid Crystalline Anisotropic Nanoparticles … 223



6.3 Liquid Crystals of Two-Dimensional (2D)
Nanoparticles

6.3.1 Liquid Crystalline Nanodiscs

Like the LC ordering of collection of 1D rod-shaped nanoparticles and nanotubes in
concentrated dispersions, collections of disc-shaped 2D nanoparticles should also
exhibit orientational order with sufficient concentration and narrow size and shape
distributions. Disc-like colloidal objects are experimentally observed to exhibit
nematic, smectic and columnar type mesophases in consistent with theoretical
predictions [90–92]. It should be noted that Langmuir had discovered in 1938 that
bentonite clay particles exhibit a discotic nematic phase [22], much before the
discovery of discotic LCs themselves.

Gabriel et al. described a lyotropic LC lamellar phase comprising an aqueous
suspension of planar sheets of phosphatoantimonate H3Sb3P2O14 (Fig. 6.14) [93].
These highly organized materials can be mechanically or magnetically aligned over
large temperature ranges. The structure of the LC phase has been investigated by
small angle X-ray scattering studies. Aligned single domains of aqueous

Fig. 6.13 Thin film transistors fabricated from CNT LC. Reproduced with permission from [87].
Copyright 2006 American Chemical Society
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suspensions of H3Sb3P2O14 have been used to measure residual dipolar couplings
for the structure determination of biomolecules by liquid-state nuclear magnetic
resonance (NMR).

Monodisperse Ni(OH)2 platelets were found to form LC phase in their con-
centrated dispersions [94]. In the LC phase, interparticle interactions were varied by
changing salt concentration and were found to influence the phase behavior.
Columnar or layer structures were identified in this system by neutron diffraction
studies. Layered double hydroxides (LDHs) are an interesting class of plate-like
inorganic compounds which have received extensive attention as materials for
catalysts, catalyst supports, adsorbents, anion exchangers, and promising materials
for nanocomposites. Liu et al. reported the LC phase formation of colloidal Mg/Al
LDH [95]. At larger concentrations, the aqueous dispersions formed nematic phases
as confirmed by Schlieren textures under POM (Fig. 6.15). Later, they reported the
observation of lamellar phase in the colloidal dispersions of positively charged
LDH platelets [96]. The lamellar phase was characterized by XRD studies.

Lekkerkerker and coworkers reported the LC phase behavior of gibbsite (Al
(OH)3) platelets in a series of systematic studies [97–100]. Nematic, lamellar and
columnar phase formations have been observed and characterized in gibbsite sus-
pensions. The first system consists of sterically stabilized gibbsite platelets dis-
persed in toluene. Polyisobutene was employed as a steric stabilizer. Polarising
optical microscopy (POM) revealed that the LC phase of these colloidal platelets
was nematic. Subsequently, they described the observation of isotropic, nematic
and columnar phases in the suspension of polydisperse plate like particles upon
increasing the concentration of particles (Fig. 6.16).

By varying the ionic strength of the suspension of charged gibbsite platelets,
they find isotropic-nematic and isotropic-columnar phase transitions. Through the
variation of ionic strength, they were able to tune the effective aspect ratio of the
platelets which enabled multiple phase transitions in one colloidal suspension. In
this system the formation of triphasic suspension was noticed on prolonged
standing a biphasic suspension indicating the effect of gravity on phase separation.
Recently, the formation of unexpected smectic B phase has been reported in a

Fig. 6.14 LC phases of phosphatoantimonate in water. Reproduced with permission from [93].
Copyright 2001 Macmillan Magazines Ltd
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Fig. 6.15 LC phases of layered double hydroxide. Reproduced with permission from [95].
Copyright The Royal Society of Chemistry 2005

Fig. 6.16 LC phases of gibbsite nanodiscs. Reproduced with permission from [98]. Copyright
2000 Macmillan Magazines Ltd
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system of charged colloidal gibbsite platelets suspended in DMSO. It is believed
that the use of this polar aprotic solvent leads to a long range electrostatic Coulomb
repulsion between platelets which drives the formation of smectic B phase con-
sisting of hexagonally ordered particles. The phase structure has been identified by
high-resolution X-ray scattering experiments (Fig. 6.17). This study shows that
manipulating interactions leads to a new richness in the phase behavior of colloids.

Copper sulfide nanomaterials are p-type semiconductors that are being explored
for application in photovoltaics, electrochemical sensors, and battery electrodes.
Copper sulfide nanodiscs were observed to spontaneously self-assemble with face-
to-face close packing when the solvent is evaporated from their concentrated dis-
persions. Isotropic to hexagonal columnar phase transition was observed during
solvent evaporation and in the columnar phase the discs were not periodically
ordered within the columns [101]. Bryks et al. demonstrated that self-assembly of
copper alkanethiolates results liquid crystalline mesophase [102]. Well-ordered
copper sulfide nanodiscs have been prepared by processing the copper alkanethi-
olates from their LC phase.

Gadolinium trifluoride (GdF3) nanoplates have been observed to self-assemble
into LC phases displaying long-range orientational and positional order [103]. LC

Fig. 6.17 Smectic B LC phase of gibbsite nanodiscs. Reproduced with permission from [100].
Copyright 2012 American Chemical Society
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phases are formed using a liquid interfacial assembly, in which a drop of a nano-
crystal suspension in a volatile solvent is slowly dried on glycol-type polar sub-
phases. The assembled structures are characterized by a combination of TEM and
XRD studies. The choice of subphase is found to be an important factor, a more
polar subphase favors lamellar LC structure and a less polar subphase favors
columnar assembly. Thermo-sensitive discotic LCs have been obtained by grafting
poly(N-isopropylacrylamide) onto zirconium phosphate platelets [104]. The aspect
ratio dependence of these soft discs on I-N transitions has been investigated and it
was found that the nematic phase is stable for wide aspect ratio of the discs. By
adjusting temperature, the aspect ratio of the disc can be varied since the grafted
polymers change their conformation from extended to coiled with temperature.

6.3.2 Liquid Crystalline Graphene Derivatives

Graphene, the 2D nanoform of carbon, is a single layer of carbon atoms arranged in
a honeycomb lattice. Graphite, made up of stacked graphene layers, exists in nature;
however graphene is not known to exist naturally. This 2D allotrope of carbon is
recently found to display outstanding optical, electrical, thermal and mechanical
properties. Consequently, it has been demonstrated in various materials and device
applications to modify physico-chemical properties including gas and energy
storage, optoelectronics, energy conversion, catalysis and biological labeling.
Liquid phase exfoliation can be employed to produce graphene based composites or
films, which are key components for many applications such as thin-film transistors,
and conductive transparent electrodes in light-emitting diodes and photovoltaics.
Surfactant-assisted and surfactant-free methods of liquid phase exfoliation of
graphene in aqueous and organic solutions have been developed. Since graphene
can be considered as disc-like nano-object with very large aspect ratio, it has been
shown that upon dispersion in sufficiently high concentrations it exhibits lyotropic
LC phase behavior. In the following, we discuss the different methods used to
obtain LC phases of graphene and its derivatives.

Pasquali et al. observed that graphite spontaneously exfoliates into single-layer
graphene in chlorosulphonic acid and dissolves at isotropic concentrations as high
as 2 mg/ml [105]. Under such conditions, graphite exfoliates into the solution
owing to the protonation of their surface planes and remains dispersed because of
the repulsive interaction among the graphene sheets. However, when the precipi-
tated soluble graphene powder was redispersed in about 20 mg/ml concentration
and centrifuged, spontaneous formation of LC phase was observed. The observed
LC Schlieren texture is very similar to typical discotic nematic samples. Many
potential applications of graphene including electronics and nanocomposites require
that graphene-based materials be dispersed and processed in a fluid phase. In this
context, such high concentration LC solutions could be particularly useful for
making flexible electronic devices and multifunctional fibers since this route does
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not compromise with the intrinsic properties of graphene. However, the processing
of such a LC phase in the superacid requires very harsh conditions.

Graphene oxide (GO) is the oxygenated form of a graphene monolayer platelet
with chemical functionalization capability, and extremely large surface area. GO is
mass-producible from natural graphite by chemical oxidation and subsequent ex-
foliation. The hydrophilic surface functional groups, such as epoxide, hydroxyl and
carboxyl groups that decorate the basal plane and the edge of GO, enable mono-
layer exfoliation in common polar solvents including water. Similar to graphene
layers, GO layers also exhibit nematic LC phase behavior upon dispersion in high
concentrations in suitable solvent medium. Kim et al. first introduced GO LCs as a
versatile new class of carbon-based LCs [106]. They characterized the nematic
phase of aqueous GOs by POM and freeze-fracture SEM (FF-SEM) (Fig. 6.18).
Interestingly, the liquid crystallinity could be maintained upon the decoration of the
GO platelets with nanoparticles or by including an additional polymer component
in the solvent medium. Moreover, the orientation of GO LCs could be manipulated
by a magnetic field or mechanical deformation. The liquid crystallinity of GO offers
a versatile route to control the molecular organization and the corresponding
properties of the carbon-based materials.

Xu et al. reported the formation and salt-dependent phase behavior of GO LCs
[107–110]. Rheological measurements showed that GO aqueous dispersions

Fig. 6.18 POM and SEM
images of GO LC.
Reproduced with permission
from [106]. Copyright 2011
Wiley-VCH Verlag GmbH &
KGaA, Weinheim
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display typical shear flow and confirm the isotropic-nematic transition. The
ordering of GO sheets in aqueous dispersions and in the solid state has been
demonstrated by the characterization techniques of POM, small angle X-ray scat-
tering, SEM and TEM. The direct, real-time fluorescent inspections by confocal
laser microscopy further reveal that the individually dispersed fluorescent GO
sheets align with orientational directions along their long axes (Fig. 6.19).

Subsequently Gao et al. disclosed that GO sheets at very high concentrations
above the nematic phase can exhibit chiral LCs in a twist-grain-bondary phase-like
model with simultaneous lamellar ordering and long-range helical frustrations. Such
GO LCs were continuously spun into metres of macroscopic GO fibers which upon
subsequent chemical reduction furnished neat graphene fibers with high conduc-
tivity and good mechanical performance. The flexible, strong graphene fibers were
knitted into designed patterns and into directionally conductive textiles. Such
multifunctional graphene fibers have promise in versatile applications such as next-
generation functional textiles, flexible and wearable sensors, and supercapacitor
devices. Very recently, the same group has reported lyotropic LC of polyacrylo-
nitrile-grafted GOs in polar organic solvents such as dimethylformamide (DMF)
and DMSO forming nematic and lamellar LCs upon increasing concentrations.
Polyacrylonitrile chains were covalently and uniformly grafted onto GO surfaces
via a simple free radical polymerization process.

Dan et al. reported the fabrication of discotic nematic LC phase by giant GO
flakes with very high aspect ratio (104) in water [111, 112]. It was observed that
higher aspect ratio leads to a dramatic change in mesomorphic behavior and the
phase transition takes place at concentrations one order of magnitude lower than
usually observed. The gel-like LC exhibits an unusual defect-free uniform director
alignment over hundreds of nanometers which enabled them to characterize the
nematic order parameter, optical birefringence and elastic properties of the meso-
phase. In order to directly visualize the orientation of GO flakes in the nematic
phase, they used two different types of anisotropic colloidal inclusions such as gold

Fig. 6.19 Orientation of GO flakes in nematic and isotropic phases. Reproduced with permission
from [107]. Copyright 2011 American Chemical Society
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triangles and glass microrods. Gold triangular platelets spontaneously oriented with
their large-area faces parallel to GO flakes whereas glass microrods spontaneously
aligned with their long axes parallel to GO flakes as observed by POM (Fig. 6.20).
They have further studied the dipolar and quadrupolar distortions of the director
field by suspending colloidal microspheres in the nematic phase. Recently, Senyuk
et al. have used nonlinear photoluminescence for fully 3D label-free imaging of
structures of isotropic and orientational order of LC phases formed by aqueous GO
flakes [112].

Kim et al. have developed a solution-phase synthesis method of ultralarge GO
sheets involving pre-exfoliation of graphite flakes. Such large GO sheets sponta-
neously form lyotropic nematic phase at a very low concentration in water [113].
They produced self-assembled brick-like GO nanostructures by simple casting of
GO dispersions and drying in ambient conditions. These free-standing GO papers
can be potentially applied in many areas such as electrodes in energy-storage
devices and nanocomposites with high degree of orientation. Hydration-responsive
folding and unfolding in GO LC phases have been observed and studied by Guo
et al. [114]. They investigated surface anchoring, complex fluid flow and micro-
confinement of GO LCs. It was observed that ordered GO phases undergo drying
and rehydration cycles in which the GO layers fold and unfold to give unique
anisotropic swelling behavior. The detailed investigations of hydration-responsive
folding and unfolding open the potential for LC derived GO phases as smart
stimuli-responsive materials. Zhu et al. reported the formation and transformation of
GO LC structures in the synthesis and deformation of tough GO nanocomposite
hydrogels [115]. Addition of poly(N-vinylpyrrolidone) and acrylamide, which are
capable of forming hydrogen bonding with GO nanosheets, shifts the isotropic-

Fig. 6.20 GO LC and dispersion of nanodiscs and nanorods into it. Reproduced with permission
from [111]. Copyright The Royal Society of Chemistry 2011
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nematic transition to a lower volume fraction and enhances the formation of nemaic
droplets. The LC domains have been found to be highly oriented under a high
tensile strain. The LC nanocomposite hydrogels synthesized in this work have
excellent mechanical properties. Recently, Tour group fabricated LC phases of GO
nanoribbons and chemically reduced graphene nanoribbons in chlorosulphonic acid
[116]. The starting material GO nanoribbons were obtained from the oxidative
unzipping of MWNTs. The LC solutions were spun directly into hundreds of meters
of continuous macroscopic fibers with high performances. GO LCs with control-
lable alignments can make use of the advantageous properties of graphene based
materials especially in electro-optic devices. Shen et al. showed that GO LCs with
weak interflake interactions can be macroscopically aligned by applying low
electric fields [117]. It was observed that the GO LCs possess large Kerr coefficients
which facilitated the fabrication of electro-optic devices with well-aligned defect-
free GO over wide areas.

Organic solvent-based GO LCs have been reported by Jalili et al. which over-
comes the practical limitations imposed on processing in water [118–121]. A wide
range of common organic solvents including ethanol, acetone, tetrahydrofuran,
DMF, etc. have been found to enable the fabrication of GO LC phase. This study
contributes to the fundamental understanding of the solvophobic effect and the
parameters affecting the self-assembly process and could provide practical solutions
to the processibility of a wide range of GO based materials that require organic
solvents because of solubility issues, water sensitivity etc. The research group has
successfully demonstrated wet-spinning of graphene fibers and yarns from LC
dispersions of aqueous GO. Based on rheological and POM investigations, they
have been able to propose the relation between sheet size and polydispersity,
concentration, liquid crystallinity and spinnability. The thermal conductivity of
continuous spun, fully oriented and robust graphene fibers is found to be much
higher than polycrystalline graphite. Outstanding mechanical performance has been
obtained in large GO sheets reinforced elastomeric composite fibers. In this report,
the insights into how both the GO sheet size dimension and dispersion parameters
influence the mechanical behavior at various applied strains are discussed. A large-
scale flexible fabrication of highly porous high-performance multifunctional GO
and reduced GO fibers and yarns was demonstrated (Fig. 6.21). This fabrication
method takes advantage of the intrinsic soft self-assembly behavior of ultralarge
GO LC dispersions. The yarns were found to be mechanically robust, and exhibit
high electric conductivity and high specific surface area.

Colloidal self-assembly is an efficient and inexpensive approach for the fabri-
cation of photonic crystal structures. Li et al. reported photonic structures based on
GO LCs exhibiting tunable structural color over the entire visible light spectrum
[122]. The light reflected from the GO photonic dispersion can be tuned to cover the
entire visible spectrum simply by varying the GO concentration. This finding show
feasibility of development of novel graphene based materials for potential appli-
cations in sensors, tunable reflective filters, and many other optoelectronic devices.
Residual dipolar couplings have proven to be an invaluable anisotropic (NMR)
parameter for the structural elucidation of complex biopolymers and organic
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molecules. Lei et al. demonstrated that GO LCs can act as versatile and tunable
alignment medium for the measurement of residual dipolar couplings in organic
solvents [123]. The LCs were found to be maintainable at very low concentrations
and to be remarkably stable and broadly compatible with both aqueous and organic
solvents. Compared with other alignment media, very clean and high-quality NMR
spectra were acquired with the GO molecules in solution because of their rigidity
and high molecular weight. Lee et al. used the liquid crystallinity of GO for size
selection of large size GO and subsequently demonstrated size-dependent N-doping
and oxygen reduction catalysis [124]. This work demonstrated that large GO may
provide a better catalytic activity with controlled dopant structures.

Reduced GO (rGO) can be obtained by chemical reduction of GO. Chemical
reduction of GO to produce rGO allows partial restoration of its electronic conju-
gation and graphene properties, but this recovery is also associated with a gain in
hydrophobicity with a loss of water solubility, which hinders the formation of LC
phase. Poulin et al. reported an approach that allows the formation of aqueous lyo-
tropic LCs using rGO despite their lack of water solubility [125]. The objective was to
combine the advantages of rGO materials and the easy processing of GO flakes in the
LC phase. In this approach, the rGO particles are stabilized by bile salts (BSs), which
act as surfactants. Surfactant-stabilized rGO flakes are shown to form LCs in water.
The LC structures are characterized by small-angle X-ray scattering experiments that
confirm the exfoliation of single-layer graphene flakes. The LCs formed with rGO
offer opportunities to develop new materials that combine the advantages of liquid
crystallinity for processing and ordering with the richer transport properties of rGO
compared with GO. Graphite oxide (GtO) containing dozens of oxidized graphene

Fig. 6.21 GO fibers and yarns produced through LC phase processing. Reproduced with
permission from [120]. Copyright 2014 American Chemical Society
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sheets have been reported to exhibit LC phase behavior [126]. Alignment of GtO LC
under electric field has been demonstrated. It may be possible to fabricate functional
materials by processing the GtO from its LC phase.

6.4 Conclusions and Outlook

LCphase formation by anisotropic nanoparticles is currently a vibrantfield of research
with an exciting future. Metallic, semiconducting and carbon based 1D and 2D
anisotropic nanoparticles have been appropriately functionalized by either physical or
chemical methods to exhibit LC phase behavior under suitable conditions. Thus,
lyotropic LC phase behaviors of anisotropic nanoparticles have been realized both in
aqueous and organic solutions. Nematic, biaxial nematic, lamellar and columnar
phases have been observed. Interesting mechanical, optical, electrical and magnetic
properties of the anisotropic building blocks have been exploited to fabricate func-
tional materials and devices. Owing to their preferred orientation and ordering,
anisotropic nanoparticles have been organized into a diverse array of well-defined
higher-order architectures via processing through their LC phases. The research and
development presented in this chapter undoubtedly contributes toward our funda-
mental understanding of phase behavior of anisotropic particles and provides eco-
nomic routes for the facile processing of these intriguing materials. However,
commercial exploitation of these materials is still in its infancy. The number of
anisotropic building blocks exhibiting lyotropic LC phases has steadily increased. A
critical parameter is the dispersity in the size of the particles. Indeed, polydispersity
usually prevents long range positional ordering. Therefore, it is of paramount
importance to fabricate LC phases from monodisperse anisotropic nanoparticles.
Given the contemporary significance of 1D and 2D nanobuilding blocks, it is antic-
ipated that the combination of outstanding and unprecedented properties of tailored
anisotropic nanoparticles with processibility and alignment properties of LCs can lead
to useful materials and devices with promising properties and performances.
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Chapter 7
Self-assembled 1D Semiconductors: Liquid
Crystalline Columnar Phase

Manoj Mathews, Ammathnadu S. Achalkumar and Quan Li

Abstract Organic semiconducting materials have emerged as potential alternative
to inorganic silicon based semiconductors for the production of low-cost, flexible
and light weight plastic electronic devices. When compared with crystalline and
polymeric structures, liquid crystalline (LC) ordering in organic semiconductors
favors their self-assembly into large area monodomain thin-film structures with
carrier mobilities in the range from 10−3 cm2 V−1 s−1 to 10−1 cm2 V−1 s−1. The LC
nature enables a self-healing process of structural defects such as grain boundaries
within the material which is especially exploited during post production thermal
treatment for device improvement. The main objective of this chapter is to review
the research progress in the field of columnar LC semiconductors with the emphasis
on molecular structure—charge transport property relationship, control of align-
ment, and their prospective applications in molecular electronics.

7.1 Introduction

Intense multidisciplinary research efforts of the past two decades have generated
considerable progress in the field of organic semiconductors. When compared with
inorganic semiconducting materials, organic molecules offer the advantage of low-
cost synthesis and easy manufacture of large-area films by solution processing for
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the fabrication of cost-effective, lightweight plastic electronic products in the form of
thin-film transistors, light-emitting diodes, solar cells, and sensors [1–4]. All organic
semiconductors share in common a π-conjugated electron system, that is, alternating
single and double bonds throughout the molecule. In a conjugated system, π-orbitals
of adjacent carbon atoms overlap and the electrons occupying such orbitals become
relatively delocalized to form energy band gaps (1.5–3 eV) in the semiconducting
range. Organic semiconductors can be categorized into crystalline, amorphous, and
liquid crystalline (LC) based on the morphology of the materials. The efficiency of
these materials is directly related to the mobility of the charges achievable in their
semiconducting thin-films. Crystalline organic semiconductors usually exhibit
charge carrier mobilities over 10−1 cm2 V−1 s−1. The highest charge-carrier mobil-
ities (>2 cm2 V−1 s−1) have been measured in organic single crystals of pentacene and
rubrene [5, 6]. Polycrystalline films of polymeric semiconducting materials such as
oligothiophenes have mobilities exceeding that of amorphous silicon
(>1.0 cm2 V−1 s−1) [7–9]. Charge mobilities for amorphous solids are generally
found to be below 10−3 cm2 V−1 s−1. Liquid crystalline semiconductors exhibit
carrier mobilities in the range from 10−3 cm2 V−1 s−1 to 10−1 cm2 V−1 s−1, i.e.
between those of organic amorphous and crystalline materials [10]. Although very
high carrier mobilities are observed for single crystalline materials, their slow growth
and lack of processability prevent them from being integrated in low-cost, large-area
devices on flexible substrates. For industrial applications, cost-effective approaches
are sought after, particularly on solution processing techniques such as spin-coating,
casting, or printing at ambient conditions. Moreover, device fabrication requires a
precise control of material organization in the semiconducting layer. Although
amorphous organic semiconductors based on π-conjugated polymers can be con-
veniently processed from solution, because of high structural disorder they show
poor mobilities on the order of 10−3 cm2 V−1 s−1 or less. On the other hand, when
compared with amorphous solids or polycrystalline materials, LC semiconductors
exhibit relatively high charge-carrier mobility and allow melt/solution processing.
Higher carrier mobility is attributed to self-healing of defects as well as self-orga-
nizing nature of the LC phase. The emergence of LC phases associated with elec-
tronic charge carrier transport has triggered a rapid intensification of fundamental and
technological research on this class of organic semiconductors.

7.2 Liquid Crystalline (LC) Semiconductors

Chemical structures of LC semiconductors have a similarity in terms of the aro-
matic π-conjugated system called a core and hydrocarbon chains. LC phases or
mesophases are thermodynamically stable states of matter with an intermediate
degree of order between crystals and liquids. LC phases can be induced in some
shape-anisotropic (e.g. rod or disc shaped) molecules by alkyl chain substitutions.
Liquid crystals or mesogens (LC phase forming materials) can be broadly classified
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into thermotropic or lyotropic depending on whether the phase transitions are
induced by change in temperature alone (thermotropic) or by the influence of both
temperature and solvent (lyotropic) [11, 12]. Conventionally, rod-like and disc-
shaped mesogens; they are popularly known as calamitics and discotics respectively
exhibit thermotropic mesomorphism. Phase segregation arising from chemically
and conformationally different molecular parts drives the self-organization of these
molecules into hierarchically ordered mesophases such as nematic, smectic and
columnar phases. Nematic and smectic phases of calamitic molecules have found
commercial applications in liquid crystal displays (LCDs) and continue to attract
research in view of other technological and biomedical applications [13, 14].
Discotic molecules exhibit two types of mesophases namely, nematic (N) phase and
columnar (Col) phase. The discovery of columnar phase in discotic liquid crystals
(DLCs) dates back to the report of Chandrasekhar et al. in 1977 in hexa-substituted
esters of benzene 1 [15]. Subsequently, numerous disc-shaped molecules with
different central aromatic cores and peripheral substitutions showing various mes-
ophases have been reported. Figure 7.1 shows a general structural template for disk-
shaped mesogens and the molecular structures of the most prominent DLC cores.
With the natural tendency of π-orbitals of adjacent discotic molecules to maximally
overlap, they self-assemble into columnar phases where molecules stack one on top
of the other like pile of coins. Columnar phases exhibit rich polymesomorphism and
are identified experimentally by the combined use of polarizing optical microscopy
(for textural observation), differential scanning calorimetry (DSC, for phase tran-
sition temperatures), and X-ray diffraction studies (for molecular ordering in the
phase). Columnar phases are further classified depending upon their phase sym-
metry and varying degrees of molecular order within the columns [16]. For
example, upright columns forming a hexagonal columnar phase (Colh) and tilted
columns resulting in a rectangular columnar phase (Colr) are the two most common
types of columnar phases. In some cases, the columns are liquid-like, that is, there is
no ordering of discs within or between the columns (disordered hexagonal
columnar phase, Colhd), while in others they are arranged in an ordered fashion
(ordered hexagonal columnar phase, Colho). More ordered phases such as columnar
oblique (Colob), columnar plastic (Colp), and columnar helical (H) mesophases are
not as common. Figure 7.2 shows the most common phase structures of the discotic
molecules. Depending upon the molecular structure, the disk-like mesogens exhibit
nematic (N), nematic columnar (NCol) and chiral nematic (N*) phases. The nematic
phase, like its calamitic analogue, is the least ordered mesophase and the least
viscous. It possesses orientational order, while long-range positional order is absent,
as illustrated in Fig. 7.3. In contrast to their calamitic counterparts, the short axis of
the disc-shaped mesogens orient along the director (n) of the nematic phase. Hence,
the discs align perpendicular to the director. Consequently, they show negative
birefringence. Nematic DLCs are commercially useful as an optical compensator
film for improving the viewing angle of LCDs [17]. It is noteworthy that not only
the DLC compounds but also molecules with unconventional shapes such as linear
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π-conjugated oligomers, rings, cones, and bowls have been shown to self-assemble
into columnar phases [18]. Some of bent-core molecules, amphiphiles and den-
drimers also exhibit uncommon columnar mesophase.

DLC molecules with a delocalized π-electron system can self-organize sponta-
neously into highly ordered columnar mesophase structures that are capable of

Fig. 7.1 a A general structural template for disk-shaped mesogens. bMolecular structure of hexa-
ester benzene 1. c Most studied aromatic cores as discotic mesogens
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electronic conduction in one dimension. Electronic charge carrier transport in the
columnar mesophases of DLCs was confirmed in early 1990s [19]. Parallel to
discotic columnar phases, charge carrier transport was also confirmed in the smectic
phases of π-conjugated calamitic liquid crystals [20]. While the carrier transport is
limited within a column in discotic LCs, it is within a layer in the semiconducting
smectic liquid crystals. Therefore, conduction in columnar and smectic liquid
crystals is said to be one-dimensional (1D) and two-dimensional (2D), respectively.
Charge carrier mobility values as high as 0.5 cm2 V−1 s−1 had been reported in the
highly ordered smectic phases [10]. In contrast to the smectic and columnar phases
in which efficient electronic transport is possible due to large intermolecular π-
orbital overlap, only ionic conduction had been observed for a long time in the
nematic and cholesteric phases. However, hole transport was recently confirmed in

Fig. 7.2 Schematic illustration of the columnar phases of discotic liquid crystals. a Columnar
hexagonal (Colh) phase; b columnar rectangular (Colr) phase; c columnar plastic (Colp) phase;
d columnar lamellar (ColL) phase and e helical (H) phase. Also shown are top views of the two-
dimensional lattices (ellipses denote disks that are tilted with respect to Col axis): f hexagonal;
g and j rectangular; h rectangular face-centred and i oblique
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the nematic and cholesteric phases of calamitic liquid crystals bearing large π-
conjugated cores [21, 22]. Sustained efforts led to the development of LC semi-
conductors that combine high charge-carrier mobility with several other advantages
including long-range self-assembling, self-healing, ease of processing and solubility
in organic solvents all of which are highly desirable for device applications. During
the last decade, serious efforts have been made to exploit LC semiconductors in
various organic electronic devices such as organic field-effect transistors (OFET),
organic light-emitting diodes (OLED), and photovoltaic cells. Electroluminescence
devices emitting polarized light were produced using uniaxially aligned photo-
polymerizable nematic and smectic LC semiconductors [23]. A large number of
columnar and smectic liquid crystals had been prepared to study their charge
transport and semiconducting applications. This chapter primarily focuses on
semiconducting columnar phases of DLCs and we refer readers to some recent
articles for information on advances in the field of calamitic and polymeric
LC semiconductors [10, 20–23].

Fig. 7.3 Schematic representation of the molecular organization in the nematic (a), chiral nematic
(b) and nematic columnar (c) phases of discotic mesogens
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7.3 Discotic Columnar Liquid Crystalline Semiconductors

Formation of columnar structures (with typical inter core distances of about 3.5 Å)
facilitates long-range π-orbital overlap between the adjacent molecules ensuring 1D
intracolumnar charge-transport, that is, the charges move preferentially along the
conducting aromatic cores of the columns (Fig. 7.4). The formation of 1D func-
tional macrodomains that induces enhanced anisotropic functions is more easily
achieved in columnar liquid crystals than in single crystals and crystalline poly-
mers. Most discotic molecules have a very low intrinsic carrier concentration
because of the fairly large energy band gap (2–4 eV) and behave as insulators in the
pure state. Charge carriers must be injected into the molecules by chemical doping,
pulse radiolysis, photoirradiation or from an electrode surface. Efficient charge
transport requires that the charges be able to move from molecule to molecule and
not be trapped or scattered. Therefore, charge carrier mobilities are influenced by
many factors including molecular structure, mesophase order and alignment,
presence of impurities, charge-carrier density etc. Depending on the extent of
aromatic core conjugation and the degree of order in the columnar stacking, charge-
carrier mobility in discotic columns can vary from 10−3 to 1.0 cm2 V−1 s−1. The
charge transport in LC semiconductors with low mobility values (<0.1 cm2 V−1 s−1)
is described via a one-dimensional hopping process while a banded conduction that
involves the formation of conduction bands across several molecules is proposed to
explain the high carrier mobilities (>0.1 cm2 V−1 s−1) [10, 24, 25].

The charge carrier mobility in DLCs are generally determined by pulse radiol-
ysis-time-resolved microwave conductivity (PR-TRMC), time of flight (TOF),
steady-state space charge-limited current (SCLC), and field-effect transistor (FET)
configuration techniques. By TOF method, both the hole and electron mobilities
can be obtained independently. Although TOF mobilities up to 0.2 cm2 V−1 s−1

Fig. 7.4 Schematic
representation of the self-
assembly of discotic
mesogens into one-
dimensionally conducting
‘wires’
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have been reported for some cases, most DLCs exhibit values on the order of
10−3 cm2 V−1 s−1 [26]. The charge mobilities determined by the TOF method are
often found to be lower than the corresponding PR-TRMC values obtained for a
sample. This is because PR-TRMC method yields charge mobility at local level
which is relatively insensitive to defects and therefore relatively higher values. By
PR-TRMC method, the mobility of intrinsic charge carriers can be determined even
for nonaligned multidomain samples. With this technique, mobility values as high
as 1.1 cm2 V−1 s−1 have been measured in a discotic hexabenzocoronene derivative
[27]. A variation on this method has been introduced in which a laser pulse is used
to produce the electron-hole pair, which is a technique known as flash photolysis,
time resolved, microwave conductivity or FP-TRMC [28]. The mobilities can also
be obtained from the current-voltage (I/V) characteristics measured in a field-effect
transistor (FET) configuration [29]. An organic FET is constituted by three elec-
trodes, the gate, the source and the drain), an insulating (or dielectric) layer, and the
organic semiconductor layer. In FETs, the charges migrate at the interface between
the organic semiconductor and the dielectric. Charge transport is affected by trap
states created by the presence of impurities or structural defects within the organic
layer or at the interface and polarity of the dielectric. Therefore both TOF and FET
methods measure mobility at macroscopic scale. Unlike the TOF experiment, which
requires a homeotropic alignment of the DLC, FET experiments require a planar
alignment (columns running parallel to the surface) with control of the azimuthal
angle of the director, so that the preferred conduction pathway is from source to
drain electrode. SCLC mobility is calculated from the current-voltage characteris-
tics of thin organic films sandwiched between injecting electrodes [30]. The SCLC
technique is sensitive to the structural defects of the macroscopic alignment and to
the charge injection effectiveness at the electrodes. There are several studies
comparing the charge carrier mobilities of discotic mesogens by different mea-
surement techniques [30, 31]. Though there are some differences in the reported
mobility values depending on the measurement technique used, in general it is
observed that the mobility is discontinuous at crystalline, LC, and isotropic
boundaries and tends to decrease at each phase transition because of the decreasing
molecular order. Furthermore, studies had also revealed that different discotic
systems have a strong correlation between the core size and the charge mobility, i.e.
the mobility values increase with the size of the aromatic core [32].

7.4 Discotic Liquid Crystals with High
Charge-Carrier Mobility

DLCs are synthesized following a general design template with a central disc
connected to flexible peripheral tails through various types of linking groups
(Fig. 7.1). Apart from tuning the LC properties, one can also tailor the semicon-
ducting properties of DLCs by varying the nature of the central core and the
peripheral alkyl chains. To ensure high charge-carrier mobility in DLCs, it is
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essential to have a high degree of molecular order within the columnar mesophase.
This can be achieved either by structural design or by physical processing. One of
the successful design strategies to obtain high charge-carrier mobility has been to
increase the size of the central rigid core, which in turn enhances the π-orbital
overlap within the columnar structure. Various noncovalent interactions like charge
transfer complexes, metal coordination, and hydrogen bonding have been used to
decrease the inter-disc distance within the columnar phase and enhance the π-π
stacking of the molecules.

Presence of peripheral alkyl chains on the discotic cores helps in inducing liquid
crystallinity and solubility. Additionally, by varying the chain length and its
chemical nature, a certain degree of control over LC order and alignment can be
accomplished. It is necessary to obtain DLCs that have good thermal and oxidation
stability. In addition, electronic properties such as HOMO and LUMO energy levels
must be tunable for the practical device applications. This is because HOMO and
LUMO energy levels of a molecule not only determine its semiconducting prop-
erties (p-type or n-type) but also affect the hole or electron injection barrier at the
metal-semiconductor interface in devices. These intrinsic electronic properties can
often be tailored by introducing electron-donating or electron-withdrawing substi-
tutions on the discotic core.

Pure DLCs are intrinsically insulating and hence charge carriers (electrons or
holes) must be introduced into the system to make it semiconducting. Optimization
of charge-carrier mobility of DLCs is decisive for their potential device application.
Simon and co-workers first discussed the concept of using DLCs as quasi-one-
dimensional conductors in 1982 [33]. Early studies on the charge transport behavior
of columnar discotics involved chemical doping of charge carriers using strong
oxidants. For example, when 1 mol% of electron acceptor AlCl3 was doped to
electron-rich hexahexyloxytriphenylene derivative 2c (Fig. 7.5), the conductivity σ
increased from an undoped value of less than 10−9 S m−1 to about 10−3 S m−1. The
conductivity along the columns (σ∥) was found to be three orders of magnitude
greater than that in the perpendicular direction (σ⊥) [34, 35]. However, liquid
crystallinity is highly reliant on the purity of the materials, and doping often alters
these properties. In early 1990s, as an alternate method to generate charge carriers,
researchers employed ionizing radiation/photoirradiation in chemically pure (non-
doped) DLC molecules and measured the charge carrier mobility by PR-TRMC or
TOF technique. Porphyrin and phthalocyanine derivatives were the first examples
of DLCs studied for the conductivity by a PR-TRMC method [36, 37]. In the year
1993, Adam et al. measured photoinduced charge-carrier mobility of
1 × 10−3 cm2 V−1 s−1 in the columnar phase of hexapentyloxytriphenylene (2b) by
the TOF technique [19]. This study provided valuable insights into the charge
transport in DLCs, because for the first time this enabled the identification of the
nature of charge carriers (whether holes or electrons). It was shown that nondis-
persive transport of charge carriers along the column axis is independent of tem-
perature and field. From then onwards, the major research focus on DLCs has
shifted from simple structure-mesophase property relationship studies to

7 Self-assembled 1D Semiconductors … 249



understanding of charge transport and to develop new high-mobility systems for
various practical applications.

7.4.1 p-Type Discotic Molecules

The majority of DLCs known today are derived from electron-rich aromatic cores
like triphenylenes, hexa-peri-benzocoronenes, porphyrins, phthalocyanines etc. and
are known as hole carriers. It is well known that the extent of π-overlap between the

Fig. 7.5 Molecular structures of DLCs 2–7
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core units of DLCs is the most important factor for the charge transport process in
DLCs. Hence, a molecule with a larger π-conjugated core is expected to show higher
charge-carrier mobility. Furthermore, there is a strong correlation between the charge
carrier mobility with the order present in the mesophases. Systematic charge mobility
studies carried out on triphenylene-based DLCs (2–3) reaffirmed this phenomenon.
For example, carrier mobilities of the order of 10−3 cm2 V−1 s−1 for holes were
measured in the Colh phase of triphenylene DLC 2b [19]. More ordered plastic
columnar phase of a lower homologue 2a exhibited approximately an order of
magnitude increase in the hole transport [38]. Even higher hole mobility value
(1 × 10−1 cm2 V−1 s−1) was found in the three-dimensionally ordered helical
columnar phase of triphenylene DLC 3 [39]. Short-side chain derivatives of tri-
phenylenes, 2a–b, permit better interaction of the cores, resulting in higher mobilities
in comparison with the long-side chain analogs 2c–d [40]. DLC compounds in which
the alkyl chains are coupled to the core via sulfur (compound 3) show, in general,
considerably higher charge mobility values than those in which the chains are cou-
pled either directly or via oxygen. This increase in charge-carrier mobility is attrib-
uted to the higher mesophase order induced by the sulfur atoms. Compound 3 on
cooling from isotropic state undergoes phase transitions to Colh phase, from Colh to
the more ordered columnar helical (H) phase, and from H phase to the crystal phase
below 40 °C. A very lowmobility of 1 × 10−4 cm2 V−1 s−1 is observed in the isotropic
liquid phase due to the absence of any columnar order. There is an increase in charge-
carrier mobility from 5 × 10−3 cm2 V−1 s−1 in the Colh to 0.1 cm2 V−1 s−1 in the
helical columnar phase (Fig. 7.6). The sum of the one-dimensional charge-carrier
mobilities, μ1D, of about 0.4 cm2 V−1 s−1 has been obtained from the PR-TRMC
technique for 3 in its crystalline phase [31]. This increase in short-range carrier

Fig. 7.6 The charge-carrier mobility in different phases of 3 measured by TOF (μh; squares) and
sum of one-dimensional intracolumnar mobility ∑μ1D (open circles) estimated by PR-TRMC
experiments while cooling the sample from its isotropic phase. Reproduced with permission from
[31]
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mobility on transition from mesophase to crystal phase is a common feature of a
number of discotics and is ascribed to the greater short-range structural order within
the crystal packing of the molecules. It is found that molecular order within the
columnar phase of discotic triphenylenes can also be changed by the variation of the
lateral chain or by direct polar substitutions (compound 4) on the aromatic core [41,
42]. van de Crats et al. reported TOF and PR-TRMC hole mobilities of about
0.01 cm2 V−1 s−1 in the columnar phase of triphenylene dimer 5 [43]. Aida and co-
workers reported ionic DLCs (iDLCs) 6 consisting of triphenylene core and charged
hexaimidazolium side chains [44]. Compounds stabilized Colh and bicontinuous
cubic (Cubbi) mesophases. Charge carrier mobility of about 3 × 10−4 cm2 V−1 s−1 was
measured in columnar phase by PR-TRMC method. Although these values are low
when compared with mobility values of >10−2 cm2V−1 s−1 found in the Colh phase of
neutral DLCs, it revealed for the first time that iDLCs can function as organic
semiconductors. Recently, ambipolar charge transport (electron as well as hole
charge transport) in the columnar phases of 2a and 3 was observed by improving the
sample purity [45, 46]. For both compounds, the carrier mobility for electrons was
found to be as fast as the hole mobility. There are several strategies developed for
improved charge transport in triphenylene based columnar phases. An order of
magnitude higher hole mobilities in the columnar phase is reported for binary mix-
tures formed by addition of a large core discogen to the triphenylene molecules [47].
This is attributed to the more stable columnar structure in the mixtures. Hydrogen
bonding interactions are known to enhance mesophase order and hence the charge
transport in columnar phases. Paraschiv et al. reported high charge mobility of
0.2 cm2 V−1 s−1 in a highly ordered columnar hexagonal plastic phase of an inter-
molecularly hydrogen-bonded 1,3,5-benzenetrisamide derivative 7 with three pen-
dant hexaalkoxytriphenylene groups [48]. Kato and co-workers succeeded in
showing that physical gelation of molecules 2b–d with hydrogen-bonded fibers to
enhance the hole carrier mobility by suppression of molecular fluctuations in the
columnar phase [49]. Several studies revealed that DLCs could well disperse
nanoparticles (NPs) in their columnar phases. Six orders of magnitude increase in
electrical conductivity in the Colh phase of a triphenylene DLC was achieved upon
doping it with discotic covered gold NPs or methylbenzene thiol-covered gold NPs
[50, 51]. Not only gold NPs but doping of quantum dots (QDs) is also reported to
enhance conductivity in DLCs [52].

Müllen and co-workers developed DLCs based on polycyclic aromatic hydro-
carbon (PAH) cores such as hexa-peri-benzocoronenes (HBCs) (Fig. 7.7) having
large mesophase range and high charge-carrier mobility [53]. In the columnar
mesophases, charge-carrier mobility was in the range of 0.2–0.4 cm2 V−1 s−1 and in
the crystal phase these values were exceeding 1.1 cm2 V−1 s−1 for HBC derivative
(8a) as found by the PR-TRMC method [27]. By the TOF technique, long-range
hole mobilities in the order of 10−3 cm2 V−1 s−1 have been recorded at room
temperature for compound 8c [53]. The high charge-carrier mobility found in
discotic HBCs can be attributed to their unique, highly ordered columnar phase
structures with large intermolecular π-orbital overlap between the aromatic cores.
Several HBC derivatives have so far been successfully utilized as active conducting
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Fig. 7.7 Molecular structures of DLCs 8–11
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layers in molecular devices such as organic FETs and solar cells [54]. HBC is a
planar aromatic molecule consisting of 13 fused six-membered rings. Studies on
larger discotic molecules derived from peripherally alkyl-substituted PAH cores
consisting of 42, 60, 78, 96, and 132 carbon atoms revealed that there is no
substantial increase in charge-carrier mobility with increasing core size. This
observation was in contrast to the expectation that increasing core size increases the
charge mobility. HBCs and their larger derivatives mentioned above possess sixfold
(D6h) symmetry. Müllen’s research group theoretically predicted higher charge
transport in triangle-shaped molecules with threefold symmetry and went onto
synthesize PAHs (9a–b) having the same number of carbons as fullerene and
achieved improved photovoltaic performance [55]. Nuckolls and co-workers
reported the stabilization of columnar mesophase in a contorted HBC derivative 10
[56]. Relatively high carrier mobilities and current modulation
(μ = 0.02 cm2 V−1 s−1; on-off current ratio of 106:1) were observed in FETs made
with the LC films of 10. Aida and co-workers designed gemini-shaped HBC
derivatives 11a–b with two hydrophobic dodecyl chains on one side of the core and
two hydrophilic triethylene glycol chains on the other [57]. Solution cast films of
11a exhibited hole mobility of about 1.0 × 10−4 cm2 V−1 s−1. On the other hand,
C60-appended HBC 11b self-assembled into a coaxial nano-tube with an ambipolar
field effect mobility (μe = 1.1 × 10−5 cm2 V−1 s−1 and μh = 9.7 × 10−7 cm2 V−1 s−1).
More interestingly, mixing 10 mol% of 11b in 11a resulted in co-assembled
nanotube structures with intratubular hole mobility of 2.0 cm2 V−1 s−1, as deter-
mined by the flash-photolysis time-resolved conductivity (FP-TRMC) technique.

Phthalocyanine and porphyrin aromatic cores substituted with alkyl chains at the
periphery were known to self-assemble into columnar mesophases from the early
research on DLCs [33, 58]. Systematic studies revealed the role of chain length and
metal ion on phase transition temperatures, mesophase range, and carrier mobilities.
Charge-carrier mobility measurements on porphyrin 12a–b and phthalocyanine 13a
(Fig. 7.8) by PR-TRMC revealed ∑μ1D values in excess of 0.1 cm2 V−1 s−1 [36,
37]. It was believed that electron-rich organic semiconductors like porphyrins and
phthalocyanines are hole carriers. In contrary to this, Ohta and coworkers found
ambipolar charge transport (negative charge mobility of 2.4 × 10−3 cm2 V−1 s−1 and
a positive mobility of 2.2 × 10−3 cm2 V−1 s−1) in the Colh of a phthalocyanine
metallomesogen compound 14 [59]. Bushby and colleagues achieved high hole
mobility (∼0.2 cm2 V−1 s−1) in the Colr phase of an octaalkyl-phthalocyanine 15
[60]. Mobility values up to 0.7 cm2 V−1 s−1 were reported for alkylthio-substituted
phthalocyanine rare-earth metal sandwich complexes [61].

Porphyrin cores are good candidates for photovoltaic applications because
porphrin is the basic structure of the best photoreceptor in nature, i.e. chlorophyll
and the energy levels are matched well with the electron acceptors and anode
materials to facilitate charge separation and transfer. The challenge is to obtain
highly ordered columnar phase with high charge carrier mobility. Li and co-workers
synthesized porphyrin based DLCs (16a–d) (Fig. 7.9) in high chemical purity. In
addition to the ease of synthesis and wide temperature range stabilization of
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columnar phase, these DLCs spontaneously aligned into homeotropic orientation
[62, 63]. Formation of defect-free large-area monodomain films is critical for
photovoltaic applications. The power conversion efficiency achieved under ambient
conditions for solution processed bilayer- and bulk-heterojunction photovoltaic
cells based on 16a–b appears to be one of the best values achieved for solar cells
using columnar DLC materials [64]. Aida and co-workers induced liquid crystal-
linity in a fused Cu porphyrin dimer core by attaching dodecyl and semifluoroalkyl
side chains to its periphery [65]. Interestingly, compound 17a with dodecyl and
semifluoroalkyl side chains exhibited a rectangular columnar phase with electron

Fig. 7.8 Molecular structures of DLCs 12–15
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transport (µTOF 1.3 × 10−3 cm2 V−1 s−1) while 17b with semifluoroalkyl side chains
alone exhibited a hole (µTOF 4.3 × 10−3 cm2 V−1 s−1) transporting orthorhombic
columnar phase. Although the influence of chemical nature of side chains on the
structural order of columnar phases is well known, electron or hole transport in the
columnar phase determined by its side chains appears to be quite encouraging for
diversification of organic semiconductors from limited available structural motifs.

Fig. 7.9 Molecular structures of DLCs 16 and 17
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7.4.2 n-Type Discotic Molecules

Vast majority of the known DLCs are relatively rich in electrons and are better hole
transporters (donor materials) than electrons. Electron-transporting materials
(acceptor materials) with high mobility are essential for applications in solar cells,
bipolar transistors and OLEDs. Therefore several electron-deficient DLCs were
synthesized and characterized as n-type materials. Electron-deficient DLCs were
obtained either by substitution of electron-withdrawing peripheral groups onto a p-
type discotic core or by designing new electron-deficient heterocyclic aromatic
cores. Substitution of electron-withdrawing groups lowers both the LUMO and
HOMO levels in π-conjugated systems and enhances the electron transport. The
electron transport in the columnar mesophase was first evidenced in an electron-
deficient thioether-substituted tricycloquinoxaline derivative 18a (Fig. 7.10) [66].
Doping of compound 18a with 6 mol% of potassium metal, an electron donor,
resulted in conductivity (σ∥) of about 2.9 × 10−5 S m−1 in the columnar phase. It
was found that replacing the hexylthio side chains in 18a with ethyleneoxy chains
(18b) to enhance the K+ solubility, leading to higher doping levels and higher
conductivities (σ∥ = 1.1 × 10−3 S m−1). Photoconductivity studies on 18b revealed
transient photocurrents for both electrons (*10−4 cm2 V−1 s−1) and holes [67].
Hexaazatriphenylene (19 and 20) is another example of an electron-deficient aro-
matic heterocyclic core exhibiting a columnar mesophase. Meijer and co-workers
utilized DLC 19 as an electron-acceptor material in blend films with a well-known
donor material poly(3-hexylthiophene) [68].

In another study, Gearba et al. reported ∑μ1D mobilities up to 2.0 × 10−2

cm2 V−1 s−1 in the columnar mesophase of hydrogen-bonded hexaazatriphenylene
20 [69]. The interdisc distance of 3.18 Å achieved in 20 is attributed to the presence
of intermolecular hydrogen bonding. Demenev et al. reported electron mobility of
2.0 × 10−3 cm2 V−1 s−1 in the hexagonal columnar mesophases of a benzotristhi-
ophene derivative 21 [70]. Interestingly, the charge carrier mobility was found to be
temperature independent even across the phase transitions between the two mes-
ophases of 21 because of the presence of an intracolumnar hydrogen bonding.
Lehmann et al. reported DLCs based on electron-deficient hexaazatrinaphthylene
core (for example, 22) [71]. The electron-deficient character of 22 was demon-
strated by cyclic voltammetry. By PR-TRMC measurements, charge carrier
mobilities of 0.9 and 0.3 cm2 V−1 s−1, respectively, for crystalline and columnar LC
phases of 22 were found. Zang et al., designed DLC 23 with benzene core and three
(trialkoxyaryl)oxadiazole arms and reported TOF electron mobility of
1.0 × 10−3 cm2 V−1 s−1 in the columnar phase [72]. Geert’s group reported metal
free phthalocyanine based DLCs bearing peripheral alkylsulfonyl substituents (for
example, 13b) as potential air-stable n-type semiconductors [73].

Among the high-performance, n-type DLC materials are the perylene derivatives
functionalized with electron-withdrawing imide substituents 24–28 (Fig. 7.11).
Photoconductivity and n-type semiconducting properties of these materials have
found applications in prototype devices such as solar cells, OFETs, and OLEDs.
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First report on the charge transport properties in perylene-based DLCs came from
Struijk et al. [74]. They measured mobilities of 0.1 cm2 V−1 s−1 and
0.2 cm2 V−1 s−1 in the LC and crystalline phases, respectively, for N,N′-alkylper-
ylenetetracarboxylicdiimide (PTCBI) 24d by the PR-TRMC method. TOF mea-
surements of mobility on a similar compound 24a yielded similar mobility values

Fig. 7.10 Molecular structures of DLCs 18–23
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with evidence for ambipolar charge transport [75]. Field-effect mobility up to
0.6 cm2 V−1 s−1 and current on/off ratios >105 were obtained for thin-film tran-
sistors based on perylenebisimide 24b, when operated under nitrogen atmosphere
[76]. Charge-carrier mobility values as high as 1.1 × 10−2 cm2 V−1 s−1 have been
found in the room-temperature Colh phase of perylenebisimide 24e [77].
Functionalization of perylenebisimide cores at bay positions proved to be a good

Fig. 7.11 Molecular structures of DLCs 24–28
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strategy to enhance charge carrier mobility as reported for tetrachloro-substituted
perylenebisimide 24f in comparison to a nonchlorinated analog compound [78].
Funahashi et al. synthesized PTCBI derivatives 25 bearing oligosiloxane chains.
Compound 25 exhibited columnar phases at room temperature with TOF electron
mobility exceeding 0.1 cm2 V−1 s−1 [79].

Destruel and co-workers achieved red light emission in a bilayer OLED device
by combining electron-deficient perylenetetraester compound 26 with electron-rich
triphenylene 2a (as a hole transport material) [80]. Columnar LC diimide-diester
compounds (27) are known to support electron transport in their mesophases
because of the presence of strong electron-withdrawing substituents. By combining
27 with LC benzoperylenetriester compounds in bilayer, OLED device yielded red
color emission [81]. Higher perylenediimides like terrylene and quaterrylenetetra-
carboxyldiimides exhibit columnar mesophases with attractive semiconducting
properties [82]. For example, a “swallow-tailed” quaterrylenetetra carboxyldiimide
28 was utilized as an active semiconducting layer in an ambipolar thin-film tran-
sistor [83]. Postproduction thermal annealing of the device resulted solely in an
electron transport. Other DLC cores like coronene, decacyclene, and rufigallol are
known to exhibit electron transport in their columnar mesophases when appropri-
ately substituted with electron-withdrawing substituents. A coronene derivative 29
(Fig. 7.12) is reported to show a room-temperature columnar phase with charge
carrier mobility of*0.2 cm2 V−1 s−1 [84]. Hashimoto and co-workers found photo-
induced electron transfer in discotic 1,7,13-heptanoyldecacyclene 30 by combing it
with a p-type semiconducting polymer [85]. Kumar and Bisoyi reported room-
temperature Colh phase in a series of electron-deficient rufigallol derivatives 31
[86]. More recently, Kumar and coworkers reported wide range stabilization of the
Colh phase in DLC oligomers 32, wherein an electron-rich triphenylene moiety was
combined with an electron-deficient anthraquinone moiety to obtain donor-accep-
tor-donor triads [87]. Although charge transport behavior of these compounds has
not yet been reported, such study can be highly useful for potential application in
devices like solar cells where a pure single compound with the capability to form
separate charge conduction pathways for electrons and holes is highly desirable. In
another interesting study, Bunning et al. reported electrons as majority carriers in a
triblock copolymer with a main chain polymeric triphenylene liquid crystal capped
at either end with poly(ethylene oxide) chains [88].

Highly fluorescent discotic columnar phases are beneficial for OLED applica-
tions. However, majority of the DLCs discussed so far (except for some perylene
derivatives) are only weakly fluorescent in their mesophases. Recently, pyrene-
based DLCs have been synthesized in order to induce strong fluorescence in the
columnar mesophase [89, 90]. Shimizu and co-workers reported ambipolar charge
transport in the Colh phase of a pyrene derivative 33 (Fig. 7.12) with charge
mobilities on the order of 10−3 cm2 V−1 s−1 [90]. Interestingly, when the Colh phase
of 33 was super cooled to room temperature, a rigid glassy state was formed (with
structural features of the preceding Colh phase) without disrupting the charge
transport.
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Fig. 7.12 Molecular structures of DLCs 29–33
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7.4.3 p-n Type Dyad Discotic Molecules

Only a few examples of DLC semiconductors such as triphenylenes and phthalo-
cyanines exhibiting ambipolar characteristics have been reported. Yasuda and
coworkers reported ambipolar charge transport in triazine-based columnar liquid
crystals 34 (Fig. 7.13). The molecular design was such that central 1,3,5-triazine
core possesses an electron affinity served as an electron-accepting unit, whereas the
thiophene-based peripheral substituents provide electron-donating properties. TOF
experiments had revealed that the compounds exhibit hole and electron mobilities
on the order of 10−5 and 10−3 cm2 V−1 S−1, respectively, in the Colh phase [91]. In
another interesting molecular design, ambipolar charge transport in DLCs was
obtained by covalently linking donor-acceptor (D-A) DLC dyads. Imahori et al.

Fig. 7.13 Molecular structures of DLCs 34–37
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reported ambipolar charge transport in a molecular dyad 35 consisting of covalently
linked discotic phthalocyanine (donor) and fullerene (acceptor) [92]. The dyad
molecule self-assembled to form segregated D-A columns in the mesomorphic
state. In the TOF measurements, DLC 35 exhibited high hole (0.26 cm2 V−1 s−1)
and electron (0.11 cm2 V−1 s−1) mobilities. Recently, Mullen and co-workers
reported dyad DLC 36 with n-type PTCBI moieties covalently linked around p-type
hexabenzocoronene core. Dyad 36 assembled into columnar structures with
nanosegregated stacks of HBC and PDI such that an electron-donating 1D core is
surrounded by an electron accepting shell mantle [93]. In contrary to the expec-
tations, photoinduced electron transfer between HBC and PDI did not occur within
these molecular dyad because of the limited D-A orbital overlap in the plane of the
molecule which in turn is attributed to the distance of more than 1 nm between
donor and acceptor. However, nanosegregated stacks formed of p-type and n-type
moieties are expected to provide ambipolar charge transport channels in bulk state.

In recent years, several other π-conjugated systems based on triindole [94, 95],
corannulenes [96], ovalenes [97], tris(N-salicylideneanilines) [98], and dibenzo-
phenazine [99] have been identified as promising DLC cores. Golemme and co-
workers found charge carrier mobilities of 0.03 cm2 V−1 s−1 and 0.09 cm2 V−1 s−1 in
the Colh and crystal phase respectively in a triindole DLC derivative [94]. More
recently, they synthesized DLCs 37a and 37bwith difference only in nature of the side
chain. On replacing the nonylphenyl with the octylethynyl side chain the intermo-
lecular distance in π-stacking of columnar phase decreased from 4.4 in 37a to 3.9Å in
37b and achieved four orders of magnitude increase in charge mobility [100].

7.5 Alignment of Discotic Columnar Phase

All the proposed commercial applications of DLCs rely on our ability to control the
surface alignment of the columnar phase. This is because charge transport in
columnar phase is quasi-one-dimensional, i.e., charge-carrier conduction is much
faster along the columnar stacks than between columns. Flexible alkyl chains linked
to the rigid core act as an insulating hydrocarbon matrix and decrease intercolumnar
tunneling of the charge carriers. This anisotropy of charge transport implies that
columns must be appropriately aligned in a direction that the current is desired to
flow. DLCs can align either perpendicular to the substrate surface, referred to as
homeotropic alignment, or parallel to the substrate surface, referred to as planar
alignment (Fig. 7.14). While a planar alignment (also referred as homogeneous or
“face-on” orientation) of the columnar mesophase is required for devices such as
OFETs, a homeotropic alignment (where columns normal to the surface) of col-
umns is essential for OLEDs and photovoltaic cells. The problems encountered
when attempting to orient discotic LCs are related to the strong intermolecular
interactions in these materials, which translate into a comparatively high viscosity
and high mesophase temperatures. Apart from alignment requirements, obtaining a
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highly ordered monodomain thin-film structures free of local defects significantly
influence the device performance. Local defects at domain boundaries in unoriented
layers can trap charge carriers and significantly decrease device performance.
Although, alignment of calamitic liquid crystals on surfaces is an advanced tech-
nology, it is seldom applicable to columnar mesophases [101]. Different parameters
like molecular structure, film thickness, surface interactions and processing tech-
niques are known to control the alignment and monodomain formation in discotic
columnar mesophases. A brief discussion on different alignment methods is
described below. The first part will deal with molecular design strategies while the
second part focuses on different processing techniques.

7.5.1 Alignment Control of Columnar Phase
Through Molecular Design

Although DLCs self-organize readily into columnar phases, the alignment of col-
umns is neither uniform nor monodomain in nature. Several attempts have been
made to align DLC molecules onto a substrate by tailoring molecular core or the
functional groups in the side chains. Triphenylene, phthalocyanine, porphyrin, and
hexabenzocoronene (HBC) derivatives are the most commonly used DLCs for
mesophase evaluation and alignment control. They can be aligned on a single
substrate, in between two substrates, or in microscopic and nanoscopic pores by
processing either from solution or from isotropic liquid. In general, homeotropic
anchoring is the most common at the substrate–liquid crystal interfaces, whereas

Fig. 7.14 Schematic representations of a “Face-on” or homeotropic alignment of columnar DLC
and b “Edge-on”, homogeneous, or planar alignment of columnar DLC
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planar anchoring is preferred at the liquid crystal–air interface (single substrate).
DLCs have been shown to adapt a homeotropic alignment in their columnar
mesophases in relatively thick films (a few micrometers) when the material is
confined between two substrates and slowly cooled from their isotropic state. In
most cases, the uniform alignment requires a slow cooling rate. However, high
viscosity of the columnar mesophase often promotes multidomains and prevents the
perfect homeotropic alignment over a large area. As a molecular design strategy,
attempts have been made to decrease the isotropic melt viscosity of mesogens either
by incorporating hetero atoms in the flexible side chains or by introducing sterically
hindering groups on to the mesogenic core. Incorporating heteroatoms near the
rigid core of triphenylene and phthalocyanine discotic molecules is known to
enhance the ease of homeotropic alignment [102]. A systematic study of triphen-
ylene DLCs on various substrates revealed that the homeotropic alignment is
thermodynamically favored in the columnar phases, while the alignment changes to
planar when kept in the glassy or crystalline state [103]. Some other studies focused
on modifying the surface affinity of molecules by changing the chemical nature of
the side chains. It was shown that the introduction of a fluoroalkyl group into the
peripheral chains of triphenylene mesogens could provide a strong tendency
towards homeotropic alignment of the hexagonal columnar (Colh) mesophase on a
variety of substrates, indicating a new concept of molecular design for the align-
ment control of a columnar mesophase [104]. Pisula et al. have made extensive
structural studies with modifications of HBC derivatives, having different core
sizes, side chain lengths and substituents. Bulky branched side chains facilitated
face-on alignment from melts by drastically decreasing the isotropization temper-
ature, however, such side chains tended to introduce intracolumnar disorder in
higher coverage films because of steric crowding [105]. Introduction of ether
linkages within the side chains of HBC derivatives was found to enhance the
affinity of the discotic molecules towards polar surfaces, resulting in homeotropic
self-assembly when the compounds are processed from the isotropic state between
two surfaces and as a thin film on a single surface [105]. Li and coworkers achieved
spontaneous homeotropic alignment in porphyrin-based DLCs (16a–d) by varying
the film thickness, thermal annealing process, and mechanical shearing [106].
Samples deposited on a single substrate displayed multiple homeotropic and ran-
domly oriented planar domains. The preferential orientation of these materials
between two substrates was found to be homeotropic. Slow cooling at a rate of
*2 °C/min from the isotropic phase of 16a–c promotes selective nucleation and
slow growth of homeotropic domains, while abrupt cooling results in multidomain
structures. However, shearing and annealing the sample film resulted in highly
ordered planar alignment along the shear direction. It was much easier to obtain a
large-area defect-free homeotropically aligned thin film of perfluoroalkylated dis-
cotic porphyrins (16d). Another interesting aspect of these porphyrin DLCs is their
capability to retain stable homeotropic alignment through room temperature.

Hydrogen bonding groups incorporated into the cores of the DLC molecules are
known to aid in “templating” the deposition of ordered columnar phases on various
substrates [107]. Following this molecular design strategy, attempts were also made
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to achieve alignment control by incorporation of hydrogen bonding groups in the
side chains of the DLC molecules. Phenomenologically, an edge-on arrangement
results from the minimization of the surface contact of molecules with a substrate of
different polarity. Although there is some success, a more general molecular design
principle that chemical modifications of a mesogen provided a certain controlla-
bility of the molecular alignment for a columnar mesophase without changing the
mesomorphism is yet to achieve.

7.5.2 Alignment Control of Columnar Phase Through
Physical Methods

For technological applications, it is important to align semiconducting columnar
phase of DLCs in thin films and sandwiched devices. In general, it is observed that
a homeotropically aligned columnar mesophase can be obtained by slow cooling
from the isotropic phase. Alignment of DLCs by thermal annealing is achieved
when the material is stable above its clearing temperatures and it wets the substrate
in both its isotropic and LC phases. Representative examples of triphenylene,
phthalocyanine, porphyrin, and hexabenzocoronene DLCs have been shown to
adapt homeotropic alignment in their columnar mesophases spontaneously in rel-
atively thick films (a few micrometers) when the material is confined between two
substrates. Planar alignment of columnar LC films is favoured in relatively thin
films (≤100 nm) and on a single substrate. In spite of spontaneous self-assembly of
discotic molecules into Col phases, obtaining large area mono domain LC films in a
desired alignment is often very challenging. It can be achieved by combining
molecular design strategies with various film processing techniques. These tech-
niques include surface treatment, Langmuir–Blodgett (LB) deposition, self-
assembled monolayers, zone casting and zone melting, application of magnetic and
electric fields, use of infrared radiation and confinement in nanoscopic and
microscopic porous templates.

7.5.2.1 Surface Treatment

Calamitic liquid crystals for LCD display applications are predominantly aligned by
interactions with specially treated surfaces. Polyimide is widely used as a coating
reagent to obtain a homogeneous alignment for rod-like liquid crystals. For DLCs,
it is reported that the discotic nematic (ND) phase of 2,3,6,7,10,11-hexakis(4-n-
octyloxybenzoyloxy) triphenylene exhibits a spontaneous homeotropic alignment
on the polyimide-coated substrate. Alignment layers made for calamitic liquid
crystals do not provide specific orientations for the columnar phase of most DLCs.
On the other hand, oriented polytetrafluoroethylene (PTFE) coated surfaces was
successfully used for aligning DLCs. Zimmermann et al. first reported the planar
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orientation of a triphenylene DLC in its hexagonal plastic columnar phase by spin
coating the material onto a PTFE alignment layer [108]. Uniaxial “in-plane” ori-
entation of columnar phase was also achieved in HBC, phthalocyanine, pyrene, and
benzoperylene derivatives by spin-casting the LC material onto a PTFE orientation
layer [109–111]. Homeotropic alignement on the substrate can also be obtained by
deposition of dilute solution of discotic molecules onto MoS2 or highly oriented
pyrolytic graphite, as reported for discotic triphenylenes, hexaazatriphenylene and
HBCs [112–114]. In these cases, the main driving force for the face-on organization
is the interaction between the disc and the surface. Friend and co-workers reported
planar alignment of HBC on rubbed-PTFE layer and obtained field-effect mobility
as high as 0.5 × 10−3 cm2 V−1 s−1 even without the need for an annealing step in the
mesophase [115]. Homeotropic alignment of discotic Col phase can conveniently
be achieved in submicron thick open films by controlling the growth kinetics of the
columnar domains by thermal annealing. When the film thickness is reduced to the
typical value required in organic solar cells, i.e. 50–100 nm the homeotropic
alignment is disfavored over the planar orientation, and dewetting occur during
annealing leading to strongly inhomogeneous films. Moreover, PTFE layers can be
insulating and are not ideal for photovoltaic devices where good charge transport
throughout the device is essential. Addressing this issue, ultrathin films of a
columnar mesophase of a benzoperylene DLC was stabilized in homeotropic
alignment by thermal annealing on an ITO electrode that was subjected to either
UV-ozone or nitrogen plasma surface treatment [116]. Geerts and co-workers
reported alignment switching in a phthalocyanine compound bearing eight oligo
(ethyleneoxy) peripheral substituents by varying the nature of the solid substrate
from a hydrophilic to hydrophobic one. Homeotropically aligned films were
obtained on a hydrophilic surface, whereas planar alignment with a random dis-
tribution of the column directors occurred on the hydrophobic surface [117].

In another interesting method, homeotropic alignment of discotic columns in
open films (50–300 nm) for a phthalocyanine mesogen was achieved by the use of a
polymer sacrificial layer [118]. Here “face-on” alignment is imposed by thermal
annealing of the confined LC film with a top sacrificial polymer layer that is later
removed by washing with a selective solvent. But annealing of these structures,
after the sacrificial layer was removed, suggested reintroduction of disorder into
these films. Planar alignment of triphenylene and phthalocyanine columnar DLCs
with control of the azimuthal angle was achieved by isotropic phase dewetting on
chemically patterned surfaces [119]. Spin-coating of triphenylamine-based DLCs
on the SWNT-coated substrate is reported to exhibit homeotropic alignment in thin
films in its hexagonal columnar phase [120].

7.5.2.2 Langmuir–Blodgett (LB) Deposition

The Langmuir–Blodgett technique is a simple way to control molecular organiza-
tion at the air–water interface (see Fig. 7.15) [121]. This technique had been suc-
cessfully employed to homogeneously align amphiphilic derivatives of
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triphenylenes, phthalocyanines, and HBC DLCs [122, 123]. The molecules form
well-defined monolayer when spread from a solution at the air–water interface (the
Langmuir film). Efficient transfer of the monolayer to substrate by vertical dipping
gives well defined multilayer films. DLCs pack with uniformity in orientation,
parallel to the vertical dipping direction used for Langmuir-Blodgett thin film
fabrication. Armstrong and co-workers fabricated thin-film transistors based on a
discotic phthalocyanine molecule on silicon substrates by the LB technique [124].

7.5.2.3 Templating from Self-assembled Monolayers

Alignment of DLCs on self-assembled monolayers (SAMs) has been the subject of
many studies [125–128]. The application of SAMs opens new opportunities
because of the ease with which they can be patterned, with nanometer resolution
and over macroscopic areas. It is well known that thiols, disulfides, and thioethers
interact strongly with gold covered substrates to form highly ordered SAMs by
spontaneous adsorption from solution. Therefore SAMs of DLCs on gold surfaces
was anticipated from different discoid molecules containing thioether, thiol, or
disulfide substituents. Accordingly, discotic liquid crystalline hexaalkylthio-
substituted triphenylenes and tricycloquinazolines, and derivatized triphenylenes
with a single long ω-thioalkyl or ω-dithioalkyl substituent, were shown to self-
assemble from dilute solution onto gold surfaces [125]. The discotic hexaalkyl
thioethers assembled homeotropically onto the gold substrate. The alkyl chains

Fig. 7.15 Schematic illustration of the deposition of discotic molecules onto a substrate with the
edge-on arrangement using the Langmuir-Blodgett technique. Reproduced with permission from
[121]
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were found to lie flat on the gold but cover the aromatic cores. In contrast, aromatic
cores of the molecules of the monosubstituted triphenylene discoids with a single
thiol or disulfide substituent in the monolayers were aligned in a planar orientation
[126]. Monobe et al. reported planar alignment behavior in the columnar mesophase
of a triphenylene derivative on SAMs consisting of an asymmetrical disulfide, i.e.
butyl hexadecyl disulfide. But such an alignment was not observed on SAMs
consisting of a hexadecanethiol highlighting the fact that alignment of discotic
liquid crystal molecules is affected by the morphological state of monolayer [127].
High mechanical stability and electrical “conductivity” across thin films of a thiol
derivative of HBC had been reported in a metal–SAM–metal junction. Electrical
measurements across SAMs indicated that electron transport through the HBC core
is extremely efficient, when compared to the aliphatic part of the monolayer [128].

7.5.2.4 Zone Casting and Zone Crystallization

The zone-cast films offer high macroscopic uniaxial orientation of the columns with
a molecular edge-on arrangement on the substrate. In zone-casting, a solution of the
material is continuously deposited through a nozzle onto a moving substrate which
is being withdrawn at a controlled rate, so that a meniscus is formed between a flat
nozzle and the substrate [129]. The concentration gradient within the meniscus
guides the molecules to uniaxially aligned columns parallel to the moving substrate
(Fig. 7.16). The film morphology depends on processing conditions such as
evaporation temperature, polarity of the solvent, concentration, solvent flow, sub-
strate velocity, as well as the distance between the nozzle and the substrate. Various
materials including low-molecular-weight semiconductors, discotic molecules, and
block copolymers were successfully processed using this technique. Some of these
materials were already shown to have good properties as active layers in field-effect
transistors. For example, Mullen and co-workers achieved an order of magnitude
higher field effect mobility (1 × 10−2 cm2 V−1 s−1) in zone-cast films of discotic
HBC derivative when compared to a PTFE aligned FET device of the same material
[130]. Recently, Tracz et al. reported on a room temperature LC phthalocyanine

Fig. 7.16 a Zone-casting alignment rechnique; and, b zone-cast thin film of hexadodecyl HBC
Reprinted with permission from [129]. Copyright 2003, American Chemical Society
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processed by zone casting method. Highly oriented films that are uniform over
several square centimeters were obtained on glass support from a mixed solvent
(1:1 mixture of toluene and ethylene chloride) solution [131].

Zone casting and zone crystallization techniques are very similar in principle and
differ only in processing conditions. While the former method involves solution
processing, the latter depends on melt processing of the sample. Amorphous or
polycrystalline films of DLCs have been recrystallized into single-crystal-like thin
films of micrometer thickness by a zone-melting technique. In the zone crystalli-
zation method, the sample in its isotropic phase is moved in a defined velocity from
a hot substrate to a cold substrate, allowing the material to crystallize along the
temperature gradient as an aligned film [132]. Discotic HBC derivatives with
branched long alkyl substituents were successfully processed into macroscopically
ordered domains with “edge-on” orientation by using this technique [133].

7.5.2.5 Application of Electric Field and Magnetic Field

It is well known for rod-like LC molecules to align unidirectionally under the
influence of an electric field. However, most DLCs do not respond to an applied
electric field. Many recent studies focused on designing DLC molecules that are
responsive to an applied electric field. Thus, alignment by electric field was
achieved in the columnar phases of corannulene, triphenylene, hexaphenylbenzene,
hexabenzocoronene and phthalocyanine based DLCs. In one of the first demon-
strations, a solution of hexa(para-n-dodecylphenyl)hexabenzocoronene (8b) was
applied to a glass surface by drop-casting and the molecules were oriented into
highly ordered planar aligned columnar structures by an electric field during solvent
evaporation [134]. An amide-substituted corannulene derivative with branched
paraffinic side chains was shown to self-assemble into a columnar phase that
responds to an applied electric field and align homeotropically to the electrode
surface [135]. As a molecular design strategy, Miyajima et al. introduced aromatic
amides with branched paraffinic tails onto mesogenic discotic cores such as cor-
annulene, triphenylene and hexaphenylbenzene to serve as an electric-field-
responsive handle that enables large-area unidirectional orientation of columnarly
assembled LC molecules [136]. Very recently, a novel hexa-peri-hexabenzoco-
ronene/oligothiophene hybrid DLC was shown to self-assemble into a hexagonal
columnar LC phase, and respond to applied electric fields resulting in uniform
homeotropic or planar alignment depending upon the electrode structure [137].
Furthermore, the columnar orientation was maintained even after removal of the
electric field until the material was heated above the clearing temperature.

A magnetic field has been utilized for producing highly oriented films of DLCs.
On the basis of this method, a substituted hexabenzocoronene DLC was solution-
processed into planar orientation and field-effect transistors (FET) were constructed
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with charge carrier mobilities up to 10−3 cm2 V−1s−1 [138]. Choi and co-workers
designed discotic metallomesogens, i.e. cobalt octa(n-alkylthio) porphyrazine
derivatives that can interact with an external magnetic field to uniaxially align
columnar phase [139, 140]. Planar alignment was achieved, by simultaneously
utilizing an applied magnetic field (1.0 T) and the interaction of the discotic met-
allomesogen with an octadecyltrichlorosilane (OTS) functionalized substrate.

7.5.2.6 Application of IR Irradiation

In this technique, the vibrational mode of a selected chemical bond in a mesogen is
excited by application of IR irradiation to induce alignment control. Shimizu and
co-workers reported selective switching between planar and homeotropic align-
ments in the Colh phase of the triphenylene mesogen by the excitation of C–C
stretching vibration of the molecule using a combination of linearly and circularly
polarized infrared irradiation [141]. Recently, this technique was extended to
achieve alignment control of plastic columnar and helical columnar mesophases of
other triphenylene derivatives [142].

7.5.2.7 Alignment in Pores and Channels

In recent years, several researchers looked upon molecular confinement within
pores and channels as a tool to align DLC molecules. Wendorff and co-workers
obtained aligned LC triphenylene nanowires within porous alumina templates
[143]. Nanowire formation was found to depend on various factors like thermal
history of the sample, pore geometry and the interfacial phenomena. In another
study, polymer/liquid-crystal tubes consisting of an approximately 30 nm thick poly
(methyl methacrylate) (PMMA) layer on the outside and a 5–10 nm thick discotic
LC layer on the inside of the porous alumina template tubes had been prepared
[144]. An HBC DLC derivative has been melt processed into nano-and macro-
scopic inorganic membrane pore templates to obtain supramolecular organization in
the form of bundles and nanorods [145]. Uniform carbon nanotubes with ordered
graphene orientations were obtained by carbonization of preorganized discotic
hexabenzocoronene in porous alumina template [146]. Mouthuy et al. reported
alignment of the columnar phases of a phthalocyanine-based DLC in SiO2 channels
[147]. These nano scale channels were fabricated using E-beam lithography and the
samples were filled by spin-coating. Recently, Bushby and coworkers achieved
planar alignment of triphenylene and phthalocyanine DLCs using microchannels
made of SU8 polymer [148]. The advantage of this method lies in the easiness of
fabrication of the SU8 channels in micrometer length scales and filling up of
samples by capillary action.
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7.6 Applications of Discotic Columnar Semiconductors

The semiconducting and self-assembling properties of columnar DLCs have
stimulated intense research toward their application in organic electronic devices
such as solar cells, OLEDs and OFETs. In OLEDs, charge carriers (holes and
electrons) are injected from the electrodes into the organic semiconductor and emit
light when they meet. Solar cells have an opposite working principle compared to
OLEDs: light is absorbed and dissociated into charge carriers that migrate to the
electrodes to give rise to an electric current. OFET plays the role of current mod-
ulator in electronic circuits by tuning the current flowing in its channel. A com-
parison of their device performance with those comprising analogous organic
systems provides clear evidence that the DLC compounds are an important class of
material in organic electronics and are extremely attractive alternatives to tradi-
tionally used inorganic semiconductors.

OLEDs generate light by electroluminescence. The basic structure of an OLED
is shown in Fig. 7.17. It consists of a thin film of an organic semiconducting layer
sandwiched in-between two electrodes, one with a high work function, the anode
(generally transparent Indium Tin Oxide) able to inject positive charge carriers
(holes) and one with a low work function, the cathode (calcium, aluminium,
magnesium etc.) that injects negative charge carriers (electrons). Organic layer is
composed of a hole transport layer, an emission layer, and an electron transport
layer. With application of a voltage across the OLED, electrons and holes drift
through their respective transporting layers and recombine near the interface
(emission layer) to emit light with an energy hν. The external quantum efficiency η
characterizes the efficiency of the OLEDs and is given by the ratio of the number of
photons produced and the number of charges injected. In many cases, an electron-
transporting layer and the light-emitting layer are combined into a single layer.
Progress achieved on the performance of OLEDs regarding brightness, efficiency,
and stability had resulted in their commercial applications in various portable
display devices [149].

Fig. 7.17 Schematic representation of a an organic light-emitting diode architecture, b the charge
recombination process in OLEDs
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It is possible to combine the efficient charge transport properties of the columnar
mesophase with luminescence properties through molecular design both of which
are important material properties required for OLED applications. Wendorff and co-
workers were the first to demonstrate the use of columnar discotics for applications
in single layer OLEDs. Bacher et al. fabricated bilayer OLEDs by combining
discotic triphenylene compounds as hole transporting material and the tris(8-
quinolinolato) aluminum(III) complex (Alq3) as electron transport and emitting
material [150–152]. Destruel and coworkers were the first to fabricate an all
columnar bilayer organic red light-emitting diode with both an electron-rich
columnar liquid crystal as hole transport material and an electron-deficient tetra-
ethyl perylenetetracarboxylate fluorescent columnar liquid crystal as electron
transport material [80]. They later achieved red, green, and blue color emissions by
combining electron-deficient triphenylene and perylene discotic derivatives (as an
electron transport layer) with a non-LC hole-transporting layer in multilayer OLED
devices [153]. Saturated red light emission was observed in diodes made of an
electron rich triphenylene derivative as hole transport material and an electron
deficient fluorescent perylene derivative as electron transport material with both
materials exhibiting a columnar LC phase. Figure 7.18 shows the current-voltage
characteristics of the all columnar OLED made of ITO-coated glass/triphenylene
hexaether/perylene tetraester/aluminum configuration. The current density was
reported to reach as high as 28 mA cm−1 at 26 V. The light turn on occurred at 16 V
and brightness up to 45 cd m−1 at 28 V was reported [154]. Performances of DLC
based OLEDs are expected to improve significantly in the coming years with design
of highly fluorescent DLCs and additional improvements on orientational order of
the semiconducting molecules which can lead to high charge carrier mobility.

Photovoltaic or solar cells absorb solar light to convert it into an electrical
current. OPV devices are constituted by an organic layer sandwiched between two

Fig. 7.18 Current density-
voltage characteristics of the
EL device. Reprinted with
permission from [154].
Copyright 2001, American
Institute of Physics
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electrodes. The highest workfunction electrode (often ITO, a transparent material
that allows light to enter the devices) collects holes whereas the lowest work-
function collects electrons, resulting from the dissociation of the excitons (tightly
bound holes and electrons) created by the absorption of photons (see Fig. 7.19). The
photovoltaic efficiency η is defined as the ratio of the number of charge collected at
the electrodes and the number of photons absorbed in the device. In solar cells, the
UV-VIS absorption profile of the materials is very important, as it directly relates to
the quantity of photons that the device can potentially capture. Equally important
are the relative energy levels of the donor and acceptor materials. The energy gap
between HOMO of the donor and LUMO of the acceptor determine the potential
output (open-circuit voltage) of the device. Therefore, the performance of a solar
cell device critically depends on several factors such as optical absorption and
exciton formation, exciton migration to the donor-acceptor interface, exciton dis-
sociation into charge carriers, charge-carrier mobility, and charge collection at the
electrodes [155]. Discotic columns as an active semiconducting layer in OPV cells
have a number of advantages over other organic materials. Apart from the ease of
solution processibility into large-area thin films on flexible substrates, the highly
ordered columnar mesophase of DLCs offers large exciton diffusion length and high
charge-carrier mobilities both of which are key parameters for the device efficiency.

Several DLC derivatives of porphyrin, phthalocyanine, HBC, triphenylene, and
perylene cores have been employed for solar cell applications. Some representative
examples are discussed below. Gregg et al. first reported photovoltaic effect in a
discotic porphyrin LC film sandwiched between ITO-coated glass electrodes [156].
Several years later, Petritsch et al. demonstrated photovoltaic performance in a
bilayer heterojunction (BHJ) cell comprising a discotic phthalocyanine derivative as
an electron donor and a perylene derivative as an electron-acceptor material, albeit
with poor external quantum efficiencies (EQE * 0.5 %) [157]. Schmidt-Mende
et al. reported a significant improvement in photovoltaic performance by combining
discotic HBC 8b (electron donor) with an n-type perylene tetracarboxdiimide

Fig. 7.19 Schematic representation of a a bilayer solar cell and b the photo-induced charge
generation process responsible of the creation of an electric current
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molecule in a BHJ device [158]. They achieved power conversion efficiency around
2 % under monochromatic illumination (490 nm). Authors attribute this result to the
nanophase segregation of perylene and HBC systems in the blend films to form
separate percolation pathways for electron and hole transport. Further improvement
in performance, i.e. an external quantum efficiency of 29.5 % at 460 nm and an
open-circuit voltage of 0.70 V was achieved by controlling the film morphology by
annealing of the HBC-perylene tetracarboxdiimide blend deposited on an elasto-
meric stamp of low-surface roughness [159]. Destruel’s group reported preparation
of an OPV device with ITO/triphenylene derivative/perylene derivative/Al cell
structure and reported an external quantum efficiency of around 3 % [160].

Li et al. fabricated both bilayer- and bulk-heterojunction solar cells by spin-
coating discotic porphyrin as a donor and C60 and its derivative PCBM as electron
acceptor [64]. Bilayer and bulk-heterojunction devices were fabricated on ITO
anode coated with a conducting polymeric mixture, i.e. poly(3,4-ethylenedioxy-
thiophene) (PEDO)/poly(styrenesulfonate) (TPSS). In the bilayer solar cell, an
active layer composed of a porphyrin DLC was spin coated from its chlorobenzene
solution followed by thermal deposition of a C60 layer (deposited under vacuum). A
blend thin film of the porphyrin DLC 16a or 16b and PCBM (1:1 w/w and 230–
250 nm thick spin coated from a chlorobenzene solution) was used as the active
layer in the bulk heterojunction device. On top of the active layer, Ca/Al cathode
was deposited. Compared to the bilayer PV cells, BHJ devices showed better
performance. After thermal annealing, BHJ cells exhibited a short-circuit current
density (JSC) of 3.990 mA/cm2 and a power conversion efficiency (PCE) of 0.712 %
(Fig. 7.20).

Fig. 7.20 J-V characteristics of the bilayer solar cells based on (a) 16a and (b) 16b under dark
(solid line), and before (dash line) and after (dot line) annealing under the illumination of AM
1.5 G and 100 mW/cm2. The inset of (a) schematically shows possible ordering of active
porphyrin layer before and after annealing. Reproduced with permission from [64]
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High external quantum efficiency of more than 70 % and an energy conversion
efficiency of 3.1 % were achieved recently in a solution processable discotic
phthalocyanine based bulk heterojunction solar cell [161]. For improvement in the
performance of bulk heterojunction organic solar cells, the incorporation of p-type
and n-type segments in a single molecule was sought. Accordingly, molecular DLC
dyads such as HBC-pyrene [162], HBC-anthraquinone [163] and HBC-perylene-
tetracarboxy diimide [93] were reported. Although OPV cells employing discotic
molecules are yet to match the performance of polymer based devices, the progress
that we are making with respect to the synthesis of new molecules and design of
novel molecular architectures has been very encouraging.

Another important application of organic semiconductors is in the field of
transistors. Transistors play the role of logical gates in an electrical circuit. The
current in the circuit is modulated by varying the voltage between the electrodes.
Basically, an organic field-effect transistor (OFET) is constituted by three electrodes
(the gate, the source and the drain), an insulating (or dielectric) layer, and the
organic semiconductor layer. An OFET can be fabricated in either top- or bottom
contact geometry (Fig. 7.21). In “top-contact” geometry, the drain and source
electrodes are deposited on top of the semiconducting layer, while the electrodes are
positioned under the active layer in “bottom-contact” geometry. The geometries
have their own advantages but the bottom contact devices are more often used since
it is easier to integrate them in low-cost manufacturing processes. Commercial
applications of OFETs are envisioned in active matrix displays, sensors, smart
cards, and radiofrequency identification tags (RFIDs) [164].

Notable among high-performance DLCs for OFET applications are the deriva-
tives of HBCs, phthalocyanines, and perylenes [29]. Van de Crats et al. constructed
an OFET device by spin coating discotic HBC 8d on to an aligned PTFE layer and
reported field-effect mobilities of 0.5–1.0 × 10−3 cm2 V−1 s−1 with a turn-on voltage
of −5 to −10 V and on/off ratios of more than 104 [106]. Mullen and co-workers
achieved an order of magnitude higher field effect mobility (1 × 10−2 cm2 V−1 s−1)
in zone-cast films of discotic HBC derivative when compared with a PTFE aligned
FET device of the HBC 8a (n = 12), see Fig. 7.22 [130]. With magnetic field
aligned HBC 8a, FET charge carrier mobility of 10−3 cm2 V−1 s−1 was achieved

Fig. 7.21 Schematic representation of field-effect transistors in a top contact and b bottom contact
geometries
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with on-off ratio of 104 and turn-on voltage of *5 V [165]. Nuckolls and co-
workers reported OFETs (top contact with Au as source and drain electrode) based
on nonplanar HBC 10 with high charge-carrier mobilities (0.02 cm2 V−1 s−1), high
on/off ratios (106), and low turn-on voltages (−3 V) [56]. Recently they reported the
fabrication of stable high performance photosensitive OFETs, by integrating HBC
10 with single-walled carbon nanotubes (SWNT) as point contacts, with resistance
up to 8.99 × 109 Ω [166]. Armstrong and coworkers fabricated bottom-contact
transistors based on a discotic Cu-phthalocyanine derivative on silicon substrates
with the LB alignment technique, and their devices showed field mobility of 10−2

cm2 V−1 s−1 [124].
Perylene diimide derivatives are one of the most important n-type semicon-

ducting mesogenic materials with high charge-carrier mobility. High field effect
mobilities have been demonstrated in n-channel thin-film transistors using vapor-
deposited perylene diimide derivatives. In 2002, Malenfant et al. reported n-channel
OFETs based on 19b with saturation electron mobilities ranging from 0.3 to 0.6
cm2 V−1 s−1 and on-off ratios greater than 105 in a bottom-contact configuration
[73]. Chesterfield et al. reported electron mobility up to 1.7 cm2 V−1 s−1 with an on-

Fig. 7.22 a Schematic side-
view representation of the top
contact device configuration
with contacts evaporated onto
the 20 nm thick zone-cast
HBC 4a (n = 12) aligned film.
The discs represent the tilted
molecules in edge-on
arrangement. The red arrow
indicates the charge transport
direction. The optical image
shows the aligned layer in a
25 µm long channel of a FET.
b I-V output characteristics of
the zone-cast HBC 4a
(n = 12) as an active layer.
(Reprinted with permission
from [130]. Copyright 2005
John Wiley & Sons, Inc.)
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off current ratio of 107 in an OFET device based on 19b. Higher performance of the
device is attributed to the formation of well-organized thin films formed under
controlled growth conditions [142].

Single-channel OFETs with simultaneous or selective transport of electrons and/
or holes (ambipolar charge transport) are highly desirable owing to their application
in complementary-like circuits. Using discotic quaterrylene tetracarboxdiimide 28,
bottom-gate ambipolar OFETs were fabricated on hexamethyldisilazane (HDMS)
treated SiO2 substrates [83]. Saturated electron and hole mobilities were found to be
1.5 × 10−3 cm2 V−1 s−1 and 1.0 × 10−3 cm2 V−1 s−1, respectively. However,
postproduction thermal annealing of these devices resulted solely in electron
transport. To realize the advantages of LC organic semiconductors in practical
applications, the FETs (both n-channel and p-channel) should at least provide field-
effect mobilities above 1 cm2 and on-off ratios in the range of 106 and operate under
ambient conditions, preferably in a bottom-contact configuration.

7.7 Conclusions and Outlook

During the last two decades, significant progress has been made to develop organic
semiconducting materials for electronic devices. In this chapter, we have described
recent advances in the field of discotic columnar liquid crystals as semiconductors.
An overview of structural and mesomorphic properties of molecules with emphasis
on charge transport in terms of novel DLC cores, control of alignment and appli-
cations is provided through selected examples. DLCs exhibit carrier mobilities in
between those of organic amorphous and crystalline materials. Molecular structure-
charge mobility studies reveal ways to systematically improve charge carrier
mobility by proper variation of the electronic and steric structure of the constituting
molecules and to reach charge carrier mobilities that are comparable to amorphous
silicon. DLCs as semiconductors combine quasi-one-dimensional charge transport
with several other advantages including long-range self-assembling, self-healing of
defects, solubility in organic solvents etc., all of which are highly desirable for low-
cost lightweight plastic electronic products such as thin-film transistors, light-
emitting diodes, solar cells, and sensors. For all of these proposed applications, it is
necessary to have discotic columns to be macroscopically and uniformly aligned
with planar or homeotropic orientation. Although several alignment techniques
have been developed for DLCs it is yet to match the control that we had achieved in
the calamitic liquid crystals. Despite achieving some good performance in OFETs
and OPVs, research on applications of semiconducting DLCs is still in its infancy
when stability and efficiency have to be compared with the performances of silicon
based cells. Therefore, the development of new mesomorphic compounds is very
important. Performances of these devices are expected to improve significantly in
the coming years with design of robust DLCs and additional improvements on
alignment of columnar phase on surfaces. Furthermore, dynamically functional
anisotropic properties of columnar liquid crystals can be tuned or enhanced by the
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formation of heterogeneous structures by the development of new composite
materials based on liquid crystals with nanofibers, nanoparticles and carbon
materials.
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Chapter 8
Directed Assembly and Self-organization
of Metal Nanoparticles in Two and Three
Dimensions

S. Holger Eichhorn and Jonathan K. Yu

Abstract Properties of metals and other compounds change in comparison to their
bulk materials when they are prepared as sufficiently small particles, usually in the
1–50 nm range. A myriad of applications for these nanoparticles have been con-
ceived and tested and their presence in consumer products is already ubiquitous. It
was established right from the beginning that the properties of materials containing
nanoparticles not only depend on their size, shape, and composition but also their
spatial arrangement. Most prominent are predictable changes to their optical
properties when nanoparticles are positioned in ordered arrays and sufficiently close
to permit electronic interactions. This chapter describes the recent advancements in
the arrangement of metal nanoparticles into defined structures of two- and three-
dimensional order by the Langmuir-Blodgett technique, layer-by-layer deposition,
and the self-organization of liquid crystalline and amphiphilic metal nanoparticles.
The large volume of work on the (directed) self-assembly of nanoparticles is just
briefly presented in the introduction as it has been extensively and comprehensively
reviewed by others. While the Langmuir-Blodgett technique can generate mono-
layer and multilayer materials, the other two techniques (layer-by-layer deposition
and the self-organization) are predominantly applied to the preparation of three-
dimensionally ordered materials. Discussed in great detail is how the purity and
size-distribution of employed metal nanoparticles and the structure of their pro-
tective layer(s) affect their ability to generate two- and three-dimensionally ordered
arrangements of high quality and persistence length by any of the three techniques.
Processing conditions are described in less detail because they do not differ from
those used for molecular materials, although they are equally important to the
preparation of structures of long-range order. Finally, possible applications and
properties of materials prepared by the Langmuir-Blodgett technique, Layer-by-
layer deposition, and self-organization are described if deemed important.
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8.1 Introduction

Both, molecular and supramolecular structures affect the properties of molecular
materials and must be optimized for every desired application. Similarly, properties
of materials comprised of metal nanoparticles (MNPs) are controlled not only by
the structure and composition of MNPs but also their arrangement in space. In fact,
an increasing proportion of the recent research on MNPs has focused on their
controlled processing into specific one-, two-, and three-dimensional structures.
Self-assembly and self-assembly directed or assisted by directional chemical
interactions, external fields, and template surfaces, are the most prominent meth-
odologies applied to control the spatial arrangement of nanoparticles (NPs) but
structures of two- and three-dimensional order have also been obtained with other
techniques, such as the formation of Langmuir-Blodgett (LB) films, Layer-by-Layer
(LbL) deposition, and the self-organization of liquid crystalline or amphiphilic
MNPs (Fig. 8.1). It is the application of the latter three techniques this chapter is
concerned with, in addition to being focused on MNPs, since the application of self-
assembly and related processes has been recently and extensively reviewed by
others [1–5]. Brief summaries of selected review articles on the controlled assembly

Fig. 8.1 Cartoons of ordered structures generated by a LB films, b LbL deposition [6], and c the
self-organization of liquid crystalline or amphiphilic MNPs [7]. Adapted by permission from
Macmillan Publishers Ltd.: NPG Asia Materials [6], copyright 2012. Reprinted (adapted) with
permission from [7]. Copyright 2013 American Chemical Society

290 S. Holger Eichhorn and J.K. Yu



of nanoparticles by techniques not covered here are provided below as guidance for
the interested reader.

Grzelczak et al. review mainly the directed self-assembly of spherical gold NPs
and, in more general terms, to what extent self-assembly can be controlled by either
changing the energy or entropy landscapes via the use of templates or applied
external fields [1]. The first part is concerned with the interactions between
chemically modified gold NPs and templates and the template free self-assembly of
chemically modified gold NPs due to directional interactions. Provided examples
include DNA mediated assembly of gold NPs and investigations of anisotropic and
Janus-type MNPs. The second part briefly describes the influence of various
external fields on the self-assembly process, which inevitably includes examples of
metal oxide, modified polymer, silica, and other NPs. Besides the common appli-
cation of a single field (electric, magnetic, and flow), the authors also highlight the
high potential for simultaneous application of several directing fields. This second
part also includes a short overview of self-assembly of NPs at liquid-liquid inter-
faces but the interested reader may rather be directed to a comprehensive review on
self-assembly at liquid-liquid interfaces by Böker et al. [2].

Although already 7 years old, the review on self-assembly of NPs by Kinge et al.
is still one of the most comprehensive description of different self-assembly pro-
cesses and their principles [3]. At the centre of this review is the description of
different self-assembly methods and their underlying principles, such as drying
mediated assembly, self-assembled monolayers, self-assembly via H-bonding,
electrostatic assembly including LbL deposition, directed assembly aided by elec-
trical, magnetic, and optical fields, and assembly at interfaces that includes a short
section on LB films. Also described is the use of inorganic and biological templates,
microcontact and other printing methods, as well as shape-selective assembly of
non-spherical NPs. Following the part on general concepts and methodology is an
extensive list of examples that is structured based on the dimensionality (one, two,
and three) of the self-assembly and the review concludes with a brief description of
specific properties of self-assembled NPs. A more concise and recent account on
techniques for self-assembly of NPs is provided by Nie et al., which also gives a
more comprehensive description of the properties of derived materials and their
potential applications [4]. The authors in particular emphasize properties that derive
from plasmonic interactions and the same research group has recently devoted an
entire review to the subject of self-assembled plasmonic nanostructures [5]. This
review, in contrast to all other reviews mentioned here, also contains a part on the
computational modelling of self-organization of NPs and discusses the dynamic and
static nature of NP assemblies. A quotation from this review will serve us as a final
remark: “We note that although a particular force may dominate the self-assembly
process, in reality, the formation of a particular structure originates from the
interplay of several forces.”
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8.2 Langmuir-Blodgett Films of Metal Nanoparticles
(MNPs)

8.2.1 Introduction

The Langmuir-Blodgett (LB) technique is probably the oldest methodology for the
generation of defined monomolecular layers and their layer-by-layer transfer onto
substrates. So, it is not surprising that NPs were processed into monolayers by the
LB technique as soon as they became available as soluble, discrete, and well
characterized entities. In the early 1990s Peng and co-workers already described the
formation of LB films of Fe2O3 NPs with stearate layers in between the NP layers
[8]. Since then, the LB technique has been applied to many other types of NPs, such
as NPs made of metal [9] and metal oxides [10], NPs with core-shell structures [11],
and NPs that are semiconductors [12] or magnetic [13]. This review is mainly
concerned with metal NPs (MNPs) but NPs generated from metal oxides and
inorganic semiconductors may be mentioned where appropriate. Not covered is the
synthesis of MNPs used for LB deposition although specific purity or shape
requirements may be indicated.

When compared to other assembling methods, such as self-assembled monolayer
templates and lithographic patterning, the LB method has several important advan-
tages: (a) relatively large areas can be uniformly coated (square centimeters) for
comparatively low cost, (b) the spacing betweenMNPs can be relatively easily varied
by adjusting the surface pressure, (c) basically all soluble MNPs can be processed by
this method, (d) monolayers of two-dimensional order and multilayers of three-
dimensional order can be generated [14]. Important deficiencies of the LBmethod are
limited scalability and the incompatibility with continuous coating processes.

In general, the formation of LB films of MNPs involves the following four steps:
(1) The MNPs must be dissolved in a sufficiently volatile solvent that is immiscible
with the mostly aqueous subphase of the trough. (2) This solution is spread onto the
water surface to generate a Langmuir film after the evaporation of the solvent. (3)
The physical state of the Langmuir film is controlled and changed with moveable
barriers that adjust the available surface area and, consequently, surface pressure.
(4) The Langmuir film is transferred, usually by vertical dipping (Langmuir-
Blodgett technique) or horizontal lifting (Langmuir-Schäfer technique), onto a
substrate at a surface pressure below the collapse pressure of the film to generate a
LB film [15, 16].

All MNPs used for depositions by the LB method are coated with a monolayer
or bilayer layer of organic protecting ligands or with a polymer layer to prevent
particle growth by coalescence [17] and to impart sufficiently high solubility in the
spreading solvent and perhaps an amphiphilic character. A stable and adequate
spacing between metal cores of MNPs is particularly important when the film is
compressed to avoid coalescence, which usually results in a loss of the assembled
structure due to precipitation [18, 19]. Compression to surface pressures of
10 mN/m and larger is essential for the generation of uniform films of close-packed
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MNPs. L-films with collapse pressures much larger than 15 mN/m usually require
sufficiently amphiphilic MNPs, which is not easily achieved [20]. Two common
approaches to amphiphilic MNPs is the preparation of Janus MNPs, nanoparticles
that possess two different chemical functionalities at each hemisphere, such as one
hydrophobic and one hydrophilic side [21], or the coating with amphiphilic poly-
mers [22]. Alternatively, less amphiphilic MNPs have been co-deposited with an
amphiphilic reagent (surfactant), which certainly is the most straightforward
approach and avoids complex synthetic pathways [23]. Clearly, many properties of
the MNPs important to the formation of L- and LB-films are controlled by their
protective coating, which is why we structured the following part of individual
contributions based on the types of coatings, with the exception of the part on
magnetic MNPs.

Before we begin with the discussion of individual papers we should provide
some general information on the processing of MNPs by the LB method and
guidance on how to interpret published results. We start with typical conditions for
the processing of L-films and LB-films. Most common spreading solvents are
chloroform and toluene but limited solubility especially of charged MNPs required
the use of solvent mixtures such as dimethyl sulfoxide (DMSO) and chloroform.
Concentrations of the MNPs in the spreading solvent are rarely provided because
their low solubility usually requires 1–5 mL of saturated solution. These large
volumes must be carefully and dropwise added at different locations of the liquid
subphase to avoid early formation of three-dimensional aggregates. MNPs much
larger than 20 nm in diameter are usually not sufficiently soluble and are spread as
dispersions after extensive sonication. The most common subphase still is ultra-
pure water but especially hydrophobic MNPs have been reported to spread better on
ethylene glycol and diethylene glycol [24].

A common problem with MNPs is their strong propensity for self-aggregation
into islands of solid domains or even three-dimensional aggregates. This may be
circumvented by a careful spreading procedure and fast enough compression of the
L-film. Typical reported compression rates are between 5 and 15 cm2/min and
maximum surface pressures before buckling of the L-film occurs are 10–15 mN/m.
However, much higher collapse pressures of 30 mN/m and larger have also been
reported. Defects in the rigid monolayers may be improved by compression-
expansion cycles if the compression is at least partially reversible [25]. Both, the
collapse pressure and the packing order of MNPs in the L-film critically depend on
the purity of the MNPs and their size distribution, which complicates the com-
parison of results obtained by different groups. Especially the presence of excess
protective ligand or polymer is often not carefully evaluated and may be the main
reason for a less ordered packing. We also note that the evaluation of the phase
behaviour in L-films solely based on pressure-area isotherms can be rather mis-
leading. Studies of the phase behaviour must be accompanied at least by Brewster
angle microscopy while the analysis of transferred LB films may not provide
reliable information on the structure of the preceding L-film, especially if trans-
ferred at low surface pressures.
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Transfer of L-films onto hydrophilic and hydrophobic substrates is usually
achieved by vertical up-stroke (LB-technique) or horizontal lift-up (Langmuir-
Schäfer technique) at speeds of 0.1–1.0 mm/min. In some studies the up-stroke
angle was altered to values of around 105° to minimize film ruptures or the L-film
was lowered onto a submerged substrate by removing a part of the liquid subphase
[19]. Transferred (LB) films are typically studied by tunneling and scanning
electron microscopy (TEM) (SEM), atomic force microscopy (AFM), and grazing-
incidence small angle X-ray scattering (GIXD). We note that only the latter tech-
nique provides reliable information on the long-range order of close-packed
arrangements of MNPs.

Most common applications of LB-films of MNPs are photonic devices [26, 27]
and substrates for surface enhanced resonance measurements [28–31]. One
advantage of the LB method is that the electronic and magnetic interactions
between MNPs can be altered by varying the average interparticle distances through
variation of the surface pressure. Also tested has been the incorporation into bulk-
heterojunction polymer solar cells [32], sensors for mercury detection [33] and
organic acids and phenols [34], and catalysts for CO oxidation [35, 36].

8.2.2 LB-Films of MNPs Protected by Alkylamine
and Alkylthiolate Ligands

MNPs, especially gold NPs, protected by a self-assembled monolayer of alkylthi-
olates or alkylamines have been most widely studied because of their relatively
straightforward synthesis. With increasing length of the ligand’s alkyl chains, these
MNPs become increasingly hydrophobic since the partially charged surface of the
metal core is better shielded from the outer surface of the MNP by longer alkyl
groups. Still, even the most hydrophobic MNPs may form reasonably stable L- and
LB-films if their size distribution is sufficiently narrow and their protective layer is
adequately stable. However, the collapse pressures of their L-films were often small
with values between 5 mN/m for weakly attached laurylamine ligands [23] and
15 mN/m for dodecanethiolate [37] on gold NPs. A change from dodecanethiolate
to pentanethiolate protective ligands resulted in the expected decrease in surface
area per NP from 11 to 6 nm2 and a shorter distance between gold cores as
confirmed by GIXD studies. Unexpected was the twice as high collapse pressure
(30 mN/m) of the pentanethiolate protected gold NPs when compared to the dod-
ecanethiolate protected NPs because ligands with longer alkyl chains generally
provide a higher stability to the NPs. However, compressed monolayers of both
gold NPs displayed the expected hexagonally close-packed arrangement at the
air-water interface.

Similar values were reported by Medina-Plaza et al., Chen et al., and James et al.
Medina-Plaza et al. generated LB monolayers of dodecanethiolate protected gold
NPs on ITO electrodes for applications in electrochemical sensing [34]. They
reported the formation and successful transfer of L-films of mostly hexagonally
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close-packed gold NPs at a surface pressure of 10 mN/m and a surface area per
MNP of 30 nm2 for NPs with a diameter of 4.9 ± 0.5 nm. However, the L- and LB-
films consist of small domain structures with no long-range order and frequent
defect sites. Chen et al. deposited LB monolayers of dodecanethiolate protected
gold NPs on ITO electrodes to enhance the efficiency of photovoltaic devices [32].
They reported similar optimum surface pressures of about 10 mN/m for the transfer
of close-packed L-films of gold NPs of core diameters 3, 6, 10, and 16 nm.
However, TEM images revealed many more defects, especially empty areas, for the
LB films of the larger gold NPs (10 and 16 nm) than for the smaller MNPs. The
authors also observed the often reported self-aggregation and island formation at
low surface pressures.

James et al. utilized commercially available 4-tert-butylthiophenol protected
gold NPs of 4.3 nm diameter with a standard deviation of 2.5 nm for the preparation
of L- and LB-monolayers on quartz [33]. Close-packed films were obtained at a
surface pressure of 15 mN/m while films with larger interparticle spacing were
generated at a lower surface pressure of 8 mN/m. The less densely packed films
were less sensitive for mercury vapour measurements by about 50 % but provided a
faster mass flux of mercury. The authors also tested the heat stability of the films for
thermal recovery and observed coalescence of gold NPs at 513 K to MNPs of about
8 nm diameter.

Changes in collapse pressure as observed for dodecanethiolate and pentanethi-
olate protected gold NPs may be caused by differences in size distributions but
different degrees of crystallinity of the alkyl chains will also contribute to the
observed differences. Thiolate ligands with alkyl chains of 12 or more carbon atoms
usually generate crystalline domains of alkyl groups while shorter alkyl chains do
not. So, alkylthiolate protected MNPs with shorter alkyl chains may be “softer”
than those with longer alkyl chains, which is counterintuitive at first glance. In fact,
a recent study on the chain length dependence of collapse pressures of alkylthiolate
protected gold NPs confirmed increases in collapse pressure of more than 30 mN/m
for the NPs with longer alkyl chains (Fig. 8.2) [38]. The authors could show that
this is mainly an effect of the order-to-disorder (melting) transition of the alkyl
chains. Alkyl chains with even numbered carbons of 14 or more are crystalline and
generate L-films of much higher collapse pressure if the L-film studies are con-
ducted at 22 °C.

Matsumoto et al. performed LB studies on almost monodisperse Au147 and Au55
NPs with hexylthiolate (NP diameter = 3 nm and core diameter = 1.8 nm) and
octadecylthiolate ligands (NP diameter = 5 nm and core diameter = 1.3 nm),
respectively [39]. Both gold NPs formed L-films that could be transferred onto TiO2

(110) surfaces at surface pressures of 10 and 3 mN/m. TEM analysis of the films
obtained at 10 mN/m revealed an ordered hexagonal packing over distances larger
than 1 µm and interparticle distances in agreement with the sizes of the MNPs
(Fig. 8.3a). However, investigations by scanning transmission microscopy (STM)
clearly demonstrated the labile character of these films as NPs were moved and
removed by the STM tip (Fig. 8.3b, c). The low density films transferred at 3 mN/m
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were even more loosely packed and could not be studied by TEM and STM because
of the high mobility of gold NPs on the surface.

In an early LB study, Heath et al. reported the formation of long-range hexag-
onally close-packed two-dimensional layers for alkylthiolate protected gold and
silver NPs that have the right combination of core size and alkyl chain length if the
size distribution is sufficiently small [40]. They proposed that the assembly of
MNPs strongly depends on the amount of excess (conical) volume (Ve) available to
the passivating ligands. For Ve > 0.35 nm3, large interpenetration of the alkyl chains
of adjacent particles generates extended one-dimensional structures at low surface
pressures and two-dimensional foam-like phases at high pressures. Attractive dis-
persion forces between metal cores dominate for Ve < 0.35 nm3 but are sufficiently
reversible to generate long-range hexagonally close-packed two-dimensional layers
of MNPs for Ve values larger than 0.15 nm3. Ve values below 0.15 nm3 result in the
often observed irreversible self-aggregation of MNPs.

Clearly, the behavior of MNPs protected with alkylamines and—thiolates in
L- and LB-films is complex because it depends on many different parameters such
as size, size distribution, linking group, length of alkyl chain, spreading solvent, pH
and temperature of subphase, and the ligand to gold ratio. An exact comparison of
results reported by different groups may be possible if only one parameter changes
but the preparation of two identical batches of monolayer protected MNPs is
already a challenge due to synthetic limitations. However, the reliable and

Fig. 8.2 Top graph Work
required to collapse a
monolayer of gold NPs
protected by alkanethiols of
different length at 13 °C (left
bar), 22 °C (centre bar), and
40 °C (right bar). Bottom
graph Collapse pressures of
monolayers of gold NPs
protected by alkanethiols of
different length. Reprinted
(adapted) with permission
from [38]. Copyright 2012
American Chemical Society
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reproducible preparation of layers consisting of hexagonally close-packed MNPs of
long-range order, as required for many applications, does not seem to be feasible. A
central problem is the self-aggregation of hydrophobic and most other MNPs at the
air-water interface that generates floating islands of irreversibly associated MNPs.
The glass-like rigid structure of these island phases prevent rearrangements of
MNPs that are required for the formation of defect free films with long range
packing order upon compression at the air-water interface. Many research groups
chose the addition of a second spreading component, such as excess ligand, a
surfactant, or just alkanes, as a versatile option to improve the interfacial properties
of monolayer protected MNPs.

Fig. 8.3 a SEM image of hexagonal pattern of hexaylthiolate protected gold NPs on a TiO2 (110)
substrate. STM images of the same gold NPs on TiO2 that reveal the removal of NP C in image
(b) by the STM tip to give image (c) [39]. Reprinted from [39], Copyright 2007, with permission
from Elsevier
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In a recent study, Gagnon et al. demonstrated that a simple addition of alkanes to
gold NPs protected by tetradecylthiolate generates a liquid expanded phase of
improved fluidity and reversibility as confirmed by compression–expansion hys-
teresis measurements [41]. The added alkane is assumed to be incorporated into the
alkyl layer of the gold NPs to minimize the conical free volume of the ligand shell.
This incorporation is reversible as the alkanes are assumed to be partially squeezed
out upon compression. Particularly interesting is the reported dependence on
temperature and length of the added alkane. In this study good mixing between the
tetradecylthiolate protected gold NPs and an alkane only occurs at temperatures
below the melting point of the alkyl chains attached to the MNP (order-to-disorder
transition) and if the added alkane has at least the same number of carbon atoms as
the alkyl group of the ligand. However, defect free films with long-range hexag-
onally close-packed order were not obtained and the addition of alkanes either
lowered the collapse pressure or generated featureless pressure-area isotherms for
all fluid liquid expanded films.

A unique approach to more stable L-films of alkylthiolate protected gold NPs
was reported by Sanders et al. [42]. They added a solution of 1,12-dithioldodecane
to L-films of alkylthiolate protected gold NPs with alkyl chains ranging from 6 to
18 carbon atoms at a low surface pressure of 0.2 mN/m. Expectedly, the L-films of
MNPs with alkyl chain lengths of 6–14 carbon atoms had collapse pressures of
below 15 mN/m, were rather disordered, and difficult to transfer as intact films.
Addition of 1,12-dithioldodecane increased collapse pressures to values above
20 mN/m (Fig. 8.4), generated larger areas of close-packed order, and allowed a
transfer by the LB and Langmuir-Schäfer techniques. This change in properties was
reasoned with an apparent cross-linking of the MNPs at the air-water interface.
Other evidence of cross-linking was provided by TEM images that revealed
membrane like properties of the L-films (Fig. 8.5). In contrast, collapse pressures of
gold NPs protected by hexa- and octadecylthiolates were larger than 30 mN/m and
decreased upon addition 1,12-dithioldodecane and so did the degree of order of
their assembly. This is not surprising as the dithiolate is much shorter than the
interparticle distance between these MNPs and probably also does not easily insert
into the more crystalline ligand layer of hexa- and octadecylthiolates.

8.2.3 LB-Films of MNPs Containing Polar Ligands

Another and more widely approach to L- and LB-films with larger collapse pres-
sures is the addition of surfactant molecules or ligands with polar terminal groups to
hydrophobic alkylthiolate and alkylamine protected MNPs. Experimentally most
straightforward is the co-deposition of hydrophobic MNPs protected by outer alkyl
groups with an amphiphilic compound. Swami et al. showed that laurylamine
protected gold NPs do not form stable L-films and are not amenable to transfer onto
substrates [23]. Addition of water insoluble octadecanol to the spreading solution of
laurylamine protected gold NPs significantly improved the amphiphilicity and
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stability of the L-film that could now be transferred onto substrates to form mono-
and multi-layer LB-films. Unfortunately, large increases in surface pressure over
time after spreading and surface areas per cluster that were four times the maximum
estimated area indicated structural rearrangements of the MNPs. This assumption
was corroborated by a comparison of TEM images of as prepared laurylamine
protected gold NPs and after their deposition as LB monolayer that revealed an
overall increase in size and in size distribution of the gold cores from initially 5
(±0.5) nm to 8–28 nm. Clearly, the weakly attached laurylamine ligands do not
provide sufficient stability for LB studies and probably rearrange and exchange in
the presence of octadecanol. The increased area per cluster are likely generated by
areas just covered with octadecanol as the amount of octadecanol that inserts into
the alkyl layer of the gold NPs is limited and will likely change with surface
pressure.

Fig. 8.4 Pressure-area
isotherms of a free and
b crosslinked gold NPs
protected by alkylthiols of
different length [42].
Reprinted from [42],
Copyright 2014, with
permission from Elsevier
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Bjørnholm and co-workers conducted a comparable study with more stable
alkylthiolate protected gold NPs and, perhaps more importantly, they added the
amphiphilic compound as a functionalized alkylthiolate to generate gold NPs with
two different types of ligands (e.g. dodecanethiolate and 11-hydroxyundecanethi-
olate) [37]. The most important outcome of these studies is that the randomly
attached thiolate ligands are sufficiently mobile to rearrange at the air-water inter-
face. Amphiphilic Janus type gold NPs are generated since most of the ligands
bearing terminal hydroxyl groups migrated so that they face the aqueous phase
(Fig. 8.6). Expectedly, the collapse pressures of their L-films increased from
15 mN/m for just dodecanethiolate ligands to over 30 mN/m for a 5:1 mixture of
dodecanethiolate and 11-hydroxyundecanethiolate. The authors also could show by
GIXD studies that entirely hydrophobic gold NPs protected by a mixture of dod-
ecanethiolate and pentanethiolate also respond to the interfacial conditions by
generating more elongated NPs when compressed as L-film. The observed packing
distances agree with an expulsion of the long-chain ligands from the plane of the
monolayer as a response to the increased surface pressure. Similar rearrangements
of ligands have also been observed in self-organizing MNPs discussed later.

Most widely applied has been the addition of amphiphilic molecules that likely
add a second layer of ligands by interdigitation of the aliphatic chains. In the
simplest case, it is the addition of excess ligand as recently reported by Lau et al.
[43]. They prepared nearly monodisperse gold NPs of 8.0 nm core diameter that
were protected by a monolayer of oleylamine. These NPs do not form defect free
monolayers at the air-water interface because of their strong tendency to aggregate.
Addition of an extra amount of oleylamine diminished self-aggregation so that
L- and LB-films of long-range hexagonally close-packed order were obtained

Fig. 8.5 High (a) and low (b) resolution TEM images of crosslinked hexanethiol protected gold
NP that reveal uniform particle distribution, symmetric tears, and possible folding of the flexible
film. Reprinted from [42], Copyright 2014, with permission from Elsevier
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(Fig. 8.7). It is assumed that the extra amount of oleylamine attaches to the NPs so
that their aliphatic chains mix (interdigitate), which generates amine and ammo-
nium groups at the outer surface of the gold NPs. Amine groups provide a better
interaction with the aqueous phase while ammonium groups prevent strong self-
aggregation due to charge repulsion. Notably, the excess oleylamine may also be
added to compressed L-films of oleylamine protected gold NPs that already contain
multilayers and other defects to generate L-films of similar long-range hexagonally
close-packed order described above (Fig. 8.8).

An elegant approach to the synthesis of surfactant protected silver NPs was
presented by Lee et al. [44]. They reported the formation of stearate protected silver
NPs by thermal decomposition of a multilayer film of silver stearate at 550 K. The
obtained MNPs of 4 nm diameter readily form monolayer assemblies at the air-
water interface with an astonishing collapse pressure of 59 mN/m, which is higher
than for a monolayer of just stearate molecules. The high stability of the NP
monolayer is reasoned with significant interdigitation between the alkyl chains of
stearate ligands on adjacent silver NPs. Interdigitation between ligands was sup-
ported by interparticle distances of 3–3.5 nm measured by TEM, which was
0.5–1.0 nm smaller than the predicted diameter based on the length of stearate
ligands (Fig. 8.9). Also successful was the transfer of these stearate protected silver
NPs onto substrates by the LB technique.

Fig. 8.6 Randomly attached alkylthiolate and 11-hydroxyundecanethiolate ligands rearrange on a
gold NP surface to generate amphiphilic Janus-type NPs at the air-water interface. Reproduced
from [37] with permission of The Royal Society of Chemistry
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Similarly, the addition of fatty acid ω-tricosenoic acid to mercaptoaniline pro-
tected palladium NPs significantly improved their interfacial properties [45].
L-films of the pure mercaptoaniline protected palladium NPs with a core diameter
of 1.5–2.0 nm collapsed at surface pressures larger than 6 nm/m but assembled into
a monolayer at very low pressure of 2 mN/m. Addition of ω-tricosenoic acid to the
spreading solution increased the film’s robustness to a surface pressure of 30 mN/m
and these mixed L-films could be readily transferred by vertical dipping while
the pure monolayer could only be transferred horizontally by trough draining.

Fig. 8.7 SEM images of LB films of oleylamine protected gold NPs transferred onto silicon
substrates without (a) and with excess oleylamine (b). Reprinted (adapted) with permission from
[43]. Copyright 2012 American Chemical Society

Fig. 8.8 LB assembly process of oleylamine protected gold NPs with and without addition of
excess oleylamine (OA) [43]. Reprinted (adapted) with permission from [43]. Copyright 2012
American Chemical Society
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A comparison of the surface areas per entity of the pure components and the
mixture as well as IR studies agree with a side-by-side arrangement of palladium
NPs and ω-tricosenoic acid in the L- and LB-films and no significant H-bonding
between the aniline and carboxylic acid groups.

8.2.4 LB-Films of MNPs Protected by Ionic Surfactants

Ionic surfactants have also been used as additives, which allows for a combined
application of electrostatic assembly with the LB technique. In addition, these
MNPs are more biocompatible especially if fatty acids and amines or other
chargeable biomolecules are incorporated. Sastry et al. generated MNPs with an
outer layer of carboxylic acid or amine groups by adding neutral fatty acid or amine
molecules to alkylthiolate protected silver and gold NPs [9, 46]. At carefully
controlled conditions interdigitation between aliphatic chains of the fatty acid or
amine and the alkyl groups of the ligands results in the formation of a bilayer. This
phenomenon appears to be unique to NPs as a similar bilayer formation is not
observed for self-assembled monolayers of alkylthiolates on flat silver and gold
surfaces, probably because of insufficient free volume. At pH = 9 a carboxylic acid
terminated bilayer MNP is charged and dissolves in the aqueous subphase but

Fig. 8.9 TEM image of stearate protected silver NPs obtained by thermal decomposition of a
multilayer film of silver stearate at 550 K [44]. Springer and the original publisher/The European
Physical Journal D-Atomic, Molecular, Optical and Plasma Physics, 16, 2001, 293–296, Phase
Behavior of organic-inorganic crystal, S.J. Lee, S.W. Han, H.J. Choi, and K. Kim, Fig. 8.3,
original copyright notice) with kind permission from Springer Science and Business Media
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attaches electrostatically to an oppositely charged L-film of fatty amines that are
also charged at this pH (Fig. 8.10). Obviously, amine and acid groups may also be
exchanged and oppositely charged MNPs may also be used for electrostatic
assembly. Complex multilayers were generated at the air-water interface by alter-
nating addition of oppositely charged species, including single-stranded DNA and
other charged biomolecules, to the aqueous subphase. Transfer of these electro-
statically assembled multilayer L-films onto substrates is possible but the authors
also highlight other processing options based on thermally evaporated fatty lipid
films. We note that these charged MNPs may also be processed by electrostatic
layer-by-layer deposition without the help of the LB technique as described later.

Cationic monomeric and gemini imidazolium surfactants were studied as pro-
tective ligands for silver NPs by Datta et al. [47]. Since the NPs were synthesized in
aqueous solution it is assumed that polar imidazolium groups point towards the
silver surface and towards the water phase to generate bilayers around the NPs. This
structure probably remains unchanged upon transfer into chloroform as spreading
solvent. The spacer length between imidazolium units in the gemini structures
proved to be an important parameter as it affects the shape of the formed silver NPs
and the order of the aggregates generated at the air water interface (Fig. 8.11). All

Fig. 8.10 a Pressure-area isotherms of octadecylamine before and after the exposure to lauric acid
protected silver NPs dissolved in the aqueous subphase for 15 min (Line 1), 60 min (Line 2), and
120 min (Line 3). b Cartoons of the octadecylamine L-film after exposure to lauric acid protected
silver NPs and the proposed interdigitated bilayer of lauric acid on the surface of the silver NPs [9].
Copyright 1998 American Chemical Society
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silver NPs display the gas-analogous state at low pressures, the liquid-condensed
phase at intermediate pressures, and a solid-analogous phase at high pressures,
which is ideal for the formation of long-range ordered assemblies. However,
especially silver NPs protected by gemini imidazolium surfactants with shorter
spacers already self-aggregate at low surface pressures to generate islands of con-
densed phases of close-packed structures. AFM images of LB films confirmed the
presence of islands and multilayer assemblies.

Charges may also be attached to MNPs via charged protective ligands. Sashuk
et al. prepared gold and silver NPs that were protected by a mixture of two ligands
[48]. One ligand was the hydrophobic 1-undecanethiol and the other ligand con-
tained a charged or chargeable end group, such as 11-mercaptoundecyltrimethy-
lammonium chloride and 11-mercaptoundecanoic acid. Attachment in solution
should give a rather random distribution of the two ligands but the ligands are
expected to rearrange at an air-water interface with the charged ligands facing the
water surface. Similar rearrangements of polar and apolar thiolate ligands were
reported by Bjørnholm and co-workers and described above [37]. To ensure
insolubility in water not more than 15 % of the ligands per NP can be charged,
which is sufficient to generate amphiphilic MNPs that form stable L- and LB-films
(Fig. 8.12). Surprisingly, cationic MNPs with ammonium end groups gave higher
ordered and more stable two-dimensional assemblies than anionic MNPs with
carboxylic acid. For example, cationic MNPs withstood surface pressures of
40 mN/m whereas L-films of anionic MNPs already collapsed at 25 mN/m. This
difference is explained with strong H-bonding between remaining carboxylic acid

Fig. 8.11 Pressure-area isotherms for silver NPs protected with monomeric (I0) and gemini
imidazolium surfactants of varying spacer length (2–12 carbon atoms) at 28 °C. On average, an
area of 40 ± 5 Å per silver NP protected by gemini surfactants is obtained for the extrapolated
onset of surface pressure [47]. Reprinted from [47], Copyright 2014, with permission from
Elsevier
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groups at the MNP’s surface. However, long-range order of hexagonally close-
packed NPs was neither achieved with cationic nor with anionic MNPs even though
the former generated significantly larger defect-free domains.

8.2.5 L- and LB-Films of MNPs Protected by Polymers

Protection by MNPs by a polymer layer rather than ligand molecules usually
increases the stability of the MNPs and their overall size because polymer layers
tend to be thicker, denser, and less uniform than self-assembled monolayers of
molecular ligands. A comparative study on gold NPs protected by a molecular
surfactant oleylamine, which probably forms a partial bilayer, and poly(vinyl
pyrrolidone) (PVP) was provided by Benkovičová et al. [49]. Unfortunately, the
core sizes and size distributions of the two samples were significantly different with
core diameters of 14.6 (±15) and 24.4 (±20) nm for oleylamine and PVP, respec-
tively, although the thickness of the organic layer was almost identical with 0.7 and
0.8 nm, respectively. Nevertheless, both samples of gold NPs assembled into
hexagonally close-packed arrays of relatively long-range order as LB-films on silica
substrates and, more surprisingly, by drop casting onto silica substrates (Fig. 8.13).
Clearly, the lower polydispersity of the oleylamine protected gold NPs is the main
reason for the generation of more ordered self-assembled arrays. The authors do not
mention any problems with self-aggregation of these comparatively large MNPs.

Polyvinylpyrrolidone was also used as protective layer for rhodium NPs
(nanocrystals) by Zhang et al. [50]. L-films were deposited onto silicon wafers by
the Langmuir-Schäffer method at different compression pressures. TEM analysis of

Fig. 8.12 Pressure-area
isotherms on compression and
expansion for positively
charged MNPs with an onset
of surface pressure at a
surface area of about
200 nm2/NP. The observed
hysteresis is reasoned with a
migration of MNPs into the
aqueous phase [48]. Reprinted
from [48], Copyright 2012,
with permission from Elsevier
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the monolayer LB-films revealed a constant increase in surface coverage with
increasing surface pressure (11, 24, and 33 % at 4.4, 8.1, and 10.4 mN/m,
respectively) in Fig. 8.14a. Buckling of the L-film to multilayers was observed at a
surface pressure of 12.9 mN/m in Fig. 8.14b. However, smaller sized particles
(6.5 and 8.3 nm in diameter) showed higher surface coverage than larger particles
(13.5 nm) when compression pressures below 10 mN/m were applied, which was
reasoned with a lower polydispersity of the smaller rhodium NPs. At surface
pressures greater than 10 mN/m the samples showed large deviations in surface
coverage (35–64 %) that are likely caused by the different geometric shapes of the
formed rhodium nanocrystals. Interestingly, all tested LB-films showed catalytic
activity for the hydrogenation of ethylene, which confirmed that active surface area
was available on the rhodium NPs despite the polymer coating.

A rather unique approach was chosen by Genson et al. who attached an
amphiphilic V-shaped polymer to gold NPs [51]. The structure of the attached
ligand containing a hydrophobic polybutadiene chain and a hydrophilic poly(eth-
ylene glycol) chain is given in Fig. 8.15a. These ligands were not attached by ligand

Fig. 8.13 SEM images of
monolayers of gold NPs
protected by oleylamine
(a) and polyvinylpyrrolidone
(b) obtained by drop casting
onto silica substrates [49].
Springer and the original
publisher, Chemical Papers,
Preparation of sterically
stabilized gold nanoparticles
for plasmonic applications,
67, 2013, 1225–1230, Monika
Benkovičová, Karol Végso,
Peter Šiffalovič, Matej Jergel,
Eva Majková, Štefan Luby,
Alexander Šatka) with kind
permission of Springer
Science+Business Media
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exchange or during the formation of the MNPs but via an esterification of mer-
captophenol protected gold NPs of 2 nm diameter to generate a dense organic layer.
Due to their amphiphilic coating the MNPs spread well at the air-water interface
with an onset of surface pressure at a surface area of 200–250 nm2/MNP and a
minimum area of 30 nm2/MNP before collapse at a surface pressure of 18 mN/m.
Compression was reversible and a condensed monolayer was obtained at a surface
area per MNP of 140 nm2. Comparison of the measured areas per MNP in the L-
films and AFM studies on LB-films suggest a dissolution of most poly(ethylene
glycol) chains in the aqueous subphase upon compression and a preferential
arrangement of the polybutadiene chains at the air-water interface to generate
MNPs of pancake-shape (Fig. 8.15b).

Tao et al. demonstrated that much larger MNPs can also be processed into LB-
films of long-range order [52]. They prepared silver NPs (nanocrystals) of diam-
eters of 100–250 nm and different polyhedral shapes that were protected by
PVP. Transfer onto silicon wafers was accomplished at different surface pressures
between 0 and 14 mN/m to change plasmonic properties by changing average
interparticle distances from 40 nm to about 2 nm, respectively. Related work with
PVP protected silver and gold NPs, nanocubes and nanocages, respectively, was
reported by Mahmoud et al. [27]. Their MNPs were smaller in size with diameters
of about 75 nm and surface pressure well above 30 mN/m could be reached before
the L-films collapsed. However, LB-monolayers with uniform distribution of MNPs
were obtained only at low particle density and with MNPs that contained only very
small amounts of free PVP. Even smaller are the PVP protected platinum NPs
reported by Song et al. with sizes of about 10 nm [26]. Samples with primary cubic,
cuboctahedral, and octahedral shapes generated LB monolayers of similar order.
However, surface pressures as low as 6 mN/m already generated LB-films with
MNPs escaping into the third dimension.

Fig. 8.14 TEM images of LB films of 8.3 nm Rh nanocrystals transferred at surface pressures of
a 10.4 mN/m (monolayer) and b 12.9 mN/m (multilayer). Reprinted (adapted) with permission
from [50]. Copyright 2007 American Chemical Society
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8.2.6 L- and LB-Films of Magnetic MNPs

Many properties of magnetic MNPs also depend on their size, size distribution, and
types of protective ligands as discussed above but we decided to grant them a
separate part because of their unique magnetic interactions and properties. Magnetic
dipole-dipole interactions may affect their assembly in L- and LB-films if the MNPs

Fig. 8.15 a Chemical
structure of a monomer unit of
the V-shaped ligand (PB-
PEG)n and b a simplistic
molecular model of a gold NP
coated with ten V-shaped
ligands that have poly
(ethylene glycol) chains in an
amorphous state. Reprinted
(adapted) with permission
from [51]. Copyright 2006
American Chemical Society
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have sufficiently large volumes and high magnetic moments. Magnetic dipolar
interactions one order of magnitude stronger than the thermal energy of MNPs at
room temperature have been reported as well as precipitation of 14 nm cobalt NPs
due to too strong magnetic interactions. We refer to a recent review by Bellido et al.
for more details on magnetic interactions and the processing of magnetic NPs in
general [53]. Reviewed in the following are L- and LB-films of MNPs, not
including metal oxide NPs, which reduces the number of examples to sufficiently
air stable iron and cobalt containing NPs.

L- and LB-films of iron/platinum NPs have been reported by two groups. Wang
et al. prepared iron/platinum NPs protected by oleic acid and oleylamine with a core
diameter of 4 nm and a standard deviation of less than 10 % [54]. These mainly
hydrophobic MNPs generated close-packed assemblies at the air-water interface
and could be transferred onto substrates at surface pressures between 15 and
20 mN/m that equal a surface area per MNP of 60–70 nm2. Unique of this study is
the comparison of LB-film formation on substrates of different hydrophilicity
according to surface contact angle measurements. Intact LB monolayers of close-
packed MNPs were obtained only on substrates with contact angles of water larger
than 65°, which is considered as the boundary between hydrophobic and hydro-
philic behavior.

Less successful were Wen et al. with their attempt to generate LB films with 3–
4 nm iron/platinum NPs protected by PVP [55]. Although pressure-area isotherms
reveal high collapse pressures of larger than 50 mN/m for L-films of pure MNPs
and their mixture with stearic acid, their transfer onto carbon-coated copper TEM
grids generated discontinuous films with multilayer areas. We assume some of these
feature are already present in the L-film and generated by the transfer process,
which suggests the MNPs self-aggregate relatively strongly. This conclusion,
however, is contrary to what the authors concluded.

Thorough LB studies with relatively air-stable cobalt NPs protected by trid-
odecylamine were presented by Johans et al. [19]. They illustrate the importance of
Brewster Angle Microscopy measurements in conjunction with pressure-area iso-
therms to identify self-aggregation and island formation of the MNPs. Contrary to
several reports on surfactant supported L-film formation discussed above, the
authors concluded from careful comparative studies that the presence of excess
tridodecylamine (cobalt NPs were not repeatedly washed to remove all excess
tridodecylamine) does not aid the spreading of cobalt NPs but tridodecylamine
competes for surface area and promotes self-aggregation that even led to the pre-
cipitation of aggregates of cobalt NPs from the interface. Most likely, the steric bulk
of tridodecylamine makes it much less useful as amphiphilic additive when com-
pared to conventional fatty acids and amines. Another interesting result is the
observation that the MNPs spread much better and more reversibly on ethylene
glycol than on water because of its lower polarity and surface tension. The authors
also compared different spreading solvents (chloroform, toluene, and hexanes) that
affected the types of self-aggregates that are formed (Fig. 8.16) but all these
measures did not generate close-packed L-films that could be transferred onto
substrates. The best quality L- and LB-films were obtained from mixtures of
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tridodecylamine protected cobalt NPs with a block co-polymer PS-b-PEO on eth-
ylene glycol as subphase. These films displayed superparamagnetic behavior at
room temperature.

MNPs of cobalt alloys were studied in the groups of Singla [56] and Weller [24].
Singla and co-worker synthesized cobalt/nickel NPs of 8 nm diameter and rea-
sonably small size distribution that were stabilized by PVP. Good quality L- and
LB-films (up to six layers) were obtained when the spreading solution contained
stearic acid and films were vertically transferred at a surface pressure of 30 mN/m
and area per NP of 60–70 nm2. AFM images of bilayers transferred onto glass
slides are in agreement with a transfer of overall smooth, close-packed monolayers
but some larger aggregates were also present. Weller and co-workers investigated
8 nm cobalt/platinum NPs of spherical and cubic shapes that were protected by

Fig. 8.16 TEM images of self-aggregated tridodecylamine protected cobalt NPs nanoparticles on
ethylene glycol after evaporation of hexane (a, b) or toluene (c, d) solutions. Reprinted (adapted)
with permission from [19]. Copyright 2010 American Chemical Society
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hexadecylamine. Essential for the formation of close-packed and relatively defect
free L-films was a careful removal of excess hexadecylamine to avoid the formation
of double layers of nanoparticles at domain boundaries and improve dispersion at
the interface. The authors also demonstrated that good quality monolayers were
formed on the less polar diethylene glycol but not on water as subphase, which
seemed to be generally true for hydrophobic MNPs. The optimum surface pressure
for transfer was determined to be 8 mN/m and a surface area per NP of 30 nm2.
Finally, they reduced the number of defects in transferred films by optimizing the
dipping angle to 105°, in between vertical and horizontal transfer (Fig. 8.17).

8.2.7 LB Multilayers of MNPs

Most of the work presented above is focused on the preparation of monolayers
whereas Kundu et al. presented some interesting results on the preparation of LB
multilayers with dodecanethiol protected gold NPs of core diameters of 1.4 and
3.4 nm [57–59]. They succeeded in the formation of multilayers by sequential
transfer of monolayer L-films onto H-terminated Si(001) substrates by vertical
down-up cycles (LB method) at a surface pressure of 8 mN/m. To their surprise
only odd numbered multilayers were generated, which they reasoned with a change

Fig. 8.17 SEM images of cobalt-platinum NPs monolayers transferred onto silicon wafers at
various dipping angles. Light areas represent coverage by NPs while dark areas are uncovered by
NPs. Reprinted (adapted) with permission from [24]. Copyright 2008 American Chemical Society
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from Z-type to Y-type LB deposition after the first down-up cycle. In other words,
no monolayer is deposited at the first down stroke but only at the first up-stroke. To
reason this finding the authors hypothesized that the Si(001) substrate required
some pre-wetting before deposition of gold NPs occurred.

Perhaps more surprising is that the authors apparently generated multilayer
L-films by a simple increase in surface pressure beyond the collapse pressure of the
monolayer. They reported the irreversible formation of bi-, tri-, and tetralayer films
at surface pressures of 16, 21, and 25 mN/m, respectively. X-ray diffraction
investigations of multilayer films transferred onto Si(001) substrates revealed some
ordering of the MNPs and an unusually short interparticle distance between layers
that suggested a strong interpenetration. However, the exact structures of the
multilayer films remain unclear and, more importantly, are not stable over time. All
multilayer films collapse over months into a monolayer of randomly assembled
gold NPs of various but increased sizes [59]. Clearly, the close-packing of the gold
NPs compromises their stability towards coalescence. The authors also show that
the kinetic and mechanism of the collapse of the multilayer films depends on the
chemical nature of the substrate surface by investigating the process not only
on H-terminated Si(001) substrates but also Br- and HO-terminated Si(001)
substrates [58].

8.3 Layer-by-Layer Deposition of Metal Nanoparticles

8.3.1 Introduction

Charged and uncharged MNPs may also be processed into thin films by a process
called Layer-by-Layer (LbL) deposition that is somewhat related to the formation of
LB-films but does not provide a direct control over the packing order and density
within each layer. The method typically relies on electrostatic interactions between
oppositely charged compounds, although examples that utilize H-bonding and other
intermolecular forces have also been reported [60], and was initially developed for
the LbL deposition of polyelectrolytes. However, many other molecular species
have been incorporated into these multilayer films over the past two decades
including charged MNPs and other colloidal particles [61–63]. In fact, the first
reported electrostatic LbL deposition was actually utilizing colloidal particles and
not polymers [64]. Charged MNPs are well suited for this technique because only a
fraction of the attached charged groups can interact with the oppositely charged
surface to leave a sufficient number of charges for the deposition of the next,
oppositely charged layer. In other words, a non-stoichiometric excess of charged
groups is deposited with each new layer relative to the preceding layer.

The generic process of LbL deposition is rather straightforward and illustrated in
[65]: (a) A charged substrate is dipped into a solution containing oppositely charged
material which will bind to the substrate. (b) The coated substrate is taken out of
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solution and washed with solvent to remove excess material. (c) The substrate is
then dried in air or a flow of inert gas to remove most solvent from the washing
step. (d) The coated substrate is now immersed into a solution of an oppositely
charged material to form the next layer on top. (e) The generated bilayer is again
washed with solvent and dried before the process is repeated to build up multilayer
films (Scheme 8.1).

One of the main attractions of the LbL method is its technical simplicity and
applicability to many different types of surfaces but the apparent straightforward
coating process may be deceptive since a range of different parameters must be
taken into account to control the structural outcome. Important factors and prop-
erties that affect the structure of the formed LbL layer are the physical properties of
the poly-charged species (e.g. elasticity and surface roughness), surface charge
density, ionic strength and concentration of the solutions, the timeframe of
adsorption, and the rinsing and drying process [66]. Each of these properties must

Scheme 8.1 Simplified cartoon of LbL assembly procedure driven by electrostatic attraction
between adjacent films [65]. Reprinted from [65], Copyright 2010, with permission from Elsevier
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be optimized and accurately monitored to reproducibly generate the desired
structure by LbL deposition.

Characterization of the generated LbL films depends on the same spectroscopic
and diffraction methods as the characterization of LB-films. The lack of pressure-
area isotherms and known exact amount of deposited compounds is often com-
pensated for by quartz-crystal microbalance measurements.

8.3.2 LbL Deposition of Ionic MNPs

Ionic MNPs have been generated by the attachment of ionic ligand molecules, ionic
dendrimers, and polyelectrolytes and have been deposited either as alternating
layers of anionic and cationic MNPs or, more often, as alternating layers with
oppositely charged polyelectrolytes. In all these cases electrostatic interactions
dominate the LbL deposition and the structure of the resulting multilayer films
depends on several processing parameters such as pH and ionic strength of the
coating solutions and exposure time. However, highly ordered arrangements of
MNPs, as achievable with the LB method, have rarely been generated by the LbL
method. Also, in-plane packing distances between MNPs of the same charge remain
low, surface coverage is often below 30 %, because of coulomb repulsion.

Most readily prepared charged gold NPs are citrate stabilized gold NPs in dilute
aqueous solution but their application to the conventional LbL process is difficult
because of their low stability. The electrostatic repulsion of citrate layers on the
surface of gold NPs provides sufficient stability only at low concentration and ionic
strength of the aqueous solution. However, Schmitt et al. successfully demonstrated
their LbL deposition with the cationic polyelectrolyte poly(ally1 1-amine hydro-
chloride) to give surprisingly well ordered layers of MNPs [67]. The long term
stability of these multilayer composite films remains questionable since citrate
stabilized gold NPs likely coalesce over time in the given environment.

Abdelrahman et al. attempted to circumvent the problem of low stability by
depositing layers of 1,4-benzenedimethanethiol in-between layers of citrate stabi-
lized gold NPs [68, 69]. The thiols easily replace the citrate groups and generate a
stable binding layer between each layer of gold NPs. Consequently, the process
does not depend on electrostatic interactions but the formation of quasi covalent
gold-sulfur bonds. However, the authors do observe growth of the gold NPs from
2.6 nm to 5–6 nm after the deposition despite the presence of dithiols. Clearly, the
protection with citrate groups does not completely prevent coalescence of the gold
NPs, which likely occurs before they are fully immobilized by the 1,4-benzen-
edimethanethiol linker molecules.

Bifunctional ligands with a thiol group at one end and a charged or chargeable
group at the other end generate more stable charged MNPs. Hicks et al. reported the
LbL deposition of hexanethiol/mercaptoundecanoic acid protected gold NPs with
poly(allylamine hydrochloride) and hexanethiol/4-aminothiophenol protected gold
NPs with poly(sodium 4-styrene sulfonate) [70]. They chose NPs with core
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diameters of about 1.6 nm to match the thickness of each polymer layer but still
observed multilayer deposition of gold NPs in one cycle, which they reasoned with
entanglements between loose polymer chains and depositing gold NPs. Deposition
kinetics were most drastically affected by changes in pH. This work was expanded
by Song et al. who LbL deposited anionic gold NPs with a mixed monolayer of
hexanethiol, ferrocenylhexanethiol, and mercaptoundecanoic acid alternating with
poly(allyl 1-amine hydrochloride) [71]. Again, the adsorption density of the gold
NPs in the multilayers greatly depended on pH and ionic strength of the poly-
electrolyte solution. A pH of 5.8 was found to be optimal to ensure gold NPs and
polyelectrolytes are sufficiently charged. Alternating LbL deposition of anionic
hexanethiol/mercaptoundecanoic acid protected gold NPs with a cationic dendrimer
instead of a polyelectrolyte also generated multilayers as demonstrated by Zhao
et al. [72]. The methodology could be applied to gold NPs of smaller (3 nm) and
larger (16 nm) core diameters and variations in ionic strength were used to alter
interparticle distances.

Peter et al. attempted the LbL deposition of N,N,N-trimethyl-(11-mercaptoun-
decyl)ammonium chloride and mercaptoundecanoic acid protected gold NPs
without the aid of polyelectrolytes or other mediating organic molecules [73].
Unfortunately, the oppositely charged gold NPs form clusters of sizes between 100
and 6000 MNPs instead of alternating monolayers. This result may not be partic-
ularly surprising considering the low density packing of the first layer of gold NPs
on the substrate and the high affinity between oppositely charged MNPs. Cluster
size distributions appeared to follow an exponentially decaying function, which
may allow for a predictable nanostructuring of surfaces by this approach.

A more successful approach to the LbL deposition of oppositely charged MNPs
was reported by Kawada et al. [74]. They coated silver NPs with polyethyleneimine
and poly(sodium 4-styrenesulfonate) to give cationic and anionic MNPs of average
diameters of 13.1 and 8.8 nm, respectively. Their alternating LbL deposition onto a
supporting membrane of anodic aluminum oxide generated well-ordered layers of
cationic and anionic MNPs that were tested as ultrafiltration membranes.

In general, protection of MNPs by polyelectrolytes generates more robust MNPs
than a monolayer of protective organic ligands. For instance, gold NPs of a core
diameter of 4.76 nm do not grow in size over a period of weeks if protected by poly
(diallyldimethylammonium chloride) as confirmed by UV-vis spectroscopy [75].
LbL deposition of these gold NPs with an anionic polymer (s-119) produced stable
multilayer films although the estimated layer thickness of 3.4 nm for each gold NP
layer, determined by ellipsometry, is too small based on an overall NP diameter of
>4.8 nm. This discrepancy may be reasoned with significant packing distances
between gold NPs within each layer and interpenetrating layers.

Polymer coated MNPs may also be generated within a multilayer of cationic and
anionic polyelectrolytes. A comparative study was provided by Rivero et al. who
examined silver NPs capped with poly(acrylic acid, sodium salt) that were LbL
deposited together with poly(allylamine hydrochloride) [76]. Alternating deposition
of poly(acrylic acid) protected silver NPs with poly(allylamine hydrochloride)
produced multilayers of distinct layer structure with progressive deposition of
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MNPs, although the morphology of these multilayers may not be uniform. In
contrast, silver NPs were formed only in the most outer layer when LbL deposited
mulitlayers of poly(acrylic acid) and poly(allyl 1-amine hydrochloride) were first
exposed to a solution of silver (I) ions and then to a solution of the reducing
complex dimethylamine borane.

A major limitation of the use of charged MNPs for the formation of multilayer
films by LbL deposition is the electrostatic repulsion between MNPs of the same
charge because it causes a large spacing between MNPs and, consequently, a low
surface coverage (<30 %). Cho and co-workers developed a methodology that
incorporates initially hydrophobic MNPs into ionic or strongly polar multilayer
films which they termed amphiphilic LbL assembly [77, 78]. They alternately
deposit a poly(amidoamine) dendrimer or poly(ethylene imine) and silver or gold
NPs protected by a hydrophobic, weakly binding ligand such as palmitic acid or
tetraoctylammonium bromide. At the interface the hydrophobic ligands are partially
replaced by the more strongly binding hydrophilic dendrimer or polymer and
mostly replaced after the deposition of the next layer of hydrophilic dendrimer or
polymer (Fig. 8.18). The group achieved in plane packing densities of MNPs up to
77 % and always above 50 %. If polyelectrolytes are used, such as poly(4-sodium,
styrenesulfonic acid), the packing density of the initially hydrophobic MNPs could
be increased by up to 20 % by an increase in ionic strength. For example, increase

Fig. 8.18 Schematic diagram
showing the preparation of
(dendrimer)n multilayer films
by LbL assembly of
hydrophobic MNPs and
hydrophilic dendrimer in
organic media. Reprinted
(adapted) with permission
from [77]. Copyright 2013
American Chemical Society
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of the concentration of NaCl in the coating solution increased the amount of
deposited MNPs and poly(4-sodium, styrenesulfonic acid) until a concentration of
0.2 M was reached. The authors also demonstrated the general applicability of this
procedure by processing other NPs such as metal oxides Fe3O4, TiO2, and MnO.

8.3.3 LbL Deposition of Neutral MNPs Based
on H- and Covalent Bonds as Well
as Other Non-ionic Interactions

LbL deposition is also possible with non-ionic dendrimers based on poly(amido-
amine) or poly(propylene imine) if functionalized with exo-amino groups for better
attachment to gold NPs [79]. Dendrimers that attach to gold NPs with multiple
amine groups were found to even replace alkanethiol ligands that individually bind
stronger to the gold surface but the authors used dodecylamine protected gold NPs
in this study. The conformational flexibility of these dendrimers also allows them to
closer pack to the metal surface and more effectively fill spaces between MNPs.
Binding between different layers is mainly facilitated by H-bonding between amine
groups not involved in the binding to the gold surface and by van der Waals
interactions. The overall morphology of these films is porous grainy due to depo-
sition of spherical dendrimers with spherical MNPs.

Finally, LbL deposition may be achieved by covalently linking MNPs via
bifunctional linker molecules or chemical reactions between two functional groups.
Bifunctional linkers that have been applied to link NPs together contain thiol,
amine, siloxane, alcohol, and isocyanide functional groups [80–82]. An early work
by Brust et al. demonstrated the use of nonane-1,9-dithiol to LbL assemble gold
NPs and CdSe particles [83]. Musick et al. used 2-mercaptoethanol as cross-linker
between gold NPs to generate multilayer films but the morphology of the films is
porous and no close-packing of gold NPs is observed [80].

However, 2-mercaptoethanol as spacer does not provide sufficient distance
between gold NPs and coalescence of the gold cores is observed over time. A study
by Supriya et al. demonstrates how the thermal stability of cross-linked gold NP
films increases with increasing spacer length by comparing 2-mercaptoethanol, 1,6-
hexanedithiol, and 1,10-decanedithiol [84]. In this study, coalescence of gold NPs
was desired because conductive pathways are generated and was promoted by heat
treatments at different temperatures and for different periods of time. The initial
resistance of the films, for example, increased from 50 Ω to 1 MΩ and to >100 MΩ
with increasing spacer length of the three different linker molecules.

Instead of using linker molecules with two terminal linking groups it is also
possible to generate new chemical bonds between two protective ligands. An
interesting example is the preparation of gold NPs that are coated with O-car-
boxymethyl chitosan and cross-linked in the multilayer by exposure to glutaral-
dehyde [85]. The chitosan polymer is assumed to coordinate to the gold NPs
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predominantly through their carboxylic acid groups, which leaves the amine groups
available for reactions with the dialdehyde cross-linker to generate diimines. Li
et al. chose a different approach by LbL depositing polyphenylene dendrimer-
stabilized gold nanoparticles with alkynes in their peripheries with a functional
polymer that contains peripheral azide groups for “click” chemistry [86].

8.4 Self-organizing Metal Nanoparticles

Self-organization probably is the most powerful method at hands for the controlled
three-dimensional nano-structuring of materials over macroscopic length scales,
which is mainly aided by the cooperative behaviour between individual self-
organizing units (usually molecules). Self-organization also is the central process
underlying successful technologies such as liquid crystal displays. It is an intrin-
sically three-dimensional process, similar to crystallization, but can generate
structures of various degrees of order and mobility. Equally important for its
remarkable ability to nano-structure materials and to its technological success,
however, its cooperative response to relatively weak external directional forces,
such as electric and magnetic fields and surface alignment layers, that generate
domains of uniform orientation and structure over centimeter length scales [87].

Phases formed by self-organizing compounds are named mesophases because
their degree of order is in-between that of an isotropic liquid and a single crystal.
Mesophases, by definition, are thermodynamically stable and mostly anisotropic
phases, in contrast to kinetically trapped phases of similar structures. Bulk materials
form mesophases by change of temperature (thermotropic mesophases) whereas the
mesomorphism of solutions (lyotropic mesophases) depends on concentration and
temperature. Thermotropic mesophases are subdivided based on their molecular
(shape anisotropy) and supramolecular structures. Rod-shaped (calamitic) mole-
cules form nematic phases, which display solely orientational order, and smectic
phases that display orientational and one-dimensional positional order. However,
smectic phases with higher positional order are also known. Disc-shaped (discotic)
and wedge-shaped molecules preferentially self-organize into columnar mesophases
of orientational and two-dimensional positional order but nematic phases with just
orientational order have also been observed (discotic nematic), although they
remain rare. Spherical and cone-shaped molecules usually arrange into cubic
structures that are characterized by positional order and a lack of orientational order.

Early designs of compounds that self-organize into mesophases were mainly
based on the shape anisotropy of rod-like molecules, which is sufficient for the
introduction of anisotropy due to orientational order (nematic mesophases).
Subsequently, microphase segregation and directed molecular interactions were
added as design tools that gave access to layered (smectic) mesophases of rod-
shaped molecules that may display positional order from one-dimension to quasi
three-dimensions. After about 90 years of research on rod-shaped mesogens, disc-
shaped structures were added to the tool kit in the 1970s as a new type of shape-
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anisotropy. Concepts of self-organization and mesomorphism have seen a signifi-
cant extension well beyond the classical structural motifs described above over the
past 20 years. Judicious application of shape anisotropy, microphase segregation,
directed molecular interactions, and self-assembly has converted molecules with
low or unfavorable aspect ratios, including ionic molecules, into compounds that
display mesophases over a wide range of temperatures. These new developments
made it conceivable to convert quasi spherical nanoparticles into self-organizing
structures, similar to what has been demonstrated for C60 [88, 89].

Most of the reported work on self-organizing MNPs has been concerned with
gold NPs, although the first studies on self-organizing MNPs involved metal oxide
NPs. A rather comprehensive review of all reported self-organizing MNPs was
provided by Nealon et al. [90] while a more general overview of NPs in self-
organizing materials was provided by Bisoyi and Kumar [91]. The following part
will be mainly concerned with MNPs that self-organize into thermotropic meso-
phases but we note that micellar [92] and lyotropic [93] NPs have also been
reported. Similarly, self-organizing materials that are generated by doping NPs into
self-organizing compounds, usually liquid crystals, are not covered here [94, 95].
Finally, self-organizing rod-shaped and other metal nanoparticles of anisotropic
shape are omitted because they have been discussed in the previous chapter.

The prominent role of gold NPs for the synthesis of self-organizing MNPs is
easily explained by their well established and versatile coating with monolayers of
organic molecules, mostly thiolates, and the relatively straightforward synthesis of
gold NPs with small diameters between 1 and 5 nm [96]. They are either prepared
directly in the presence of the final organic thiolate ligand (e.g. modified Brust–
Schiffrin procedure [97, 98]) or by a two-step procedure in which the gold NPs are
first synthesized in the presence of a weaker binding ligand (e.g. alkyl amine or
thiolate with shorter alkyl chain) that is subsequently fully or partially exchanged
by a stronger binding desired ligand via a solvent-mediated ligand exchange pro-
cess [99]. Gold NPs prepared with weaker binding ligands usually display smaller
size distributions but a complete removal of this ligand by exchange processes is
often difficult. However, the presence of two different ligands appears to be
advantages to the self-organization properties of MNPs because they can change the
overall shape of MNPs and their interparticle interactions [100]. A similar response
was observed for MNPs at interphases, e.g. when processed by the LB method, as
described earlier in this chapter [37].

Regardless of the applied synthesis method, purification of the MNPs is a crucial
and difficult step because of their high surface area and often overall amphiphilic
character (charged metal surface partially covered with a monolayer of hydrophobic
alkylthiolate ligands). Depending on the exact reaction conditions, excess of
organic ligands, surfactant molecules, and side-products from the applied reducing
agent must be removed, which is usually achieved by repetitive precipitation.
However, particle sizes often increase with every precipitation step due to coales-
cence, which is an indication of the dynamic binding of thiolate ligands to gold NP
surfaces and the incremental removal of soluble ligands with every precipitation
step [17, 101]. Gold NPs with rather strongly bond thiolate ligands may also be
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purified by gel-permeation chromatography [102]. Product purity and ligand ratios
are usually determined by a combination of solution nuclear magnetic resonance
(NMR) spectroscopy, thermal analysis (Differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA)), elemental analysis, and TEM [103–105].

Mesomorphism of MNPs is investigated by three main methods, variable tem-
perature polarized optical microscopy (POM), DSC, and variable temperature
powder XRD. Most important for a structural analysis of mesophases of MNPs is
powder XRD, ideally of aligned domains of the mesophases, although their inter-
pretation may be complex because MNPs may adapt their shapes to the optimize
packing within the geometrical restrictions of the displayed phase. The relatively
small number of reflections makes an analytical solution of the XRD pattern
impractical. Probably the most reliable approach to the analysis of these diffraction
patterns is the comparison of simulated diffractions patterns based on calculated
density distributions within simulated packing structures, which has been widely
applied by Ungar and others.

Investigation of the mesomorphism of monolayer protected gold NPs is com-
plicated mainly by the dynamic character of the organic layer, when compared to
the self-organization of molecular structures. Thiolate ligands relatively easily
move on the surface of gold NPs and also reversibly desorb and adsorb, especially
at elevated temperatures [106, 107]. Consequently, the average diameter of the gold
core may increase with time at temperatures above 100–150 °C due to coalescence
of gold cores. Perhaps even more important is that the distribution of organic
ligands on the surface of gold NPs changes depending on the environment. This can
benefit the mesomorphism by rendering an isotorpic spherical structure to an
anisotropic prolate spheroid (increase in shape anisotropy) [108] and similar
structural changes of MNPs due to ligand mobility have been observed at interfaces
as reported earlier in this chapter in the part on LB films [51].

The quasi spherical shape of MNPs with truncated octahedral or related metal
structures would make them prime candidates for the formation of cubic meso-
phases but those are rarely observed in these materials. In fact, attachment of
organic ligands that have no mesogenic structure, such as a simple alkylthiolates,
has not generated self-organizing MNPs. A perhaps obvious remedy is the
attachment of ligands that self-organize themselves (mesomorphic ligands) or have
typical features of self-organizing compounds (mesogenic). This approach has
broadly been applied not only to the conversion of MNPs into self-organizing
compounds but also to generate MNPs that can be easily doped into liquid crys-
talline host materials [109]. Most of the attached mesomorphic and mesogenic
ligands contain rod-shaped rigid structures and will be discussed first, while rela-
tively few examples exist on ligands with disc-shaped rigid structures.

Although the number of self-organizing gold NPs is still limited, some general
design criteria may be cautiously extracted from the studies that have been reported
[90, 91]. All mesomorphic and mesogenic ligands that have been investigated have
a flexible spacer between the rigid part and the linking group (usually thiolate) to
the gold NP surface. Both length and structure of the spacer chain must ensure
sufficient mobility for the rigid part to arrange (self-organize) into the most
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favourable packing structure. A good source of guidance for the prediction of
optimal spacer chains may be the large volume of work on liquid crystalline side-
chain polymers. For most of the reported self-organizing MNPs the overall length
of ligands is commensurate with the diameter of the MNP core, which limits the
required size of the metal core to values well below 10 nm unless unusually large
organic ligands are available. An increase in length (packing volume) of mesogenic
ligands with regard to the metal core likely aids mesomorphism but may be syn-
thetically challenging, while a significant decrease in length (packing volume) may
not only compromise mesomorphism but also the stability of the MNPs. In addition
to the average size of MNPs their size distribution also appears to be crucial.
Experimental and theoretical studies suggest that an increase in size distribution
diminishes the propensity for self-organization, similar to what has been observed
for the self-assembly of MNPs.

8.4.1 LC MNPs with One Type of Ligand

Mesomorphic MNPs were first reported in 2001 by coating gold NPs with calamitic
liquid crystals through thiolate linking groups. The rigid part of the ligands con-
sisted of a (cyclohexyl)phenoxy group (Fig. 8.20) that provided sufficient shape
anisotropy and microphase segregation for the formation of nematic and smectic
mesophases. Attachment of these ligands to gold NPs of 3 nm core diameter
generated mesomorphic MNPs that display mesophases at a wider temperature
range than the free ligands but, unfortunately, the mesophase(s) were not investi-
gated by XRD and their structure(s) remained unassigned [110] (Fig. 8.19).

Four years later a similar approach was reported that employed mesomorphic
ligands with cyanobiphenyl as rigid parts (Fig. 8.20) [112]. Both, TEM and XRD
data for the sample with dodecyl spacer chains and a gold core of 2.7 ± 0.5 nm
diameter revealed a string-like arrangement of gold NPs in their mesophase with
distances between strings of about 6 nm, an interparticle distance within each string
of 2–3 nm, and an overall length of each string between 13 and 60 nm. These
results provided the first evidence for an uneven distribution of mesomorphic
ligands on the surface of gold NPs in an anisotropic mesophase. The observed
distances agree with a packing model shown in Fig. 8.21 that proposes a prefer-
ential alignment of the ligands in-between strings to generate a likely partially
interdigitated antiparallel double layer of cyanobiphenyl groups. However, the
obtained data were still insufficient for an assignment of the type of mesophases but
it likely is a nematic mesophases. The temperature range of 110–130 °C is sig-
nificantly wider and higher in temperature than the free ligand, which forms a
monotropic nematic mesophases between 75.9 and 71.7 °C. Corresponding gold
NPs with shorter spacer chains given in Fig. 8.19 were studied much later and in
more detail. The refined structural interpretation of the new data overall corrobo-
rated the initially proposed packing structures [108].
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However, the authors of the latter study presented a more sophisticated and
general model that has been commonly accepted and applied in packing models for
nematic, lamellar, and columnar mesophases (Fig. 8.22). They proposed the for-
mation of hard pole areas with strong interactions between ligands and much less
densely packed equator areas that results in a distortion from isotropic spheroidal to
anisotropic prolate spheroidal structure. The described structural changes of the
ligands are mainly based on conformational changes and require a relatively low
density packing of ligands to provide sufficient space for these changes.
Rearrangements of ligands, although possible, are likely not involved in this dis-
tortion of the ligand shell. MNPs that pack in local rectangular or hexagonal

Fig. 8.19 Cartoons of shapes of molecular cores that have been successfully converted into liquid
crystals: I calamitic; II discotic, III board-shaped, IV wedge-shaped, V ring-shaped, VI star-like, VII
bent-rod, VIII conical, and IX spherical motifs. Reprinted from [111], with permission from Elsevier

Fig. 8.20 Mesomorphic thiol ligands based on (cyclohexyl)phenoxy [110] and cyanobiphenyl
rigid [112] parts that were used in early studies of mesomorphic gold NPs
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structures display local A2 order between the poles and local Ad order between the
equators. These different environments may also explain why the observed XRD
data suggest the coexistence of more than one packing structure.

Fig. 8.21 TEM images of Au@612 a before and b after thermal treatment. Below Proposed model
of the nanoparticle arrangement within the strings. Reproduced by permission of The Royal
Society of Chemistry. Shown to the right is a simplified illustration of a local rectangular
arrangement of gold NPs in a mesophase. Reprinted with permission from [90]. Copyright 2012
Beilstein Institute

Fig. 8.22 Generation of rigid “poles” and soft equator areas by ligand deformation at the surface
of gold NPs (left). Simplified illustration of a local rectangular arrangement of deformed gold NPs
in a mesophase (right). Reprinted with permission from [90]. Copyright 2012 Beilstein Institute
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8.4.2 LC MNPs with Two or More Types of Ligands

Overall, the attachment of just mesomorphic ligands appears to have serious lim-
itations because attempts to generate mesomorphic gold NPs with more densely
packing dendritic ligands and laterally attached rod-like ligands failed [113]. Much
more versatile is the use of mixed ligands that is typically achieved by incomplete
ligand exchange reactions of thiol ligands by other thiol ligands. Several compre-
hensive studies with alkylthiols as primary ligands that were partially exchanged by
much larger mesomorphic ligands have been conducted by Mehl and Ungar and co-
workers [114–116] and Gorecka and co-workers [117, 118]. It became apparent in
all these studies that the ligands are not distributed evenly but the mesomorphic
ligands form domains at the poles and the alkylthiols form domains at the equator to
generate prolate spheroidal or even cylindrical shapes. In contrast to the previous
examples of prolate spheroidal structures the mechanism is different here as it relies
on the migration of ligands rather than conformational changes.

In addition to the application of mixed ligand layers both groups also employed
more sophisticated mesomorphic ligands that display a range of nematic and
smectic mesophases. Examples of ligands with terminal connections that were used
by Gorecka and co-workers are given in Fig. 8.23. Typical ratios between primary
alkylthiol ligands and mesomorphic ligands in molar ratios were 1:1–2:1 based on
NMR studies but changes in ratios within this range had only minor effects on the
mesomorphism. Variation of the chain lengths of the alkylthiols, on the other hand,
had profound effects on the mesomorphism. For example, the increase from hexyl
to octyl to dodecyl thiols changed the packing structures of the cylindrically shaped
MNPs from smectic to modulated smectic to columnar as illustrated in Fig. 8.24.
We note, however, that the organic domains in all of these materials appear to be in
an amorphous state rather than any orientationally and/or positionally ordered state,
which is consistent with the observed low birefringence.

The incorporation of ligands with two rigid parts (dimeric) was investigated in a
recent publication by Gorecka and co-workers [119]. A comparison of the “dimeric
ligands” with conventional “monomeric” ligands revealed distinct structural

Fig. 8.23 Mesomorphic
ligands for gold MNPs that
display smectic and nematic
polymorphism [117, 118]
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differences, most notably the formation of a bilayer of gold NPs in-between the
organic layers of smectic mesophases (Fig. 8.25). Also important is the observation
of orientational order in the organic layer that generates measurable birefringence.
Another recent study clearly reveals the importance of the flexible spacer
between the mesogenic unit and the MNP [7]. Longer spacers not only promote
mesomorphism by lowering the melting temperatures of the MNPs but also affect
what types of self-organized structures are formed. Observed here is the change
from a 1D (lamellar) structure to 3D superlattices with base-centered

Fig. 8.24 Proposed structural models resulting from ligand migration at the NP surface: a smectic
for hexyl thiol as primary ligand b modulated smectic for octyl thiol as primary ligand c columnar
for dodecyl thiol as primary ligand, respectively. Light grey and dark grey indicate the disposition
and form of the mesogenic groups and alkylthiols respectively. Reprinted with permission from
[118]. Copyright 2010 Wiley-VCH Publishers

Fig. 8.25 Schematic drawing of the arrangement of the hybrid particles in a smectic phase for
materials with a monomeric ligands (series AuL1) and b dimeric secondary ligands (series AuL2
and AuL3). For clarity of the picture only a limited number of molecules grafting the metallic
clusters are shown. Reproduced from [119] with permission of The Royal Society of Chemistry
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orthorhombic unit cells. Interestingly, the length of the alkylthiol has no effect on
the formed structure.

Lateral attachment of mesomorphic ligands has been successfully demonstrated
by Mehl and co-workers [114–116] and generates cylindrical MNP structures that
preferentially arrange into columnar stacks. This seems to be a more general
preference as it was also observed for related silsesquioxanes [120]. The rigid parts
of the mesomorphic ligands are aligned parallel to the columnar stacks but the
packing volume (length) of the alkylthiol ligands influences whether the columns
are modulate or not. The former arrange into a rhombohedral phase whereas the
latter arranges into a hexagonal phase (Fig. 8.26). Optical textures of these
columnar mesophases are characteristic of a nematic phase, which implies the
absence of longer range positional order.

Fig. 8.26 Schematic models of the gold string structures (top). a Rhombohedral phase of gold
NPs with dodecyl thiol as primary ligand and b hexagonal columnar phase of gold NPs with hexyl
thiol as primary ligand; yellow gold nanoparticles, green mesogens. Threaded nematic texture of
the MNP with dodecyl thiol as primary ligand and the shown mesogen as secondary ligand as
observed by polarized optical microscopy at room temperature (bottom). Reprinted with
permission from [114]. Copyright 2009 Wiley-VCH Publishers
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Lateral attachment of bent-rod mesomorphic ligands has not generated any
mesomorphic MNPs, which is often reasoned with the high melting temperatures of
these ligands. Thiol desorption and subsequent growth of the MNPs occurs before
the ligands actually melt into a more fluid phase [117, 121]. Dendritic and structural
related ligands have been attached to gold NPs in an attempt to better fill the space
around MNPs and to increase the volume fraction of the organic layer. Especially
an increase of the volume fraction of the deformable and shape-directing organic
layer should enhance the mesomorphic properties. This can be achieved by
increasing the size of the ligands or decreasing the size of the gold cores. However,
typical core diameters of the reported mesomorphic gold NPs are between 1 and
3 nm, which does not leave much room for a further decrease in core size.

Dendritic ligands have converted many different types of cores into mesomor-
phic compounds [122] but the first attempts of generating mesomorphic MNPs were
unsuccessful [113], even though highly ordered arrangements of these MNPs on
carbon-coated copper grids were observed. These findings were reasoned with the
tight packing of the dendritic ligands that does not allow for distortions of the
overall shape of the MNP by conformational changes and ligand migration. The
first successful design employed dendrons that were attached to the MNP via a
flexible spacer and, consequently, was conformationally more flexible [123]. These
MNPs displayed cubic and 2-dimensional hexagonal mesophases. This report
was followed by only one other successful attempt with MNPs [124] but several
mesomorphic metal oxide NPs with dendritic ligands have been reported
[125–127].

Finally, the attachment of discotic mesomorphic ligands to MNPs has not yet
produced mesomorphic MNPs as neat material but drastically enhanced their ability
to be doped into columnar mesophases of discotic liquid crystals of similar struc-
tures [128, 129]. However, only very few examples have yet been studied and it is
likely that mesomorphic MNPs with discotic ligands will be successfully prepared
in the near future.

Clearly, the development of self-organizing MNPs is still in its infant state and
mainly concerned with structure property relations. Very few reports have been
concerned with the properties of the obtained materials but, in principle, they
should be similar to the interesting properties that have been reported for self-
assembled MNPs. A recent publication, for example, reports the anisotropic plas-
monic properties of silver and gold NPs in their lamellar mesophases [130].

8.5 Conclusions and Outlook

The ability to control packing structures and distances of metal nanoparticles
(MNPs) in monolayers and multilayers is fundamental for many applications such
as sensorics, catalysis, electronic devices, optical devices, spectroscopy, and
membranes. Processing MNPs by the Langmuir-Blodgett technique has been par-
ticularly successful for the generation of two-dimensional hexagonal close-packed
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monolayers of MNPs with tunable interparticle spacing. Although above examples
exemplify the verge of fabricating highly-ordered, defect-free LB films, defects in
the monolayers remain as an obstacle mainly due to polydisperse sizes and self-
aggregation of nanoparticles. Enhanced LB properties are obtained with amphi-
philic NPs such as Janus-type MNPs, which may produce highly-ordered LB films.
The stability of these films may be improved by the use of multidentate ligands or
by cross-linking deposited MNPs with ligands that contain two terminal linking
groups.

Only few examples of LB multilayer films have been reported, which reflects the
difficulty of controlling multiple depositions of ordered monolayers. Layer-by-
Layer (LbL) deposition is more commonly applied to the fabrication of multilayer
films that contain MNPs. Most of the early examples of LbL deposition relied on
ionic MNPs but surface coverages of larger than 30 % are difficult to achieve
because of coulomb repulsion between equally charged MNPs. Much higher
packing densities of >75 % were achieved with neutral, hydrophobic MNPs and
new processing techniques in non-polar solvents provide new options for the
preparation of more ordered and stable LbL deposited monolayers.

Lastly, self-organizing MNPs give access to a range of different three-dimen-
sionally ordered structures such as lamellar (smectic), columnar, and cubic
arrangements of MNPs. The predominant design relies on the attachment of liquid
crystalline ligand molecules via long flexible spacers. In fact, the length of the
flexible spacer is critical as the formation of liquid crystal phases requires the
conformational rearrangement of the ligands to generate overall more elongated
NPs. Alternatively, the shape of MNPs containing a mixture of at least two ligands
may change due to domain formation of specific ligands.

A major limitation is still the synthetic availability of monodisperse, composi-
tionally defined, and stable MNPs. Especially LB-studies and self-organization of
MNPs are strongly affected by impurities, such as excess of protective ligand, and
polydispersity of their size, shape, and composition. Consequently, new synthetic
strategies and designs that generate stable, monodisperse, and purer MNPs with the
desired chemical functionality are at the heart of any advancement in this area of
research.
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Chapter 9
Self-Organized 3D Photonic
Superstructure: Blue Phase Liquid Crystal

Tsung-Hsien Lin, Chun-Wei Chen and Quan Li

Abstract Blue phase liquid crystals (BPLCs) have attracted considerable attention in
recent years owing to their unique periodic structure and electro-optic properties.
Besides the potential applications in the next generation display, BPLC with a cubic
lattice structure can be regarded as a self-organized three-dimenstional (3D) photonic
crystal that can be applied for photonic devices such as optical filter, optical attenuator,
phase modulator, laser source and so on. This chapter will introduce the formation of
BPLCs from both theoretical and experimental points of view. The stability and tem-
perature range of BPLCs are also discussed followed by its photonic crystal structure,
lattice orientation and phase identification. After a basic overview, this chapter will
further introduce the applications of BPLCs, including controllability of photonic band
gap with external fields, fast electro-optic Kerr effect, and optical nonlinear effect. This
short summary shows that the century old intriguing BPLCs have diverse opportunities
to offer in modern photonic materials and devices. Moreover, the current challenges in
this area are expected to spark innovative ideas leading toward the design and engi-
neering of new chiral materials that may furnish suitable BPLCs to produce advanced
photonic materials that have desirable properties and functions.

9.1 Introduction

Blue phases (BPs) were observed the first time when the Austrian botanist Reinitzer
discovered liquid crystals (LCs) in 1888 [1]. The name “blue phase” is due to the
blue appearance of the phase when it was first observed in cholesteryl benzoate by
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Reinitzer. However blue phases can in fact have other colors [2]. Figure 9.1 reveals
that BPLCs are, in fact, not all blue colored. The allure and beauty of such a class of
mesophases originate mainly from their self-organized three-dimensional (3D)
photonic crystal structure. With typical lattice spacing on the order of several
hundred nanometers, selective Bragg reflection could be any color positioned in the
visible region. They are thermodynamically stable between isotropic liquid state
and cholesteric phase, which can be classified as BPIII, BPII and BPI in light of
their emergence order. The high chirality in these materials forces the mesogenic
molecules to twist with respect to each other (Fig. 9.2), resulting in the typical
double twisted cylinder of BPs. This also explains why BPLCs ordinarily reflect
visible [3] and ultraviolet light [4] while very few of them show reflection beyond
the red end of the visible spectrum [5]. Usually, when chirality in LC system is high
enough, double twist cylinder structure is more stable than a simple helical struc-
ture. However, DTC cannot be densely packed to fill the entire space and hence
disclination lines appear at the interstices among the cylinders to form a stabilized
3D cubic structure.

9.2 Formation of Blue Phase (BP)

LC molecules, aligning with the lowest energy, form a specific stable phase. The
formation of double-twist arrangement can be interpreted from the Oseen-Frank
elastic model [6, 7]. In a chiral system, the elastic free energy density fe can be
expressed as [8]:

Fig. 9.1 Macroscopic view of liquid crystalline blue phases
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fe ¼ 1
2

k11ð ~r �~nÞ2 þ k22ð~n � ~r�~nþ q0Þ2 þ k33 ~n� ð ~r�~nÞ
h i2�

þðk22 þ k24Þ ~r � ð~n � ~rÞ~n� ð ~r �~nÞ~n
h i

g;
where various kij is the anisotropic elastic coefficients, n represents the director, and
q0 is the wave vector of the chiral system which equals to 2π/P, in which P denotes
the pitch length. The first three terms are the well-known expression of splay, twist
and bend distortions in the bulk. The last term, often called the saddle-splay
deformation, is a surface-like contribution to the free energy. The surface part is
frequently omitted for nematics and other non-frustrated mesophases, but of par-
ticular importance for those with topological defect structures such as BPs and twist
grain boundary (TGB) phases. Simplified by taking all the elastic coefficients equal
to k, the free energy is thus:

Fe ¼ k
2

X
ab

@anb � q0eabcnc
� �2�q20; ð9:2Þ

where α, β and γ index are the coordinates, ∂α is the partial derivative with respect to
α, and εαβγ is the antisymmetric dielectric tensor. The minimum free energy bottoms
out when:

@anb ¼ q0eabcnc; ð9:3Þ

That is, the director n twists along all directions perpendicular to the axis of a
central director: this is called the “double-twist”. The double-twist system is frus-
trated [9–11], which indicates a fairly finite expansion for the local orientational
order on the plane parallel to the helical axes, compared to its non- and single-twist
counterparts. Specifically, the double-twisted arrangement of the molecules near the
centerline is more stable than those far from the centerline. This thereby leads to a
cylindrical organization. DTC is the elementary building block of BPLCs, in which
the director rotates 45° in total along the radius (Fig. 9.3a). The handedness of the

Fig. 9.2 Schematic depictions of director distribution in nematic phase (N), cholesteric phase
(N*) and blue phase (BP)
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twist is determined by the material. Curvature of cylinder implies that the double-
twisted configuration cannot fill up the entire space; in other words, the system is
unstable without the defects that fill up the vacancies, therefore DTCs must coexist
with the defects. Based on the optical isotropy nature of BP, Saupe firstly con-
jectured that BP has the cubic symmetry [12]. Nowadays it is well known that, in
BPI and BPII, cylinders stack orthogonally in three dimensions (Fig. 9.3b). While
Fig. 9.3c depicts the continuous portions, in terms of the director field, at which
every two DTCs touch; a defect is generated when conflicts arise at the triangular
region, as interpreted in Fig. 9.3d. The manner of DTC packing varies as phase
transition. On the aspect of lattice structure, BPI is body-centered cubic with I4132
(O8) symmetry, whereas BPII belongs to simple (primitive) cubic space group
P4232 (O2) [6, 11, 13, 14]. The schematic depictions of the cylinder arrangement
and disclination network in BPI as well as in BPII are presented respectively in
Fig. 9.3e, f. On the contrary, the configuration of BPIII, the fog-like phase, has
remained enigmatic. Numerous efforts were devoted to model BPIII but still
inconclusive. An up-to-date series of simulation results [15] strongly suggested that
BPIII is an amorphous network of disclinations. Inside the defects of all three
phases, the local director alignment must be completely disordered (i.e. isotropic)
so as to cancel the conflicting molecular interactions. On the other hand, the elastic
continuum nature of LC gives rise to the destabilization of BPs. As a result, BPs are
usually found to appear in a narrow temperature range (sub- to few Kelvin), hence
hindering their applicability. Thermodynamic disruption of a cubic BP always leads
to an increase in total free energy, and thereby decreases the stability of the system.
It is noteworthy that there are two primary theories to describe the formation of

0˚

45˚

-45˚

(e) (f) (g) (h)

(a) (b) (c) (d)

Fig. 9.3 Conceptual schemes: a director distribution in a DTC; b three-dimensional stacking of
DTCs and the corresponding director distribution of the c continuous and d discontinuous
portions; arrangements of DTCs and disclinations in e, f BPI and g, h BPII
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BPs: (i) Landau-de Gennes theory, in which the free energy is characterized by the
order parameter, was developed by Brazovskii and Dmitriev [16], Hornreich and
Shtrikman [17], Kleinert and Maki [18]. Though we will not give the introduction
to the Landau-de Gennes theory in this review, more detailed accounts can be
founded elsewhere [19–22]; (ii) Defect theory, developed by calculating the free
energy of a disclination and its vicinity, was established by Meiboom et al. [23].
The total free energy of a disclination with unit length is given by:

F ¼ Fe þ Fdisc þ Fintf ¼ Fbulk þ Fsurfð Þ þ Fdisc þ Fintf ; ð9:4Þ

This expression comprehends the free energy of the disclination and the sur-
rounding DTCs. As mentioned previously, the first term Fe includes deformations
exerted in the bulk as well as at the interface. In this case, it is the integral taken
over the surface of DTCs encircling an S = −1/2 disclination:

Fsurf ¼ 1
2

k22 þ k24ð Þ
Z

~n � ~r
� �

~n� ~r �~n
� �

~n
h i

� d~S ¼ � p
2

k22 þ k24ð Þ; ð9:5Þ

The negative sign discloses that this is the segment which could lower the total
free energy. The second term Fdisc comes from the excess free energy of the
disclination core. When the temperature T is close to the clearing point Tc, this term
can be written as:

Fdisc ¼ aðTc � TÞpR2; ð9:6Þ

where the coefficient a *8 kJ/m3K can be estimated from the latent heat of the
isotropic-cholesteric transition, and R is the core radius, generally estimated to be
around 10 nm. It is apparent that a decrease in temperature would raise the free
energy. The last term Fintf describes the contribution of the interfacial energy
between the isotropic liquid (disclination) and the Chiral Liquid Crystal (CLC),
given by:

Fintf ¼ 2rpR; ð9:7Þ

where σ denotes the surface tension of the disclination. Further estimation through
(i) approximating the S = –1/2 disclination of the BPs within a cut-off radius Rmax to
its nematic analogue; (ii) assuming k11 = k22 = k33 = k and k24 = 0, the total free
energy is thus:

F ¼ p
4
k lnðRmax=RÞ � p

2
k þ aðTc � TÞpR2 þ 2rpR; ð9:8Þ

Herein, Rmax is on the order of the distance between disclinations, approximately
100 nm. The disclination term Fdisc is the only directly temperature related term,
explaining why BPs are constrained in a very narrow temperature range.
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9.3 Expansion of Temperature Range of BPs

Based on the defect theory, restraining the mesogenic interactions inside the dis-
clinations is the key to preventing BP from structural breakdown. In a pristine BP,
heat keeps the defects in the isotropic liquid state. However, the thermal energy
would become insufficient as the ambient temperature moves out of the extremely
narrow BP range. An effective measure would be to introduce solid nanostructures
to separate the mesogenic molecules enclosing the defects. Luckily, since the
defects can act as potential wells in the system, these impurities are trapped
spontaneously in the defects. In the past few years, candidates including nano-
particles [24–26] and polymer network [27] were demonstrated to stabilize BPs
either experimentally or theoretically [28–30]. Such stabilization raises not only the
tolerance of thermal variation to a higher level but also the electro-optic threshold of
lattice deformation [25] and phase transition to the cholesteric phase [31]. To date,
the effect of nanoparticles on BP range broadening is still found to be finite. This
might result from mobility of nanoparticles, thus the stabilization of the disclina-
tions is not sufficient.

During the early 90s, Kitzerow et al. had stored the textures of three distinct BPs,
respectively, in dense crosslinked networks, i.e. 100 % polymer [32]. Nonetheless,
the electro-optic tunability is completely lost since they are no longer in the mes-
ophases. Ten years later, the concept of polymer-stabilized blue phase (PSBP) was
demonstrated by Kikuchi et al. [27], which has now become a widespread approach
in this field. The first demonstration showed the presence of BPI over 60 K, paling
the stabilization driven by nanoparticles. Unlike polymer-stabilized nematics and
cholesterics which can be easily achieved by using only difunctional reactive
mesogens, the reported prepolymer for PSBP consists of a mesogenic diacrylate
RM257 and a non-mesogenic acrylate EHA, which are the key to the satisfied effect
of stabilization. While the reactive mesogen could be dispersed homogeneously
throughout the BPLC bulk, non-liquid crystalline monomer tends to diffuse to the
isotropic liquid disclinations. Most of the polymer chains are thus formed in the
defects. In subsequent development of PSBP, it was found that the acrylate EHA
can be replaced by TMPTA, a non-mesogenic monomer having three functional
groups, giving rise to a stronger polymer network [33, 34]. Some others argued that
these successful recipes actually benefited from combining the difunctional cross-
linker with a mono- or trifunctional one [35]. In contrast to nanoparticles, polymer
network is firm and hardly mobile. This leads to a reproducible structure upon
annealing from the isotropic phase. If the polymer is raised by up to 25 wt%, the
PSBPLC could be peeled off resulting in a free-standing gel [36]. The gel is
stretchable with reflection changing in color as a result of lattice distortion. Ojima
et al. demonstrated that infiltrating a BPLC into a cast of randomly distributed
polymer network could expand its temperature range [37]. This disclosed that
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polymer stabilization can be done in both ways: either by generating crosslinked
polymer chains in the disclinations or by having the disclinations match the net-
work. Templating a BP is thus possible, and its pioneering case is accomplished by
Castles et al. [38]. They washed out the nonreactive LCs and unpolymerized
molecules from a PSBP, after which an achiral nematic was re-filled into the
polymer template, yielding an extremely wide BP span from −125 to 125 °C.

Besides filling up the disclinations of BPs, according to Nakata et al. [39],
doping a achiral bent-core mesogen P8PIMB in a chiral nematic gave rise to the
existence of a BP, and the corresponding temperature range got widened as the
concentration of bent-core mesogens was increased. Both Coles’ and Takezoe’s
groups have reported on the observations of BPs ranging up to 40 K in bimesogens
(mesogenic dimers) [40, 41]. Since the director field of the S = −1/2 disclination
represents the splay-bend deformation, coincidentally matching the feature of
flexoelectric mesogens in an electric field; and, both bent-core mesogens [42] and
bimesogens [43] are highly flexoelectric. It was suggested that the observed high
thermodynamic stability resulted from the introduction of localized flexoelectric
polarization [44]. Others correlated the temperature range of BPs to the elastic
coefficients via experiments [45]. By replacing a fraction of the calamitic nematic
host of the BPLC with a bent-core mesogen, k11 (splay) was elevated while k33
(bend) declined. With a decrease in the proportion of k33 to k11, the thermodynamic
stability of BP was improved. An impressive progress was observed when k33 is
smaller than k11, which matched the theoretical predictions [46, 47]. This was also
confirmed experimentally by Shibayama et al., adopting a dendron to modulate the
elastic properties [48]. According to Fukuda et al. [47], the temperature range can
be estimated by extending Meiboom’s defect model with an additional term
describing DTC’s elastic energy, given by:

DT ¼ k
8aR2

max
exp

2k11 þ 0:5k22 � 0:50k33
k

� 1
� �

; ð9:9Þ

where k, originating from the first term (Fbulk) of (9.8), has been reassumed as:

k ¼ 1
2
ðk11 þ k33Þ 1� 25

72
k11 � k33
k11 þ k33

� �2
" #

; ð9:10Þ

A broadened BP range could arise from the enlarged k11 and k22 (twist) as well
as shrunk k33. This is in line with the numerical findings based on a modified
Landau-de Gennes theory [49]. The stability of BP with reference to the bending
angle of the bent-core molecule has been investigated by Zheng et al. [50]. It was
found that the more the molecule bends, the wider the range extends. Also, we
demonstrated the bent-core molecule induced BP stabilization by means of light-
activated trans-cis isomerization. The photoresponsive BPLC employed consists of
5 wt% non-mesogenic azobenzene 4MAB. Without any external stimuli, the
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azo-dye would exist at its trans form. Under 20 mW/cm2 violet irradiation at
λpump = 404 nm, the dye molecules began to undergo a conformation change from
the linear trans form to the bent cis form. The medium eventually reach a cis-
dominant equilibrium state at around 45 s. Figure 9.4 shows that the BP range had
expanded by *36 % from 11.6 to 15.8 K. The boomerang-like molecular structure
of the cis isomer is believed to account for the observed widening of the temper-
ature range. The prolonged relaxation time of the metastable cis-4MAB with the
absence of the illumination enables the maintenance of the widened state for several
hours. Additionally, the cis-to-trans back-isomerization can be accelerated by
exposure to green light. Similar isomerization-induced range expansion had also
been discovered [51].

Kishikawa et al. discussed that digging into the molecular design of the chiral
additives is quite promising for BP range expansion [52]. Another measure that
could be taken into account is to use hydrogen-bond based complexes, either by
exploiting their flexible intramolecular bridging [53] or the generation of inter-
molecular twist [54]. The world record was set by a cyclosiloxane-based polymeric
system which possesses a stable BP over 324.5 K ranging from 150 to −174.5 °C
[55]. Nowadays, plenty of materials have been found to exhibit wide-ranged BPs,
hence, offering ease of conducting fundamental study and creating possibility for
use in applied optics. For example, large thermal hysteresis arises at the transition
point between a BP and another mesophase in the materials having wide-ranged
BPs [56]. This has found applications in bistable light shutter and reflective display
[56, 57]. A detailed discussion on the molecular engineering of BPLC can be found
in a recent review [58]. BPs have also been discovered in smectics [59], discotics
[60] and metallomesogens [61].
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9.4 Photonic Crystal Structure and Lattice Orientation

Abundance of valuable investigations on the photonic bandgaps in BPs was con-
ducted in the 80s. As stated earlier, periodically intertwined DTCs and disclinations
make BPLC form a cubic photonic crystal. While BPI is O8 body-centered cubic
(O8+ for the DTC packing and O8− for the defect structure [13] ), BPII has O2

simple cubic. The photonic band structure of a BP can be calculated by solving
Maxwell’s equations for transverse waves in a director field structure constructed
by the Landau-de Gennes theory [14, 62]. The simulation results indicate no full
bandgap in BPs. Submicron-scaled lattice spacing (around 200–300 nm) gives rise
to visible color reflection which satisfies the Bragg’s law [13, 63–65], and the
corresponding wavelength λ with respect to the lattice plane (hkl) can be estimated
by the following equation [66]:

khkl ¼ 2ndhkl � cos h ¼ 2na � cos hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p ; ð9:11Þ

where h, k and l are the Miller indices, n is the average refractive index, dhkl denotes
the interplanar spacing, a represents the lattice constant, and θ is the angle between
the light incidence and the crystallographic direction [hkl]. By the cubic symmetry,
all the directions in hklh i are equivalent, and so are the planes in {hkl}. Figure 9.3
(cf. Sect. 9.2) implies that the size of a unit cell is different regarding the two BPs.
The lattice constant corresponds to a cholesteric pitch in BPI (Fig. 9.3e) but half of
a pitch in BPII (Fig. 9.3g).

Figure 9.5 presents the Bragg reflection of a BPLC examined under a polarizing
optical microscope in the reflection mode (R-POM). Compared with a one-di-
menstional (1D) cholesteric LC, the bandgaps of BPs are spiky and narrow with
typical bandwidths ranging from 10 to 30 nm [5, 40, 67]. Consistent with the X-ray
diffraction results from classic atom-based crystals, the Bragg’s condition holds true
for the selective reflection in primitive cubic crystals (BPII), while body-centered
cubic crystals (BPI) must follow both the Bragg’s and another selection rules
resulting from the extra scattering centers, i.e. lattice points at unit-cell centers [64].
Forbidden reflection takes place at planes with the summation of the Miller indices,
h + k + l, equal to an odd number, so the selective reflection occurs only at the
summation with even number such as at {110}, {200}, and {112} [63]. Their cubic
lattice nature can as well be revealed by measuring the Müller matrix [68] and Kössel
diagram [69]. The Kössel diffraction technique is normally implemented by irradi-
ating an electron- or proton-beam to excite X-rays from a single crystal. The
resultant diffraction pattern provides clues to determine the crystal structure, such as
the Miller indices and the crystallographic direction. However, for a photonic crystal
like BPLC or colloidal crystal, visible monochromatic light can be used as the
incident beam source. By applying the conventional R-POM setup [70], the back-
scattered light would form a ring pattern on the focal plane, and each Kössel ring
represents a lattice plane in the examined BP single crystal. Information including
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crystal orientation and lattice spacing can be collected through in-depth Kössel
analysis [60, 69–72]. Aside from those Bragg scattering detections, the periodic
structures of BPs have been observed directly by means of transmission electron
microscopy (TEM) [73], atomic force microscopy (AFM) [60] and confocal laser
scanning microscopy (CLSM) [74]. Owing to the chiral nature, BPs interact directly
with circularly polarized light having the same handedness with the helix [62, 65].
Putting on a pair of circularly polarized 3D glasses allows one to inspect the
polarization dependency by closing one eye at a time, as demonstrated in Fig. 9.6.

As has been observed [67, 75, 76], a BP platelet usually grows with facets
possessing sharp edges and corners at the very beginning. It then gets rounded and
finally meets other domains. This behavior distinguishes BP from other meso-
morphic phases, which normally form spherical droplets. Speaking of BP lattice
orientation in a confined geometry, it depends strongly on where the nucleation
occurs [77]. Upon cooling from the isotropic phase, homogeneous nucleation, i.e.
BP nuclei sprout up in the bulk, would finally lead to randomly oriented platelets.

BPI BPII

<100>
a = P/2

<110>
a = P

Fig. 9.5 Selective reflection wavelengths and sample spectra (inset) of cubic BPs against the
temperature

Left-Handed CPL Allowed Right-Handed CPL Allowed

Fig. 9.6 Photographs of a S811-based BPLC sample seen through a pair of 3D glasses (circular
polarizers with reverse handedness). *CPL circularly polarized light; *the red color came from the
addition of methyl red
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By contrast, orientational constraints are imposed on those grown from the glass
substrates—heterogeneous nucleation. BPI crystallites are likely to have their
{110} and {112} facets parallel to the substrate [67, 75, 78]. To gain further control
of the orientation, it would be well-advised to conduct surface treatment on the
substrate [63, 79, 80]. Lowering the surface free energy, especially the polar
component, could help cast a quasi-monocrystalline BP presenting {110} in BPI
and {100} in BPII as displayed in Fig. 9.7 [81].

When it comes to bulk effects, inter-mesophase transitions play an important role
in determining the lattice orientation since, in liquid crystal phases, elastic inter-
actions between two adjacent molecules are strong. In this regard, 110h i-oriented
BPI crystallites could be acquired by cooling from the 100h i-oriented BPII [82].
Heating from the planar-textured cholesteric phase to BPI leads to 100h i-oriented
crystallites exhibiting direct reflection from {200} [83]. Using BPLCs with negative
dielectric anisotropy, similar cholesteric-BPI transition had been performed iso-
thermally by applying a vertical electric field [78]. Reorientation of grown crystals
and crystal growth from a biased isotropic liquid are two commonly seen phe-
nomena originating from the breaking of spatial isotropy by an electric field.
According to Pierański et al. [77], exerting a field E on a cubic BP single crystal of
a dipole moment p would produce a torque Γ = p × E. Since only the third-order
nonlinearity contributes to the torque, it is thus:

~C¼ XA
X3
i¼1

~ni �~E
� �3

~ni �~E
� �

¼ XA E2E3 E2
2 � E2

3

� �
~n1 þ E3E1 E2

3 � E2
1

� �
~n2 þ E1E2 E2

1 � E2
2

� �
~n3


 �
;

ð9:12Þ

R-POM

BP I (110)

BP II (110)

Kössel
(a)

(b)

Fig. 9.7 Platelet textures and Kössel patterns of a BPI and b BPII observed in a surface-treated
sample
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characterized by the crystal volume Ω, a material-related coefficient A [83] and unit
vectors along the fourfold crystallographic axes nm. Three possible conditions can
be found in the equation to cancel the torque out: (i) |E1| = |E2| = |E3|, i.e. 111h i//E;
(ii) |Ei| = |Ej| but |Em| = 0, i.e. 110h i//E; (iii) |Ei| = |Ej| = 0 but |Em| ≠ 0, i.e. 100h i//
E. They concluded that, in the case of A > 0 (attribute of general BPI and BPII), a
BP crystal would be absolutely stable when orienting in 100h i along the field,
whereas the crystal aligns itself in 111h i//E if A < 0. 110h i//E is relatively unstable
in both cases. This was in agreement with their close examination under R-POM.
Similar conclusion was also drawn by Lubin and Hornreich [84] and by Dmitrienko
[83] as they derived by minimizing the free energy under the influence of an electric
field. Using a dielectrically negative BPLC, Heppke et al. had demonstrated an
evolution of BPII-monocrystal rotation from 112h i through 110h i to 100h i [71].
However, employing different materials, occurrence of 110h i//E in BPI has been
observed [66, 85]. Figure 9.8 demonstrates the crystal rotation to 110h i//E in a
BPLC having positive dielectric anisotropy. Moreover, biasing also helps shaping
the polyhedral BP crystallites during the nucleation process [86]. This results from
the competition between respective propagation of the lateral facets with reference
to the field direction. The growth rate of a facet greatly depends on the phase (BPI
or BPII), the type of the facet {hkl} and the strength of the field.

9.5 Phase Identification of BP

In most cases, cubic BPs can simply be recognized by the appearance of colored
platelets under polarizing optical microscope (POM) [40], while BPIII, the fog-like
phase, shows extremely weak reflection and scattering, which makes its identifi-
cation relatively hard [51]. Precise phase identification of cubic BPs is often carried
out in conjunction with certain supplementary approaches like Kössel diagram and
reflection/transmission spectrum. Herein, a typical phase sequence of BPLC is
demonstrated in Fig. 9.9 [87]. Cooling from the isotropic liquid, blue platelets and
some invisibles nucleated and finally filled up the bulk. Using monochromatic light

Field-induced
Crystal Rotation

E
{110}

(a) (b)

Fig. 9.8 Field-induced rotation of BPI crystallites from a random orientations to b 110h i//E.
*Photographs taken at the field-off state
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at λprobe = 440 nm to detect the Kössel diffraction pattern of a blue platelet, a circle
was shown indicating an orientation of 100h i in BPII [71]. This conjecture was
confirmed by matching the examined reflection wavelength with the theoretical
estimation from (9.11): λBPII{100} = 2·n·a·(h2 + k2 + l2)−1/2 = n·P·(12 + 02 + 02)−1/
2 = λN*, where λN* is the central reflection wavelength from the planar cholesteric.
On further cooling to 40.7 °C, green platelets emerged and subsequently swallowed
up the blue ones, leading to a jump of the reflection wavelength. The diffraction
ring pattern disappeared to be replaced by four interwoven curves. These clues
suggest a phase transition to BPI [5, 70]. The four Kössel lines represent four of the
lattice planes in the {110} family viewed along the 110h i axis. Finally, the cho-
lesteric phase appeared on cooling, with the coexistence of planar and focal conic
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Fig. 9.9 Phase sequence of a BPLC—LK-40 [86] identified by means of a naked-eye
macroscopic observation, b polarizing microscopic observation, c Kössel diagram and d selective
reflection wavelength
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textures. The characteristic Kössel pattern of a planar cholesteric, composed of
superimposed spiral arcs, is also displayed.

Phase sequence of a BPLC could be identified by measuring its physical
properties as a function of temperature including refractive index [87], density [88],
elasticity [89], viscosity [89], heat capacity [89, 90], permittivity [91] and optical
rotatory power (optical activity) [51, 92]. Quantitative characterization of these
properties and their temperature dependency also help develop high-performance
BP devices for advanced photonic applications. Figure 9.10 plots the temperature
dependence of average refractive index in three BPLC sub-phases. As expected
from its principal dependence on the density, the index change (dn/dT) in an
identical phase is linear and negative. Just like other liquid crystalline phases,
Table 9.1. reveals that the gradients in BPs are steeper than the isotropic phase. In
the aspect of density-dependent index, this agrees with the Demus et al.’s inves-
tigation on the density of another BP system [88]. It is obvious as well that BPII
shows a larger magnitude of the index slope than BPI, which might result from the
lattice structure related thermal expansion coefficient. Speaking of phase transition,
a smooth and continuous change of the index gradient suggests a second-order
transition, from isotropic to BPII, whereas a jump in the refractive index within the
region of coexistent BPII and BPI indicates a weakly first-order transition. These
results are in line with the calorimetric study [89] and the dielectric behavior [91].
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Fig. 9.10 Temperature-
dependent refractive index in
BPLCs—LK-40, LK-45 and
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Table 9.1 Temperature dependence of the three BPLCs’ refractive indices in BPI, BPII and ISO

BPLC dn/dT of BPI (°C−1) dn/dT of BPII (°C−1) dn/dT of ISO (°C−1)

LK-40 −0.00049 (±2×10−5) −0.00053 (±5×10−5) −0.00029 (±7×10−5)

LK-45 −0.00044 (±3×10−5) −0.00059 (±3×10−5) −0.00032 (±2×10−5)

RT-35 −0.00057 (±1×10−5) −0.00069 (±2×10−5) −0.00034 (±4×10−5)
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9.6 Control of BP Photonic Bandgap

As a soft photonic crystal, BPLC features remarkable bandgap tunability over wide
range in response to different external stimuli. By varying the chiral fraction of a
mixture, the lattice constant and the resultant spectral position of reflection can be
predetermined [93]. Dynamic in situ bandgap tuning has been carried out effec-
tively by exertion of heat [3], pressure [94], stress [36], bias [95], light [96], etc.
According to (9.11), selective reflection is subject to both refractive index and
lattice constant change (close relationship to the cholesteric pitch), factors which
usually exhibit strong temperature dependency. In most of the cases, the bandgaps
redshift with declining temperature within BPI, whereas the BPII bandgaps either
stay constant or blueshift slightly (cf. Fig. 9.9). However, there are exceptions [40,
54, 92]. Also, while cooling a surface-treated sample, the reflected color normally
suffers a sharp blue shift within BPII and gets pinned over the entire BPI range [3,
81]. According to Pollmann et al. [94], varying the pressure is equivalent to the
control of density, so the resultant behavior resembles its thermal counterpart in
phase sequence and bandgap shifting. All of their materials showed that pressur-
izing a BP would redshift the reflection or give rise to phase transition to a lower-
chirality state, e.g. BPII to BPI. In terms of mechanically driven band gap tuning,
Castles et al. recently demonstrated color change in selective reflection by
stretching a free-standing BP gel [36]. As depicted in Fig. 9.11, under lateral
stretching, the interplanar spacing along the surface normal would be condensed,
thereby leading to blue shifted reflection.

Thus far, the most complex but functional way of controlling the selective
reflection would be to apply an electric field. The field-induced effects include local
director reorientation, lattice distortion, phase transition and crystal reorientation
[95]. Local director reorientation is actually the fundamental of transmissive BP

BP Gel BP Gel

Fig. 9.11 Schematic depiction of stretch-induced bandgap shifting in a BP gel
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displays (cf. Sect. 9.7). Biasing a BPLC makes mesogenic molecules tilt towards or
away from the field axis depending on their intrinsic dielectric anisotropy. Since no
structural change takes place, a reduction (rise) in effective refractive index along
the field axis would cause a blue shift (red shift) of bandgaps in a dielectrically
positive (negative) BPLC. However, lining the molecules up also indicates breaking
of the DTCs and the corresponding periodicity of index distribution, bringing about
a reduction in reflectivity. Because of the tightly wound director arrangement, such
switching generally responds on the submillisecond scale, much faster than typical
nematics (tens of milliseconds) [97]. Local reorientation is more likely to occur in a
PSBP than a pristine BP in that polymer network could assist in preserving the
cubic symmetry of the lattice from structural change like lattice distortion or phase
transition [98].

The second possible response to the applied field is deformation of the lattice—
the so-called electrostriction. This effect involves diffusion of molecules (flow
reorientation), which in turn gives rise to noticeable and continuous change of
crystal structure. Heppke et al. were the first to demonstrate electrostriction in cubic
BPs [99]. Together with field-induced phase transition, they also presented the
evolution of change in selective reflection from blue (BPII) through green (BPI) to
red (BPI). Figure 9.12 summarizes the electrostriction behavior under various
conditions concerning phase, crystal orientation and the sign of dielectric anisot-
ropy [71, 72]. In BPII, the lattice would be stretched along the field axis if the
intrinsic dielectric anisotropy is positive, while compression occurs in a negative
one. As a result, the reflection shifts substantially towards the opposite end of the
spectrum with respect to its local reorientation counterpart. Recently, the photonic
band structure of the deformed BPII having 100h i//E has been calculated [100]. The
electrostriction in BPI seems anomalous in that the lattice distortion depends
strongly on the crystal orientation with respect to the field axis. The 110h i-oriented

E
→

E 
→

BPI BPII<100>

<110>

Δε > 0

BPI BPII

Δε < 0

Fig. 9.12 Schematic depiction of electrostriction in cubic BPs
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BPI lattice acts in the same manner as in BPII. However, in the case of 100h i BPI//
E, the interplanar spacing on the axis parallel to the field would shrink (extend) if
the material is dielectrically positive (negative). Figure 9.13 outlines the structural
change in terms of space group [95]. Under electrostriction, the crystal structure of
BPII is distorted from cubic P4232 (O2) to tetragonal P4222 (D4

5) if 100h i//E,
orthorhombic C222 (D2

6) if 110h i//E, and trigonal R32 (D3
7) if 111h i//E. In BPI, the

crystal structure changes from cubic I4132 (O8) to tetragonal I4122 (D4
10) if 100h i//

E, orthorhombic F222 (D2
7) if 110h i//E, or trigonal R32 (D3

7) if 111h i//E. To explain
these experimental findings, Dmitrienko [84] and Trebin et al. [101] had modeled
the lattice distortion of BPs from the theoretical aspects. Besides local reorientation,
electrostriction often accompanies torque-induced irreversible crystal reorientation
(cf. Sect. 9.4) as well [66]. Figure 9.14 gives a demonstration of two effects
occurring simultaneously in BPI, namely distortion-induced redshift in reflection
and crystal reorientation to 110h i//E. Field-driven dramatic change of reflectivity
and subtle shift of color in BPIII has been frequently discussed in conjunction with
the lattice distortion in cubic BPs. In general, strengthening the applied field would
enhance (attenuate) the intensity and blue shift (red shift) the wavelength of BPIII
reflection in a dielectrically negative (positive) BPLC [102]. Furthermore, such
switching is thousand times faster than the electrostriction in BPI and BPII, tens of
millisecond as opposed to tens of seconds [83].

Exerting an electric field stronger than that causing the aforementioned effects
could possibly generate new BPs [69, 102, 103], namely: tetragonal BPX (BPEa),
three-dimensional hexagonal BPH3D, two-dimensional hexagonal BPH2D (BPEc),
and some undetermined BPE phases, where E stands for Electric field. Figure 9.13
depicts the possible BP-BPE transitions in response to the applied field [95]. In
some of the transitions, the color (bandgaps) shifts continuously and so the cor-
responding Kössel diagram is essential for precise identification. The effects of
molecular dielectric anisotropy have been summarized [95]. Decreasing the tem-
perature toward the low end of the BP range can reduce the threshold for field-
induced phase transitions to cholesteric and nematic [103]. Considering the
molecular dielectric anisotropy, transition from the BP to a planar (focal conic)
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Fig. 9.13 Flow chart of possible crystal structures upon electrostriction or phase transition [95]
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cholesteric phase could be observed in dielectrically negative (positive) materials,
and direct BP-nematic transition only took place in dielectrically positive PSBPs
and a few pristine ones. With the aid of a field-induced metastable cholesteric
phase, Wang et al. have achieved a reversible switching from 110h i to 200h i
oriented BPI in a dielectrically negative system [78]. On cooling from the isotropic
phase to BPI, the resulting polycrystal normally shows a majority of 110h i and
112h i oriented platelets. Applying a weak field makes BPI transit to a planar
cholesteric state, while a strong field would cause electrohydrodynamic instability
leading to a turbulent state (Fig. 9.15a). The intermediate field-induced state
determines the orientation of the crystal upon removal of the field: the BPLC
relaxes back to 200h i-oriented BPI from the planar state and 110h i-oriented BPI
from the turbulent state (Fig. 9.15b). It is noteworthy that almost all the effects
respond nonlinearly to the electric field, i.e. Kerr effect (∝E2) [71, 77]. This is
because the cubic symmetry of BPs (the class 432 crystals—BPI: I4132; BPII:
P4232) eliminates the second-order susceptibility. Comprehensive discussion on the
electric field effects on BPs has been documented [95].

Due to the tremendous amount of scientific work on photoisomerizable func-
tional dyes over the past few years, photoresponsive BPLCs were recently devel-
oped at a rapid pace. Light-activated reaction is often considered superior to those
thermal, electrical, chemical and mechanical means as it features local address-
ability, remote control and self-modulation. It is known that an azobenzene has two
isomers: trans and cis. The isomerization could take place under effective irradia-
tion, which is related to the wavelength and intensity of the excitation. In a dye
doped chiral LC, such a conformational change of the azobenzene may exert one of
the following three possible effects: disarrangement, variation in chirality and
photo-alignment. In general, the trans-isomer is linear and the cis-isomer is bent in
shape. So calamitic molecules prefer to align with the trans form, but its cis
counterpart may upset the order of the LC matrix. Disordering the orientational
order usually leads to a drop in the clearing point as well as other transition
temperatures [96]. Accordingly, the LC transits isothermally to a phase originally
existing at higher temperatures, e.g. BPII to the isotropic phase at 37 °C in the case

Field ON

(a) (b) (c)

Field OFF

Fig. 9.14 Progression from a the initial state (randomly oriented platelets) through b the field-on
state (simultaneous electrostriction/crystal reorientation) to c the relaxed state (uniformly oriented
platelets)
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depicted in Fig. 9.4. Speaking of the photo-induced isotropic state, the findings
from Lin et al.’s study on an azo-LC doped BP suggested that the isomerization
might not utterly destroy the double-twist director arrangement [104]. The rapid
laser-driven restoration to the colored platelet texture (within 120 ms) indicated that
the photoisomerization just broke the cubic lattice structure into unorganized DTCs.

In contrast to electrostriction, photoisomerization-induced lattice expansion (or
comprssion) is isotropic. Light-activated bandgap tuning over 100 nm was dem-
onstrated in the supercooled BP (BPS) by Chanishvili et al. in their pioneering work
on photoresponsive BPs [96]. Sharing the similarity of using achiral azobenzene,
Liu et al. further confirmed the change of lattice spacing by Kössel diagrams [105].
So far, the largest tuning range in such systems, from red (*650 nm) to blue
(*500 nm), was achieved by Chen et al. using azobenzene dimers [106]. A field-
induced transition from BPI to the cholesteric phase was also observed. To
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understand the underlying mechanism, Chanishvili et al. had investigated several
BP mixtures regarding their optical tuning behavior and temperature dependence of
the peak wavelength and bandwidth [96]. It was inferred that, in the achiral-azo-
benzene doped BPLCs, the photo-driven color shift of the stopband is a competition
between the isomerization-induced variations in helical pitch and order parameter.
Likewise, the pristine BPLC doped with a small amount of a chiral azobenzene
gives rise to optically tunable bandgaps. The tuning range is governed by the
difference between the helical twisting powers of the trans- and cis-isomers. Chiral
bis(azobenzene) compounds, in particular, have frequently been employed to
realize amazing phototunability in cholesteric LCs. In most cases, the twisting
power at the cis state is weaker than that at the trans. Lin et al. were the first to
perform bandgap tuning from ultraviolet through the entire visible spectrum to near
infrared in a photoresponsive BPLC [81]. Figures 9.16 and 9.17 show that the
selective reflection was invisible at the initial state. It was in fact a 200h i-oriented
BPII crystal, confirmed by the Kössel diagram. Under violet irradiation at
λpump = 408 nm, blue-colored platelets gradually came into view and subsequently
turned aquamarine. Complementary Kössel and spectroscopic observations pointed
to the occurrence of a continuous dilatation of the BPII lattice. More illumination
would bring about a jump in reflection to green and a sudden change in Kössel
pattern to interlaced curves from a ring, indicating a phase transition to {110}-
oriented BPI. The tuning saturated at λBPI *720 nm. On removal of the pump at
any point in the phototuning process, the color ceased to change for several hours.
Quick restoration could be carried out by green irradiation. Later, Jin et al. suc-
ceeded in demonstrating a continuous and reversible blue-to-red phototuning
without any phase transition [107]. This was accomplished by doping a hydrogen-
bonded chiral azobenzene into a BP mixture.

BPII {100} BPII {100} BPII {100} BPI {110} BPI {110}

0 s 2 s 8 s 10 s 27 s

Kössel

R-POM

Fig. 9.16 Light-driven band gap tuning and phase transition: R-POM photographs and Kössel
diagrams against the exposure time of violet laser (λpump = 408 nm)
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As stated previously, surface anchoring could pin the lattice size to tolerate the
variations in temperature. With the aid of methyl-red, Liu et al. photoaligned the
dye doped BPLC to produce patterns of a thermal bandgaps (Fig. 9.18a) [3].
Figure 9.18 displays two different effects that both result in optically patterned BPI
polycrystals: (a) bandgaps pinned by photoalignment and (b) band gaps shifted by
variations of chirality and/or orientational order. It is noteworthy that, besides the
bandgap tunability, some effort has gone into the development of phototropic
BPLCs [96, 108].

In 2000, Etchegoin detected the presence of a stopband in BPI by measuring the
emission spectrum of a dye doped sample [109]. A couple of years later, Cao et al.
monitored the circularly polarized bandedge laser action in a single BPII crystal
[110], emitting from the three orthogonal directions corresponding the 100h i-ori-
entation of BPII crystal. This observation has encouraged the development of 3D
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tunable laser sources for integrated photonic circuit applications [104, 111].
Recently, Chen et al. observed the potential for dye doped cubic BPs to give off
coherent random laser [112]. Much different from the bandedge lasing, interfer-
ences and recurrent multiple scattering arising from the grain boundaries in a BP
polycrystal provides the optical feedbacks for such laser action. The platelet size,
which can be easily controlled by the cooling rate, determines the mode stability of
the random lasing (Fig. 9.19). Apart from lasers, sharp reflection peaks and fast
director reorientation make BPLCs (especially PSBPs) promising for the use in full-
color reflective displays [86, 95].

9.7 Optical Isotropy and Fast Electro-Optic Response

On the macro scale in BPs, the optical anisotropy of mesogen has been averaged in
three dimensions by the tightly-wound director axis arrangement. This holds true
for incident light satisfying at least one of the following conditions: (i) the hand-
edness is opposite to the BP helices; (ii) the wavelength is not contained the stop
band. In this regard, BP is optically isotropic. The bistable fiber-optic light valve
proposed by Lee et al. [57] is an excellent example for the use of BP as an optically
isotropic medium in the near infrared spectrum. As discussed earlier, birefringence
could be induced under the influence of an electric field. BP is much different from
the nematic LC in terms of electro-optic response. In nematic LC, the index changes
as a result of bulk director reorientation, while the director axes in BP are orientated
in a quasi-random manner inherently, indicating that no Fréedericksz transition
exists. The field-induced index variation is thus the sum of local director

(a)

(b)

Fig. 9.18 Photo-patterned BP polycrystals: a optically pinned bandgaps (the word part) and
b optically shifted bandgaps (the circular region)
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reorientation. Such a change can be seen as the macroscopic deformation of an
index ellipsoid from the isotropic sphere to anisotropic ellipsoid, where the optical
axis is on the field axis. This offers considerable advantage for the design of
polarization-independent optical elements. Moreover, in conventional PSBPs,
prohibited molecular diffusion and associated disclination motion restrict the
response to local director reorientation [98]. According to Gerber’s model for the
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relaxation time [97], the interaction length is on the order of the pitch P for the case
of local reorientation. Therefore, the time constant τ can be estimated by the
formula:

s ¼ c1P
2

k 2pð Þ2 ; ð9:13Þ

where γ1 denotes the rotational viscosity, P is the pitch length and k is the effective
elastic coefficient of the system (dominated by the twist deformation coefficient k22
from Kitzerow et al.’s derivation [83]). The response time, submilliseconds, is
much faster than bulk reorientation of conventional nematics, i.e. tens of milli-
seconds. BPLCs are therefore considered as a promising alternative to nematics for
electro-optic applications, including: gratings [113–115], lenses [113, 116], inter-
ferometric filters [117, 118], attenuator [119] and displays [86, 120, 121]. Most of
these devices are made of PSBPs because the addition of polymer network could
suppress the slow electrostriction effect (cf. Sect. 9.6) and enhance the thermal
stability (cf. Sect. 9.3).

Figure 9.20 depicts the regular electro-optic response of BP [122]. The field-
induced birefringence is defined as δn(E) = ne(E) − no(E), where ne and no are the
induced extraordinary and ordinary indices respectively. Under a weak electric
field, the index change is nearly in proportion to the square of the field strength,
indicating a Kerr-like response. This is in accordance with the theoretical prediction
that the second-order susceptibility vanishes in crystals of the class 432 and so the
quadratic electro-gyration effect dominates the response. By continually increasing
the field strength, the rising trend of induced birefringence gradually eases up and
eventually leads to the saturation of induced birefringence. The deviation of δn
from the Kerr fitting line may be caused by higher-order nonlinear effects. To fit
well with the real response, Yan et al. modified the classical Kerr model:

dn ¼ kKE2; ð9:14Þ

to a phenomenological one for BP [122]:

dn ¼ dnsat 1� exp � E2

E2
sat

� �� 
; ð9:15Þ

where K stands for the Kerr constant, δnsat is the saturated index change and E is the
saturation field. Gerber has generalized the relationship between the Kerr constant
and the physical properties of the material [97]:

K � Dn � De � e0
k

� P
2p

� �2

; ð9:16Þ
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where Δn is the intrinsic birefringence, Δε is the dielectric anisotropy, while ε0 is the
vacuum permittivity, as aforementioned, k and P are the effective elastic coefficient
and the cholesteric pitch, respectively. According to Choi et al. [123], the ratio of
k33 (bend) to k11 (splay) is fairly influential to the coefficient k.

The Kerr constant directly affects the driving voltage of BP. Taking display as an
example, the peak-transmittance voltage is inversely proportional to the square root
of the Kerr constant. Besides the practicability, high driving voltage may bring
about hysteresis, slow relaxation and residual birefringence. Herein, hysteresis is
defined as the voltage difference at half-maximum transmittance in one cycle of
increasing and decreasing field. These shortcomings primarily originate from
electrostriction. Findings by Chen et al. [124] reveal that hysteresis and slow
relaxation would emerge in pristine BPI as the voltage exceeds the threshold for
lattice distortion, but not in BPII. When it comes to PSBP, though electrostriction is
effectively restrained, the polymer network could still be deformed if the applied
voltage is too high. It was reported that the electro-optic response of PSBP depends
strongly on the polymerization and operating temperatures while almost indepen-
dent on the phase on curing [125]. High curing temperature can reduce the driving
voltage (Fig. 9.21a) as well as the critical field (Fig. 9.21b); meanwhile, the
response time is prolonged. Figure 9.22a suggests that this is a consequence of
weaker boundary anchoring caused by a looser polymer network. Taking the
advantage of the curing temperature effect on the Kerr constant, Lin et al. designed
a binary PSBP phase grating featuring polarization independency and fast response
[114]. Similar relationship between network density and electro-optic response can
be examined by varying the concentration of monomers [126]. While operating a
PSBP close to its clearing point, the driving voltage rises significantly with
increasing temperature (Fig. 9.22b). This is because both the dielectric and optical
anisotropies are closely related to the order parameter. In addition, the hysteresis
and residual birefringence are well suppressed in that the operating temperature is
within the existing range of the pristine BP. Since the rising operating temperature
diminishes the rotational viscosity, the relaxation process becomes faster (cf. 9.13)

E 2

Δ n

0

Kerr Fitting

BP Response

Fig. 9.20 Conceptual
diagram: regular BP response
and theoretical Kerr fitting of
induced birefringence against
the square of electric field
strength
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[127]. The findings about the mode stability of BP random lasing indicate that the
grain size and orientational uniformity are believed to play a crucial role in the
stability of BP under the influence of external stimuli (cf. Fig. 9.19) [112].
Hysteresis can be seen as an outcome of an electrically disturbed BPs. Several
reports have confirmed that both orientating and growing large platelets have
positive impacts on the elimination of hysteresis [80, 128].

To reduce the driving voltage, researchers have been seeking for ways to
enhance the Kerr constant over the past few years. One approach is to synthesize
mesogens with large dielectric and/or optical anisotropies. However, achieving
large dielectric anisotropy requires multiple polar groups, and high intrinsic bire-
fringence indicates long molecular conjugation. BP compounds are hence bulky
and viscous, which prolongs the response time and reduces the relaxation frequency
[129]. Recently, a PSBP has been developed with K* 33 nm/V2 and τ* 0.95 ms,
whose nematic host is JC-BP06 N, having Δε * 470. Optimizing the recipe of the
precursor, especially the mixing ratio of monomers, is also worth a shot [126, 130].
Since the Kerr constant is in quadratic proportion to the helical pitch P (cf. 9.16),

Fig. 9.21 a Voltage-
dependent transmittance
curves and b degrees of
hysteresis and residual
birefringence of PSBPs curing
at 34 °C (BPI), 36 °C (BPI),
38 °C (BPII) and 40 °C (BPII)

362 T.-H. Lin et al.



another strategy that could be taken is to shift the selective reflection from ultra-
violet to visible [93]. By doing so, the optical rotatory power would be elevated
[131], and the colored backscattering deteriorates the visual performance. To tackle
the former problem, the included angle between the absorption axes of the crossed
polarizers needs to be adjusted. But, replacing the linear polarizers by the circular
ones could prove effective in avoiding both problems [132]. Aside from the Kerr
constant, the design of electrode is as well essential to the resultant driving voltage.
Considering normal incidence, an in-plane-switching (IPS) cell would generally be
the first to pop up in mind because the induced birefringence would be parallel to
the surface [133]. Due to its non-uniform field distribution and shallow interaction
depth, the driving voltage is usually high and thus giving rise to hysteresis and
residual birefringence. Several modified electrode structures [134–136] were pro-
posed to improve the performance, while the difficulty of fabrication would be
raised simultaneously. However, Jiao et al.’s design [135] implies the possibility of
using a tilted vertical-field-switching (VFS) cell to modulate the polarization.

Fig. 9.22 a SEM images of
the polymer networks formed
at 34, 38 and 40 °C.
b Voltage-dependent
transmittance curves of the
38 °C-cured PSBP performed
at 40, 50, 51 and 52 °C.
*Tc = 53.2 °C
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In conjunction with a few external light-guiding layers, Cheng et al. demonstrated
the first BP display driven by the VFS mode [120]. In VFS, the electric field could
reach the entire bulk with a uniform field distribution. Their experimental data show
high transmittance and low driving voltage in comparison with the IPS mode. The
hysteresis and residual birefringence nearly vanished. Given the mature develop-
ment of the operation modes for BP, many efforts were then shifted to embed BPLC
in various display systems [86, 137]. The research and development on BP based
LCDs have been documented in detailed discussions [34, 35, 138, 139].

Recently, the templating technique was applied to further improve the electro-
optic performance of PSBP [140, 141]. Templated BP is usually fabricated by the
following procedure (Fig. 9.23): (step 1) cooling or heating the precursor to a BP;
(step 2) polymerizing the BP precursor; (step 3) removing the remaining chiral
nematic, thereby obtaining a polymer film with the similar nanostructral with BP,
that is so called BP polymer template; (step 4) infusing a mesogen into the polymer
template. Using nematics as the filling material, both Lavrentovich’s group [140]
and Lin’s group [141] discovered that the driving voltage dropped remarkably upon
templating (Fig. 9.24a and 9.24b), but conflict arose from the response time
(Fig. 9.24c). To find out the underlying mechanisms, Lin et al. correlated the
electro-optic response to the chirality of the filling mesogen [141]. They concluded
that the reduction of the driving voltage resulted not only from the enhanced optical
and dielectric anisotropies, but also from the effect of elastic restoring force (ERF).

In a templated BP, the polymer cast compels the mesogenic molecules to ori-
entate in the conformation of BP. An ERF is hence established owing to the

STEP 1. STEP 2.

STEP 3. STEP 4.

Glass Substrate

ITO Layer

Polymer
Template

Templated
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Organic 
Solvent
Wash
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Temperature Controlled Stage

Temperature Controlled Stage Temperature Controlled Stage

Temperature Controlled Stage

Fig. 9.23 Fabrication procedure of templated BP
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chirality mismatch. The magnitude of the ERF is governed by both the twisting
power and handedness of the filling mesogen relative to those of the original
PSBP. When a voltage is applied, the ERF may help or hinder the electric field
unwind the helical structure depending on the mesogen’s chirality: (i) If the filling
mesogen has the same handedness as that of the original PSBP but a shorter pitch,
the ERF is exerted in the same direction as the polymer anchoring force. Thus, to
acquire the same induced birefringence as the original PSBP, a stronger electric
field is required to counteract the ERF; (ii) If the filling mesogen has the same
handedness but a longer pitch, or even if it has no chirality (nematic), then the ERF
acts synergistically with the electric field because the mesogen tends to be less
twisted intrinsically; and (iii) If the filling mesogen exhibits reverse handedness, the
ERF is even higher than that in the second situation due to the preferential twist in
the opposite direction. If the ERF is exerted against the polymer anchoring force
[situations (ii) and (iii)], they cancel each other out, leaving only the residual
anchoring force to be resisted by the electric field. This phenomenon can cause a
drop in the effective elastic coefficient k of the template BP system in comparison
with the original PSBP (cf. 9.16). Similarly, k increases when both the ERF and the
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polymer anchoring force are exerted in the same direction [situation (i)]. The
exponential growth of the Kerr constant from filling achiral nematic to reverse
handedness chiral nematic LCs implies that the ERF plays a key role in electro-
optic response of templated BPs (Fig. 9.24b).

In general, the relaxation time is extended with the lowering of the driving
voltage. However, such prolongation seemed not as obvious as expected empiri-
cally: the response time usually lies within the range from 0.5 to 0.7 ms. Although
the ERF could reduce the magnitude of k, the decrease of the chiral fraction also
made the filled mesogen less viscous (cf. 9.13). This might be the reason why the
time constant increased sharply when the right-handed chiral additive was replaced
by the left-handed one (Fig. 9.24c). Furthermore, the extent of the changes in k and
γ1 determine whether the relaxation time is extended or compressed [140, 141].
Figure of merit of a PSBP device is defined as the ratio of Kerr constant to response
time [142]. Figure 9.24d reveals that reducing the chiral fraction can decrease the
peak-transmittance voltage and slightly increase the time constant, therefore raise
the figure of merit. If the filling material exhibits reverse handedness, the figure got
improved further.

Speaking of phase manipulation, BPs feature ultrafast response and polarization
independency in comparison with other mesophases. The PSBP can be integrated
either inside or outside an optical cavity to realize an electrically tunable interfer-
ometric filter. By sandwiching a PSBP between two aluminium mirrors, a tunable
Fabry–Pérot filter was thus fabricated [117]. Owing to the high reflectivity of the
mirrors and optical transparency of the PSBP across an extremely broad spectrum,
the etalon could be operated in both the visible and near infrared regions.
Figure 9.25a shows that the tunability was *10 nm for the visible wavelengths and
*15 nm for the near infrared. Because the light propagated along the field axis, the
polarization direction had negligible effect on the filtering frequency or efficiency
(Fig. 9.25b). Switching from 0 to 60 V took the etalon 0.66 ms to reach the
stationary state, while the relaxation process took about 0.75 ms (Fig. 9.25c).

The ultrafast response and scattering-free nature make PSBP superior in design
of tunable micro-ring resonators to nematic in practice [118]. Though the resonant
wavelength only shifted *3 nm in total, the quality factor of the PSBP-clad res-
onator was retained above 20,000 during the tuning process (Fig. 9.26a), which
pales that of those clothed in nematics [143]. With increasing field strength, the
relaxation time was lengthened but kept within 1 ms, while the rise time was
shortened (Fig. 9.26b). The remarkable extension of the relaxation time might result
from the occurrence of electrostriction as the voltage exceeded 100 V.

9.8 Nonlinear Optical Response of BPs

Nonlinear optics is an emerging field of BP research. The first investigation of
nonlinear optical response in BPs was carried out by Mayén-Mondragón and
Yáñez-Limón in 2006 [144]. They monitored the dynamics of photothermal lens
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signals to study the kinetics of phase transitions in a dye doped BPLC (Carmín de
Grana, 1 wt%) [144]. Recently, the nonlinear wave mixing experiments were
carried out to examine the nonlinear index coefficient n2 (Fig. 9.27a) [145]. By
applying a green continuous-wave laser (λ = 532 nm), the pristine BPLC “RT-35”
(cf. Fig. 9.10) did not show any self-diffraction effects. To enhance the nonlinear
optical response, a small amount of azobenzene ‘Methyl Red’ (<0.1 wt%) were
doped into the BPLC. Under weak irradiation (I * 50 mW/cm2), side diffractions
became observable. The intensity of the diffraction signal took about few minutes to
reach a steady state (Fig. 9.27b). It was also found that the steady-state signal did
not vanish right after one of the pump beams was blocked. The nonlinear grating
relaxed in several minutes or longer. Such nonlinear optical behavior implied the
occurrence of lattice distortion, which might originate from photothermal indexing
and isomerization-induced reorientation. By calculating the index change Δn from
the expression of Raman-Nath diffraction efficiency: η * (π·d·Δn/λ)2, the nonlinear
index coefficient was thus obtained: n2 * Δn/I * 10−3 cm2/W. Herein, d is the film
thickness and I is the pump intensity. It has to be noted that the magnitude of n2
strongly depends on exposure time, wave-mixing angle and pump intensity.
Besides the slow relaxation, the persistent grating would also disappear when the
BPLC experiences a phase transition to the isotropic or cholesteric phase. To further
magnify the response, a direct-current (DC) field can be applied to induce space
charge. It has been suggested that the diffraction power could be improved by eight
times larger, yielding a n2 of *0.5 cm2/W [146]. Ptasinski et al. recently designed
an adiabatic racetrack resonator clad in the dye doped BP to achieve all-optical
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modulation [147]. Under the illumination of a broadband blue LED (λ * 470 nm),
the resonant wavelengths shifted 1.23 nm at maximum.

Under prolonged irradiation by a succession of intense laser pulses (λ = 532 nm;
τp = 10 ns; repetition rate: 10 Hz), such nonvolatile grating diffraction was observed
in a 1 mm-thick film of pristine RT-35. In this case, dye absorption-induced thermal
and isomerization effects were absent in the sample. Instead, electrostriction-
induced density effect and/or Maxwell stress-induced flow-reorientation and/or
multiphoton absorption-induced thermal effect were responsible for the lattice
distortion. Resulting from the accumulation of the effects upon multiple shots, the
persistent nonlinear grating was slowly built up. In a separate experiment,
momentary self-defocusing was perceptible under single-pulse pumping
(Fig. 9.28a) [148]. As a nanosecond laser pulse shone on the BPII sample, the
collinear He–Ne probe laser diverged as revealed in Fig. 9.28b. The transmitted
light close to the propagation axis darkened abruptly and reached the minimum in
*0.4 ms, while the out power detected outside the central (original) region
underwent a sharp rise. They subsequently took *100 ms to return to the initial

Fig. 9.26 Electro-optic
response of a PSBP-clad
micro-resonator: a voltage-
dependent resonant
wavelength and b voltage-
dependent response time.
*insets are the conceptual
drawing and microscopic
image and transmission
spectrum of the device
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levels. These dynamical details are similar to those thermal and density effects
observed in nematics. The defocusing effect was hence attributed to the negative
index gradient (cf. Fig. 9.10) and possible density change. Detailed mechanisms of
the pulsed laser-induced nonlinearities occurring in the pristine BP still await a
thorough investigation and clarification.

On account of the low scattering loss, polarization independency and free sur-
face alignment, BPLC is ideal for infiltrating long-propagation-length hollow fibers
with respect to nematic LCs. Multiple nonlinear optical responses occurring in BPs
give rise to light blocking in a period much shorter than the pulse duration. Taking
these advantages, a BP-cored nonlinear optical fiber array was developed for eye/
sensor protection from being damaged by unexpected intense agile lasers
(Fig. 9.29) [149]. Such a device allows large-view and good-quality imaging for
low-power input as well as optical limiting actions at high input intensity levels. To
examine its feasibility a broadband (*400–1200 nm) supercontinuum laser
(τp = 100 ps; repetition rate: 80 MHz) was adopted. Beam profiles in Fig. 9.29
reveal a self-defocusing behavior: the negative index gradient led to self-defocusing
and the subsequent core-to-cladding coupling of higher order guiding modes in BP-
cores.
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9.9 Conclusions and Outlook

In this chapter, we have presented a brief overview about the BPLCs covering from
their fundamentals to applications, mostly in the aspects of physics, optics and
engineering. It is quite astonishing to think that such mesophases’ fluid lattices can
even form, since it is the delicate balance among many forces including elasticity,
chirality and thermal energy. Yet, nature has found a narrow window between the
isotropic phase and the positional order lacking cholesteric phase. In this highly
chiral system, the director twists along all directions perpendicular to the axis of a
central director forming the so called “double-twist cylinder” structure. Such
structure can form three distinct sub-phases: BPI, BPII and BPIII. Both, BPI and
BPII, are represented by the cylinder arrangement and disclination network forming,
respectively a body-centered cubic lattice and simple cubic lattice. The morphology
of the BPIII, however, is still debatable, although strong evidences suggest that it is
an amorphous network of disclinations. Besides existing in a very narrow temper-
ature interval for many materials, several works in the past two decades have greatly
improved the usability of BPs by polymer stabilization, and with new, designed
materials to increase the temperature interval to more than a hundred Kelvins.
However, the BPs stabilized under ambient conditions are essential to unravel the
detail structure-property relationships and to enhance the application potential of
these intriguing materials. In this context, the recently developed chiral dopants with
very high and widely tunable helical twisting powers as well as handedness inver-
sion capability seem promising towards the fabrication of functional BPs [150, 151].
Moreover, the research involving addition of differently shaped anisotropic nano-
particles to widen the BP temperature range and to optimize their physical properties
deserves systematic attention [152]. Due to their striking characteristics including
3D photonic crystal make-up, optical isotropy and ultrafast response, the future of
BP seems bright. Indeed, this material presents incredible optical properties that can
be controlled by several external stimuli, for example, color tuning by director
reorientation or lattice deformation. There are abundant puzzling questions waiting
to be resolved, for instance, the formation of BPIII. In comparison with their use as

BPLC

Nonlinear Effects 

Silica

Nonlinear Effects 

Input Beam
Profile

Output Beam
Profile

Intense Input Laser Attenuated output Laser

Fig. 9.29 Nonlinear transmission in BP-cored fiber array
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optically isotropic and rapid responding materials, the photonic applications are still
in the startup phase and many beyond-display applications may dominate the future
BP research [153]. It is hoped that this introduction could help people to understand
BPLCs and stimulate promising new ideas for further development.
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Chapter 10
Interfacial Interactions in 1D and 2D
Nanostructure-Based Material Systems

Changhong Ke and Xiaoming Chen

Abstract One-dimensional (1D) and two-dimensional (2D) nanostructures possess
many extraordinary structural and physical/chemical properties, and are pursued for
a number of innovative devices and material systems in nano science and engi-
neering, such as nano electronics, sensors and composites. Due to their large sur-
face-to-volume ratios, the interface in these nanostructure-based material systems
plays important roles in their functionalities and performance. In this chapter, we
review the fundamental knowledge of interfacial interactions and their roles in the
structural and physical properties, and applications of 1D and 2D nanostructures,
and survey the recent advances on the characterization of interfacial interactions in
1D and 2D nanostructure-based material systems.

10.1 Introduction

One-dimensional (1D) and two-dimensional (2D) nanostructures are two types of
fundamental low-dimensional nanomaterials. They are ideal building blocks for a
large number of innovative nanoscale materials and systems, such as nano elec-
tronics, sensors and composites, which have led to substantial technology inno-
vations cross many disciplines and industries. The exceptional functionality and
performance of these innovative materials and systems mostly originate from the
extraordinary structural, physical and chemical characteristics of the underlying 1D
and 2D building blocks. The significance of low-dimensional nanostructure is
partially recognized through a Nobel Prize bestowed in 2010 to the discovery of
graphene, a single-atomic thick covalent carbon honeycomb network. For many of
their applications, 1D and 2D nanostructures are either assembled into micro- or
macro-scale structures (e.g. yarns, thin-films and porous sponges), or integrated
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with other bulk materials to form heterogeneous material systems and devices
(e.g. nanocomposites and solid-state electronics). Due to their exceptionally large
surface-to-volume ratios, the interfaces formed between nanostructures themselves
and between nanostructures and other material surfaces play important roles in the
functionality and performance of nanostructure-based material systems.
Characterization of the interfacial interactions in 1D and 2D nanostructure-based
material systems is a critical step towards a complete understanding of the role of
nanoscale interfaces and to the tuning of their design and manufacturing for optimal
functionality and performance. For instance, for 1D nanostructure-based bistable
nano switches [1–4], the adhesion strength between the nanostructure and the
substrate material is of importance not only in defining the stable states of the
device, but also in controlling the switching processes between the stable states.
Another example is the interface in nanofiber-reinforced polymer nanocomposites.
The interfacial strength between nanofibers and polymer matrices has a profound
influence on the bulk mechanical properties (e.g. Young’s modulus, yield strength,
and toughness) of polymer nanocomposites. Interfacial failure, which is observed as
the dominant failure mode for polymer nanocomposites, substantially compromises
the reinforcing effect of the additive high-strength nanofibers. In this chapter, we
present an overview of the nanoscale interfacial interactions in 1D and 2D nano-
structure-based material systems and the recent theoretical and experimental
advances in characterizing the nanoscale adhesion interactions in 1D and 2D
nanostructures. This chapter is organized in three parts as follows: Part I, we review
the structures, properties and applications of 1D and 2D nanostructures; Part II, we
discuss the nanoscale adhesion interactions in 1D and 2D nanostructures; Part III,
we survey the theoretical and experimental techniques and research advances of
characterizing three major types of interfacial interactions, including binding
interactions between nanostructures, adhesion interactions between nanostructures
and flat surfaces, and interfacial bonding interactions between nanostructures and
polymer matrices.

10.2 Overview of 1D and 2D Nanostructures

1D and 2D nanostructures are mostly in the forms of nanotubes (or nanowires) and
nanosheets, respectively, which are macromolecules composed of single or multiple
chemical elements and are of less than 100 nm in lateral or thickness dimension.
Carbon nanotubes (CNTs) [5] have been the most studied tubular nanostructures
due to their exceptional material properties and application prospects. Boron nitride
nanotubes (BNNTs) are another type of promising 1D tubular nanostructure, and
have garnered increasing attention from the research community [6, 7]. From a
structural point of view, CNTs and BNNTs are of high similarity, and are formed
through rolling a graphene sheet and a hexagonal boron nitride (h-BN) nanosheet,
respectively. CNT is composed of seamless covalent C–C hexagonal bonding
networks, while BNNT is composed of repeated and partially ionic B–N bonding
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networks. The rolling direction of graphene (or h-BN nanosheet) is denoted by the
chirality vector (n, m). The indexes n and m denote the number of unit vectors along
two directions in the honeycomb lattice. The nanotubes are called “zig-zag” if
m = 0, while called “arm-chair” if m = n. Both CNT and BNNT can crystallize in
single-walled and multi-walled nanophases. Multi-walled carbon nanotubes
(MWCNTs) are simply composed of multiple concentric single-walled carbon
nanotubes (SWCNTs), as illustrated in Fig. 10.1a. The interlayer distances are
about 0.35 nm for CNT and 0.33 nm for BNNT, respectively.

Several synthesized methods have been demonstrated in growing both single- and
multi-walled CNTs, such as arc discharge [8, 9], laser ablation [10], and chemical
vapor deposition (CVD) [11] methods. Growth of directionally aligned CNTs has
also been reported using CVD methods with the aid of external electrical fields [12].
Synthesis of high quality BNNT materials has been a major hurdle in BNNT
research. BNNTs can be synthesized using catalyst based-CVD methods [13, 14],
and laser heating methods [15–18]. High quality BNNTs of high crystalline, small
diameters and long lengths have been synthesized using an innovative laser-based
catalyst-free HTP (high-temperature/pressure) (also called PVC (pressurized vapor/
condenser)) methods [19]. Figure 10.1b shows representative high-resolution

Fig. 10.1 a Schematics of
single-, double- and triple-
walled carbon nanotubes.
b HRTEM images of single to
quadruple-walled boron
nitride nanotubes. (Reprinted
with permission from [20,
21]. © 2012 Wiley-VCH
Verlag GmbH & Co. KGaA,
Weinheim and © 2012 IOP
Publishing Ltd.)

10 Interfacial Interactions in 1D and 2D Nanostructure-Based Material Systems 381



transmission electron microscopy (HRTEM) images of single- to quadruple-walled
BNNTs synthesized using the HTP method [20, 21].

Both CNTs and BNNTs possess many extraordinary material properties and are
promising for a number of applications. Both CNTs and BNNTs are light-weight
materials and have excellent mechanical properties, thermal conductivity, and
chemical stability [22]. The elastic modulus of individual CNTs is found to be
*1 TPa [23], while the elastic modulus of BNNTs as high as 1.3 TPa [24] has been
reported. The reported thermal conductivity of SWCNTs is close to 3500 W m−1

K−1 [25], while the thermal conductivity of single-walled BNNTs (SWBNNTs) is
predicted to be even higher than that of SWCNTs [26]. However, the electrical
properties of CNTs and BNNTs are quite distinct. SWCNTs are either metallic or
semi-conductive depending on their chirality vectors (n, m). SWCNTs are metallic
only if n−m is an integer of 3. MWCNTs typically possess metallic behaviors. In
contrast, BNNTs possess a large bandgap (*5.5 eV) [7, 27–29] that is independent
of their chirality vectors, and are considered as excellent electrical insulators.
BNNTs have a strong resistant to oxidation at high temperature [30], and are inert
to almost all harsh chemicals [31]. BNNT can survive up to 800–900 °C in air,
much higher than the range of 300–400 °C reported for CNTs. CNTs hold tre-
mendous potentials for a variety of applications, such as composites, electronics,
sensors and biomedicines [32–35], while applications of BNNTs include com-
posites [36], protective shields/capsules [37], and electrical insulators. Compared to
the extensive studies and literature on the structural, material properties and
applications of CNTs, the research on BNNTs is still in its very early stage, which is
mainly ascribed to technical challenges in the synthesis of high quality BNNT
materials [22].

Since the discovery of graphene in 2004 [38], research of 2D nanostructure has
been exploding. Tremendous advances have been achieved in the study of their
fundamental structure, material properties and applications. In addition to graphene
and h-BN sheets, more heterogeneous van der Waals materials, such as molybde-
num disulfide (MoS2) and tungsten disulfide (WS2), have been joining the family of
2D nanostructure. These innovative 2D nanomaterials provide platforms of
studying new physical phenomena, such as quantum hall effect [39] and superlattice
Dirac points [40], and enable a variety of applications, such as composites, elec-
tronics and renewable energy.

Graphene is a monolayer of carbon atoms arranged in a honeycomb network and
can be considered as an un-rolled SWCNT [41–45]. Graphene has received a great
deal of attention due to its exceptional mechanical, electrical and thermal properties.
The Young’s modulus and strength of monolayer graphene are reported to be
*1 TPa and 130 GPa, respectively [46]. Studies have shown that graphene exhibits
thermal conductivity in the range of 3080–5150 W m−1 K−1 [47, 48], and possesses
an exceptionally high specific surface area of 2630 m2/g [49]. Due to its extraor-
dinary structural and physical properties, graphene is promising for a large number
of potential applications, including field-effect transistors [26, 50–52], electrome-
chanical resonators [53], solar cells [4, 54–57], ultra-capacitors [58, 59], polymer
composites [60–66], and biomedical devices [67–69].
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Several production methods of graphene have been demonstrated, including
bottom-up synthesis, CVD growth, and graphite exfoliation methods [70–76].
Because many applications of graphene are based on monolayer graphene sheets,
production of monolayer graphene has been intensively studied and several syn-
thesis methods have been reported. Exfoliation of graphite by using microme-
chanical cleavage or chemical intercalation methods is capable of producing
monolayer graphene [41, 43, 77–87]. Bulk graphite flake can be first intercalated to
graphite oxide in acids, and then exfoliated to graphene oxide sheets with the aid of
ultrasonication or surfactant [43, 80, 81, 88, 89]. The produced graphene oxide can
be reduced to graphene using treatments of hydrazine. Graphene nanosheets can be
stabilized in the aqueous solution with the aid of surfactants [42, 57, 90]. To recover
graphene conductivity, the chemical groups on the graphene surface can be
removed by means of thermal annealing [42, 54]. It is reported that, through
controlling temperature and pressure, monolayer graphene can be synthesized on
the ethylene-deposited nickel surface using CVD methods [70, 71]. Production of
large-size and uniform graphene on copper surface is also demonstrated [91].
Growth of wafer-size single-crystal monolayer graphene on silicon substrates is
realized using CVD methods with the aid of a reusable hydrogen-terminated ger-
manium buffer layer [92], a landmark advance toward the commercial success of
graphene in electronics applications. It is also reported that narrow monolayer or
few-layer graphene nanoribbons can be produced through unzipping MWCNTs
using plasma etching [93] or oxidation [94] methods. Ultra-thin BN nanosheets can
be produced from bulk h-BN materials using mechanical cleavage and chemical
exfoliation approaches. Studies interestingly show that h-BN sheets are an ideal
substrate material for graphene-based electronics [95]. Mobilities and carrier
inhomogeneities for graphene electronics assembled on h-BN substrates are
reported to be almost one order of magnitude better than devices on traditional SiO2

substrates. The superior electronics performance is mostly attributed to the fact that
h-BN has an atomically smooth surface and a lattice constant similar to that of
graphene, and has large optical phonon modes and electrical bandgaps.

10.3 Overview of Nanoscale Adhesion Interactions

The mechanism of nanoscale adhesion interactions are generally based on two
fundamental types of interface phenomena: (1) the physical adsorption based on
non-bonded van der Waals interactions; (2) the chemical adsorption based on
chemical bonding interactions. For pristine and defect-free carbon nanotube and
graphene structures that are made of chemically stable covalent sp2 C–C bonding
networks, the van der Waals interaction-based physical adsorption accounts for the
adhesion interactions between nanostructures themselves (e.g. nanotube-nanotube
and graphene-graphene) and their adhesion interactions with other material surfaces
(e.g. flat substrate surfaces or polymer matrices). It is noted that hybridized sp3

bonds, which are chemically more active than sp2 bonds, may be formed in the
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structure of carbon nanotubes either by chemical treatments [96] or by introducing
significant local mechanical strains [97, 98]. The existence of sp3 bonds leads to the
formation of chemical bonds on the interface between carbon nanotubes and other
material surfaces (e.g. gold), resulting in substantially higher adhesion strength than
the van der Waals interaction-based adsorption [99]. For nanotube- and nanosheet-
based polymer nanocomposites, the interface between these nanofillers and polymer
matrices is critical to their bulk mechanical properties, and thus their functionality
and performance. Efficient load-transfer between nanofillers and polymer matrices
requires adequate interfacial strength. The van der Waals interface is usually far
from satisfying the interfacial strength requirement for a full utilization of the high-
strength properties of nanofillers. To enhance the interfacial strength, the surfaces of
nanotubes or nanosheets need to be chemically functionalized by introducing
additional functional groups and forming strong covalent bonds on the nanofiller-
polymer interface.

Due to their high-aspect-ratio characteristics, the surface-to-volume ratios for
nanotubes are extremely high. Therefore, the surface effect has a significant impact
on their properties and applications. For example, as-grown CNTs are typically in
the form of bundles or entangled networks, rather than individually separated tubes,
which is due to the van der Waals interaction among neighboring tubes in the
bundle or network. Studies have shown that adhesion plays an important role in the
catalyst-based nanotube synthesis [100–102]. The adhesion between catalyst par-
ticles and nanotubes needs to be strong enough in order to support the nucleation-
based nanotube growth. The elastic modulus and yield strength of bundled CNTs
are found to be much lower than those of individual tubes because the van der
Waals interaction between neighboring tubes is much weaker than the covalent
C–C bonds in the tube [103–105]. This phenomenon also occurs for BNNTs.
BNNTs reportedly possess a higher surface adhesion energy compared to CNTs as
a result of the strong electrostatic interaction from the permanent dipole interactions
between boron and nitrogen atoms [106]. Therefore, interfacial interactions may
play an even more critical role in the properties and applications of BNNTs,
compared with CNTs. It is noted that the mechanical properties of MWCNTs and
bundled SWCNTs can be significantly increased when nanotubes are exposed to
moderate electron beam irradiation [107, 108]. The mechanical strength enhance-
ment is attributed to the electron-beam induced cross-links between neighboring
graphite layers, which significantly enhanced interfacial interactions in the bundled
or concentrically nested nanotube structures.

The interfacial interaction between individual nanotubes and polymer matrices is
of importance to the bulk mechanical properties of the nanotube-reinforced polymer
nanocomposites. Studies on the polymerization dynamics in the presence of carbon
nanotubes [109–111] suggest that these high-strength nanofillers are much more
than passive contributors to the mechanical enhancement of polymers. Nanotubes
not only just mix into polymers, but also initiate and participate in reactions that
change polymer chains in the neighborhood of nanotubes.

Due to the important roles of the above-mentioned interfacial interactions in the
synthesis, properties and applications of 1D and 2D nanostructure-based material
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systems, nanoscale interfacial phenomena have been under intensive studies during
the past decades by using a variety of theoretical and experimental techniques. The
theoretical modeling techniques, either based on classical continuum mechanics
(CM) or atomistic-level molecule dynamics (MD) and quantum mechanics (QM),
usually predict the interfacial interaction based on nanostructures of either perfect
structural configurations (i.e. defect-free) or pre-defined defects, such as Stone-
Wales transformations. Stone-Wales transformations are a type of crystallographic
defects as a result of chemical bond rotation, and may be created during either
synthesis or post-synthesis deformation process of nanotubes and nanosheets [112].
Theoretical modeling and simulations are capable of providing many useful insights
into the nature of interfacial adhesions, and their roles in the structural and physical
properties and applications of 1D and 2D nanostructures. However, because
interfacial interactions are greatly influenced by a number of factors, including
inevitable and hard-to-quantify surface imperfections (e.g. defects and molecule
contamination [51, 113–115]), experimental characterization of interfacial interac-
tions is of great importance not only to the verification of the accuracy and reli-
ability of theoretical models and predictions, but also to the development of future
advanced predictive models. However, due to their nanoscale dimensions, it is
technically difficult to manipulate and perform quantitative characterization of the
interfacial interactions in 1D and 2D nanostructures, which demands precise
positioning of nanostructure and concurrent measurements of both the applied load
and the mechanical response of nanostructure with adequate force and spatial
resolutions. In the following section, we review the recent advances in both theo-
retical studies and experimental characterization of nanoscale adhesion interactions.
The review focuses on adhesion interactions in carbon nanotubes and graphene,
while other nanostructures (e.g. boron nitride nanotubes and MoS2 sheets) are also
discussed.

10.4 Theoretical and Experimental Studies of Nanoscale
Adhesion Interactions

10.4.1 Binding Interaction Between Nanostructures

For one pair of parallel SWCNTs, their binding interaction is based on the van der
Waals interaction among all the carbon atoms on both nanotubes, and can be
characterized using the Lennard-Jones potential [116]. The Lennard-Jones potential
defines the interaction between two atoms as u rð Þ ¼ A=r12 � B=r6, where r is the
atom distance, and A and B are material constants (for carbon-carbon interactions,
A = 15.2 eV ּÅ6 and B = 24.1 keV ּÅ12) [103]. It is noted that the r�6 term represents
attractive interactions, while the r�12 term represents repulsive interactions. The
equilibrium distance between two atoms, r0, corresponds to the minimum van der

Waals energy and is given by r0 ¼ 2A=Bð Þ1=6. By using a continuum model based
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on the Lennard-Jones potential, the per-unit-length van der Waals energy between
two identical, parallel, and undeformed SWCNTs, whose cross-sections are illus-
trated by the left drawing in Fig. 10.2a, is given as [103]

W rð Þ ¼ 3pn2r
8R3 �AIA þ 21B

32R6 IB

� �
; ð10:1Þ

in which R is the nanotube radius, r is the perpendicular distance between the tube
centers, nσ = 38/nm2 is the graphene surface density of carbon atoms. IA and IB are
two double integrals and are given as

IA ¼
Z 2p

0

Z 2p

0
cos h2 � cos h1ð Þ2 þ sin h2 � sin h1 þ r=Rð Þ2

h i�5=2
dh1dh2; ð10:2aÞ

IB ¼
Z 2p

0

Z 2p

0
cos h2 � cos h1ð Þ2 þ sin h2 � sin h1 þ r=Rð Þ2

h i�11=2
dh1dh2: ð10:2bÞ

Fig. 10.2 a Schematics of the
cross-sections of (left) one
pair of contacting single-
walled carbon nanotubes and
(right) a bundle of single-
walled carbon nanotubes in a
hexagonal assembly
configuration. b Deformed
cross-sections of a series of
one pair of (n, 0) carbon
nanotubes. (Reprinted with
permission from [117]. ©
2005 American Institute of
Physics Publishing LLC).
c HRTEM image of a lattice
of polygonized single-walled
carbon nanotubes. (Reprinted
with permission from [118].
© 2001 American Physical
Society)
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The inter-tube van der Waals interaction reportedly has a substantial influence on
the cross-section of nanotubes. Studies have shown that only nanotubes of small
radii may preserve their circular cross-sections under the inter-tube binding inter-
action. By using a nonlinear elastic model, Tang et al. report that the cross-section
of the nanotube remains intact if the nanotube radius
R�Rcr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Et3=12W 1� m2ð Þp

, in which t, E and ν are the effective wall thickness,
Young’s modulus and Poisson’s ration of nanotubes, respectively [117]. For
nanotubes of R[Rcr, a flat contact interface is formed as a result of the tube-tube
adhesion interaction. The lateral deformation of one pair of identical nanotubes is
demonstrated by MD simulations based on the Lennard-Jones potential. As shown
in Fig. 10.2b, both (10, 0) and (12, 0) nanotubes are able to preserve their circular
cross-sections when binding to another identical tube, while for (20, 20) and (40,
40) tubes, the binding interfaces are formed by two flat segments on the cross-
sections of both tubes.

As a result of the inter-tube binding interaction, directly synthesized carbon
nanotubes tend to self-organize into crystalline bundles of two dimensional trian-
gular lattices on their cross-sections [9, 10], which are illustrated by the right
drawing of Fig. 10.2a. Assuming that the nanotubes in the bundle remain unde-
formed, the equilibrium lattice constant is estimated to be a = 2r + 0.313 nm based
on (10.1), which gives a = 1.67 nm for a bundle of (10, 10) tubes with a radius of
0.6785 nm [103]. For bundles consisting of tubes of large diameters, the inter-tube
van der Waals force may induce significant tube deformations in the radial
(transverse) direction, resulting in the formation of facets and hexagonal cross-
sections. Figure 10.2c shows a high resolution transmission electron microscopy
(HRTEM) image of single-walled carbon nanotubes in a bundle with hexagonal
cross-sections (the original tube diameter is about 1.7 nm) [118].

The longitude deformation of nanotubes may be greatly affected by the adhesion
interaction between the contact surfaces of different nanotubes or different segments
of the same nanotube. MD simulations reveal the formation of racket-shape
structures through the self-binding of a long carbon nanotube [119]. The intra-tube
association and dissociation can be initiated and controlled through tuning the
ambient temperature. Figure 10.3a shows a Y-shape branching junction formed by
two partially bound double-walled carbon nanotubes (DWCNTs) [120]. The sep-
aration of the two tubes at the junction is considered as a result of a balanced
equilibrium between the tube-tube binding interaction and the bending deforma-
tions of the tubes. The binding energy between two joined tubes at the junction
point can be estimated based on the bending modulus of the tube (EI) and the
separation angle 2θ. The schematic drawing in Fig. 10.3a illustrates a continuum
model that considers the nanotubes as Euler beams. The binding energy per unit
tube length is given as [120]

c ¼ 4EI
l2

h� 3
D
l

� �2

; ð10:3Þ
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where l is the separation length of the tube and Δ is one-half of the opening width.
For the DWCNTs shown in Fig. 10.3a that have an estimated bending stiffness
EI = 1.07 × 10–23 N m2, γ is calculated to be 0.36 nJ/m using (10.3), which is close
to the value obtained from atomistic modeling (0.32 nJ/m) [120].

Self-folding phenomenon also occurs in graphene. Compared to its high in-plane
rigidity, the bending rigidity of graphene is small due to its ultra-small thickness.
Therefore, it is often energetically favorable for graphene to stay in a self-folded
conformation. Studies have shown that the graphene sheets can be folded by
scratching using a scanning tip [85] or by high temperature annealing [121]. The
two HRTEM images shown in Fig. 10.3b reveal the respective folding structures of

Fig. 10.3 a HRTEM image of double-walled carbon nanotubes synthesized by using CVD
methods (upper); a double beam model for two adhered carbon nanotubes (lower). (Reprinted with
permission from [120]. © 2003 American Institute of Physics Publishing LLC). b HRTEM images
of the folding edges of graphene films with one (left) and three (right) graphite layers. (Reprinted
with permission from [122]. © 2009 American Chemical Society). c AFM image of one partially
self-folded graphene on a flat silicon oxide substrate. The white dashed lines mark the presumably
original edge positions of the flipped graphene segment. (Reprinted with permission from [123]. ©
2014 American Institute of Physics Publishing LLC)
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mono- and trilayer graphene, in particular the regions along their folding edges
[122]. Figure 10.3c shows an atomic force microscopy (AFM) image of one par-
tially self-folded trilayer graphene sheet on a flat silicon oxide substrate [123]. It
can be seen from the AFM topography image that a portion of the graphene sheet
(*100 nm in width) is torn and flipped on top of the flat segment on the substrate.
The conformation of a self-folded graphene sheet results from a competition
between its bending rigidity and adhesion interaction between graphene layers.
Because graphene possesses a high Young’s modulus, there is little or no in-plane
stretching deformation in folded graphene. Therefore, it is a plausible venue to
quantify the bending stiffness of graphene through measuring its folding confor-
mation. For the self-folded trilayer graphene shown in Fig. 10.3c, analysis based on
a nonlinear continuum mechanics model reveals that it possesses a bending stiffness
of about 6.6 eV, which is about four times the reported values for monolayer
graphene (1.4–1.6 eV) [124, 125].

For the experimental studies as exemplified in Fig. 10.3, the strength of the
binding interaction between nanotubes or graphene can only be estimated at one
single location (i.e. the separation or delamination point) due to the nature of their
static equilibrium configurations. Quantification of the binding interaction at mul-
tiple positions on the interface requires nanomechanical peeling techniques.
Figure 10.4a, b illustrate a nanomechanical peeling scheme that is used to study the
binding interaction between two SWCNT bundles at various binding locations
[126]. A selected scanning electron microscopy (SEM) snapshot of an actual
peeling experiment is shown in Fig. 10.4c. The peeling measurements are per-
formed on two partially bound nanotube bundles, including one fixed-fixed free-
standing bundle. The floating-end of the other bundle is attached to the tip of a
nanomanipulator probe, which is mounted to a 3D piezo-driven nanomanipulator
stage. The nanomanipulator stage is incorporated with a closed-loop feedback
controlled feature, and is capable of moving in XYZ axes at a resolution of 1 nm.
By controlling the displacement of the probe, the grabbed nanotube bundle can be
gradually peeled off from the other fixed-fixed bundle. The peeling process can be
considered as a quasi-static process and the delamination of the bundle at the
separation interface (i.e. the peel front) can be attributed to a balanced competition
between the adhesion interaction between the nanotubes on the binding interface
and the local bending deformation of the delaminated bundle. The peeling test is
interpreted using a nonlinear elastica model that assumes the bundled nanotubes as
an inextensible rod and is illustrated in Fig. 10.4b. The deformation profile of the
peeled-off nanotube bundle can be divided into three segments: OA, AB and BC.
Point A denotes the peel front. Segment AB is considered under pure bending, while
segment BC is considered under pure stretching. The governing equation of the
deformed rod segment AB is given as

EI
d2h
ds2

� P sin a� hð Þ ¼ 0; ð10:4Þ
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Fig. 10.4 a Schematic of
peeling off one nanotube
bundle from another free-
standing nanotube bundle by
means of nanomanipulation.
b Schematic of the nonlinear
elastica model for the
nanomechanical peeling
measurements illustrated in
(a). c One representative SEM
snapshot of peeling off a
single-walled carbon
nanotube bundle. (Reprinted
with permission from [126].
© 2010 Wiley-VCH Verlag
GmbH & Co. KGaA,
Weinheim)
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where EI is the flexural rigidity of the rod, s is the arc length along the deformed rod
measured from the fixed end O, θ = θ(s) is the slope angle of segment AB, and α is
the peeling angle or slope angle of segment BC. In the Cartesian coordinate system,
the corresponding governing equation for segment AB is given as [126]

x hð Þ ¼ xA þ 1ffiffiffiffiffiffiffiffiffiffiffi
P=EI

p Z h

0

cos hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1� cos a� hð Þð Þp dh 0� h� að Þ ; ð10:5aÞ

y hð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
P=EI

p Z h

0

sin hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1� cos a� hð Þð Þp dh 0� h� að Þ ; ð10:5bÞ

where xA is the x coordinate of the peel front. By fitting the measured deformation
curvatures from the captured high-resolution SEM images as exemplified by
Fig. 10.4c, the peeling force P, normalized by the bending stiffness of the dela-
minated nanotube bundle EI, can be obtained. The comparison between the mea-
sured deformation curvature for the peeled-off nanotube shown in Fig. 10.4c and
the theoretical predictions based on (10.5a, 10.5b) is shown in Fig. 10.5a, which
displays a good agreement with the normalized peeling force P/EI as the only fitting
parameter in the theoretical prediction. The per-unit-length adhesion energy or
energy release rate at the peel front is given by G ¼ P 1� cos að Þ, in which the
slope angle α is measured directly from the SEM images. Based on a series of
peeling experiments at various peel front positions performed on the same nanotube
sample, the corresponding peeling forces and the adhesion energies between two
nanotube bundles are calculated and presented in Fig. 10.5b, c, respectively. The
adhesion energy between two SWCNT bundles is found to be
G ¼ EI 0:75� 0:15ð Þμm−2, which indicates a 20 % fluctuation from the mean value
of the predicted adhesion energy. Such variation in the adhesion energy may be
attributed to several possible reasons, such as defects and/or surface contamination
on the nanotube structure.

Nanomechanical peeling techniques can be also used to study the interfacial
interaction in 2D nanomaterials. Tang et al. propose an in situ TEM peeling
technique to investigate the initial stage in the cleavage of 2D nanostructure [127].
Figure 10.6a shows a schematic drawing of the in situ TEM peeling test of a MoS2
crystal that is loaded in an edge-on orientation. A sharp tungsten (W) tip with a tip
diameter as small as *10 nm is mounted in a nanomanipulator, and is controlled to
approach and contact the MoS2 crystal. Because there are many pre-existing atomic
steps on the crystal surface, it is feasible for the tungsten probe to contact the
crystalline edges with a selected number of atomic layers, and then to cleave them
from the crystal. The selected TEM snapshots shown in Fig. 10.6b–d demonstrate
the processes of peeling single monolayer sheet from a MoS2 crystal using the
nanomechanical cleavage technique. Initially, the tungsten tip first contacts the
outermost layer of MoS2 crystal. After the contact, the probe is moved at an
inclined angle, as indicated by the arrow in Fig. 10.6b. The single monolayer that is
attached to the probe is gradually peeled off from the bulk crystal, as shown in
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Fig. 10.5 a Comparison
between experimental
measurements (squares) and
theoretical predictions (solid
curve) of the deformation
curve of the delaminated
nanotube bundle shown in
Fig. 10.4c. b The predicted
peeling force for peeling
measurements performed at a
variety of peel front positions.
c The predicted adhesion
energy per unit length
between the nanotube bundles
at a variety of peel front
positions. Both the peeling
force and the adhesion energy
are normalized by the bending
rigidity of the delaminated
bundle EI. (Reprinted with
permission from [126]. ©
2010 Wiley-VCH Verlag
GmbH & Co. KGaA,
Weinheim)
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Fig. 10.6c. By applying a peeling force through moving the tip, the monolayer
MoS2 sheet is stretched and ultimately separated from the bulk crystal (Fig. 10.6d).
MD simulations of the cleavage of monolayer MoS2 sheets are performed and
displayed as insets in Fig. 10.6c, d for the corresponding experimental processes,
which agree well with the experimental observation. The deformation profile of the
monolayer MoS2 sheet shown in Fig. 10.6c can be used to quantify the interlayer
binding interaction in MoS2 crystal. In equilibrium, the interlayer binding energy
can be calculated by γ = D/2R2, where D = 27 eV Å2 atom−1 is the bending stiffness
of monolayer MoS2, R is the radius of curvature at the contact point and is

Fig. 10.6 a Schematic of the experimental setup for nanomechanical cleaving and peeling off
individual layers from a MoS2 crystal using a tungsten tip. b–d Selected HRTEM images showing
nanomechanical cleavage of a monolayer MoS2: the initial contact (b), intermediate peeled-off and
bent (c), and stretched (d) states of a monolayer MoS2 (scale bars 5 nm). The simulated atomic
structures of the peeled-off monolayer MoS2 are presented in the insets of (c) and (d). (Reprinted
with permission from [127]. © 2014 Macmillan Publishers Ltd.)
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estimated to be *1.5 nm through curve fitting of its measured deformation profile
based on the recorded TEM image (Fig. 10.6c). The interlayer binding energy in
single-crystal MoS2 is calculated to *0.11 N/m.

10.4.2 Adhesion Interaction Between Nanostructures
and Flat Surfaces

The adhesion interactions between nanostructures and flat substrate surfaces may
induce significant transverse (radial) and/or longitude structural deformation for 1D
and 2D nanostructures. Hertel et al. report a molecular-mechanics study of the
elastic deformation of SWCNTs and MWCNTs on flat silicon substrates [128]. The
results show that the lateral deformation of the nanotube cross-section is dependent
on both the outer diameter and the bending stiffness of the nanotube. As shown in
Fig. 10.7a, both (5, 5) and (10, 10) tubes can keep their original circular cross-
section configurations, while tubes of larger diameters, such as (20, 20) tubes, are
under noticeable transverse deformations. The radial deformation of the nanotube
becomes more prominent with the increase of its tube radius. A flat segment in the
nanotube cross-section comes into being as a result of its binding interaction with
the substrate. The radial deformation of the nanotube can decrease or even vanish
by means of adding inner tube layers, thus forming double- or multi-walled carbon
nanotubes as shown by the lower images in Fig. 10.7a. The increase of the inner
walls effectively increases the tube’s bending rigidity, while their contribution to the
tube’s adhesion interaction with the substrate is small. This is because the van der
Waals interaction decreases rapidly with an increase of the distance. Figure 10.7b
illustrates the deformations in two crossed (10, 10) carbon nanotubes on a graphite
substrate that are obtained by MD simulations [128]. The upper nanotube deforms
as a result of its adhesion interactions with both the lower tube and the substrate.
The lower image in Fig. 10.7b reveals the atomistic level deformation of the
nanotubes at the crossed tube junction. The contact between the two crossed tubes
is reported to be about 5.5 nN. The cross-section heights of both tubes are reduced
by 20 %. The MD simulation results demonstrate that the adhesion between the
nanotube and the substrate plays an important role in the nanotube’s radial
deformation.

The mechanical deformations in crossed BNNT junctions are investigated by
using AFM [129]. Figure 10.8a shows a representative AFM image of one crossed
BNNT junction that is formed by a pair of double-walled BNNTs. From the
topography image, in particular, the inset zoom-in image of the junction, it can be
seen that one tube crosses over the other tube on the substrate with a cross angle of
83.7°. Figure 10.8b shows the cross-sectional profile of each tube at a position that
is away from the junction as well as of the tube junction. The height of upper tube,
lower tube and crossed tubes at the junction are measured to be 3.55, 3.61 and
5.5 nm, respectively. Therefore, the cross-sectional height reduction of the two
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crossed tubes is calculated to be 1.66 nm or about 23.2 % of the sum of their
original tube heights. Data obtained on 12 crossed tubes junctions show that the
total tube height reduction at the junction is in a nearly linear relationship with the
summation of the outer diameters of the two tubes forming the junction. The
contact force between the two tubes in the junction is estimated based on contact
mechanics theories and is reported to be within the range of 4.2–7.6 nN. The
bending deformation profile of the upper tube in the junction can be used to
estimate the Young’s modulus of BNNTs, which is reported to be 1.07 ± 0.11 TPa.
Numerical simulations of the mechanical deformations of the crossed BNNT
junctions are performed using finite element methods (FEM). Figure 10.8c shows
the deformation of the crossed tube junction and the corresponding deformed finite
element meshes for the junction shown in Fig. 10.8a. Detailed views of the local
deformation in each tube close to the junction are displayed in Fig. 10.8d. The solid
curves displayed next to the tube deformation snapshots are the respective central

Fig. 10.7 a Molecular
mechanics calculation of the
radial deformation of carbon
nanotubes on flat silicon
substrates. The upper images
show the radial compressions
of single-walled carbon
nanotubes of a variety of
diameters. The lower images
show the effect of the number
of tube walls on the radial
deformation of a (40, 40)
tube. b Molecular mechanics
calculation of the axial and
radial deformations of two
crossed (10, 10) carbon
nanotubes. The lower image
is a magnified view of the
crossed nanotube junction.
(Reprinted with permission
from [128]. © 1998 American
Physical Society)
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cross-sections of the deformed tubes, while the dotted curves show their original
undeformed cross-sections. The FEM simulation results show that the total tube
height reduction at the junction is contributed mostly by the local deformation in the
upper tube, which is quite substantial compared to its original shape.

Fig. 10.8 a AFM image of a crossed boron nitride nanotube junction (scale bar 200 nm). The
inset shows a zoom-in view of the tube junction (scale bar 50 nm). b AFM topographic profiles of
the upper and the lower tubes and the tube junction along the respective dotted lines marked in the
AFM image shown in (a). c, d The finite element simulation of the crossed tube junction shown in
(a). The global view of the junction is displayed in (c). The local deformations of the upper and the
lower tubes in the vicinity of the contact zone are displayed in (d). The solid curves shown next to
the tube deformation snapshots in (d) are the respective central cross-sections of the deformed
tubes, which are contrasted with their original undeformed shapes (dotted curves). (Reprinted with
permission from [129]. © 2014 American Institute of Physics Publishing LLC)
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The local transverse deformations of nanotubes have a substantial impact on
their electrical properties. Both experiments and theoretical modeling demonstrate
that the radial deformation of SWCNTs can greatly influence their electronic
structures (e.g. bandgaps), and result in metal-to-semiconductor transitions or vice
versa [130–132]. Radial deformations can reduce the bandgap of BNNTs from
insulator to semiconductor or even conductor [133]. Tuning the bandgaps of these
tubular nanostructures through engineering their transverse deformations will open
new routes for many novel electronics applications, such as molecular switches
[97].

Several methods have been proposed to engineer local radial deformations in
nanotubes. AFM-based nanomanipulation method using sharp AFM probes is
capable of inducing substantial local radial deformations in individual tubes [97,
134]. However, this method is a slow and sequential approach. The limitation
indicates that the AFM-based nanomanipulation approach is only useful for pro-
cessing a very small quantity of nanotubes, while not feasible for large-scale pro-
cessing and integration. A simple and practical approach of engineering radial
deformations in nanotubes based on a nanomembrane-covering scheme is proposed
and demonstrated for both CNTs and BNNTs [135, 136]. The schematic of the
membrane-covering scheme is shown in Fig. 10.9a. A covering membrane con-
forms to and transversely compresses an underlying nanotube as a result of its
adhesion interaction with the substrate. Monolayer graphene oxide (MLGO) with a
thickness of 0.7 nm is employed as covering membrane. Figure 10.9b shows one
AFM image of three SWCNTs that are covered or partially covered by a MLGO
membrane. The nanotube denoted with “1” in the AFM image has an original
diameter or cross-sectional height of 2.36 nm, and is partially covered by the
MLGO membrane with only one tube end sticking out. The two AFM line
topography profiles displayed in Fig. 10.9c show the respective cross-section
profiles of the uncovered and the membrane-covered portions of this tube. Its tube
height of the covered portion is measured to be 1.72 nm. Therefore, the tube height
reduction as a result of the MLGO covering is 0.64 nm, or 27.1 % of its original
tube height. The CNT height profiles presented in Fig. 10.9c are also contrasted
with the respective cross-section profiles for one selected SWBNNT of a similar
original tube diameter. The measured cross-section height reduction for the BNNT
is found to be 0.74 nm, which is noticeably higher than that of the SWCNT of the
same tube diameter. The AFM measurements reveal that the engineered radial
deformations for both types of tubes increase with the tube diameter, and are more
for SWBNNTs compared with SWCNTs of the same tube diameter. The results
displayed in Fig. 10.9d reveal net radial height reductions of up to 44.1 % for
SWBNNTs and up to 29.7 % for SWCNTs. A similar scenario is also observed for
double-walled BNNTs (DWBNNTs) and DWCNTs, with a difference of about 3–
5 % in radial deformation strain within the measured tube diameter ranges. The
observed difference in radial height reduction between BNNTs and CNTs is
ascribed to the fact that the effective radial modulus of BNNTs is relatively smaller
than that of comparable CNTs [20, 21]. The observed radial deformations for those
double-walled tubes are found to be significantly lower than their respective
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comparable single-walled counterparts. For tubes of 2 nm in outer diameter, the
MLGO-covering induced radial strains in SWCNTs and SWBNNTs are reported to
be 29.5 and 40.5 %, respectively, compared with 12 % for DWCNTs and 16 % for
DWBNNTs. Therefore, the engineered radial deformation in nanotubes using the
membrane-covering scheme decreases with the increase of the number of tube
walls. The proposed approach of engineering radial deformations in nanotubes is
compatible with existing micro/nano fabrication techniques and thus suitable for
large-scale processing and integration.

Experimental characterization of the adhesion interaction between nanostruc-
tures and flat substrates has been documented in several studies [137–144]. The
quantification of the adhesion interaction requires the delamination of the interface
between the nanostructure and the substrate, either along the normal or tangent
direction of the binding interface. The mechanical peeling test is a technique of
separating the binding interface along its normal direction and has been widely
employed to measure macroscopic adhesive strength [145] and microscopic
bonding strength in thin films [146].

Strus et al. propose an AFM-based nanomechanical peeling scheme to measure
the binding interaction between individual carbon nanotubes and flat substrates, as
illustrated in Fig. 10.10a [140]. In this nanomechanical peeling scheme, one carbon
nanotube, which is attached to a tipless AFM cantilever, is first brought into contact
with a flat graphite substrate. Then the nanotube is gradually peeled off from the
substrate by lifting the AFM cantilever. The vertical component of the applied
peeling force on the nanotube at each peeling stage is quantified through measuring
the deflection of the AFM cantilever using a laser reflection scheme. The peeling
measurements are interpreted using a nonlinear elastica model. Figure 10.10b
shows the theoretically predicted peeling process for both approaching (forming the
nanotube-substrate interface) and retracting (separating the nanotube-substrate
interface) processes based on representative parameters of the tested nanotubes
[141]. The peeling force, the work needed to peel a nanotube off the substrate, and
the energy release rate per unit tube length can be obtained from the recorded force-
displacement distance curve. The solid curve in Fig. 10.10b illustrates all of the
possible peeling forces as a function of the peeling point displacement. The dashed
and solid arrowed curves represent the respective accessible forces during the
processes of the nanotube approaching and retracting from the substrate. The

b Fig. 10.9 a Schematic of a nanotube on a flat substrate partially covered by a thin membrane.
b AFM image of three dispersed carbon nanotube covered or partially covered by a monolayer
graphene oxide membrane. c Comparison of the respective cross-section profiles of the uncovered
portion and the membrane-covered portion of carbon nanotube #1 shown in (b), and the respective
cross-section profiles for one single-walled boron nitride nanotube with a similar diameter. The
inset curve shows the variation of the measured carbon tube height along the tube longitude axis
around the edge of the covering graphene oxide membrane. (Reprinted with permission from
[135]. © 2012 American Chemical Society). d The respective dependences of the monolayer
graphene oxide membrane-covering induced actual nanotube radial strain on the nanotube outer
diameters for both single- and double-walled carbon and boron nitride nanotubes. (Reprinted with
permission from [136]. © 2012 American Institute of Physics Publishing LLC)

10 Interfacial Interactions in 1D and 2D Nanostructure-Based Material Systems 399



contact between the nanotube and the substrate may exist in two distinct configu-
rations: line contact (the nanotube is in an S-shape) and point contact (the nanotube
is in an arc-shape), as illustrated in Fig. 10.10c, suggesting that substantial struc-
tural transitions exist for the deformed nanotube during the nanomechanical peeling

Fig. 10.10 a Schematic of
peeling off one carbon
nanotube from a flat substrate
by using AFM. (Reprinted
with permission from [140].
© 2008 American Chemical
Society). b Theoretically
predicted process of peeling a
carbon nanotube from a
graphite surface based on
representative experimental
parameters. c Schematics of
the line-contact and point-
contact configurations in the
nanotube peeling off process.
(Reprinted with permission
from [141]. © 2009 Elsevier
Ltd.)
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process. It is reported that the required peeling force to lift a MWCNT (1.5 μm in
length, 10 and 41 nm for inner and outer diameters, respectively) from a highly
order pyrolitic graphite (HOPG) substrate is 14 nN. By using this nanomechanical
peeling scheme, the adhesion interactions between carbon nanotubes and a variety
of material surfaces have been investigated. The per-unit-length CNT–substrate
interfacial binding energies are reported to be 0.6 pJ/m for polyimide, 1.1 pJ/m for
graphite, and 1.7 pJ/m for epoxy [141].

It is noted that the nanotube deformation during the nanomechanical peeling
process is not directly measured in the above-mentioned AFM-based peeling
scheme. The quantification of the adhesion interaction between a nanotube and a
substrate has to rely on the postulated nanotube deformation curve obtained by
theoretical modeling. Ishikawa et al. [147] perform nanomechanical peeling tests
inside a high resolution scanning electron microscope. A self-detecting AFM
cantilever is used to measure the peeling force at a resolution of 0.1 nN. The
mechanical deformation of a nanotube during the peeling process is visualized and
recorded by using high resolution electron beam. Their results confirm that the
mechanical peeling of a nanotube from a flat substrate involves multi-stable states
of the nanotube between the line and point contacts, as previously suggested by
Strus et al. [140, 141]. By using this in situ SEM-AFM based nanomechanical
peeling technique, the needed forces to peel off one and the same MWCNT from
the substrates of graphite, mica and NaCl (001) are investigated and reported to be
2.2, 1.8, and 1.9 nN, respectively. Roenbeck et al. investigate the adhesion energy
between MWCNTs and graphene using an approach combining in situ SEM
peeling experiments and theoretical computations [143]. The adhesion energy at the
MWCNT-graphene interface is obtained using a finite element analysis, and is
reported to be 6.0 ± 2.6 nJ/m. The surface energy of graphene is analyzed using
molecular mechanics simulations, and is reported to be within 0.20–0.36 J/m2.

The AFM-based peeling technique is also employed to study chemical bonding-
based adhesion interactions between CNTs and substrates. The chemical bonds on
the nanotube-substrate interface are typically formed by the functional groups
introduced to the surfaces of the nanotube and/or the substrate through chemical
functionalization. Li et al. investigate the adhesion interaction between individual
CNTs and a variety of polypeptides [148]. The adhesion interactions of the poly-
peptide chains coated-AFM tip to pristine CNTs and carboxylated CNTs are studied
via the force-distance curve of the AFM, which operates in the force modulation
mode. It is found that both the pH value of the solution and the degree of the CNT
oxidation have a strong influence on the adhesion interaction. The measurements
also reveal the existence of the π–π stacking interaction between aromatic moieties
in the peptide chains and the nanotube surface.

Studies have suggested that the C–C bond of sp2 hybridization in the pristine
CNT can be converted to chemically more active sp3 hybridization as a result of the
local distortion strain induced by external forces [97, 98]. The hybridized sp3

carbon atoms can form strong short-range chemical-bonding interactions with other
material surfaces, such as gold. Gonzalez et al. investigate the chemical bonding
force between the hybridized sp3 C–C bond network in a SWCNT and a gold
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surface inside an ultrahigh vacuum AFM [99]. A gold-coated AFM tip is controlled
to first push against, and then pull from the surface of a SWCNT that is lying on a
flat SiO2 substrate. The adhesion force between the gold layer that is coated on the
AFM tip and the nanotube is measured to be about 2 nN, which is consistent with
density function theory (DFT)-based theoretical predictions.

The binding interaction between a nanotube in the closed circular ring config-
uration and a flat gold surface is investigated using a combined experimental-
theoretical nanomechanical testing approach [142]. The nanomechanical testing
scheme is illustrated in Fig. 10.11a, where a vertically placed CNT ring is pushed
against (or pulled away from) the substrate by an external force P. Figure 10.11b

Fig. 10.11 a Schematic of a carbon nanotube ring on a flat substrate under a point load. b SEM
image of a carbon nanotube ring attached to a manipulator probe being positioned close to a
vertically placed flat silicon substrate with a deposited gold film on top. c, d SEM snapshots of the
carbon nanotube ring in (b) being pushed against and pulled away from the substrate. (Reprinted
with permission from [142]. © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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shows one tested CNT ring of 7 μ in diameter that is partially attached to a
nanomanipulator probe. The CNT ring is formed by self-folding of a long and thin
bundle of single walled carbon nanotubes through nanomanipulation inside a high
resolution SEM. By adjusting the orientation of the manipulator probe, the CNT
ring is placed horizontal, and its normal direction is parallel to the direction of the
electron beam. The CNT ring is controlled to vertically push against or pull away
from a gold film that is deposited on a flat silicon substrate. Figure 10.11c shows the
compressive deformation of the CNT ring when it is pushed onto the substrate.
Substantial tensile deformation occurs in the CNT ring when it is gradually pulled
from the substrate. Figure 10.11d captures the tensile deformation of the CNT ring
for the moment right before the CNT ring is released from the substrate. The
measurements show that the deformation of the CNT ring is purely elastic and no
permanent plastic deformation is observed after three repeated cycles of pushing
and pulling. The mechanical deformations of the CNT ring in both compression and
tension are interpreted using a nonlinear elastica model [142, 149]. Figure 10.12a, b
show comparisons between experimental measurements (circle curves) and

Fig. 10.12 a, b Comparison
between experimental
measurements (circles) and
theoretical predictions (solid
curves) for the deformed
nanotube ring shown in
Fig. 10.11c, d, respectively.
The theoretically predicted
applied force P is marked on
each figure. (Reprinted with
permission from [142].
© 2010 Wiley-VCH Verlag
GmbH & Co. KGaA,
Weinheim)
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theoretical predictions (solid curves) on the deformation curvatures of the CNT ring
in both compression and tension based on the respective SEM snapshots shown in
Fig. 10.11c, d. The corresponding applied forces on the CNT ring are predicted
based on the measured deformation curvatures of the CNT ring. The results show
that the predicted compressive load on the CNT ring shown in Fig. 10.11c is
0.03 nN, while the predicted tensile load on the CNT ring shown in Fig. 10.11d is
0.34 nN. The measurements reveal that the van der Waals interaction between CNT
ring and the substrate has a profound effect on the mechanical deformation of the
CNT ring. Figure 10.13a shows the relationship between the applied force and the
height of the deformed CNT ring, while Fig. 10.13b shows the relationship between
the applied force and the contact length between the CNT ring and the substrate.
The results show that the CNT ring of large ring diameter may experience signif-
icant deformation purely due to its adhesion interaction with the substrate. A linear
relationship between the applied force and the CNT ring deformation is exhibited in
Fig. 10.13a when the CNT ring is under compressive loads, suggesting that CNT
nanorings can be pursued for a number of applications, such as ultrasensitive force

Fig. 10.13 a Relationship
between experimentally
measured ring height and
theoretically predicted applied
load for three repeated
pushing/pulling cycles of the
same nanotube ring.
b Relationship between the
theoretically predicted applied
load and the contact length of
the deformed ring for three
repeated pushing/pulling
cycles of the same carbon
nanotube ring. (Reprinted
with permission from [142].
© 2010 Wiley-VCH Verlag
GmbH & Co. KGaA,
Weinheim)
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sensors and flexible and stretchable structural components in nanoscale mechanical
and electromechanical systems.

Koenig et al. use a pressurized blister technique to directly measure the adhesion
energy of graphene with a silicon oxide substrate [137]. The mechanically exfoli-
ated graphene is deposited over a silicon oxide substrate patterned with pre-defined
microcavities, as shown in Fig. 10.14a. The sample is then placed inside a pres-
surized nitrogen gas chamber until the internal pressure in the microcavity is larger
than the external atmospheric pressure. The pressure difference across the graphene
membrane forces the membrane to bulge upwards, resulting in an increase of the
microcavity volume. The shape of the bulged graphene membrane is characterized

Fig. 10.14 Pressurized graphene membranes. a Two optical images showing graphene flakes with
one to five suspended layers (top), and with one and three suspended layers (bottom). b AFM
topography image of a pressurized graphene membrane. c AFM topography line profiles through
the center of the pressurized graphene membrane in (b) under a variety of pressure differences.
d Adhesion energy of graphene membranes with a SiOx substrate. (Reprinted with permission
from [137]. © 2011 Macmillan Publishers Ltd.)
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by using AFM, as shown in Fig. 10.14b. Figure 10.14c shows a series of AFM line
topography profiles through the center of a pressurized graphene membrane under
various pressure differences. The results indicate that the graphene membrane is
either clamped to the substrate by the van der Waals force or delaminated from the
substrate, and the membrane deflection increases with the internal pressure. The
adhesion energy between graphene and silicon oxide substrates, as displayed in
Fig. 10.14d, is reported to be 0.45 ± 0.02 J/m2 for monolayer graphene and
0.31 ± 0.03 J/m2 for multilayer graphene (2–5 layers). Zong et al. investigate
graphene adhesion with a silicon surface by means of intercalation of nanoparticles
[138]. The nanoparticles trapped at graphene-silicon interfaces act as point wedges
to support axisymmetric blisters. By assuming graphene as a continuous linear
elastic membrane, the local adhesion strength is calculated to be 0.151 ± 0.028 J/m2

based on classical continuum mechanics models. Yoon et al. directly measure the
adhesion energy between as-grown graphene and copper substrates using a double
cantilever beam fracture mechanics testing method [144]. In the double beam test,
both silicon beams with embedded graphene are loaded at a constant displacement
rate, until the graphene film is delaminated from the copper substrate. The adhesion
energy of graphene-copper interfaces is reported to be 0.72 ± 0.07 J/m2, which is
considerably higher than the values reported in prior two studies [137, 138]. The
high adhesion energy is attributed to an increase of electronic density at the
graphene-metal interface.

10.4.3 Interfacial Interaction Between Nanostructures
and Polymer Matrices

For 1D and 2D nanostructure-based polymer nanocomposites, the interfacial
interaction between nanostructures and supporting polymer matrices plays critical
roles in the realization of the reinforcing effect of the high-strength additive
nanofillers and in the bulk mechanical performance of nanocomposites. This is
because the load transfer efficiency in nanocomposite materials depends on the
interfacial shear strength between nanofibers and polymer matrices. A high inter-
facial shear stress allows the transfer of the applied load to nanofibers over a short
distance. Understanding the interfacial shear stress is an essential step to the optimal
design of the nanofiber-reinforced polymer nanocomposites. Because pristine
nanostructures, such as CNTs and graphene, have very smooth and chemically
stable surfaces, the mechanical strength of their interfaces with polymers based on
pure van der Waals interactions is fairly weak, thus greatly downgrading theirs
reinforcing effects. Therefore, surface functionalization of these nanofillers is of
importance for increasing the mechanical performance of nanocomposites because
the added functional groups on the nanostructure surface can significantly
strengthen interfacial interactions, thus increasing the interfacial shear strength.
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The interfacial interactions between nanofibers and polymers are usually
investigated by performing single-fiber pull-out tests, in which the embedded
nanofibers is stretched out of polymer matrices by an external force. The pull-out
phenomenon is the prevalent failure mode observed in nanofiber-reinforced poly-
mer nanocomposites. It is worth mentioning that a vast majority of the reported
studies on nanofiber-reinforced polymers in the literature are carried out at a
macroscopic level, and can at most be used to evaluate interfacial strength prop-
erties qualitatively and indirectly [150, 151]. Reports on direct, quantitative, and
microscopic measurements of the interfaces formed by individual nanofibers with
polymers remain quite limited [152–160]. The seemingly simple testing scheme of
pulling out individual nanofibers from surrounding matrices actually poses many
technical difficulties. For instance, the embedded portion of the nanofiber needs to
stay in a planar and straight manner and the pulling force shall be well aligned with
nanofiber axis to avoid any bending effect. It is a challenging task to grab the free
end of a nanofiber and to apply and quantify the pulling load, while monitoring its
mechanical response at adequate force and spatial resolutions. Some of the early-
stage experimental and theoretical studies of nanotube-polymer interfaces are
briefly summarized here. Figure 10.15a shows a fractured CNT–epoxy nanocom-
posites specimen, in which CNTs are pulled out of the polymer matrix [161].
Figure 10.15b shows an AFM-based pullout experiment to measure the fracture
energy on the nanotube-polymer interface through stretching out one CNT from a
polymer matrix [158]. One CNT, which is mounted to an AFM tip, is brought down
to the surface of a liquid phase epoxy polymer until a substantial segment of the
nanotube is embedded into the polymer. After curing, the nanotube is pulled out
from the polymer by lifting off the AFM cantilever. The total interfacial fracture
energy between the nanotube and the polymer is calculated based on the maximum
pullout force and the embedded nanotube length. It is reported that strong interface,
which corresponds to higher fracture energy, occurs for small diameter nanotubes
and long embedded length. In addition, it is reported that the chemical modification
of the nanotube surface provides a substantially higher interfacial strength, which is
ascribed to the strong chemical bonding between the modified CNT and the
polymer matrix.

The adhesion and interfacial interactions between CNTs and a variety of poly-
mers such as polyethylene [162, 163], epoxy [164–166] and polystyrene [167]
matrices have been investigated by using molecular modeling. Figure 10.15c
illustrates the polyethylene cross-links on the interface of a nanotube and a bulk
polyethylene polymer [162]. The single-tube pull-out tests based on MD simula-
tions reveal that the interfacial strength is affected not only by the presence of the
cross-links, but also by their locations. The cross-links on the interface may shift
locations during nanotube pull-out process, thus affecting the potential energy of the
whole system. Figure 10.15d shows the variation in total potential energy as a
function of the pull-out displacement for interfaces with four polyethylene cross-
links in upper and lower regions, which are defined based on their distances to the
nanotube exposed end. It is reported that an interface with cross-links closer to the
nanotube exposed end (“upper regions”) allows energy transfer along a longer pull-

10 Interfacial Interactions in 1D and 2D Nanostructure-Based Material Systems 407



Fig. 10.15 a SEM image of a fractured carbon nanotube-epoxy nanocomposite specimen, showing
nanotubes being pulled out of the polymer matrix. (Reprinted with permission from [161]. © 2000
Wiley-VCHVerlag GmbH,Weinheim). b SEM images of pulling out a single carbon nanotube from
a polymer. The nanotube is mounted onto an AFM tip and partially embedded in the polymer matrix.
The nanotube is pulled out from the polymer by lifting the AFM cantilever. (Reprinted with
permission from [158]. © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). c Schematic
of position switching for cross-links on a carbon nanotube-polymer interface. d Energy variation
during the pull-out of a carbon nanotube with four cross-links at the nanotube-polymer interface.
(Reprinted with permission from [162] © 2007 Elsevier Ltd.)
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out displacement because the cross-links have a longer traveling distance on the
nanotube. The fluctuation in the total energy is caused by the switching of the cross-
link bonds, while the interface with all cross-links in upper region has a smaller
energy variation, compared to interfaces with all cross-links in the lower region.
The calculated interfacial shear stress for interfaces having all cross-links in the
lower region is higher compared to the case when the cross-links are all in the upper
region.

In nanotube-reinforced polymer nanocomposites, the stress in the polymer is
transferred to the outermost shell of the tube through the tube-polymer interface,
while the inner tube shells contribute little to load bearing due to the weak inter-wall
van derWaals interaction. Therefore, it is of advantage to use small-diameter tubes in
exploring their polymer nanocomposites applications. Recently, an innovative sin-
gle-tube pull-out testing scheme based on in situ electron microscopy nanome-
chanical characterization techniques is proposed to quantitatively characterize the
mechanical strength of interfaces formed by individual DWCNTs (3.1 nm in median
diameter) and poly(methyl methacrylate) (PMMA) and epoxy [168, 169].
Figure 10.16a illustrates the in situ nanomechanical single-tube pull-out testing
scheme inside a SEM chamber. The nanotube-polymer interface is formed inside a
polymer/nanotube/polymer sandwich structure, in which a free-standing cantilevered
nanotube is partially embedded into a thin-film polymer. One pre-calibrated AFM
cantilever that is mounted on a 3D piezo stage is used to first grip the free end of the
protruding nanotube and then displaced to apply a tensile force to stretch the tube out
of the polymer. With the aid of a high resolution electron beam, the mechanical
deformation/displacement of both the nanotube and the AFM cantilever can be
visualized in situ with resolutions of a few nanometers during the pull-out process.

Figure 10.16b, c shows two selected SEM snapshots of one representative sin-
gle-tube pull-out test on a CNT–epoxy interface. The tip of an AFM force sensor is
first controlled to approach the free end of a nanotube that is partially embedded
into a thin film polymer, as shown in Fig. 10.16b. Then the free end of the tube is
spot-welded to the tip of the AFM sensor by means of electron-beam-induced
deposition (EBID) of platinum (Pt). Subsequently, the AFM force sensor is dis-
placed incrementally to apply an increasing tensile stretching force until the
embedded portion of the tube is fully pulled out of the polymer film (Fig. 10.16c).
The whole tube, including the embedded segment, remains straight after pull-out,
and is aligned nearly parallel to the stretching direction. A number of single-tube
pull-out tests are performed on the CNT–PMMA and CNT–epoxy samples.
Figure 10.17 shows the dependence of the pull-out load on the embedded tube
length recorded in these measurements. The results show that the pull-out force first
increases with the embedded length, and then fluctuates within a narrow band range
even after a several-fold increase of the embedded length. The nanotube pull-out
process can be considered as interfacial debonding process through crack propa-
gation. The interface debonding process leads to an unchanged pull-out load when
the embedded length exceeds a threshold value named as “critical embedded
length”. The results shown in Fig. 10.17 reveal that an effective interfacial shear
load transfer between the nanotube and the polymer occurs only within the critical
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embedded length range and any further increase of the embedded length does not
lead to increase of the shear load on the nanotube-polymer interface. The observed
dependence of the pull-out load on the embedded tube length is a clear indication of
the shear lag effect on the failure of the CNT–epoxy and CNT–PMMA interfaces.
Furthermore, the results show that the maximum pull-out load of CNT–epoxy
interfaces is about 44 % higher than that of CNT–PMMA interfaces. The higher

Fig. 10.16 a 3D illustration
of an in situ nanomechanical
single-tube pull-out
measurement inside a
scanning electron microscope.
(Reprinted with permission
from [168]. © 2013 Wiley-
VCH Verlag GmbH & Co.
KGaA, Weinheim). b,
c Selected SEM snapshots of
pulling out one double-walled
carbon nanotube from an
epoxy film. The bottom image
in (c) is a zoom-in view of the
pulled-out tube. The scale
bars represent 500 nm.
(Reprinted with permission
from [169]. © 2015 Elsevier
Ltd.)
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interfacial strength of CNT–epoxy interfaces is partially attributed to the forced
molecular deformations of aromatic moieties in epoxy chains in the vicinity of the
binding interface, which is supported by molecular dynamics simulations of the
CNT–polymer interfacial interactions [169].

The effect of the interfacial interaction between graphene and polymer on the
graphene-based polymer nanocomposites has been investigated both experimentally
and theoretically. In a study reported by Ramanathan et al. [83], the mechanical
properties of reinforced PMMA polymer by 1 wt% functionalized graphene sheets
(FGS) that are partially oxygenated substantially exceed the mechanical perfor-
mance of pure PMMA as well as its composites with SWCNTs and expanded
graphite (EG) plates, which is displayed in Fig. 10.18a. The superior mechanical
performance of FGS-based PMMA composites is ascribed to fact that oxygen
functionalities enhance the bonding interactions of graphene sheets with polymer
matrices. Figure 10.18b shows an SEM image of the EG–PMMA interface. The
thick protruding plates from the simple expanded graphite exhibits poor bonding to
the polymer matrix. Figure 10.18c shows an SEM image of the FSG–PMMA
interface. The small thickness and the wrinkled morphology features of the FGS as
well as their surface chemistry lead to strong interfacial interactions with the
polymer matrix, as illustrated by polymer adhesion to the pulled-out FGS.
Goncalves et al. [170] investigate the mechanical properties of graphene oxide
(GO)-PMMA nanocomposite films, which are prepared using different percentages
of PMMA grafted GO (G-PMMA) and pristine GO. The mechanical analysis shows
that G-PMMA is an effective reinforcing agent, and yields tougher films than both

Fig. 10.17 The measured dependence of the pull-out load on the embedded tube length. The solid
dots represent the data recorded on carbon nanotube-epoxy interface. The empty circles represent
the data on carbon nanotube-PMMA interface. The dashed lines represent the respective linear
fitting curves to the data set whose tube embedded lengths are below or above the critical
embedded length. (Reprinted with permission from [169]. © 2015 Elsevier Ltd.)
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Fig. 10.18 a Summary of the
thermo-mechanical property
improvements for 1 wt%
FGS–PMMA composites,
compared to SWCNT–
PMMA and EG–PMMA
composites. All property
values are normalized by the
respective values for pure
PMMA. b SEM image of
EG–PMMA composites: the
thick graphite plates exhibit
poor bonding to the polymer
matrix. c SEM image of FGS–
PMMA composites: the
graphene nanosheets exhibit
strong bonding to the polymer
matrix. (Reprinted with
permission from [83]. © 2008
Macmillan Publishers Ltd.)
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pure PMMA films and PMMA composite films with unmodified GO. Such
mechanical improvement is attributed to the efficient load transfer between
graphene sheets and PMMA matrices. Das et al. [171] employ the nanoindentation
technique to evaluate the mechanical properties of polyvinyl alcohol (PVA) and
PMMA composites reinforced by functionalized few-layer graphene. The results
show a significant increase in elastic modulus, hardness and crystallinity with the
addition of 0.6 wt% of graphene.

Shear lag effect on graphene-polymer interface is explored using Raman spec-
troscopy. Gong et al. use Raman spectroscopy to monitor stress transfer in a model
composite consisting of a thin polymer film and a mechanically cleaved monolayer
graphene [172]. An optical micrograph of the specimen is shown in Fig. 10.19a,
which also display a schematic diagram of the specimen. Local strain mapping is
performed to evaluate the adhesion strength between polymer and monolayer
graphene using Raman spectroscopy. Figure 10.19b shows the local strain in the
graphene monolayer at 0.4 % matrix tensile strain. The results show that the strain
initially increases from the edges of graphene and keeps constant across the middle
of the monolayer, which is a signature of the shear lag effect on graphene-PMMA
interfaces [173]. A quite different strain distribution is observed when the matrix
tensile strain is increased to 0.6 %. In this case, the strain increases linearly from the
edges to the center of the graphene up to 0.6 % and decreases rapidly in the middle
to around 0.4 %. This phenomenon is ascribed to a failure of the graphene-polymer
interface, and the stress transfer occurs through interfacial friction. The interfacial
shear strength of graphene-PMMA interfaces is reported to be about 2.3 MPa.

The van der Waals force-based interfacial binding interaction between graphene
and polymer matrices [174, 175] and the role of the surface functionalization on the
interfacial strength [176] are investigated using MD simulations. Figure 10.20a
shows the results of the interfacial strength between graphene and polyethylene
polymer by performing a peeling test to remove the graphene from the polymer
surface through applying a force normal to the graphene-polymer binding interface
[174]. Three cases are investigated for different boundary constraints imposed at the
beginning of the simulations: Case A: a portion of the polymer at the top is fixed in
space; Case B: a portion of the polymer near the graphene surface is fixed in space;
Case C: all polymer atoms are fixed. Figure 10.20a also shows the comparison of the
load–displacement response for three cases A, B andC in opening mode separation of
the graphene sheet from the supportive polymer matrix. The required separation
forces for cases B and C are comparable and significantly higher than that for case
A. Figure 10.20b shows the effect of the surface functionalization on the graphene-
polymer interfacial bonding strength [176]. The upper image in Fig. 10.20b illus-
trates a functionalized graphene with carboxyl groups randomly chemisorbed to
2.5% of the carbon atoms, while the lower image shows the interaction energy during
the pullout of the graphene sheet from a PMMAmatrix as a function of the degree of
the graphene surface functionalization. The MD simulations show that the chemical
functionalization of graphene surface can dramatically increase the interfacial
bonding strength between the graphene and the polymer matrix, which positively
correlates with the degree of the graphene surface functionalization.
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Fig. 10.19 Interfacial shear transfer at graphene-polymer interfaces. a Upper Optical micrograph
showing the monolayer graphene flake investigated. Lower Schematic diagram of a section
through the composite. b Variation of axial strain in the x-direction with positions across the
monolayer graphene at matrix strains of 0.4 %. The solid lines are fitting curves based on the
shear-lag theory. (Reprinted with permission from [172]. © 2010 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim)
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Fig. 10.20 a Comparison of the load-displacement responses for cases A, B and C in opening
mode separation of the monolayer graphene from the supporting polymer matrix. (Reprinted with
permission from [174]. © 2009 IOP Publishing Ltd.). b Upper Illustration of graphene with
carboxyl groups randomly chemisorbed to 2.5 % of the carbon atoms. Lower Interfacial interaction
energy in the pull-out of the graphene sheet from the PMMA matrix at various degrees of graphene
functionalization. (Reprinted with permission from [176]. © 2010 American Chemical Society)
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10.5 Conclusions and Outlook

Nanoscale adhesions play an important role in the properties and applications of 1D
and 2D nanostructure-based materials systems, and have been an active and inten-
sively researched area during the past decade. The recent fast growing interests on the
scalable synthesis of innovative 1D and 2D materials as well as the rapid develop-
ment of experimental and computational characterization instrumentation and
infrastructure will continue to drive the future research on this area. In particular, non-
carbon materials in the family of vdW nanostructures (e.g. boron nitride, molybde-
num disulfide and tungsten disulfide) have been garnering increasing attention.
Unlike the symmetric and non-polarized C–C bond, the chemical bonds in these non-
carbon nanomaterials are formed by two or more chemical elements and generally
polarized. The resulting non-uniformly distributed electron charges lead to strong
electrostatic interactions. Therefore, the nanoscale adhesion in these non-carbon
nanostructure-based material systems is more sophisticated and scientifically stim-
ulating in nature. Computational modeling will likely play an even more important
role in the nanoscale adhesion research thanks to the tremendous development of
infrastructure for high-performance computing. In spite of the current attempts to use
the computational simulations in studying nanoscale adhesions, we believe that there
are more rooms for researchers to make contribution to the development of novel
modeling and simulation tools that allow the simulations of nanoscale adhesion
complementary to the experimental observations on both spatial and temporal scales.
The complementary experimental and computational effort will help to decipher
many of the complex and delicate nanoscale adhesion phenomena that are inacces-
sible by either experiments or modeling/simulations alone.
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Chapter 11
Mesoporous Carbon for Energy

Pengfei Zhang and Sheng Dai

Abstract Ordered mesoporous carbons (OMCs) are of great interest in energy-
related research and applications, partly due to their high surface areas, uniform
pore channels, and narrow pore size distributions. During the past decades, a
number of breakthroughs for the synthesis of OMCs, including hard templating
methods and soft templating strategies, have been made by carbon chemists.
Thanks to unique properties, OMCs-based supercapacitors are attracting more and
more attention around the world in recent years in view of their ultrafast charge-
discharge rate, high power capability, low maintenance, and long cycle life. In this
chapter, we wish to overview those representative pathways for OMC materials and
their performance in supercapacitor application.

11.1 Introduction

In the past decades, porous carbon materials have manifested themselves in various
applications, such as: development of new electrical energy storage and conversion
devices, catalyst or catalyst support, gas storage systems, etc. [1]. The importance
of these carbonaceous materials actually resides in their excellent physical and
chemical properties tunable in a wide range, such as high surface area, large pore
volumes, good electronic conductivity, designable chemical composition, chemical
and thermal stability [2, 3]. Nowadays, carbon materials with various pore
structures (e.g. micropore, mesopore) have been devised by different synthetic
strategies [4, 5]. Being the most popular and frequently used carbons, activated
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carbons, dominated by micropores, are generally prepared from carbonization of
biomass sources such as coconut, coal and further activations involving exposure in
harsh oxidizing atmospheres (e.g. CO2, steam) or chemical treatment with acids
(e.g. phosphoric acid), bases (e.g. KOH, NaOH), or salts (e.g. ZnCl2, SnCl2) are
necessary for directing porosity [6–8]. Meanwhile, carbon materials with well-
defined mesopore have received significant attention owing to their large and
tunable pore size and uniform pore channel, which would be beneficial to various
fields, such as: carbon-based supercapacitor [9–11].

Nowadays, the fast growth of portable electronic devices and hybrid electric
vehicles has promoted the urgent and increasing demand for high-power energy
storages, such as supercapacitors. At present, activated carbons are widely used as
the electric double layer capacitor (EDLC) electrode materials because of their low
cost, scalable character and a variety of biomass precursors. Though conventionally
activated carbons possess a large surface area, their EDLC performance can be
somewhat limited because they actually contain an abundant proportion of mi-
cropores not always fully accessible to big ions [12, 13]. Therefore, only exposed
outer surface are utilized for charge storage. In addition, even in the situation
wherein the micropores are filled by the electrolyte, the ionic transfer in such small
pores may be so slow that the high rate capability could not be reached. Both charge
storage and rate capability are also limited by the randomly connected pores within
activated carbon. In contrast, ordered mesoporous carbon materials at this stage
could resolve above-mentioned questions for promising energy devices [14]. In this
chapter, we wish to summarize recent advances on the preparation of ordered
mesoporous carbons (OMCs) and their applications as supercapacitors. Ordered
mesoporous carbons are generally fabricated by a hard or soft-templating approach,
as shown in the following.

11.2 Ordered Mesoporous Carbons (OMCs)
from Hard-Templating Method

Ryoo’s groups for the first time introduced OMCs in 1999, where mesoporous
MCM-48 derived from the surfactant self-assembly approach was used as the hard
template and sucrose inside the pores of the MCM-48 was carbonized in N2 [15].
The CMK-1 carbon was obtained after subsequent removal of the silica template
with a hot ethanolic solution of NaOH (Fig. 11.1). X-ray powder diffraction (XRD)
pattern of CMK-1 indicated the highly ordered pore arrangement and the CMK-1
carbon underwent a systematic transformation into new structural symmetry from
that of the silica template. The nitrogen adsorption isotherm of CMK-1 featured a
sharp adsorption step owing to the capillary condensation of N2 molecules inside
these uniform mesopores (Fig. 11.2).

Three months later, Hyeon et al. reported the synthesis of another OMC material
by also employing mesoporous MCM-48 aluminosilicate with three-dimensional
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channel structure as the template and with phenolic resin as the carbon source [16].
The dissolution of MCM-48 frameworks using 48 % aqueous hydrofluoric acid
generated mesoporous carbon, designated SNU-1. The specific surface area of
SNU-1 was found to be 1257 m2/g from nitrogen BET adsorption measurements
(Fig. 11.3). Nitrogen adsorption–desorption curves showed hysteresis at high rel-
ative pressure characteristic of mesopores. The pore size distribution data calculated
from the adsorption branch of the nitrogen isotherm by the BJH (Barrett–Joyner–

Fig. 11.1 a Representative
transmission electron
micrograph of the ordered
carbon molecular sieve CMK-
1, obtained by the template
synthesis with the
mesoporous silica molecular
sieve MCM-48. This image
was obtained with a Philips
CM20 transmission electron
microscope operated at
100 kV from thin edges of a
particle supported on porous
carbon grid. b Scanning
electron micrograph of a
CMK-1 sample. This image
was obtained on a Philips
SEM-535M microscope using
an acceleration voltage of
20.0 kV. Reproduced with
permission from [15].
Copyright 1999 American
Chemical Society
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Fig. 11.2 Argon adsorption-desorption isotherms at 87 K for the carbon molecular sieve CMK-1.
Inset The corresponding pore size distribution curves obtained from the desorption by the Barrett–
Joyner–Halenda method (>1.7 nm), and the Horvath–Kawazoe analysis (0.5–1.7 nm). Reproduced
with permission from [15]. Copyright 1999 American Chemical Society

Fig. 11.3 N2 adsorption and desorption isotherms of mesoporous SNU-1 carbon. Inset The
corresponding pore size distribution curve calculated from the adsorption branch of the nitrogen
isotherm by the BJH method. Vp is the incremental pore volume. The isotherms were collected at
77 K on a Micrometrics ASAP2010 Gas Adsorption Analyzer after the carbon material was
degassed at 250 °C at 30 mTorr for 5 h. Reproduced with permission from [16]. Copyright 1999
Royal Society of Chemistry
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Halenda) method showed that pores are uniform with an average pore size of
2.3 nm. The performance of SNU-1 in an electrochemical double-layer capacitor
was also evaluated by the same group. In this topic, our group introduced the
mesoporous carbon “C48” using mesophase pitch as the carbon precursor and
MCM-48 silica as a hard template. The C48 material exhibited XRD patterns
similar to that of CMK-1 [17, 18]. The framework of the C48 carbon network was
composed of carbon nanorods of 1.5–2 nm length interconnected in three-
dimensions.

Besides MCM-48, the hexagonally structured SBA-15 mesoporous silica
(SBA-15) was another frequently-investigated hard template for OMC synthesis.
For example, a highly ordered, hexagonal OMC-CMK-3, was reported by Ryoo
and co-workers with SBA-15 as the template. CMK-3 is composed of carbon
nanorods arranged in a hexagonal pattern, with connecting bridges between them
(Fig. 11.4) [19]. Actually, the specific surface area of CMK-3 was higher than
calculated value for CMK-3 with nonporous pore wall, suggesting that pore wall of
CMK-3 was rich in complementary micropores (Fig. 11.5). The pore size of OMC
material synthesized with a hard template is primarily controlled by the pore wall
thickness of the inorganic templates, which can be in principle tailored by the
selection of template.

In addition, various carbon precursors, e.g., sucrose, furfuryl alcohol, naphtha-
lene, C2H2, polyacrylonitrile, and phenolic resin, can be utilized for OMCs. For
example, Schüth and Lu reported nitrogen-containing OMC with well-developed
bimodal system by using SBA-15 as template and polyacrylonitrile as carbon
source via a nanocasting pathway (Fig. 11.6) [20, 21]. However, those hard tem-
plating methods require the preparation of mesoporous silica, adding time and

Fig. 11.4 Typical TEM images of the ordered mesoporous carbon molecular sieve, CMK-3. This
carbon was synthesized using sucrose as a carbon source and SBA-15 silica as a template. The
TEM images were obtained with a JEM-4000 EX operated at 400 kV from the carbon material
after silica template was completely removed with HF solution. Reproduced with permission from
[19]. Copyright 2000 American Chemical Society
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increased costs to the preparation of the final carbon materials and the use of
concentrated sodium hydroxide or toxic hydrofluoric acid for removing templates
makes this process difficult in industrial scale. Complementary to the hard-tem-
plating method, the soft-templating synthesis of mesoporous carbons by the
organic–organic self-assembly offers several advantages in terms of cost and pro-
cessing possibility [22].

11.3 Ordered Mesoporous Carbons from Soft-Templating
Method

Somewhat like the self-assembly process for ordered mesoporous metal oxides
developed earlier [23], soft templating construction of OMCs relies on the coop-
erative assembly between structure-directing templates and organic carbon sources
during initial polymerization. In 2004, our group for the first time showed the
synthesis of ordered mesoporous carbon films by a soft template route [24]. This
methodology involves pre-organization of the resorcinol monomers and polysty-
rene-block poly(4-vinylpyridine) (PS-P4VP) into a nanostructured film with
hydrogen bond induced self-assembly (Fig. 11.7). Formaldehyde gas was then
vapored to the film for in situ cross-linking the resorcinol monomers. The resulting
resorcinol-formaldehyde resin was transformed into a highly ordered mesoporous
carbon film during carbonization process, while those PS-P4VP template decom-
posed into gaseous species. SEM and TEM images illustrated that the pore diameter
is 33.7 ± 2.5 nm and the wall thickness is 9.0 ± 1.1 nm (Fig. 11.8). This soft-
templating approach actually inspired rapid progresses in this topic.

Fig. 11.5 N2 adsorption–
desorption isotherm at 77 K
for CMK-3 and SBA-15. Inset
The pore size distributions.
Reproduced with permission
from [19]. Copyright 2000
American Chemical Society
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In addition to PS-P4VP, other block copolymers were also developed as soft
templates for OMCs. Tanaka and co-workers showed the possibility of common
Pluronic PEO-b-PPO-b-PEO as soft template. They carried out the resorcinol-
formaldehyde polymerization in the presence of Pluronic F127 and triethyl ort-
hoacetate as co-precursor (Fig. 11.9) [25]. The co-precursor triethyl orthoacetate
here increased the ordering of the porous structure in some degree. Zhao’s group
completed a detailed investigation of OMCs prepared with different co-polymers,
such as F127, F108 and P123 [26–28]. For example, the pore morphology of as-
made OMCs could be controlled by the fraction of the hydrophobic block during
polymerization, that is tuning the PEO content in the copolymer or changing the
ratio of carbon precursor-to-template (Fig. 11.10). Different mesostructures of
OMCs, including lamellar (La), bicontinuous (Ia3d), hexagonal (p6mm) and cubic
globular (Im3m) could be obtained by increasing curvature at the micelle interface.

Fig. 11.6 TEM images of NCC-2-a, NCC-2-b, and NCC-2-c. Reproduced with permission from
[21]. Copyright 2004 American Chemical Society
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Just recently, our group established a surfactant-free synthesis of mesoporous
carbon materials through the polymerization of phloroglucinol-formaldehyde resins
in the presence of polyethylene glycol (PEG) with acidic ethanol (Fig. 11.11) [29].
The essence of this strategy relies in the PEG-mediated spinodal decomposition for
porosity control, instead of the traditional micellar self-assembly approaches.
Mesoporous carbons with specific surface areas up to 392 m2/g and pore size
around 20 nm could be fabricated by this method (Fig. 11.12). In comparison with
those triblock copolymers, utilization of linear PEG as a sacrificial soft-template
provides a more sustainable alternative for OMCs.

In the past decade, a family of carbon precursors, such as phenol, resorcinol and
phloroglucinol, were employed for the synthesis of soft-templated OMCs, most of
which were based on chemistry of phenol-aldehyde polymerization. Those mole-
cules forms hydrogen-bonded networks with block polymers and then are cross-
linked by formaldehyde in the presence of acid or base catalyst. The hydroxy group
on the substrate is a key point for interacting with soft template. For example, Dai
and co-workers studied the polymerization processes by phenol-formaldehyde,
resorcinol-formaldehyde and phloroglucinol-formaldehyde [30]. It was observed
that phloroglucinol could complete the polymerization more rapid than resorcinol or
phenol (40 min vs. 1–3 weeks, respectively). The authors considered that the high
hydroxy density in the oligomers formed from phloroglucinol provides a greater

Fig. 11.7 Schematic representation of the synthesis protocol used to prepare well-defined carbon
nanostructures. Step 1 Film casting of PS-P4VP/resorcinol supramolecular assembly. Step 2
Completion of microphase separation by solvent annealing at 80 °C in DMF/benzene mixed vapor.
The resorcinol is organized in the well-defined P4VP domain. Step 3 In situ polymerization of
resorcinol and formaldehyde by exposing the film to formaldehyde gas. Highly cross-linked RFR
is formed within the P4VP domain. Step 4 Pyrolysis of the polymeric film in N2. A hexagonal
carbon-channel array is formed by sacrificing the block copolymer. Reproduced with permission
from [24]. Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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driving force for the self-assembly interaction with the PEO blocks, as compared
with those provided by the oligomers from phenol and resorcinol (Fig. 11.13).

Considering environment and sustainability issues, above methods with fossil-
based sources are restricted for long term development. It seems of great interest to
develop renewable carbon sources for the synthesis of OMCs. Antonietti and co-
workers recently illustrated another OMCs by hydrothermal carbonization (HTC) of
fructose in the presence of block copolymer surfactant Pluronic F127 [31]. Since
HTC of fructose can occur under relatively low temperature (e.g. 130 °C), fructose
was selected for this micellar self-assembly. HTC of fructose with F127 additive can
lead to composite material, presenting a well ordered structure with an F127 micelle
diameter of ∼10 nm and carbon wall thickness of ∼6 nm (Fig. 11.14). Though
corresponding carbon material after thermal treatment (550 °C) showed long-range
regularly ordered pore structure with cubic Im3m symmetry (From HRTEM and
SSAXS analysis), N2 sorption analysis presented a non-reversible microporous type I

Fig. 11.8 Electron microscopy images of the carbon film. a Z-contrast image of the large-scale
homogeneous carbon film in a 4 × 3 μm area. The scale bar is 1 μm. b Z-contrast image showing
details of the highly ordered carbon structure. In the inset, a Fourier transform (FT) of the image
shows a pattern with multiple reflections, which are characteristic of a highly ordered hexagonal
array. The scale bar is 300 nm. c High-resolution SEM image of the surface of the carbon film with
uniform hexagonal-pore array. The pore size is 33.7 ± 2.5 nm and the wall thickness is
9.0 ± 1.1 nm. The scale bar is 100 nm. d SEM image of the film cross section, which exhibits all
parallel straight channels perpendicular to the film surface. The scale bar is 100 nm. The inset is
the FT of the cross section image. The FT pattern shows the reflections of the periodic parallel
channels. Reproduced with permission from [24]. Copyright 2004 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim
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Fig. 11.9 FE-SEM images of carbonized COU-1. The carbonization temperatures were as
follows: a, b 400 °C, c, d 600 °C and e, f 800 °C. Reproduced with permission from [25].
Copyright The Royal Society of Chemistry 2005

Fig. 11.10 Schematic representation of the procedure used to prepare mesoporous carbon
frameworks. Reproduced with permission from [27]. Copyright 2005 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim
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Fig. 11.11 Schematic illustration of spinodal decomposition (I–III) and subsequent formation of
mesoporous carbon (IV) from PF–PEG adduct. Reproduced with permission from [29]. Copyright
The Royal Society of Chemistry 2014

Fig. 11.12 Nitrogen −196 °C adsorption isotherms (left) and corresponding pore size distributions
(right) calculated using KJS method of carbon samples with respective PEG (in Da). For clarity,
the isotherms were offset by consecutive increments of 50 cm3/g and pore size distributions offset
in consecutive increments of 0.2 cm3/g. Reproduced with permission from [29]. Copyright The
Royal Society of Chemistry 2014
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isotherm with pore size distribution around 0.9 nm (Fig. 11.15). The authors attribute
the narrowed pores during template removal to structural shrinkage or partial co-
carbonization of the block copolymer inside channels. To shift pore structure into the
mesoporous domain, the swelling agent trimethylbenzene was added to the F127/
Fructose mixture for larger micelles. OMC material with a type IV N2 sorption
profile and capillary condensation feature at P/Po ≈ 0.45, was observed and the BET
surface area is 116 m2/g, giving another pathway for OMC family (Fig. 11.16).
During suggested mechanism for this process, fructose is absorbed in the initial
stages via H-bonding with the hydrophilic PEO moiety of F127 (or with TMB
additive) and then proceeds dehydration/polycondensation to generate a polyfuran-
like network for further thermal treatment (550 °C).

Another biomass product—tannin with multi phenolic hydroxyls were just
recently explored for the synthesis of OMCs. Parmentier and co-workers synthe-
sized OMC materials with tannin extracted from wattle barks as carbon source via
the self-assembly process of an amphiphilic triblock copolymer [32]. Tannins are
naturally present in plants and have well known and established processes for their
extraction from wood materials. Tannins on their own are also able to self-condense

Fig. 11.13 Localized Polymerization. Reproduced with permission from [30]. Copyright 2006
American Chemical Society
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to form a three-dimensional network by creating covalent bonds between the dif-
ferent flavonoid units and no cross-linker agents were needed in this process. In this
process, the multiple adjacent hydroxyl groups of flavanoid unit probably play a key
role for the self-assembly with PEO via hydrogen bonds (Fig. 11.17). OMC
materials with specific surface area up to 545 m2/g and pore size around 7–9 nm
were obtained (Fig. 11.18). This tannin-based approach with cheap, renewable and
non toxic precursor provides a greener way for OMC materials.

Recently, Wang and co-workers reported a self-transformation strategy to con-
trol the Fructose based HTC/soft templating. Insoluble melamine sulphates were
introduced to direct the HTC/F127 procedure [33]. During this process, melamine
sulphates were co-assembled and copolymerized with fructose, and further in situ
transformed into OMC products with N-doping. HRTEM images exhibited ordered
pores in the carbon flakes with pore diameter around 3 nm and wall thickness about
10 nm. The N2 sorption analysis (SBET = 761 m2/g) presented a type IV isotherm
and the pore size distribution showed a sharp peak at 3.3 nm and a broad shoulder
less than 2 nm (Fig. 11.19).

11.4 Ordered Mesoporous Carbons for Supercapacitor

Hyeon and co-worker studied the EDLC performance of SNU-1 sample in 1999
[16]. Comparing with activated carbon, MSC-25, the SNU-1 sample showed a more
ideal capacitor behavior with a more rectangular-shaped cyclic voltammogram
(CV) curve. When the scan rates were enhanced from 5 to 50 mV s−1, SNU-1
carbon retained a rectangular shape up to a scan rate of 20 mV s−1. By contrast,
MSC-25 carbon showed a deformed CV curve at a scan rate of 10 mV s−1 and a

Fig. 11.14 a TEM micrograph and b Synchrotron SAXS pattern of C-MPG1-com (inset 2D
scattering pattern). Reproduced with permission from [31]. Copyright 2011 American Chemical
Society
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completely collapsed one at a scan rate of 20 mV s−1 (Fig. 11.20). Those results
reflected the advantage of regular interconnected mesopores for fast electrolyte
transfer.

Specific surface areas of OMC materials are generally considered as key factors
for the EDLC performance, since EDLCs utilize the electric double layer formed at
the electrode/electrolyte interface for charge storage. An activation process by
heating a physical mixture of potassium hydroxide and soft-template OMC within

Fig. 11.15 a SEM, b TEM, c HRTEM micrographs, d synchrotron SAXS pattern (inset 2D
scattering pattern), e N2 sorption isotherm, and f QSDFT pore size distribution of C-MPG1-micro.
Reproduced with permission from [31]. Copyright 2011 American Chemical Society
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N2 at high temperatures (400–1000 °C), was introduced for higher surface areas
[34]. The quantity of KOH and activation temperature affected the activation pro-
cess, and the increased surface area was induced by activation-developed micro-
pore. Around 70 % of the total surface area came from micropore. In addition, this
activation process would increase carbon burn-off with lower carbon yield. Being as

Fig. 11.16 a SEM, b TEM, and c HRTEM micrographs, d synchrotron SAXS pattern (inset 2D
scattering pattern), e N2 sorption isotherm, and f QSDFT pore size distribution of as-synthesized
C-MPG1-meso. Reproduced with permission from [31]. Copyright 2011 American Chemical
Society
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EDLCs, activated OMC with surface area of 1940 m2/g showed a specific capac-
itance of 188 F/g at a sweep scan rate of 1 mV/s in 0.1 M sodium chloride aqueous
electrolyte, much higher than the capacitance (71.3 F/g) by only OMC sample from
phenolic resin precursors (520 m2/g). Liu and co-workers illustrated a silica-assisted
co-assembly route to OMCs. In their strategy, the mixture of phenol-formaldehyde
resol and tetraethyl orthosilicate were used to co-assembly in the presence of F127
by an EISA strategy. After triblock polymer removal, carbonization and HF acid
etching of silica, OMC with pore size around 6.7 nm and extremely high surface
area could be obtained [35]. When this sample was studied as EDLC electrode
within organic electrolyte [(C2H5)4N][BF4], a good capacitance of 112 F/g between
0 and 3 V was observed at a scan rate of 200 mV/s. Importantly, a outstanding
stability with capacitance retention of 88 % was got by this sample after 1000
cycles [36].

In addition, increasing efforts have been recently devoted to the synthesis of
element-doped mesoporous carbons, which could combine the high mesoporosity
and unique characters of doped carbon frameworks, such as: enhanced mechanical,
semiconducting, field-emission and electrical properties. Zhao and co-workers
reported nitrogen-doped OMC material with a high N content by using evaporation-
induced self-assembly of a low-molecular-weight soluble resol and dicyandiamide

Fig. 11.17 Scheme for the synthesis of the ordered mesoporous polymer and carbon materials.
Reproduced with permission from [32]. Copyright The Royal Society of Chemistry 2012

Fig. 11.18 TEM micrographs of the IS2M-1 phase (tannin-derived polymer) obtained by the
evaporation self-assembly process and calcined at 400 °C. The low magnification (a) shows the
limited size of the ordered domains (b). Reproduced with permission from [32]. Copyright The
Royal Society of Chemistry 2012
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in the presence of F127 template (Fig. 11.21) [3]. The high nitrogen content (up to
13.1 %) was attributed to the introduction of DCDA, since it could form stable
microdomains of carbon nitrides in the matrix of phenolic resin. The nitrogen-
doped OMC sample exhibited good performance as supercapacitor electrodes, with
specific capacitance of 262 F/g (1 M H2SO4) and 227 F/g (6 M KOH) at a current
density of 0.2 A/g, better than that by the mesoporous FDU-15 carbon without
nitrogen modification (Fig. 11.22).

Fig. 11.19 Characterizations of sample OMCC-3-1 prepared at a DFructose/melamine molar ratio
of 3 and a sulphuric acid/melamine molar ratio of 1: a TEM image; b and c HRTEM micrographs
(inset the 2D scattering pattern); d N2 sorption isotherm; e pore size distribution curve; f Raman
spectra. Reproduced with permission from [33]. Copyright 2014 American Chemical Society
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Fig. 11.20 Cyclic voltammograms of SNU-1 and MSC-25 activated carbon in organic electrolyte
(1 M NEt4BF4 in propylene carbonate). A two-electrode system consisting of working and counter
electrodes was used. These two electrodes were fabricated with equal amounts of the carbon
materials. CV measurements were made in the potential range 0–3 V with a scan rate of 5 mV/s.
Reproduced with permission from [16]. Copyright 1999 Royal Society of Chemistry

Fig. 11.21 The formation process of ordered N-doped mesoporous carbon from a one-pot
assembly method using dicyandiamide (DCDA) as a nitrogen source. Reproduced with permission
from [3]. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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11.5 Summary

OMC science has progressed tremendously from the discovery with hard tem-
plating strategy in 1999. The ability to control pore sizes that cover all the mesopore
range, while maintaining well-defined order motivates research on these materials at
the starting time. The recent advances include tuning chemical composition, surface
modification, search for sustainable carbon sources or greener synthetic routes.
Continued study of OMC material is also focusing on the optimization of volu-
metric density with high surface area materials, towards high energy storage
capacity, because further development of electrochemical capacitors is highly
dependent on the development of new electrode materials. The increasing ability to

Fig. 11.22 Electrochemical performance of the sample H-NMC-2.5 using a three-electrode cell:
cyclic voltammograms at different scan rates in 1 M H2SO4 (a) and 6 M KOH (c); and
galvanostatic charge/discharge curves at different current densities in 1 M H2SO4 (b) and 6 M
KOH (d). Reproduced with permission from [3]. Copyright 2013 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim
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manipulate the OMC material on nanoscale, including precise control over surface
area, pore size, pore structure and surface character, would in principle benefit
carbon-based energy applications.
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Chapter 12
Hyperbolic Metamaterials: Design,
Fabrication, and Applications
of Ultra-Anisotropic Nanomaterials

Kandammathe Valiyaveedu Sreekanth, Antonio De Luca
and Giuseppe Strangi

Abstract Hyperbolic metamaterial (HMM) is a non-magnetic extremely aniso-
tropic nanostructure that cannot be found in nature at optical frequencies having an
open hyperboloid iso-frequency surface. Interestingly, these anisotropic media
support highly confined wavevector modes (high-k modes) in addition to surface
plasmon modes within the structure due to hyperbolic dispersion. The high-k modes
in an anisotropic hyperbolic metamaterials are conventionally refereed to as volume
plasmon polaritons (VPPs) or bulk Bloch plasmon polaritons (BPPs). Since BPPs
are highly confined within the entire structure, the excitation, collection and control
those modes at optical frequencies are very challenging. Here, the focus will be on
the excitation and collection of bulk plasmon polaritons from anisotropic hyper-
bolic metamaterials at optical frequencies using the grating coupling principle. In
this chapter, the basic properties of hyperbolic metamaterials are first introduced.
Then we give a comprehensive overview, describing on design, fabrication and
characterization of grating coupled anisotropic hyperbolic metamaterials
(GCAHMs) in a wide wavelength range, from visible to near infrared. Numerical
simulation results supporting the obtained experimental data are also presented.
Finally, we describe potential applications of GCAHMs in photonics and bio-
medical research with concluding remarks.
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12.1 Introduction

Recently, metamaterials research has received tremendous significance in many
potential applications for higher performances. The main core in all metamaterials
comprises of fabricating a medium composed of unit cells of size far below the
excitation wavelength. In contrast to existing optical metastructures in the visible
and near-infrared wavelength regions, hyperbolic metamaterials (HMMs) are dis-
tinguished as promising class of metamaterials [1]. In the recent past, there have
been considerable efforts in the development of metastructures with hyperbolic
dispersion at optical and infrared frequencies. The emerging field of hyperbolic
metamaterials promises a variety of applications such as spontaneous emission
enhancement [2, 3], nano-imaging [4, 5], negative refraction [6, 7], biosensing [8]
and Dyakonov plasmonics [9]. HMMs are bulk three-dimensional sub-wavelength
structures, which are non-magnetic and anisotropic in permittivity. This advanced
quantum nanophotonic system has facilitated the development of optical hyperbolic
iso-frequency surfaces with a diagonal form of the permittivity tensor ðe ¼
diagðex; ey; ezÞÞ in which diagonal elements have different signs ðex ¼ ey and ex �
ez \ 0Þ leading to a hyperbolic dispersion x2=c2 ¼ ðk2x þ k2y Þ=ez þ k2z =ex. This
shows that HMMs have dielectric properties (ε > 0) in one direction and metallic
properties in another direction (ε < 0). Interestingly, due to hyperbolic dispersion,
HMM supports high-wavevector propagating waves. Also this type of dispersion
leads to the existence of high photonic density of states, which can be investigated
by understanding the modifications in spontaneous emission of emitters placed in
the vicinity of HMM [10]. As shown in Fig. 12.1, two approaches have been
proposed for the practical realization of hyperbolic metamaterials: (i) alternating
layers of metal and dielectric that are much narrower than the wavelength, and (ii)
metal nanorods in a dielectric host such as porous anodic alumina (AAO).
According to Maxwell-Garnett effective medium theory (EMT), both of these
approaches achieve the desired extremely anisotropic response in a broad spectral
bandwidth because of its non-resonant nature. By choosing appropriate metal (Ag
or Au) and dielectric (TiO2, SiO2, Al2O3, Si) layers, the hyperbolic dispersion
properties of the above mentioned two configurations can be tuned to function in a
wide wavelength range from visible to near-infrared.

Being characterized by hyperbolic dispersion, HMMs support surface plasmon
polaritons (SPPs) as well as highly confined bulk plasmon polaritons (BPPs). A
periodic metal/dielectric stack (HMM) supports bulk plasmon modes, which are the
entire family gap plasmon modes of the multilayer. These high-k modes are con-
ventionally known as volume plasmon polaritons (VPPs) or bulk Bloch plasmon
polaritons (BPPs). BPPs are propagating waves inside the multilayer whereas decay
exponentially outside the structure. The absolute values of modal indices of BPP
modes are larger than those of SPPs, varying from positive to negative. However,
well known SPPs are electromagnetic waves that propagate along the interface
between two media having different sign of permittivity (metal and dielectric), and
decay exponentially into both media. The existence of high-k modes is the reason
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for many promising applications of HMMs. This concept was theoretically and
numerically investigated by many research groups [11, 12]. According to Avrutsky
et al., BPPs represent the entire family gap plasmon modes (modes with symmetric
field distribution) of a metal-dielectric subwavelength structure [13]. Recently,
Zhukovsky et al. have theoretically demonstrated that the coupling of short range
surface plasmon polaritons (SRSPPs) is responsible for the existence of VPPs in a
multilayer system [14]. However, the experimental verification of their existence in
a multilayer is extremely challenging because of the large optical loss due to very
high modal indices and deep sub-wavelength confinement. Since BPPs are highly
confined within the entire structure, it is very challenging to excite, collect and
control those modes at optical frequencies. The existence of SPPs and BPPs in
periodic subwavelength metallo-dielectric structures at infrared frequencies has
been previously experimentally demonstrated [13, 15]. The attenuated total
reflection (ATR) method has been used to excite both SPPs and BPPs at infrared
frequencies. However, it is a challenging issue to excite BPPs in the optical region
using ATR method because of the unavailability of high refractive index prisms for
matching the momentum between incident light and the high-k modes. Recently,

Fig. 12.1 Schematic diagram of a 1D metal/dielectric planar HMM, and c 2D metal nanorod
HMM. Iso-frequency diagram of b 1D HMM and d 2D HMM
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subwavelength interference pattern from a hyperbolic medium has been experi-
mentally demonstrated by fabricating a diffraction grating on top of the hyperbolic
medium [16].

In this context, we have proposed a novel hypergrating configuration [17] to
design optical HMMs and experimentally demonstrate that it is possible to excite SPP
and BPP modes at optical frequencies using a grating coupling technique based on
surface plasmon excitation. Nanofabrication and nanophotonics strongly interplayed
during the design and fabrication processes to create the artificial metal-dielectric
superlattice with subwavelength layer thickness (almost λ/20), and to implement a
proper grating to couple and simultaneously probe SPP and BPP modes.

In this chapter, we will discuss the design and fabrication of HMMs based on
metal/dielectric multilayers and experimentally shows the presence of high-k modes
inside the metastructure. Then SPPs and BPPs will be excited and probed up
through the grating coupling technique, by fabricating a properly designed one- and
two-dimensional metallic diffraction grating on top of the HMM. Our proposed
grating coupled anisotropic hyperbolic metamaterials (GCAHMs) demonstrate an
extraordinary potential to open new routes towards a wide range of breakthrough
applications including bio-chemical sensing, spontaneous emission enhancement
and optical sub-wavelength resolution imaging.

12.2 Design and Fabrication of Grating Coupled
Anisotropic Hyperbolic Metamaterials

Since the HMM belongs to effective medium approximations [18], we have used
effective medium theory (EMT) to design the planar metal/dielectric metastructure.
More specifically, the unit cell of metamaterial must be much smaller than the
excitation wavelength to achieve an overall homogeneity. Here, the designed HMM
is an anisotropic medium with uniaxial dielectric tensor components, exx ¼ eyy ¼ ell
and ezz ¼ e?, which are approximated as follows:

ell ¼ tmem þ tded
tm þ td

ð12:1Þ

e? ¼ emedðtm þ tdÞ
tmed þ tdem

ð12:2Þ

In (12.1) and (12.2), (td; ed) and (tm; em) are the thickness and dielectric per-
mittivity of dielectric and metal, respectively. The schematic of the designed
hyperbolic metastructure is shown in Fig. 12.2a, consisting of 12 alternating layers
of gold (Au) and titanium dioxide (TiO2) thin films. The HMM was realized by
sequential deposition of TiO2 and Au layers on a glass substrate (Micro slides from
Corning) using RF sputtering technique (TiO2 target from Stanford Materials
Corporation) and thermal evaporation of Au pellets (from Kurt J. Lesker
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Company), respectively. Variable Angle Spectroscopic Ellipsometry (J.A. Woollam
Co., Inc, V-VASE) was used to measure the thicknesses of both layers and obtained
thicknesses are 32 and 16 nm for TiO2 and Au, respectively. Hence the calculated
fill fraction of metal is 33 %. The EMT derived dielectric permittivity tensor
components of the entire structure is shown in Fig. 12.2b. In the calculation, the
optical constants of Au are calculated starting from Drude free-electron theory,

em ¼ 1� x2
p

xðxþi=sÞ
� �

, where xp is the plasma frequency of Au, ω is the excitation

frequency and τ is the relaxation time. The dielectric constant of TiO2 is set to be
7.3 [19]. Then, we performed spectroscopic ellipsometry measurements to confirm
the behavior of dielectric tensor components. According to Fig. 12.2b, the fabri-
cated structure is a type II HMM with dielectric permittivity tensor components,
ell\0 and e? [ 0, confirming the designed hyperbolic dispersion at optical fre-
quencies, above 548 nm wavelength.

According to the grating coupling technique of surface plasmon excitation, the
surface plasmon modes can be excited when the wavevector of the grating diffraction
orders are greater than those of the incident light. Under this condition, diffraction
orders are no longer propagating waves, but evanescent field and the enhanced
wavevector of evanescent field is responsible for the coupling of incident light
to the surface plasmon modes according to the coupling condition given by
k2spp ¼ n20k

2
0 sin

2 h� 2n0mkgk0 sin h cos/þ ðmkgÞ2. Being θ the incident grazing
angle, ϕ is the azimuthal angle (the angle between the plane of incidence and the
grating wavevector), n0 is the refractive index of incident medium, k0 ¼ 2p=k is the
vacuum wavevector, m is the grating diffraction order and kg ¼ 2p=K is the grating
wavevector, with Λ being the grating period. When / ¼ 0; kspp ¼ n0k0 sin h� mkg.
On the other hand, by introducing a diffraction grating on top of the HMM, it is
possible to diffract light and produce a wide range of wave vectors into the HMM.
Due to the existence of impedance mismatch at the various openings, the generated
wave vectors can couple through the surface modes [20].

Fig. 12.2 a Schematic diagram of fabricated HMM, which consists of 6 bilayers of Au/TiO2 and
b real parts of effective permittivity of HMM determined with effective media theory and
confirmed using spectroscopic ellipsometry
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In order to excite both surface and bulk plasmon modes inside the HMM, we
designed and fabricated a GCAHM as shown in Fig. 12.3a. GCAHM is a combined
structure of metallic diffraction grating (1D or 2D) and HMM. We used Electron-
beam lithography to pattern diffraction grating on top of the HMM. Then we
directly deposited a silver (Ag) layer of 20 nm thickness on the PMMA grating. Ag
has been selected as metal, because it is well known that it has a lower optical loss
level compared to Au and hence it has higher plasmonic coupling efficiency. Note
that there are no problems existing in evaporating Ag directly onto photoresist and
we ensured that the over layer contamination is negligible. The SEM image of as
prepared grating lines is shown in Fig. 12.3b. From the image, it is clear that the Ag
is uniformly distributed on the sample. Note that the total area successfully pat-
terned on the HMM is around 5 mm × 5 mm.

The fabricated gratings have an average period of 500 nm, average slit width of
160 nm and height around 120 nm. In order to avoid the direct contact of grating
with HMM, a TiO2 spacer layer of 10 nm thick was deposited between them.

12.3 Experimental Results and Discussion

In this section, we discuss the characterization and opto-plasmonic properties of
GCAHMs. For this purpose, we used techniques such as variable angle spectro-
scopic ellipsometry (190–3300 nm) and ultra-fast time-resolved photoluminescence
(time resolution about 5 ps).

To show the existence of both SPP and BPP modes in HMM, six different
samples have been fabricated and analyzed. The reflectance spectra of these six
samples as a function of excitation wavelength were acquired using a J.A.Woollam
Co. Inc V-VASE ellipsometer. Here the incident grazing angle is set to be 50ο and
the incident light is TM-polarized. In order to compare the results, we first analyzed

Fig. 12.3 a Schematic diagram of fabricated GCAHM in reflection geometry and b SEM image of
fabricated Ag diffraction grating on top of the HMM
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the reflectance spectrum of a uniform Ag layer (20 nm) on a TiO2/glass substrate
(Fig. 12.4a) by using variable angle spectroscopic ellipsometry. It is well known,
that it is not possible to excite surface plasmons for this sample because there is no
plasmonic coupling. Then we studied the reflectance spectrum of a reference
sample (Ag grating on a TiO2/glass substrate). Two reflectance minima are
observed for visible wavelength (from 350 to 450 nm), which shows the existence
of SPPs in the sample (Fig. 12.4b). The reflectance spectrum of a control sample
(Ag grating on a single bilayer of Au/TiO2) was shown in Fig. 12.4c. In contrast to
Fig. 12.4b, the control sample shows three extra reflectance minima at wavelengths
such as 700, 1000 and 2000 nm in addition to other two reflectance minima of
SPP. These minima at higher wavelengths show the existence of gap plasmon (or
bulk plasmon) modes in the control sample. Further, we have studied the reflectance
spectrum in samples which consist of Ag grating on a 4 bilayers of Au/TiO2 and
observed almost same behavior as that of the control sample (Fig. 12.4d). However,

Fig. 12.4 Reflectance spectra as a function of excitation wavelength. Studied structure is shown
above the each graph: a Uniform Ag layer of 20 nm thickness on a TiO2/glass substrate,
b reference sample c control sample, d Ag grating on a 4 bilayers of Au/TiO2, e GCAHM
(Ag grating on a 6 bilayers of Au/TiO2), and f GCAHM without Ag layer on top of the grating
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both surface plasmon and bulk plasmon bands are slightly modified. Figure 12.4e
shows the reflectance spectrum of a GCAHM. According to Fig. 12.4e, the
reflectance minima at wavelength such as 700, 1000 and 2000 nm are very narrow
and deeper as compared to Fig. 12.4c, d. The very deep and narrow modes in the
reflectance spectrum represent the existence of highly confined bulk plasmon po-
laritons (super modes) in the GCAHM. Due to the coupling of individual gap
plasmon modes, the reflectance minima of bulk plasmon modes are slightly shifted
when the number of bilayer is increased from 1 to 6. In order to validate these
results, we have analyzed the reflectance spectrum of a GCAHM without Ag layer
on top of the grating and result is shown in Fig. 12.4f. It is evident from the figure
that no reflectance minima are obtained for that sample because there is no surface
plasmon excitation, similar to Fig. 12.4a. Since both surface and bulk plasmon
mode excitation depends on incident angle, we have measured the reflectance of
GCAHM for different angles of incidence [17]. We have observed a blue shift in
reflectance minima for both surface and bulk plasmon modes as the incident angle
increases. This is attributed to the variation in modal indices (effective indices) of
modes with incident angles. However, the shift decreases when the excitation
wavelengths decrease and the reflectance dip became deeper and narrow for higher
incident angles. In order to validate the experimental results with theory, the dis-
persion relations of both SPP and BPP modes are investigated. The dispersion plot
of SPP and BPP modes are shown in Fig. 12.5. It is clear from the figure that
dispersions of both modes are well beyond the air light line and the wavevector of
SPP modes are higher at shorter wavelengths (λ < 440 nm). However, the wave-
vector of BPP modes are higher than that of SPP modes at higher wavelengths.
Hence, it is confirmed that the experimentally observed reflectance minima at
shorter wavelengths (350–450 nm) are due to SPP modes and at higher wavelengths
(700, 1000 and 2000 nm) are due to BPP modes.

Fig. 12.5 Dispersion
relations of SPP and BPP
modes. Both X and Y axes are
normalized with respect to
period (D) of the HMM
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As mentioned above, HMM supports BPPs and SPPs at each metal/dielectric
interfaces. Both modes can be experimentally probed by studying the reflectance
spectra as a function of incident angle and frequency. The excitation of SPP modes in
the samples such as reference, control and GCAHM is shown in Fig. 12.6a, b. Here,
the coupling angle of all samples is increased when the excitation light wavelength is
increased from 350 to 400 nm. According to the grating coupling technique, the
modal index of the mode is given as, nmodal ¼ ððk=KÞ þ n0 sin hÞ. Hence the
experimentally calculated modal indices of the GCAHM for the wavelengths 350 and
400 nm are 1.315 and 1.66, respectively. Also, the theoretically calculated modal
indices of the SPP modes for the wavelength region 300–400 nm are shown in
Fig. 12.7a. It is evident from the figure that the SPP modal index increases with
increasing wavelength for shorter wavelength region. It shows that the experimental
results are well correlated with the theoretical results. In addition, the control and
GCAHM samples show deeper and narrower reflection minima as compared to the
reference sample, since a multilayer structure also supports various plasmonic modes
such as long- and short-range surface plasmons at each metal/dielectric interfaces.

The excitation of bulk plasmon modes at different excitation wavelengths are
shown in Fig. 12.6c–f. We investigated the bulk plasmon mode excitation at three
bulk plasmon bands such as 650–750, 1000–1100 and 2000–2100 nm. One can see
that very narrow and deep reflectance minima are obtained for GCAHM as com-
pared to control sample. This shows the excitation of bulk plasmon modes in the
GCAHM structure. The shift in coupling angle from control to GCAHM is more
relevant at higher wavelengths. This large shift in coupling angle could be due to
the strong mode confinement of bulk modes at higher wavelengths. Also, the
decrease in resonance angle is observed when the excitation wavelength is
increased in each bulk plasmon bands, which shows the decrease in modal indices

Fig. 12.6 Excitation of SPP modes (a and b) and BPP modes (c–f) as a function of incident angle
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of bulk modes with an increase of excitation wavelength. The modal indices of BPP
modes of three bulk plasmon bands are calculated and tabulated in Table 12.1. Then
the modal indices of BPP modes are theoretically calculated [13] and shown in
Fig. 12.7b. From the theoretical and experimental data, it is confirmed that the
modal index of BPP modes are decreasing with increasing wavelength for shorter
wavelength band (650–750 and 1000–1100 nm). However, the modal index values
are almost constant at higher wavelength band (2000–2100 nm). In particular, we
obtained very large coupling angle shift for visible wavelength band (650–750 nm)
as compared to higher wavelength band (2000–2100 nm). This large shift is due to
the large modal index variation of BPP modes at shorter wavelength region. From
the modal index analysis of BPP modes, it is found that the modal index of BPP
modes increases when the wavelength range of the BPP band is increased from

Fig. 12.7 a SPP and b BPP modal index variation with wavelength

Table 12.1 Modal indices of
BPP modes

Wavelength (nm) Coupling angle (°) Modal index

Wavelength band: 650–750 nm (Fundamental mode)

650 64 2.2

700 44 2.09

730 34 2.02

750 22 1.87

Wavelength band: 1000–1100 nm (1st order mode)

1000 52 2.8

1050 40 2.74

1080 32 2.7

1100 25 2.62

Wavelength band: 2000–2100 nm (2nd order mode)

2000 50 4.77

2030 46 4.78

2050 44 4.79

2100 38 4.81
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visible to near infrared. Therefore, the modes at first BPP band (650–700 nm)
represent the fundamental modes and modes at other two bands represent the higher
order modes (i.e. 1000–1100 nm are the first order modes and 2000–2100 nm are
the second order modes).

In addition, we have investigated the influence of metallic diffraction grating
dimension on the excitation of BPPs. The schematics of 1D and 2D GCAHMs are
shown in Fig. 12.8a. Au/SiO2 HMMs have been fabricated by the sequential
deposition of SiO2 (28 nm) and Au (15 nm) on a glass substrate. Then 1D and 2D
diffraction gratings were patterned on top of a SiO2 spacer layer using electron-
beam lithography. A 20-nm Ag layer was then deposited directly on top of the
sample. Scanning electron microscope (SEM) images of both 1D and 2D Ag dif-
fraction gratings on top of a Au/SiO2 HMM are also shown in Fig. 12.8a. The
reflectance spectra as a function of the incident angle for grating-coupled 1D and
2D Au/SiO2 HMMs were compared, as shown in Fig. 12.8b.

In order to show the existence of bulk plasmon modes in the Au/SiO2 HMM, the
reflectance spectra were obtained at wavelengths from 500 to 2000 nm. As shown
in Fig. 12.8b, the reflectance spectra of HMMs are shifted when the modes are
excited using 1D or 2D gratings. The 2D gratings provide narrower and deeper
reflectance spectra compared to 1D grating for all the wavelengths. The very narrow
and deep modes in the reflectance spectra for 2D grating-coupled Au/SiO2 stacks
confirm strong plasmonic coupling [21]. The strong mode confinement and higher
plasmonic coupling for the 2D grating reflects the larger modal index values of 2D
GCAHM, hence the diffraction grating dimension is a key parameter to improve the
radiation coupling within the structure.

Time-resolved photoluminescence measurements were performed to study the
fluorescence lifetime and decay rate of excitonic molecules (emitters) coupled with
the plasmon modes of the GCAHMs. In this case, we have considered Ag/Al2O3

GCAHM that shows a hyperbolic dispersion above 430 nm wavelength [22]. Since
the emitter is placed inside the GCAHM, it is very difficult to couple the incident
radiation to the emitter because of the impedance mismatch between air and HMM.
However, the grating coupling out-couples the highly confined modes from the
structure to the far field. In order to study the decay rate enhancement, Coumarin 500
dye molecules were dissolved in PMMA. The dye doped PMMA layer was intro-
duced between the 2D metallic diffraction grating and HMM. An ultrafast time
resolved spectroscopy (TCSPC) setup has been used to investigate the fluorescence
lifetime of the dye molecules and how they are affected from the plasmon field. The
time resolution of the TCSPC experimental setup is τres ≤ 5 ps. The Coumarin
molecules were excited by using pulsed laser light at 380 nm with a pulse width of
about 120 fs and a repetition rate of 4 MHz. The maximum emission wavelength of
Coumarin 500 dye dissolved PMMA was observed at 470 nm for 380 nm excitation
wavelength [22]. In order to show the transition from elliptical to hyperbolic dis-
persion, the investigated emission wavelengths were varied. The short-living exci-
tonic states of the emitters placed in the vicinity of the HMM and the measured
fluorescent lifetime as a function of emission wavelength, would represent a clear
signature of the transition from elliptical to hyperbolic dispersion. The fluorescence
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Fig. 12.8 a Schematics of 1D and 2D GCAHMs. SEM image of 1D and 2D Ag diffraction
gratings on top of the HMM, and b reflectance spectra as a function of the incident angle of 1D and
2D Au/SiO2 GCAHMs for different excitation wavelengths

458 K.V. Sreekanth et al.



time decay curves of four samples at spectral regions such as elliptical dispersion
(420 nm), the critical wavelength (430 nm), and the hyperbolic dispersion (450 nm)
are shown in Fig. 12.9. Four different samples such as reference (pink curve), HMM
(red curve), Ag film deposited HMM (black curve) and GCAHM (green curve) were
investigated for comparison. The data have been fitted using three exponential
functions, RðtÞ ¼ B1e�t=s1 þ B2e�t=s2 þ B3e�t=s3 with τi being the decay times. Since
longer time (τ3) is attributed to uncoupled dye molecules, located above the coupling
distance from the HMM, we have used shorter decay times (τ1 and τ2) to predict the
decay rate enhancement, since shorter decay times are related to molecules strongly
coupled with HMM. The transition from elliptical to hyperbolic dispersion is evident
from the obtained curves, showing a large variation in time decay for HMM com-
pared to reference sample when the emission wavelength is varied from elliptical to
hyperbolic region. The coupling of the high-k metamaterial states is responsible for
the observed behaviour of HMM [2]. The observed response of HMM definitely
supports the existence of high k-modes in the fabricated Ag/Al2O3 HMM.

The decay rate enhancement is defined as the inverse of decay time. To verify
the large decay rate enhancement of GCAHM, the sample is compared with HMM
and Ag film deposited HMM samples. Throughout the wavelength spectral range of
the HMM, one can see that the GCAHM (green curve) shows a large decay rate
variation with respect to HMM (red curve) and Ag film deposited HMM (black
curve). In addition, the decay rate variation increases when the emission wave-
length is varied from the elliptical to hyperbolic spectral region of the HMM. The
maximum decay rate is obtained for GCAHM for all wavelengths, which are
1/0.035, 1/0.030, and 1/0.031 ns−1 for 420, 480 and 510 nm, respectively. The
corresponding decay rates at the respective wavelengths are 1/0.220, 1/0.491, and
1/0.575 ns−1 for HMM and 1/0.071, 1/0.353 and 1/0.534 ns−1 for Ag film deposited
HMM. Note that the first decay time (τ1) is considered here for comparison. This
large decay rate of GCAHM is attributed to the strong coupling of emitters to HMM
via metallic diffraction grating. Specifically, the metallic grating excites the plas-
monic Bloch modes (high-k modes) as well as surface plasmon polaritons of HMM

Fig. 12.9 Time-resolved photoluminescence measurements of Coumarin dye on various samples,
Ref (pink), HMM (red), HMM with Ag (black), and GCAHM (green) with emission wavelength:
a in elliptical region (λe = 420 nm), b at critical wavelength (λc = 430 nm), and c in hyperbolic
region (λh = 450 nm)
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and there is a strong overlap between these modes with the quantum emitters, which
leads to a broadband enhancement of photonic density of states (PDOS). In addi-
tion, 2D diffraction grating scatters the high-k modes of HMM into well-defined
free space modes. The sub-wavelength confinement of the emitter inside the
GCAHM structure also enhances the decay rate. Furthermore, improved decay rate
is observed for Ag film deposited HMM at certain emission wavelengths as com-
pared to HMM. It is attributed to the presence of Ag scatterers intermixed at the
interface with dye doped PMMA layer and to the non-radiative contributions.

In order to emphasize the improved plasmon-exciton coupling in GCAHM,
normalized lifetimes of GCAHM and Ag film deposited HMM are compared. The
first (τ1) and second (τ2) decay times of both samples, normalized with respect to
HMM as a function of emission wavelength, are shown in Fig. 12.10a, b, respec-
tively. It is evident from those figures that same decay rate variation is obtained for
both decay times. For GCAHM, lifetime values are higher in elliptical region and
smaller in hyperbolic region. This behaviour represents the preferential emission of
high-k modes from GCAHM. However, the lifetimes of Ag film deposited HMM
are randomly varying along the spectral range showing that the presence of Ag film
does not support the preferential emission of high-k modes. The shorter lifetime
values of GCAHM in the hyperbolic region are due to the hyperbolic dispersion. It
should be noted that the lifetime values of GCAHM behave non-monotonically as
function of the wavelength; they decrease by reaching a minimum value at 510 nm,
then in the same hyperbolic region show a change of slope towards higher lifetime
values. The observed behaviour is a clear signature of the out-coupling ability of
GCAHM. According to τ1, a maximum of 18-fold decay rate enhancement is
obtained for GCAHM at 510 nm emission wavelength, whereas fivefold decay rate
enhancement is obtained for τ2. In comparison to Ag film deposited HMM, the
maximum decay rate enhancement for GCAHM is observed at 510 nm, which is

Fig. 12.10 Lifetimes of dye on GCAHM and Ag film deposited HMM normalized with respect to
HMM sample: for a first decay time (τ1) and b second decay time (τ2). The solid lines are for eye
guide. Enlarged plot of normalized decay time of GCAHM is shown in the inset of (a) and (b)
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around 17 times and 4 times higher for τ1 and τ2, respectively. The observed large
spontaneous emission rate enhancement of GCAHM is mainly due to radiative
recombination rate, whereas non-radiative recombination rate is negligible in
GCAHM. Thus the observed behaviour of GCAHM strongly supports the influence
of diffraction grating on the spontaneous emission rate enhancement. The advantage
of GCAHM is the ability to outcouple the high wavevector plasmonic modes from
HMM structure to far-field. In the case of HMM, the field inside the multilayer is
highly confined and cannot be detected at far field due to the evanescent nature of
the confined field at the top surface of HMM. However, the grating coupler
transforms the evanescent field in a propagating field for far-field detection [23].
This is evident from the time-resolved photoluminescence measurements.

12.4 Numerical Simulation

A numerical simulation has been implemented to obtain a complete analysis of the
enhanced emission rates observed in the previous section. In order to study the
decay rate enhancement analytically, we have used a semi-classical approach in
which quantum emitters have been considered as radiating point dipoles [24].
According to this method, the decay rate enhancement with respect to vacuum of a
point dipole with dipole moment ‘μ’, placed at a distance ‘d’ from a HMM is given
by [25],

b ¼ C
C0

¼ ð1� gÞ þ 3g
2k30

Re
Z1
0

expð2ikzdÞ klldk
kz l2j j

1
2
l2ll½ð1þ rsÞk20 � ð1� rpÞk2z � þ l2?ð1þ rpÞk2ll

� �
ð12:3Þ

where g is the intrinsic quantum yield of the emitter, k0 is the vacuum wavevector
of the medium where the emitter resides, kll is the wavevector parallel to the
interface of the HMM, kz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 � k2ll

p
and rs; rp are the Fresnel reflection coeffi-

cients for s- and p-polarization, respectively. Here the Fresnel reflection coefficients
of the HMM are obtained by means of the transfer matrix method [18]. In our

simulation, the relative permittivity of Ag is obtained from Drude model, eAgðxÞ ¼
1� x2

p=ðx2 þ imxÞ
� �

with xp ¼ 11:5 fs�1 and m ¼ 0:083 fs�1 [26]. Note that the

point dipole (emitter) resides in PMMA and refractive index of PMMA is set to be
1.49 for wavelengths in the range of 400–800 nm [19]. Here the separation distance
(emitter-plasmon) and intrinsic quantum yield of Coumarin dye is taken as 12 nm
and 0.98 [27], respectively.
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The decay rate enhancement of HMM and GCAHM is shown in Fig. 12.11. As
shown in the inset of Fig. 12.11a, an improved decay rate enhancement is observed
for HMM in the hyperbolic spectral region (above 430 nm). Due to the strong
coupling between the emitter and the high-k modes in HMM, the decay rate
enhancement monotonically increases in hyperbolic region. In particular, this
coupling strength increases for shorter interaction distances (d/λ). In comparison to
HMM, GCAHM shows improved decay rate enhancement for all wavelengths.
However, for a particular wavelength band, GCAHM provides very large
enhancement of β with respect to HMM. For 500 nm grating period, the maximum
β is obtained at 497 nm wavelength that is 12 times higher than HMM. It shows that
the simulation results are in good agreement with experiments. However, there is a
slight discrepancy in wavelength at which maximum emission rate was observed.
This can be attributed to the non-uniform periodicity (average period = 500 nm) of
fabricated diffraction grating as compared to uniform periodicity (500 nm) con-
sidered in the simulation. According to the simulation model, the maximum value
of β in GCAHM depends on the periodicity of the diffraction grating. Note that the
periodicity of the grating is introduced in the calculation of Fresnel reflection
coefficients for s- and p-polarization, i.e., kx ¼ n0k0 sin h� mð2p=KxÞ � nð2p=KyÞ
with Kx ¼ Ky ¼ K for grating with square lattice symmetry. The decay rate
enhancement of GCAHM with different grating periods is shown in Fig. 12.11b. It
shows the possibility of tuning the spectral position of the maximum β and
broadband enhancement of β by varying the grating period. According to
Fig. 12.11b, the larger enhancement of β is observed for smaller period
(Λ = 475 nm) that is due to the fact that smaller periods provide better momentum
match and outcouple most of the high-k modes from HMM. Since HMM provides
broadband decay rate enhancement in hyperbolic region, a single period diffraction
grating can outcouple a single wavelength as observed in our simulation. However,
by designing a proper chirped grating a broadband outcoupling of plasmonic modes
is possible [28]. Therefore the broadband outcoupling of single photon as well as

Fig. 12.11 a Calculated decay rate enhancement of GCAHM with period 500 nm and HMM.
Enlarged plot of decay rate enhancement of HMM is shown in the inset of (a). b Tuning of the
decay rate enhancement of GCAHM with grating period
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outcoupling of greater number of high-k modes can be achieved by engineering
modified diffraction grating geometry.

We further performed finite difference time domain (FDTD) numerical simula-
tion to show the influence of grating coupling in GCAHM. In order to compare the
obtained results, the electromagnetic field distribution along the HMM and
GCAHM is simulated by assuming that the quantum emitter (point dipole) with a
specified emission wavelength resides in PMMA above the multilayer. In hyper-
bolic region, the electric field (EF) cross-sectional map (xz-plane) of both HMM
and GCAHM as a function of emission wavelength are shown in Fig. 12.12.
According to Fig. 12.12a, c, the magnitude of EF for HMM increases when the
emission wavelength is varied from 480 to 510 nm. This is due to the monotonic
increase of the fluorescence decay rate of HMM in the hyperbolic region. In
comparison to HMM, GCAHM provides enhanced EF on the substrate as well as
above the grating (in air), which evidently shows the outcoupling effect of
GCAHM. It is clearly visible that the EF distribution on GCAHM extensively
varies with emission wavelength. The maximum EF distribution for GCAHM along
the multilayer and the strong coupling between grating, and point dipole is observed
for 497 nm emission wavelength. This behaviour of GCAHM definitely supports
the maximum decay rate enhancement observed at 497 nm in Fig. 12.11a. Note that
the enhanced EF distribution is observed close to the surface of the HMM in which
higher plasmonic density of states can be outcoupled. In the case of GCAHM, the

Fig. 12.12 Cross-sectional map of the electric field distribution in the hyperbolic region with
emission wavelength such as 480, 497, and 510 nm: a–c for HMM and d–f for GCAHM
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enhanced field distribution observed at 497 nm definitely supports a strong overlap
between the excited high-k modes and quantum emitter, which can provide a
broadband enhancement of photonic density of states, in addition to an outcoupling
effect from GCAHM. As mentioned before, the outcoupling strength depends on
the periodicity and the geometry of the diffraction grating. In short, the outcoupling
of non-radiative plasmonic modes as well as strong plasmon-exciton coupling
through the diffraction grating is responsible for the observed large spontaneous
emission decay rate enhancement in GCAHM.

12.5 Applications

The proposed GCAHMs are expected to find a multitude of applications from
imaging and sensing to quantum optics. Recently, nanograting based SPR bio-
chemical sensors have received an increasing attention due their advantages to effect
the miniaturization and to make the size of the chips even smaller for commercial
applications including antigen-antibody, protein, and chemicals detection [29]. The
sensitivity of such sensors can be remarkably improved by using a GCAHM based
sensor configuration.

To demonstrate the suitability of our structure for sensing applications, a proof-
of-concept experiment was carried out using a flow cell-based 1D GCAHM.
Microfluidic techniques have been used to construct the microchannel on top of the
sensor [30]. The aqueous solutions of glycerol with different weight ratios have been
pumped into the sensor flow channel using a syringe pump allowing interactions
with the GCAHM surface. The corresponding refractive index range of pure distilled
water (DI) water and 0.5 % glycerol in DI water is 1.333–1.3336 [31]. It is possible
to calibrate and determine the detection limit of the system by knowing the differ-
ence in refractive index between DI water and glycerol. As shown in Fig. 12.13, the

Fig. 12.13 a Schematic of proposed flow cell-based GCAHM and b reflectance spectra of a 1D
GCAHM with different weight ratios of glycerol in DI water
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GCAHM supports four plasmonic modes in the wavelength range from visible to
near IR. There is a red shift in resonance wavelength when the weight ratio of
glycerol changes and the quality factor of the resonance clearly declines when the
glycerol concentration increases. These results demonstrate the sensing ability of the
1D GCAHM. The wavelength shift and calculated sensitivity at 30ο angle of inci-
dence for NIR wavelength mode (around 850 nm) is 12 and 20,000 nm per RIU. The
corresponding wavelength shift and calculated sensitivity for visible wavelength
modes are: 8 and 13,333 nm per RIU for the second and third mode (*540 and
660 nm), and 6 and 10,000 nm per RIU for the first mode (*440 nm). The sensi-
tivity of the device can also be tuned by varying the spectral wavelength range and
angle of incidence. The maximum sensitivity (20,000 nm per RIU) is higher than the
sensitivity of all known conventional plasmonic sensors. This preliminary experi-
ment determined whether the 1D GCAHM was suitable for sensing applications.
The sensitivity of the device can be improved further using 2D or 3D grating-
coupled HMMs, by selecting exact angles of incidence, by narrowing the quality
factor of the resonance by using proper metal and dielectric combinations for
HMMs, by concentrating the molecules within a small region using super-hydro-
phobic surfaces, by hydrogenation of graphene with super-hydrophobic surfaces,
and by chemical functionalization of the hydrophobic grating. A distinct advantage
of this geometry is that the spectral position of the resonance can be tuned from
visible to NIR by changing both the HMM and the diffraction grating parameters.

The proposed configuration can also be expected to find important applications
in optical sub-wavelength resolution imaging in cancer research. In addition, this
configuration can offer the possibility of engineering the photonic density of states
for Purcell factor enhancement for potential applications including biosensing [32],
surface-enhanced Raman spectroscopy [33] and single photon sources [34].

12.6 Summary

In this chapter we have discussed various GCAHM configurations recently pro-
posed in different papers. We designed, fabricated and characterized optical
GCAHMs for the excitation of both surface and bulk plasmon modes in a hyper-
bolic metamaterial. Nanofabrication and nanophotonic techniques have been syn-
ergistically combined to create the designed metal-dielectric multilayer lattice
coupled with a subwavelength silver grating to excite and probe SPP and BPP
modes. The excitation of those tailored modes was experimentally demonstrated in
a wide wavelength region from visible to near infrared using TM-polarized light.
The experimental results were then validated with theoretical models. HMMs are
considered to be among the most promising optical metamaterials, since they
represent a very advanced quantum nanophotonic system having unique opto-
plasmonic features. In addition, we designed and fabricated a GCAHM based on
Ag/Al2O3 multilayers to show the outcoupling effect and large spontaneous
emission rate enhancement of fluorescent molecules. In comparison to Ag/Al2O3
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HMM without diffraction grating, we obtained 18-fold spontaneous emission rate
enhancement of dye molecules placed in the close proximity of GCAHM.

Simulations based on a semi-classical approach to show the decay rate
enhancement analytically have been reported. Futhermore, we have carried out
FDTD numerical simulation to show the enhanced field distribution and outcou-
pling effect in GCAHM. A good agreement between experiments and simulations
was obtained, which confirms that the observed enhancement of GCAHM is due to
the outcoupling of non-radiative plasmonic modes as well as strong plasmon-
exciton coupling in HMM via diffracting grating. Finally, we have demonstrated the
biosensing applications of GCAHM. A maximum refractive index sensitivity of
20,000 nm per RIU was observed in our experiments.
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Chapter 13
Printed Anisotropic Molecular Alignments

Munehiro Kimura

Abstract The fabrication of ordered organic molecular layers is of fundamental
interest in many opto-electronic applications. Needless to say, the performance of
liquid crystal displays, organic light emitting devices, organic field effect transistors
and organic photovoltaic cells all depends on achieving a required degree of
molecular alignment. To date, several processes have been developed to achieve the
alignments, including the rubbing, Langmuir-Blodgett, alignment transcription,
flow coating, gravure coating, and slit coating methods. In this chapter, these
fabrication methods will be introduced and discussed and future technologies will
be considered.

13.1 Necessity of Controlling Molecular Alignment
and Demand for Printing Techniques

At present, liquid crystal displays (LCDs) are among the most successful organic
electronic devices [1, 2]. The basic operation of LCDs is made possible by the
reorientation of liquid crystal (LC) molecules that are initially aligned in a certain
direction using a so-called alignment film. One of the most important performance
indices associated with LCDs is the so-called contrast ratio, defined as the ratio of
maximum to minimum luminance. Light leakage in the extinction state (equal to the
minimum luminance) resulting from imperfect alignment of the liquid crystal
molecules deteriorates this contrast ratio, meaning that the initial molecular align-
ment is the most vital factor affecting LCD quality. Molecular alignments near
boundary surfaces have been widely studied on the basis of both experimental and
theoretical aspects and there have been many reports on LCDs that discuss the
nature of their molecular alignment and means of controlling this alignment [3, 4].
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The mechanical rubbing method is still widely used for industrial purposes, since it
is readily applicable to mass-production. Recently, however, the patterned photo-
alignment technique has been put into practical use. In general, all LC alignment
techniques are in many ways similar since the LC must in all cases exhibit orien-
tational order and the capacity for self-assembly. The role of the alignment film
when fabricating LC devices is to promote the initial alignment of the LC
molecules.

The alignment of organic semiconductors in optoelectronic and electronic
devices can be considered analogous to the alignment of LC molecules in LCDs. In
the case of an organic semiconductor, charge transport can be attributed to
π-bonding orbitals and quantum mechanical wavefunction overlaps, and so a
molecular order that enhances the π-bonding overlap between molecules is
important [5, 6]. It has been reported that the carrier mobility in field-effect tran-
sistor devices consisting of pentacene nanolayers is remarkably improved by
inserting a self-assembled monolayer (SAM) at the semiconductor/gate dielectric
interface [7]. This enhanced mobility can be explained by the formation of large,
highly π-conjugated crystal grains in the pentacene nanolayers formed at the SAM
surface. That is, the SAM assists in the molecular alignment of the pentacene.

The requirements for future applications of organic electronic devices such as
LCDs and organic semiconductor devices, including organic thin film transistors
(OTFTs), organic light emitting diodes (OLEDs) and organic photo voltaic (OPV)
devices, are similar: bendability (or flexibility) and printability. These applications,
sometimes referred to by the general term printed electronics, have significant
potential to allow new innovations in electronic devices [8]. To promote the
practical applications of these organic electronic devices, the development of
molecular alignment techniques is quite important. In the following sections,
molecular alignment techniques with applications to the formation of LCDs are
reviewed, including a brief discussion of conventional techniques such as rubbing,
for which it should be emphasized that an alignment film is required. In addition,
novel alternative techniques such as gravure printing and slit coating that do not
require preparation of an alignment film are introduced.

13.2 LC Alignment by Means of an Alignment Film

In general, LC molecular alignment is accomplished by means of a polymeric
alignment film, which is first applied to a substrate and then treated in some manner.
In industrial applications, polyimide derivatives are widely used for this purpose
and may be treated using the gravure coating method, as shown in Fig. 13.1.
Following this treatment, the film functions as an alignment film.

The mechanical rubbing method, first reported by Mauguin in 1911, is one of the
most common means of processing the polymeric alignment film [9]. Figure 13.2
presents an illustration of a typical rubbing machine. As its name suggests, the
surface of a polymeric film previously applied to the substrate is mechanically
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rubbed by a cloth wrapped around a drum. The untreated polymer film has no
alignment capability but is capable of inducing LC alignment following the rubbing
process. The rubbing process is fairly practical, although the associated mechanism
by which rubbing enhances the film and the action that the rubbed polymer film
exerts to generate LC molecular alignment are not perfectly understood. It can be
said, however, that mechanically-induced anisotropy on the alignment film surface
induces an anisotropic interaction with the LC molecules [10–12].

As noted, the anisotropy in the treated alignment film results in LC alignment
and, to date, several alternative methods for introducing anisotropy in the film have
been proposed. In 1987, Kakimoto et al. reported that Langmuir-Blodgett (LB)
films of polyimides deposited on a substrate exhibited a fair degree of orientation
relative to the transfer direction of the substrate [13]. Figure 13.3 illustrates the LB
method, also known as the vertical dipping method. These deposited LB films

Fig. 13.1 Gravure coater for coating polyimide alignment film

Fig. 13.2 Schematic
illustration of a rubbing
machine
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exhibit the ability to induce planar LC alignment without rubbing. A mechanism by
which LC alignment is induced by LB films has been suggested [14], in which a
polymeric LB film transferred onto a substrate by upwards pulling perpendicular to
the water surface is stretched uniaxially, generating anisotropy. Mechanical
stretching, however, is not the only external influence that induces anisotropy; the
photo alignment method is one of the promising techniques from an industrial
standpoint [15].

13.3 Surface Memory Effect

It is important to note that, in the abovementioned LCD preparation methods, the
polymeric film must be preprocessed by external stimuli before applying the LC
molecules. Some unique experiments have demonstrated that alignment may also
be accomplished by taking advantage of the memory effect [16–18], by which “LCs
align LCs” [19] thus maintaining orientational order. In the case of organic field
effect transistors (OFETs), it is important to develop deposition techniques capable
of simultaneously aligning the crystal axes, so as to induce enhanced mobility, and
increasing the crystalline grain size, such that it is larger than the channel length of
the OFET. Many methods have been proposed for producing organic semicon-
ductor molecules, including flow coating [20], zone casting [21], drop casting on
tilted substrates [22], hollow-pen writing [23], solution-sheared deposition [24],
sustaining of a semiconductor solution on a tilted substrate [25], dip coating [26]
and droplet drying under a directional gas flow [27]. In these methods, the

Fig. 13.3 Schematic illustration of Langmuir-Blodgett method. Substrate is moving upward and
downward in order to move the monomolecular polyamic acid salt film from the water surface.
This method is also called vertical dipping method
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directional movement of the air-solution-substrate contact line (i.e. the shear flow
force) is usually the driving force aligning the organic molecules. Once an external
force is applied to the molecules, the molecular alignment is sustained through their
recrystallization from that starting structure, especially near the substrate surface. Of
these methods, we will examine the alignment transcription, reactive mesogen
polymerization and flow-coating methods, since these lead to the development of
the alignment printing methods described further on.

13.3.1 Alignment Transcription Method

Toko et al. proposed a non-rubbing technique known as the alignment transcription
(AT) method [28], involving the fabrication processes shown in Fig. 13.4. Here the
original substrates are coated with pre-rubbed polyimide films while the counter

Fig. 13.4 Fabrication processes of the Alignment transcription method. Reproduction by
permission from [28]
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substrates are coated with non-rubbed polyimide films. An original substrate is
placed upon a transcribed substrate, leaving an appropriately-spaced gap, to make
the transcription cell, and then heated to the temperature at which the LC exhibits its
isotropic phase, to allow for LC injection. The cell is subsequently cooled to
ambient temperature, whereupon the LC transitions to the nematic phase and LC
molecules are aligned along the rubbing direction of the original substrate. The
original substrate is then separated from the transcribed substrate, removing all the
LC molecules except for those situated in the vicinity of the surface of the tran-
scribed substrate. Finally, the transcribed substrate is placed over another tran-
scribed substrate to form an AT-LC cell and the LC in the nematic phase is injected
into this cell. The azimuthal anchoring strength of the AT-LCD process has been
reported to be comparable to that obtained by the rubbing process, suggesting that
the LC molecular order propagated from the bulk orientation can be memorized by
the polyimide surface. Unfortunately, due to the labor-intensive repetitive cell
fabrication process involved with this technique, the AT method has not been put
into practical use.

13.3.2 Polymerization of a UV-Curable Reactive Mesogen
Monomer at the Surface

To obtain high image quality with LCDs, the patterned vertical alignment (PVA)
mode is typically used [29]. In a PVA panel, the pixel and common electrodes are
situated in an alternating pattern and thus an oblique field having vertical and
horizontal components is generated, with a biased applied voltage that rotates the
LC molecules downwards in four different diagonal directions. Challenges asso-
ciated with the real-applications of LCDs to the PVA mode included unexpected
disinclination and insufficient response time, especially when the applied electric
voltage is kept low so as to maintain a low gray level. Furthermore, additional
structures such as protrusions are required. Kim et al. has proposed a relatively
simple technique to solve these problems that requires neither the rubbing process
nor protrusion structuring [30]. In this method, a UV-curable reactive mesogen
(RM) monomer and a photoinitiator are doped into the nematic LC mixture in
advance. The mixture is placed in the PVA cell, the inner surfaces of which have a
vertical alignment layer with patterned electrodes, as shown in Fig. 13.5.
Immediately following LC injection, the RM monomer and the LC molecules are
vertically aligned. Subsequently, a voltage higher than the Freedericksz transition
voltage (Vth) is applied to the cell such that the RM monomer as well as the LC
reorient at a slight tilt angle from the vertical alignment in response to an electric
field. In this state, the PVA cell is exposed to UV light, during which the RM
monomers are polymerized at a constant tilt angle on the surface of the substrate
and thus a pretilt layer is formed in the cell and remains in this state even after
removing the voltage. Using this process, the pretilt angle can be controlled on the
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surface of a vertical alignment film and, as a result, the necessary driving voltage
and response time are both reduced. Recently, a technique of this sort not requiring
a polyimide film has been proposed [31]. This is possible because the polyimide
film is no longer necessary if the RM brings about surface segregation and poly-
merization in the vicinity of the glass surface, meaning that the polymerized RM
film can take the place of the polyimide, such that the surface memory effect acts as
a surface anchoring effect.

13.3.3 Flow-Coating Method

It has been reported that a flow-coating method [32] may be useful as a means of
forming highly oriented and fairly uniform organic semiconductor material films
from materials such as 6,13-bis(triisopropylsilylethynyl) pentacene (TIPSPEN),
even on OFET device substrates with pre-deposited source/drain electrodes [20].
This method is understood by considering the work of Sakamoto et al. [20], and
Fig. 13.6 shows a schematic illustration of the flow-coating technique. Here the flow
coater consists of a movable blade composed of a 13 mm-wide, 2 mm-thick fluorine-
coated glass plate, together with a stationary sample stage. The movable blade is
inclined at an angle of approximately 1.5° from the substrate surface plane, and the
gap height between the blade and the substrate surface is set to 200 μm. After placing
the leading edge of the movable blade above the coating start line, 16 μl of a 0.6 wt%
solution of TIPSPEN in chloroform is transferred into the blade/substrate gap by

Fig. 13.5 Schematic illustration of the patterned vertical alignment (PVA) cell exhibiting how the
pretilt angle is formed using reactive mesogen (RM) monomer. Reproduction by permission from
[30]
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capillary action and the flow-coating is immediately initiated at a constant blade
speed of 200μm/s. The flow-coated films thus formed are composed of arrays of
needle-shaped crystals whose long axes are aligned along the flow-coating direction.
It has been reported that the contact resistance, as well as the field-effect mobility, of
bottom-contact/bottom-gate (BC/BG) type TIPSPEN OFETs vary with the channel
current direction with respect to the flow-coating direction.

13.4 Printing Methods

All of the methods described above require an auxiliary polymeric film to align the
LC molecules, such as a polyimide acting as an alignment film. Such films, how-
ever, are no longer necessary if the LC molecules are able to align themselves
autonomously. This is advantageous since it obviates the need for the thermal
curing step, allows the manufacturing processes to be performed at room temper-
ature and permits plastic rather than glass substrates, all of which reduce production
costs. Below, two methods aimed at introducing a printing process are introduced,
in particular the slit coating method, which will be described in detail. If and when
these coating methods are put to practical use, it is expected that injection-free
processes will be possible and productivity will consequently be improved. As
noted, these methods are also advantageous since they lower the cost of LCD
fabrication by removing the need for an alignment film.

13.4.1 Gravure-Coating Method

As discussed, the standard industrial LCD manufacturing process employs a
polyimide alignment film. Such films are commonly treated using the gravure

Fig. 13.6 Schematic illustration of the flow-coating method. Reproduction by permission from
[20]
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coating method and, based on this technique, a novel means of transferring LC
molecules that have been aligned in advance has been devised. This process takes
advantage of the observation that the substrate need not be flat if sufficient trans-
ferring time is allowed. Figure 13.7 illustrates an example of the gravure printing
method [33, 34], in which the host LC (ZLI-2293) is doped with a guest
UV-curable LC (UCL-011-K1, DIC) acting as the RM. Here the LC molecules are
placed between the gravure roll and the doctor blade, following which an LC layer
of the desired thickness is formed on the transfer roll. Throughout this process, the
linear velocity of the substrate and the rotational speed of the transfer roll are
synchronized. The LC molecules are pre-aligned on the transfer roll since the roll is
equipped with interdigitated electrodes capable of inducing planar alignment. In the
case of vertical alignment, a planar electrode is employed to generate a vertical
electric field between the transfer roll and the substrate. The aligned LC molecular
layer is subsequently transferred to the glass substrate while maintaining molecular
alignment and, immediately following this transfer, the added RM is polymerized
by UV irradiation, since otherwise the LC alignment on the glass substrate will be
rapidly disrupted by thermally induced motion. It has been reported that UV
polymerization of the RM tends to induce surface segregation [35]. That is, the RM
is found in higher concentrations in the vicinity of the glass-LC layer interface. It is
also important to emphasize that the LC molecules near the air-LC layer interface

Fig. 13.7 LC gravure printing method. a Schematic illustration of the instrument. b Model of the
LC alignment transfer
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are not polymerized and remain in the nematic phase because the radical
polymerization of the RM is disturbed by atmospheric oxygen. Finally, the LC
layer transferred to the substrate is laminated against another LC-transferred
substrate to form a sandwich-type LC cell. Figure 13.8 presents a photograph of a
prototype LC gravure coating machine. The size of the layer and the LC alignment
depend on the printing plate, and therefore multi-domain pattern alignment is also
possible with such devices.

13.4.2 Slit-Coater Method

A slit coater, also known as a dye coater or a lip coater, is widely used for painting
or spreading a fluid with uniform thickness. Recently, we reported that the slit-
coater method is also applicable to LCD fabrication. The slit coater does not merely
take the place of the one-drop fill (ODF) process in LCD fabrication; it has been
demonstrated that LC layers formed by a slit coater exhibit uniaxial alignment and
that this alignment is maintained following UV polymerization, suggesting the
possibility of a molecular alignment technique incorporating a non-thermal curing
process. In such a process, locally polymerized LC regions would replace the
(typically polyimide) molecular alignment film. As a result, a slit coater can
potentially serve as both an LC filling process and a molecular alignment process,
thus reducing the required quantity of LCD fabrication steps.

Figure 13.9 shows a slit-coater system and a schematic diagram of such a
system, including the slit nozzle and UV light source. In this process, the substrate
—positioned on the carrier stage—is moved such that it is coated on one side with
LC molecules. During this coating, the LC molecules undergo self-organized
alignment resulting from the shear-flow force. UV irradiation from the bottom side
of the substrate is performed simultaneously to polymerize a thin LC layer adjacent

Fig. 13.8 Photograph of the
prototype LC gravure coating
machine
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to the substrate, as illustrated in Fig. 13.10. This locally polymerized LC region,
with a typical thickness of several tens of nanometers, acts as a molecular alignment
film. Consequently, the slit coater can be used to achieve both LC filling and
molecular alignment. Following the LC coating and UV irradiation, the top surface
of the LC layer remains in the nematic phase. Therefore, by combining two such
substrates coated in this manner with LC layers, an LCD panel can be fabricated
without the LC injection process. As noted, the LC alignment is brought about by
the shear flow between the slit nozzle and the substrate. The process parameters that
control the LC alignment are therefore the slit width, slit length, coating gap,
delivery rate of LC materials from the slit nozzle, stage movement velocity and UV
irradiation intensity. In our own experimental trials, the slit width was fixed at
20 µm, the slit length at 13 mm and the coating gap at approximately 100 µm. The
LC host molecule was a nematic cyanobiphenyl compound (ZLI-2293, Merck)
exhibiting positive dielectric anisotropy, while the guest UV-curable LC was
UCL-011-K1 (DIC), added at a concentration of 5 wt%. The LC mixture was
delivered to the slit nozzle at a fixed rate using a syringe pump and the stage

Fig. 13.9 a Schematic
illustrations of the slit coater
method. b Photograph of the
experimental instrument

13 Printed Anisotropic Molecular Alignments 479



was moved at a fixed rate using a stepper motor. A high pressure Ushio SP9-250DB
mercury lamp with a central wavelength of 365 nm was employed as the light
source. The stage was moved at 0.50 mm/s and the UV irradiation intensity was
100 mW/cm2. It is expected that such polymerized thin LC layers will function as
well as conventional alignment films.

Figure 13.11a, b present photographs of the coated LC films, in which the
coating direction is parallel to the crossed polarizer (a) and at 45° with respect to the
polarization axis of one polarizer (b). These images show uniform and uniaxial
alignment of the layers. Figure 13.12a, b show enlarged images of these same
samples obtained by polarized optical microscopy (POM). It is evident that the
extinction direction is parallel to the coating direction of the LC layer, suggesting a
uniaxial planar alignment of the LC direction. It is also obvious that numerous
streak-like defects are present, almost parallel to the LC coating direction. These
appear to represent damage to either the LC layer or the substrate, possibly gen-
erated mechanically by contact between the slit nozzle and the substrate. To reduce
the number of these defects, precise control of the gap between the slit nozzle and
the substrate is required. Unfortunately, relatively large gaps on the order of 200 μm
generate few defects but also allow for insufficient LC alignment. In Fig. 13.12b,
scale-like defects are also found, possibly caused by the movement of the stage. In
order to reduce the number of these defects, it was necessary to construct an LC
coating system with very precise mechanical movements. For this purpose, a
prototype slit coater specially designed for LC alignment was manufactured, as
shown in Fig. 13.13 (produced by the Toray Engineering Co., Ltd., Japan).
Figure 13.14 presents a photograph of a coated LC film obtained by means of this
prototype slit coater, using a slit length of 100 mm, a slit width of 20 µm and a
coating gap of approximately 100 µm. The thickness of the coated LC layer is
approximately 1 µm. It can be seen that the initial portion of the LC coating, where
the slit nozzle first approaches the substrate, is not well aligned, since the molecular

Fig. 13.10 Schematic model
of shear flow molecular
alignment during the slit
coating process
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Fig. 13.11 Photographs of the LC films fabricated using the slit coater and simultaneous UV
irradiation. a The coating direction is parallel to the polarizer under the crossed-nicols. b The
coating direction is 45° with respect to the polarizer under the crossed-nicols

Fig. 13.12 Microphotographs of the LC films fabricated by the slit coater. a The coating direction
is parallel to the polarizer under the crossed-nicols. b The coating direction is 45° with respect to
the polarizer under the crossed-nicols

Fig. 13.13 Photograph of the
prototype slit coater
specialized for LC alignment
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alignment is difficult to control during the initial discharge from the lip of the
nozzle. This effect is currently unavoidable and, in fact, the same defect is seen at
the terminal region of the film because no shear flow force is generated around the
initial and terminal portions. However, this is not an insurmountable problem; for
example, in the case of a roll-to-roll process, the initial and terminal portions of the
substrate film could simply be cut off.

As noted, it is assumed that the LC alignment is brought about by the shear flow
between the slit nozzle and the substrate. Figure 13.15 presents a numerical sim-
ulation of liquid flow based on the Navier–Stokes equation [36], as obtained using
commercially available software (ANSYS Fluent, ANSYS Inc.) [37]. In compu-
tational fluid dynamics, the semi-implicit method for pressure linked equations
(SIMPLE) algorithm is a widely used numerical procedure to solve the Navier–
Stokes equation [38]. Here the Navier–Stokes equation was discretized using the
finite volume method and, to simplify the calculations, an isotopic liquid with a
viscosity of 160 mPa s was assumed, even though the LC is actually an anisotropic
fluid. The calculation parameters were as follows: an LC layer thickness of 2 µm, a
gap between the lip and the substrate of 100 µm, a contact angle between the
substrate and the fluid of 30°, a contact angle between the lip and the fluid of 60°, a
surface tension of 30 mN m and a substrate velocity of 10 mm/min. Figure 13.15a
shows the shape of the fluid bead between the slit coater lip and the substrate, from
which it can be determined that the meniscus front and back radii are approximately
0.2 and 0.3 mm, respectively. Figure 13.15b pictures the fluid pathways, indicating
the movement of the fluid over a certain duration of the reduced time. The pathline
along the nozzle depicts the fluid flow of the upper LC layer, representing the LC
molecules that reach the surface of the bead (the interface between the air and fluid)
and that have a relatively low flow velocity. In contrast, the line running directly
toward the substrate depicts the fluid flow of the lower LC layer, for which the flow
velocity is relatively high. It is evident that there is a distribution of flow velocities
between the lip and substrate, and this distribution induces the shear flow.

Fig. 13.14 Photograph of the
LC alignment fabricated by
prototype slit coater. The size
of the glass substrate is
100 × 100 mm. The coating
direction is 45° with respect
to the polarizer under the
crossed-polarizers
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Figure 13.15c shows a photographic image of the lip of the slit coater obtained with
a high-speed camera (Fastcam MC2.1, Photron) during a trial in which a nematic
mixture composed of a fluorinated derivative was used. Comparing Figs. 13.15a, c,
it is clear that the shape of the bead as captured by the high-speed camera is similar
to that depicted by the numerical simulation. Although the dynamics of an aniso-
tropic fluid such as a nematic LC are complex, the gradient of the flow velocity in
the numerical simulation suggests the existence of shear flow near the substrate,
which induces the LC molecular alignment.

Various investigations were performed with regard to UV irradiation of these
layers. In those cases in which the LC alignment is fixed by UV irradiation after the
LC coating process is complete, as in Fig. 13.16, it is not necessary to situate the
UV source immediately below the slit nozzle and so the LC coating and UV
irradiation may be carried out separately. This is beneficial since it prevents the slit
nozzle from being covered by the polymerization agent. Furthermore, it is not
necessary to synchronize the stage velocity and UV irradiation duration. In trials
performed by our group, the UV irradiation intensity was 10 mW/cm2, the irradi-
ation time was 300 s and the UV light impinged on the sample vertically, coming
from the underside of the substrate. Figure 13.17 provides photographic images of

Fig. 13.15 The aspect of the
shear flow. a Simple
numerical simulation of a
liquid flow based on the
continuity equation and
Navier–Stokes equation.
b Pathlines of the fluid, which
represents the trace of the
fluid in certain duration of the
reduced time. The line color
represents the reduced
position. c High-speed camera
snapshot around the lip of slit
coater
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Fig. 13.16 Schematic illustration of the UV irradiation after LC coating using slit coater

Fig. 13.17 Photographs of LC-coated films consist of ZLI-2293 and UCL-011-K1 before UV
irradiation. a The coating direction is parallel to the polarizer under the crossed-nicols. b The
coating direction is 45° with respect to the polarizer under the crossed-nicols
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coated LC films under crossed nicols immediately after the coating process and
prior to UV irradiation, where the guest material is UCL-011-K1 (DIC). These
photographs show that uniform and uniaxial LC alignment was obtained.
Figure 13.18 shows photographs of these same coated LC films after UV irradia-
tion. The transmittance under crossed nicols is not changed by rotating the
LC-coated film, implying that the planar alignment of the LC changes the vertical
alignment. It was also confirmed that this alignment transition behavior was
affected by the duration of the UV irradiation, which was typically 40 s. One
possible cause of such an effect could be thermal fluctuations induced by the
irradiation. To verify this hypothesis, a UV band-pass filter was inserted between
the UV light source and the substrate in order to filter out the vis-light. However,
the alignment transition behavior was still observed. Subsequently, a He–Cd laser
(λ = 325 nm, 10 mW) was introduced in place of the high-pressure mercury lamp,
whereupon it was found that this alignment transition behavior was observed
regardless of the laser intensity. In order to examine the effect of the RM material,
LC-coated films in which the guest material was a mixture of RM257 (Merck),
C12A and DMPAP (Aldrich) were fabricated, following which UV irradiation was
performed using the He–Cd laser. In this case, the alignment transition behavior
was not observed regardless of the extent of UV irradiation. From these experi-
mental results, it is believed that the alignment transition behavior results from
anisotropic polymerization, which in turn is dependent on the guest material [39].

To allow practical application of the slit coater, it is necessary to consider the
structure of the moving stage that acts as the substrate carrier. The motion of the
moving stage has to be precise so as to maintain the gap between the substrate and
slit nozzle. As shown in Fig. 13.19a, the UV irradiation is carried out through the
moving stage and so the stage must transmit UV light and cannot be constructed of
metal plate. In our case, the glass substrate was carried on a square frame. Although
this is sufficient to carry a small substrate, a larger, thin substrate would likely warp

Fig. 13.18 Photographs of LC-coated films consisting of ZLI-2293 and UCL-011-K1 after UV
irradiation with high-pressure mercury lamp under crossed polarizer. a The coating direction is
parallel to the polarizer under the crossed-nicols. b The coating direction is 45° with respect to the
polarizer under the crossed-nicols
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under such conditions. Thus, to coat LCs with uniform thicknesses, it is recom-
mended that the moving stage be made of a flat, solid plate with UV light projected
downwards onto the LC layer. To assess other potential scenarios, LC layers were
polymerized under two UV irradiation conditions; irradiation from the side of the
glass substrate (exposure type 1) and irradiation from the side of the air-LC
interface (exposure type 2). The effects of UV dosage on the electro-optical (EO)
characteristics of LC sample cells fabricated under the two proposed conditions
were then assessed. A host nematic LC material (Merck ZLI-2293), a liquid
crystalline diacrylate monomer (1.0 wt%, Merck RM257) and a photoinitiator
(0.1 wt%, 2,2-dimethoxy-2-phenyl acetophenone, DMPAP, Aldrich) were used in
this study. The UV irradiation times were 30 or 90 s and the UV irradiation
intensity was set to 5 mW/cm2, using a deep UV Ushio Spot Cure SP9-250DB lamp
at 365 nm. It is known that, even during the early stages of polymerization, the
formation of the polymer network is accompanied by the phase separation of the
reaction mixture into two regions: polymer-rich and LC-rich [40]. This phase
separation results in a solidified polymer film in the region of the substrate closest to
the UV source. Therefore, the polymer-rich region will be formed in the vicinity of
the substrate in the case of exposure type 1 while, for exposure type 2, the polymer-
rich region will be formed near the air-LC interface. These different boundary
conditions will have an impact on the voltage-dependent transmittance (V–T) and
hysteresis characteristics of the slit-coated twisted-nematic (TN) LC cells.
Figure 13.20 presents the V–T curves and hysteresis characteristics of slit-coated
TN LC cells fabricated under exposure types 1 and 2 at room temperature. The V–T
curves show that, for both types of UV exposure conditions, the average threshold

Fig. 13.19 Schematic diagram of the slit coater and UV irradiation. a UV irradiation from the side
of a glass substrate (exposure type 1), b UV irradiation from the side of the air-LC interface
(exposure type 2)
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voltage was *1.5 V and the slit-coated TN LC cells could be switched to the black
state at rather high voltages. From the V–T curves it is also evident that there was
almost no hysteresis behavior. However, effects of the UV exposure type and
exposure dosage on the steepness of the V–T curves were observed. These steep-
ness parameter characteristics indicate that exposure type 1 gives steeper V–T
curves and that longer exposure times produce steeper curves. The curve steepness
for these slit-coated TN LC cells was also found to be greater than those for
conventional TN LC cells. It was concluded that the V–T characteristics of cells
made using exposure type 2 were inferior to those produced using exposure type 1
[41]. In accordance with these experimental results, plate-like quartz glass was
subsequently adopted as a moving carrier stage, as shown in Fig. 13.13.

Figure 13.21 summarizes the dependence of the pretilt angle on the UV exposure
dosage [42]. Here higher UV exposures are seen to generate larger pretilt angles on
the slit-coated substrate surface. It is believed that increasing UV exposures form a

Fig. 13.20 a V–T curves and
hysteresis characteristics of
slit-coated TN LC cells
fabricated under exposure
types 1 and 2 at UV exposure
dosages of 0.15 and
0.45 J/cm2 at room
temperature and b V–T curves
near the threshold voltages
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denser polymer network, resulting in a stronger anchoring force sustaining the
pretilt of the LC molecules on the substrate surface [43]. These higher pretilt angles
are likely due to the surface hydrophobicity of the substrate, as has been reported
previously in the literature [44]. The resulting pretilt angle will also depend on the
structure and concentration of the RM as well as on the process conditions [45–49].

Figure 13.22 shows photographs of TN LCDs fabricated using the slit-coater
method, acquired using the transmission mode (or say normally white mode). As can
be seen from these images, sufficiently uniform alignment was realized. Figure 13.23
presents the experimental results for the EO properties of TN LCDs formed using the
UV curable additive RM257 at concentrations of 2.1 and 1.1 wt% [37]. For com-
parison purposes, the same TN LCD was made using the conventional rubbing
method, employing a polyimide alignment film. Compared with the reference
TN-LCD, similar EO properties were obtained at UV intensities of 5 mW/cm2, and
no hysteresis characteristics are observed in the EO response in Fig. 13.23b.

Fig. 13.21 Dependence of the pretilt angle on the UV exposure dosage

Fig. 13.22 Photographs of the TN-LCD a Fabricated by experimental instrument (left) and
prototype instrument (right). b Microphotograph of TN-LCD fabricated by prototype instrument
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Regardless of the UV intensity, the threshold voltage was 1.9 V, which coincides
with that for the reference TN LCD fabricated by the rubbing method. The contrast
ratio is approximately 84.3, which again is not inferior to that of the LCD made by
the conventional rubbing method (approximately 90.4) under laboratory conditions.
However, when applying the UV curable additive at 2.1 wt% and/or UV intensities
of 10 mW/cm2, the EO properties below 5 V and above 12 V were different to those
of the reference TN LCD. This difference appears to result from variations in the
polymer network formation process.

In the revised fabrication process, it is quite beneficial that the production time is
only a few minutes from the first substrate washing to the substrate lamination,
since the baking process for the alignment film (which typically takes several tens
of minutes) is not required. Furthermore, the performance of the TN LCD made
using the slit coater method is equal to that of the TN LCD made by the rubbing
method. By way of a trial, an in-plane switching (IPS) mode LCD was fabricated on
a film substrate. It should be noted that the fabricated IPS-LCD was not a con-
ventional sandwich type LCD but rather a single substrate type LCD not incor-
porating a counterpart substrate, as shown in Fig. 13.24b. Figure 13.24c shows the
appearance of the IPS LCD, for which the driving area was 10 × 10 mm2. As shown
in Fig. 13.24c, a bendable IPS LCD film was obtained, and exhibited completely
satisfactory switching operation (white region in the figure). Figure 13.25 presents
the experimental results for the EO properties of an IPS LCD fabricated by the slit-
coater method, employing UV-reactive mesogens at concentrations of 0.02 wt%
(DMPAP) and 0.1 wt% (RM257). This figure demonstrates that the device pro-
duced a normal response with minimal hysteresis. In this case, a counterpart sub-
strate was not included and, as a result, the air-LC interface had no anchoring
function, which in turned caused the hysteresis in the EO response. In a real LCD,

Fig. 13.23 Electro-optical properties of the TN-LCD fabricated by slit coater method. a The
dosage of RM257 was 2.1 wt%. b The dosage of RM257 was 1.1 wt%
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because of the fluidity of the LC, a counterpart substrate would be required.
Figure 13.26 shows a sandwich-type, bendable TN-LCD fabricated using a pro-
totype slit coater with polycarbonate films.

Fig. 13.24 Schematic model of single film substrate IPS-LCD. a Top view model. b Side view
model. c Appearance of the IPS-LCD fabricated by experimental instrument

Fig. 13.25 Electro-optical
properties of the IPS-LCD
fabricated on single substrate
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Fig. 13.26 Appearance of the bendable TN-LCD made by polycarbonate films

Fig. 13.27 Model of the vertical/planar striped alignment. Firstly, UV irradiation through a grid
photomask is carried out in order to polymerize the planarly aligned regions. Then whole the
substrate was UV irradiated to reveal the vertical alignment
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13.5 Future Applications of the Printing Method

Rather than high quality, so-called “printed electronics” are more often expected to
offer flexibility, bendability, robustness and low cost. With regard to reducing the
manufacturing cost, plastic films have higher potential than advanced glass sub-
strates [50]. In addition, the slit-coater method is adaptable for use with roll-to-roll
technology as a continuous production process for LCDs. In the case of nano-
imprint lithography, a master mold is required [51] and large master molds are
costly and tend to wear away with use. A further advantage of the slit-coater
method is therefore the lack of a master mold, since patterned alignment in which
the vertical and planar alignments are arranged in an alternating fashion can be
realized by inserting a grid photomask, as shown in Fig. 13.27. Useful products that
may result from this process are pattern retarders and patterned polarizer films and,
in the near future, the use of plastic substrates in conjunction with roll-to-roll
processing should allow commercial scale production of leaflet-type, disposable
LCDs. The slit-coater method may also be extended beyond the alignment of LCs
and applied to the alignment of nano-rods. In addition, certain RM materials may be
anisotropically polarized following polarized UV irradiation. Thus a rich variety of
commercial products can be predicted to result from these novel technologies.
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