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Swollen liquid crystals (SLCs): a versatile template
for the synthesis of hano structured materials

Sunil Dutt,*® Prem Felix Siril®> and Samy Remita“®

Liquid crystal (LCs) is the state of matter that exhibits properties between a conventional liquid and solid
crystals. Liquid crystals mainly can be classified into two types: thermotropic and lyotropic liquid
crystals. A thermotropic liquid crystal shows properties that are dependent on temperature
conditions. On the other hand in lyotropic liquid crystals (LLCs), the amphiphiles are dissolved in
a solvent and exhibit liquid crystalline properties in certain concentration ranges. In the literature, lot
of reviews have been presented on thermotropic and lyotropic liquid crystals (LLCs). But nowadays,
swollen liquid crystals (SLCs) have become a much more important area of research because of their
easily tunable properties, their stability and versatility of the system. Swollen liquid crystals (SLCs)
consist of infinite liquid crystalline non polar cylinders organized on a hexagonal lattice in a polar
medium and are prepared with the proper ratios of salted water and non polar solvents with cationic
or anionic or non ionic surfactants and co surfactants i.e. water : oil : surfactant : cosurfactant. In this

review article, we will briefly discuss the synthesis of swollen liquid crystals (SLCs), factors affecting
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1. Introduction

The tremendous progress in the field of nano science and nano
technology in recent years leads to the development of new
materials at the nano scale with improved properties for
different applications. But, a major research task is to control
the size and shape of bulk materials at the nano level. So
different methods were reported in the literature for the
synthesis of materials at the nano scale such as membranes,"
electrospinning,>* template assisted,® sol-gel,” micro-
emulsions,® hydrothermal, sonochemical, microwave methods®
etc. There are advantages and disadvantages of these methods.
For example, among the template assisted synthetic routes, soft
templates are easier and more convenient to use than the hard
templates. This is because post synthesis removal of hard
templates such as mesoporous silica, anodized aluminium
oxide etc. usually require harsh conditions, which may even
rupture the prepared nanostructures.’ On the other hand soft
templates, such as micelles that are formed by the self-assembly
of surfactants and polymers can be easily removed by simple
washing after the synthesis of nanostructures.™

Swollen liquid crystals (SLCs) have attracted much more
attention in the recent years due to their potential applications
in many technological important research areas. This surfac-
tant mesophases act as very useful and versatile templates for
the synthesis of nanostructured materials. Swollen liquid crys-
tals (SLCs) are formed by a quaternary mixture of surfactant, co-
surfactant, water and oil.

Nanostructures can be synthesized using both aqueous
phase and organic phase of swollen liquid crystals (SLCs).
Depending upon the composition, cubic, hexagonal and
lamellar phases may be formed in such a quaternary mixture.*
These mesophases can be used as structure directing templates
as they are stable over a wide range of pH, temperature and
composition.” They are called ‘swollen’ liquid crystals because
the aspects of the assembly can be varied by changing the
composition. For example, diameter of the tubular assembly of
surfactants in hexagonal mesophases can be varied over
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a decade from ~3 nm to ~30 nm by changing the composition
of the quaternary mixture. Even the distance between the tubes
can be varied independently.* Swollen liquid crystals (SLCs)
can be formed from cationic, anionic and nonionic surfactants.
They were used as soft templates in the synthesis of different
nanostructures. In this review article, we will discuss briefly
about the surfactants self-assembly, liquid crystals, swollen
liquid crystals (SLCs) and their stability, different nanostructure
synthesis using swollen liquid crystals (SLCs) etc. in much more
detail.

2. Surfactants and their self-assembly

Surfactant self-assembly takes the advantage for synthesis of
different nanostructured materials without nanostructures
damage. Thus, the surfactants can self-assemble to form
micelles above critical micelle concentration (CMC) and these
micelles can be used as soft templates for nanomaterials
synthesis. Thus, this approach for nanomaterials synthesis
attracted much more attention in scientific community. Hence,
it leads to the synthesis of different type of nanomaterials and
more importantly, the nanomaterials size and shape can be
tuned up using different concentration of surfactants.” So, its
important area of research work but before going to further
detailed discussion, we need to discuss about critical packing
parameter (CPP), Fontell scheme, phase diagram.

Critical packing parameter (CPP)

The critical packing parameter (CPP) is the most important
parameter to determine the self-assembly behavior of amphi-
philic molecules in micelles and was proposed by Israelachvili
and co-workers.'*"”

Estimating of this critical packing parameter (CPP) enables
the determination of the surfactants molecular packing and
formed preferred structure such as micelles, cylindrical
micelles, bilayers, inverted micelles etc. as shown in Fig. 1 as
determined by their respective critical packing parameter (CPP).

Fontell scheme for surfactant self-assembly of surfactants is
also shown in Fig. 2, which clearly represents the normal and
reverse mesophases formation.

Surface active agents, commonly known as surfactants, are
the organic molecules that have hydrophilic polar head groups
and long hydrophobic tail group(s). They have the tendency to
get adsorbed at the interface between aqueous and oil medium.
This results in the lowering of the free energy of phase
boundary. Thus, they can reduce surface or interfacial tension.
Surfactants exist as unimers below the critical micelle concen-
tration (CMC) in water. However, they can self-assemble to form
micelles above the critical micelle concentration (CMC).'** In
water, the hydrophobic tail groups of surfactant molecules are
directed toward the interior of the core and the hydrophilic
head groups are oriented toward the aqueous medium. Micelles
can be treated as oil droplets in water and hence can solubilize
oils inside the core to form oil-in-water emulsions, as shown in
Fig. 3. Usually, micelles can be of spherical and cylindrical
shapes depending on the shape of the surfactant molecules.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular shapes and critical packing parameter (CPP) of
surfactants and lipids and the structures formed (here, v = volume of
hydrocarbon core, a, = effective head group area, [ = hydrocarbon
chain length). Adapted with permission from ref. 18, copyright 2014,
Royal Society of Chemistry.
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Fig. 2 Schematic representation of an amphiphilic molecule and
normal and reverse type of surfactant self-assembled structures. Ly, |5,
Hi, Vi, and L, represents normal micelle, micellar cubic phase,
hexagonal phase, bicontinuous cubic phase, and lamellar phase,
respectively. V,, |, Hp, and L, respectively represent reverse (inverted)
phases. Adapted with permission from ref. 19, copyright 2014, Multi-
disciplinary Digital Publishing Institute.
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Fig. 3 Surfactant molecules and micelles formation above critical
micelle concentration (CMC).
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Fig. 4 A three component (water, oil and surfactant) phase diagram
showing the formation of micelles and mesophases by the self-
assembly of surfactants. Adapted with permission from ref. 24, copy-
right 2015, Royal Society of Chemistry.

However, micelles can be of less common shapes such as
prolates, oblates, etc. At certain conditions, micelles can further
self-assemble to form different types of mesophases such as
hexagonal, cubic, lamellar and reverse hexagonal as shown in
the phase diagram (Fig. 4). The micelles and the mesophases
can be used as versatile templates for preparing different
nanostructures such as of mesoporous and core-shell silica,
nanofibers and rod-shaped mesoporous silica, TiO, hollow

structures etc.?*>*

3. Liquid crystals (LCs)

Liquid crystals have gained much attention in the recent years
due to their wide applications in different areas. Liquid crystals
(LCs) is the state of matter that have the properties of both the
liquid (molecular mobility and fluidity) and the crystalline
(optical and electrical anisotropy) states.>” Liquid crystals (LCs)
can also be defined as the mesophase that exhibits the prop-
erties of liquid i.e. they can flow like liquid and possess the long
range orientational order.”® Liquid crystals (LCs) are mainly
classified into two types: thermotropic liquid crystals and lyo-
tropic liquid crystals (LLCs).

3.1. Classifications of liquid crystals

3.1.1. Thermotropic LCs. Thermotropic liquid crystals are
formed by the action of heat and occurred in certain range of
temperature.

3.1.1.1. Nematic phases. Nematic phase is the mostly fluid
and widely used phase. Nematic phase has long range molec-
ular positional ordering i.e. long axis of the molecule and tends
to align in preferential direction, but has no positional
ordering.”

3.1.1.2. Smectic phases. These types of mesophases are
formed at lower temperature than nematic phases. The mole-
cules are arranged in layers and exhibit some correlations in
their positions in addition to the orientational ordering.

RSC Adv., 2017, 7, 5733-5750 | 5735
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3.1.2. Lyotropic liquid crystals (LLCs) or mesophases.
Lyotropic liquid crystals (LLCs) exhibit the liquid crystalline
behavior in a certain range of concentration. They usually have
a liquid crystalline phase transition with temperature also.*®*®
Interestingly, lyotropic liquid crystals (LLCs) can be used as
templates for the synthesis of various nanostructures.*
Reversible photo-rheological lyotropic liquid crystals are also of
great interest. These types of lyotropic liquid crystals (LLCs) are
based on photoresponsive amphiphiles and they have photo-
switchable rheological properties under UV and visible lights.**

Extensive research was carried out on lyotropic liquid crys-
tals (LLCs) and received much attention recently. Lyotropic
liquid crystals (LLCs) can be used for the synthesis of Bi, PdS
nanoparticles.* In lyotropic liquid crystals (LLCs) the main
physical variation is concentration that determines the meso-
phase formation, whereas in thermotropic liquid crystals the
main physical variation is temperature.*® Moreover, in lyotropic
liquid crystals (LLCs), the main parameter is the concentration,
which determine the phase transition also.** Moreover, in
thermotropic liquid crystals, it is already reported in the liter-
ature that the “blue phases” of liquid crystals exists both in
narrow range and wide range of temperature.*® Also, the
refractive index of the thermotropic liquid crystals were deter-
mined by temperature.®® Four-stranded aggregates of oligo-
deoxyguanylates and intermolecular hydrogen bonding
interactions plays also role in formation of lyotropic liquid
crystals and thermo liquid crystals respectively.?”**

Hexagonal, lamellar and cubic mesophases in lyotropic
liquid crystals (LLCs) can be used as template for controlling the
structure and morphology of the desired nanomaterial. In
hexagonal mesophases, the long cylindrical micelles are
arranged in hexagonal pattern. Each surfactant cylinder is sur-
rounded by six other surfactant cylinders."

In lamellar mesophases, the surfactant molecules were
arranged in bilayer fashion. The thickness of the bilayer is less
than twice the surfactant molecular length. Lamellar meso-
phases can be used to synthesize different nanostructures. If the
role of polar and nonpolar groups in surfactant chain has

straight cylinders ringed cylinders

Fig. 5 (a) Straight cylinders with undulation and (b) ringed cylinders
arrangements of hexagonal cylinders. Reprinted with permission from
ref. 39. Copyright 2016 American Chemical Society.
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changed then it's called as reverse micelles and reverse hexag-
onal mesophase. Very recently, Toshihiko Oka and Noboru Ohta
developed a method for the synthesis of two distinct domains of
lyotropic liquid crystals (LLCs) with straight and ring cylinders
in capillaries as shown in Fig. 5 and 6.*

Reversible photorheological lyotropic liquid crystals (LLCs)
were recently reported by S. Peng et al.®" In their research, they
showed that lyotropic liquid crystals (LLCs) based on
azobenzene-containing surfactant (azo-surfactant) showed
reversible photorheological behavior under UV and visible light
as shown in Fig. 7. UV irradiation induced the ¢rans to cis
isomerization of the azo-surfactant, leading to the disruption of
the ordered lyotropic liquid crystals (LLCs) phases and
a dramatic rapid decrease in the viscosity and modulus.

3.2. Applications of lyotropic liquid crystals (LLCs) in
nanomaterials synthesis

Lyotropic liquid crystals (LLCs) directed synthesis of nano-
materials are well known and widely reported in literature. Lyo-
tropic liquid crystals (LLCs) (lamellar, hexagonal, cubic phases)
can be used in the synthesis of zero dimensional, one dimen-
sional, two dimensional, three dimensional nanomaterials. The
lyotropic liquid crystals (LLCs) can also be used as template to
synthesize nano sheets, nano particles, nano rods, porous
nanostructures etc. Control over the geometry and inter-
connectivity of lyotropic liquid crystals (LLCs) nano channels
allow us to control the size and shape of the nanostructures.*

Fig. 6 Glyceryl monooleyl ether (GME) sample in a 0.2 mm diameter
quartz capillary under polarized light. (a) Without an analyzer (a
polarizer only) (b) and (c) Glyceryl monooleyl ether (GME) sample
under polarized light when polarizer and analyzer are perpendicular to
each other. Reprinted with permission from ref. 39. Copyright 2016
American Chemical Society.

Fig.7 Reversible behavior of photorheological lyotropic liquid crystals
under UV and visible light. Reprinted with permission from ref. 31.
Copyright 2014 American Chemical Society.

This journal is © The Royal Society of Chemistry 2017
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Lamellar mesophase can be used as soft template confine-
ment to synthesize gold nanoparticles and nanorods by the
radiolytic reduction of metal salt.** Nanoparticles of different
diameter can be synthesized by tuning the thickness of water
layer in the mesophase. In micellar solution above critical
micelle concentration (CMC) gold nanorods of different aspect
ratio can be synthesized by radiolysis.*

The lyotropic liquid crystals (LLCs) can be used to synthesize
zero dimensional, one dimensional and three dimensional
nanostructures. We discuss the synthesis of these different
nanostructures as below:

The lyotropic liquid crystals (LLCs) nano reactor approach
can be used in nanoparticles synthesis. The reactants were
confined in these lyotropic liquid crystals (LLCs) nano channels
for nanostructures synthesis.>” In typical synthesis, BiCl; and
CrCl, (a powerful reducing agent) as precursors salts were
trapped inside the lyotropic liquid crystals (LLCs) separately in
disposable syringes. After that, these two liquid crystals are
connected and shear mixed, which leads to the synthesis of
bismuth nanoparticles as shown in Fig. 8.*?

1-D nano structures are also nowadays an important area of
research and lyotropic liquid crystals (LLCs) can be used to
synthesize 1-D nano materials such as nanowires, nanorods and
nanotubes etc. The AgBr and SnO, micro wires were synthesized
by mixing cetyltrimethyl ammonium bromide (CTAB) with oli-
goethylene alkyl ether/water semetic liquid crystals containing
AgNO; or SnF,.* Crystalline silver nanowire arrays with a high
aspect ratio by electrodeposition from a reverse hexagonal
liquid-crystalline phase containing one-dimensional aqueous
channels were also synthesized by substituting the water phase
with 0.1 M AgNO; solution.**

2-D nano structured materials are also very much interesting
both for academic as well as industrial research. The lyotropic
liquid crystals (LLCs) template synthesis approach can be
extended to synthesize 2-D nano structured materials. Hideya
et al., reported the synthesis of Pt nano sheets based on new
methodology using chemical reduction of platinum salt
(H,PtClg) reducing with hydrazine in lyotropic liquid crystals
(LLCs). The HR-TEM images of Pt-nano sheets synthesized
using lyotropic liquid crystals (LLCs) were shown in Fig. 9.*

Ordered mesoporous silicates (MCM-41) and the meso-
porous molecular sieves can also be synthesized after the
removal of organic template by calcination.**

& 30nm

Fig. 8 TEM images of Bi nanoparticles produced by shear mixing of
lyotropic liquid crystals (LLCs) (a) hexagonal phase (b) lamellar phase
(c) inverse hexagonal phase. Reprinted with permission from ref. 32.
Copyright 2004 American Chemical Society.
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Fig. 9 HR-TEM image of Pt-nano sheets synthesized in lyotropic
liquid crystals (LLCs). Reprinted with permission from ref. 45. Copyright
2005 American Chemical Society.

4. Swollen liquid crystals (SLCs)

Swollen liquid crystals (SLCs) are the class of lyotropic liquid
crystals (LLCs) that are usually formed by a quaternary mixture
of aqueous phase (brine or metallic salts etc.), oil (cyclohexane
or aniline etc.), surfactant (cetyl trimethylammonium bromide
(CTAB) or sodium dodecyl sulphate (SDS) etc.) and cosurfactant
(1-pentanol). The interesting aspect of swollen liquid crystals
(SLCs) is the tunability of various aspects of the mesophase
assembly. For example, the diameter of the infinitely long
surfactant cylinders in hexagonal mesophases can be varied
from ~3 to 30 nm by varying the oil to water ratio (swelling the
oil phase) and the concentration of salts in the aqueous solution
as shown in Fig. 10.*” Interestingly, even the distance between
the surfactant cylinders can also be independently varied
(swelling the aqueous phase).*” Thus, the name ‘swollen’ liquid
crystals is due to the possibility to swell the aqueous and oil
phases.

Swollen liquid crystals (SLCs) are highly versatile as they can
be formed by cationic, anionic and nonionic surfactants.
Additionally, NaCl can be replaced with a large number of metal
salts. Even, any water immiscible organic solvent can be used as
oil phase. As the swollen liquid crystals (SLCs) can incorporate
a large variety of organic and inorganic material inside and due

water + salt
+ Surfactant

Vs

O/W Emulsion

Co-surfactant

Water
+ Salt

3<D<35nm

Fig. 10 Formation of swollen hexagonal mesophase from a four
component system: water, surfactant, oil and cosurfactant.
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to their tolerance to variation in pH and temperature within
certain ranges, they can be used as ‘nanoreactors’.**** Swollen
liquid crystals (SLCs) can be of hexagonal, lamellar and cubic
mesophases and hence they can be used as versatile templates
for controlling the structure and morphology of variety of
nanomaterials such as metals, polymers, metal oxides, etc.*® In
hexagonal mesophases, the long cylindrical micelles are
arranged in a hexagonal lattice. Each surfactant cylinder is
surrounded by six other surfactant cylinders as shown in
Fig. 10. The order of viscosity of the swollen liquid crystals
(SLCs) varies in the following order: cubic > hexagonal >
lamellar. It has also been demonstrated that the diameter of the
non-polar cylinders in swollen liquid crystals (SLCs) can be
correlated by following equation:*

R=d, (ﬁ (1- ¢p)> N

21

R =radius of tubes, d.. = lattice parameter, ¢, = volume fraction
of polar medium.

When the ionic forces increase, accessible radii of cylinders,
R, go from 1.5 nm (with pure water and without oil) to 17 nm
(with brine 0.5 M), while the distance between adjacent tubes is
kept small and nearly constant (between 2.1 and 2.9 nm).*® Thus
the diameter as well as the distance between the non-polar
tubes in swollen liquid crystals (SLCs) can be controlled by
the adjustment between cyclohexane and the ionic force of the
aqueous salt solution.

4.1. Characterization of swollen liquid crystals (SLCs)

Swollen liquid crystals (SLCs) can be characterized using
different characterization techniques such as small angle X-ray
scattering (SAXS), polarizing optical microscopy (POM) and
cryo-transmission electron microscopy (cryo-TEM).

4.1.1. Small angle X-ray scattering (SAXS). Small angle X-
ray scattering (SAXS) is a useful characterization tool used for
inhomogeneous samples in nm-range and the scattering data is
usually recorded at very low angles (typically 0.1-10°). Swollen
liquid crystals (SLCs) can also be characterized using this
technique. For example, the scattering pattern of a hexagonal
mesophase consists of diffraction peaks whose positions are in
the ratio 1: (3)"*: 2, which corresponds to the (10), (11) and
(20) diffraction planes. The first peak position, g, allows
a direct determination of the hexagonal lattice parameter, a,
according to a = (2/3Y%)(2m/g,)."* The hexagonal lattice
parameter (a) is the distance between the centers of two adja-
cent surfactant cylinders in the swollen liquid crystals (SLCs).

4.1.2. Polarizing optical microscopy (POM). Polarizing
optical microscopy (POM) is the optical techniques in which the
polarized light is used for imaging. Polarizing optical micros-
copy (POM) can also be used for characterizing swollen liquid
crystals (SLCs) as does other liquid crystals (LCs). For polarizing
optical microscopy (POM), a small amount of the swollen liquid
crystals (SLCs) sample can be sandwiched between a clean glass
slide and a cover slip. Vacuum grease can be applied to the
edges of the cover slip to prevent the evaporation of the solvents
and to protect the mesophases from collapsing. Typical textures
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Fig. 11 Room temperature crossed polarizing optical microscopy
(POM) optical images of (a—c) fresh mesophases containing aniline,
aniline hydrochloride and H,PtClg-6H,0 respectively, (d—f) fan shaped
focal conic texture in the same samples after 48 hours. Reproduced
from ref. 52 with permission from Elsevier.

of some swollen liquid crystals (SLCs) are shown in Fig. 11. The
hexagonal non-geometric texture can be clearly seen in freshly
deposited samples (a-c). The focal conic texture of the hexag-
onal liquid crystals appear in the same samples, few hours after
deposition on glass slides (d—f).

Moreover, metal nano clusters can be trapped inside the
surfactants tubes of swollen liquid crystals (SLCs). The clusters
can be heated to 55 °C and cooled to 20 °C and it's observed that
it showed the breakage and deformation of crystalline structure
in polarizing optical microscopy (POM).**

4.1.3. Cryo-transmission electron microscopy (TEM). Cryo-
transmission electron microscopy (TEM) is usually used for
imaging of biological samples and soft materials such as
micelles and mesophases under cryo-cooled conditions. In
cryo-transmission electron microscopy (TEM), the sample
is usually deposited on the sample grid followed by
blotting with filter paper and then rapidly plunged into
liquid ethane. The microscopy is performed under liquid
N, temperature in a cryogenic environment.*® This micro-
scopic technique is very much useful to study the liquid
crystals. For example the cryo-transmission electron
microscopy (TEM) images of hexagonal mesophases are
shown in Fig. 12.

Fig. 12 Cryo-transmission electron microscopy (TEM) clearly shows
the presence of an array of tubular rod-like micelles in the hexagonal
swollen liquid crystals (SLCs) (a and b). Reproduced from ref. 54 with
permission from the Centre National de la Recherche Scientifique
(CNRS) and The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2017
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4.2. Stability of swollen liquid crystals (SLCs) against change
in chemical nature of the salts, inclusion of chemicals and
materials, pH of the medium and temperature

A number of studies on the inclusion of various chemicals and
materials in the aqueous and oil phases of swollen liquid
crystals (SLCs) have been reported.*®***® Very often these
inclusions have been termed as ‘doping’ of the mesophases.
The stability of swollen liquid crystals (SLCs) was not affected by
the change of metal salts such as NaF, KCl and Na,SO, in place
of NaCl.>* Even, the range of stability of swollen liquid crystals
(SLCs) for brine was established in the concentration range of
01.1 to 0.5 M.”” Stable swollen liquid crystals (SLCs) were
prepared by varying the pH from 1 to 11.°* The oil phase of
hexagonal swollen liquid crystals (SLCs) was doped with 1,4-
diphenylbutadiyne (DPB) which is a monomer and polymeri-
zation could be achieved within oil phases using benzoin
methyl ether (BME) as a catalyst.”* Addition of amphiphilic
copolymers such as amphiphilic polymer consisting of a poly-
ethylene oxide (PEO) central block of molecular weight 5000 g
mol " grafted at one extremity to a C;gHj, aliphatic chain
decorate at oil/water interface can increase the stability of
surfactant hexagonal mesophases.”

Although, if the swelling ratio of oil/water(O/W) phase was
varied even then the surfactants tubes remains in hexagonal
pattern, swollen liquid crystals (SLCs) doped with 0.1 M Pd/Pt
salts with different O/W ratio 1.5 to 4.5.%

This hexagonal assembly has also been used for the
synthesis of porous Pt nanostructures using ty-irradiation.*®
Before and after y-irradiation the hexagonal structure is
preserved as shown below in Fig. 13, showing the stability of
mesophase.

Moreover, even in bimetallic synthesis of metal nano-
structures, the doping of the mesophases with metal salts as

precursors does not affect the stability of hexagonal
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Fig. 13 Small angle X-ray scattering (SAXS) pattern of a Pt-doped
swollen liquid crystals (SLCs), before (black squares) and after (red
circles) vy-irradiation. Before irradiation the diffraction pattern is
characteristic of a hexagonal phase and even after irradiation, the
hexagonal structure is preserved. Reprinted with permission from ref.
58. Copyright 2007 American Chemical Society.
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arrangement of surfactant tubes as shown in Fig. 14. Small
angle X-ray scattering (SAXS) experiments showed hexagonal
symmetry in swollen liquid crystals (SLCs), with three Bragg
peaks whose position are in the ratio 1 : 3> : 2. The measured
lattice parameter d is 24.5 nm.*®

P. Fabre et al. explored the possibility of incorporating solid
particles into lyotropic liquid crystals (LLCs) and concluded that
it is possible to dope a lamellar mesophase with tiny solid
particles without disturbing the initial smectic structure.*® C.
Quilliet et al. studied the doping of the mesophase with nano-
particles suspended in cylcohexane.®*** The presence of such
particles affected the lamellar structure and the lamellar zone
shifted towards lower cosurfactant concentration with increase
in particles.®>® Interestingly, inclusion of ferrofluids in swollen
liquid crystals (SLCs) by replacing the oil phase with ferrofluids
was also studied and these swollen liquid crystals (SLCs)
showed strong magnetic anisotropy under a magnetic field.****
The behavior of the doped mesophase under magnetic field was
studied using polarizing optical microscopy. It is also possible
to trap magnetic particles up to a volume fraction of 2% inside
the non-polar medium of the surfactant cylinders. The cylinder
should be larger enough and the diameter of cylinder should be
twice the diameter of trapped particle.””

Nanoparticles of Pd, Ru, Ag, Au and Cu can be trapped inside
the hexagonal mesophases.”® Cold welding of these trapped
metal nanoparticles was explored as a method to prepare
nanostructures, as the swollen liquid crystals (SLCs) can be
heated up to 55 °C and can be cooled down to 20 °C to break and
reform their crystalline behavior.*®* The rheological behavior of
oil swollen hexagonal liquid crystals was also investigated with
small angle X-ray scattering (SAXS). The cylinders were found to
be preferentially oriented along the flow and the hexagonal
phase exhibits a polycrystalline texture at low shear regime.
However, high shear has the effect of melting the long-range
two-dimensional (2D) order of the cylinders, leading to a 2D
liquid of cylinders strongly aligned along the flow.**
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Fig. 14 Small angle X-ray scattering (SAXS) spectrum of the Pd-Au
doped hexagonal mesophase and scheme of the structure of the
mesophase. The arrows point to the three main peaks. Reprinted with
permission from ref. 59. Copyright 2009 American Chemical Society.
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A very important parameter, the co-surfactant determines
the stability and phase transition of hexagonal pattern of
swollen liquid crystals (SLCs).®® The stability and phase transi-
tion of different phases of swollen liquid crystals (SLCs) was
determined using 1-pentanol as co-surfactant. The influence of
1-pentanol on the stability of swollen liquid crystals (SLCs) can
be visualized directly and also using polarizing optical micros-
copy (POM) and small angle X-ray scattering (SAXS).®®

5. Use of swollen liquid crystals (SLCs)
as soft templates

Nanomaterials are interesting because of the novel properties
that arise due to their nanometric size. These novel optical,
electrical, electronic, mechanical and thermal properties can be
tuned by varying the size as well as shape of nanomaterials.
Hence, controlling the morphology of nanomaterials in the
nanoscale is very important. Among the plethora of methods
that are available for controlling the morphologies of nano-
materials, template assisted synthesis is more straightforward.
This is mainly because of the possibility of rational design and
synthesis of nanostructures by replicating the nanostructured
molds (templates). Porous solids such as mesoporous silica,
anodized aluminum oxide (AAO) and etched polycarbonate
membranes that have ordered porosity can be used as
templates.®® These are called ‘hard’ templates. On the other
hand micelles and lyotropic liquid crystals (LLCs) also have
ordered pores in the nanometer length scales and they can also
be used as ‘soft’ templates.®” Both hard and soft templates are
widely used for preparing various nanostructures.®®®® Soft
templates are easy and convenient to use than the hard
templates in certain aspects, especially when the pure nano-
material has to be retrieved from the template. Removal of hard
templates usually requires harsh conditions such as the use of
highly corrosive chemicals, that may even rupture the prepared
nanostructures.® On the other hand soft templates can easily be
removed by simple washing after the synthesis of nano-
structures.” In the template assisted synthesis of nano-
materials, a precursor is first entrapped in the template.
Subsequently, chemical reactions are initiated and the particle
growth occurs while it is confined within the nano-chambers of
the templates, thus leading to the formation of a replica. In
hexagonal swollen liquid crystals (SLCs), the reaction can be
performed in aqueous continuous medium which exists as
a triangular space between three adjacent surfactant cylinders
or in the oil medium within the surfactant cylinders.
Hexagonal mesophases were used widely to synthesize
different noble metal nanostructures.””* Very high concentra-
tions (up to 0.5 M) of metal salts can be entrapped in the
swollen liquid crystals (SLCs) by using them as the ionic
medium in the aqueous phase for the formation of swollen
liquid crystals (SLCs). On the other hand, oil soluble metal salts
can be dissolved in the oil phase also.”” The metal salts
entrapped in the swollen liquid crystals (SLCs) can then be
reduced to prepare the metal nanostructures. The reduction can
be performed by exposing to reducing vapours and gases such
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as hydrazine, CO and H,.”” Radiolytic reduction using vy-rays,
electron beam and UV-visible light is more widely used as the
swollen liquid crystals (SLCs) are transparent to these radia-
tions.”>”® Radiolysis is powerful method to synthesize nano-
structures and has the advantage over the chemical reduction
method in terms of homogenous nucleation and overall
growth.”

5.1. Noble metal nanostructures

A large number of noble metal nanostructures were synthesized
using swollen liquid crystals (SLCs) as templates due to their
potential applications of nanostructured noble metals in
sensing and catalysis.””

Long and thin monocrystalline palladium (Pd) nanowires
were synthesized using Pd,(DBA); as oil soluble Pd-precursor.
In a typical synthesis, cetyl trimethylammonium bromide
(CTAB) or sodium dodecyl sulphate (SDS) or cetylpyridinium
chloride (CPC) was used as surfactant, brine as aqueous phase,
Pd,(DBA); salt as metal precursor in toluene and 1-pentanol as
cosurfactant.”* Hydrazine vapors were used to reduce the metal
salts in all cases. It is interesting to note that with cetyl trime-
thylammonium bromide (CTAB) as the surfactant, Pd nano-
wires were formed while Pd nanoparticles were formed when
sodium dodecyl sulphate (SDS) or cetylpyridinium chloride
(CPC) were used a surfactants, as shown in Fig. 15.

Moreover, the morphology of Pd nanostructures could be
tuned by using CO as a reducing agent in place of hydrazine as
shown in Fig. 16. In a typical synthesis, the Pd salts such as
Pd,(DBA); or Pd(OAc), or Pd(acac), were dissolved in toluene
and this solution was used to make the swollen liquid crystals
(SLCs) with cetyl trimethylammonium bromide (CTAB) or
sodium dodecyl sulphate (SDS).” Pd nanostructures were
prepared by bubbling CO through the samples and extracted
using 2-propanol. Surfactant plays a very important role in
defining the final morphology of Pd nanostructures. When
sodium dodecyl sulphate (SDS) was used as surfactant, then
spherical Pd nanoparticles were formed, while Pd ultra-thin,
uniform and hexagonal nanosheets were formed when cetyl
trimethylammonium bromide (CTAB) was used as the surfac-
tant as shown in Fig. 17. It might be due to the preferential
adsorption of cetyl trimethylammonium bromide (CTAB) on

Fig.15 TEM images of Pd nanostructures formed by hydrazine vapour
treatment of a multicomponent hexagonal mesophase made of (a)
cetyl trimethylammonium bromide (CTAB) (b) sodium dodecyl
sulphate (SDS) and (c) cetylpyridinium chloride (CPC). Reproduced
from ref. 71 with permission from the Centre National de la Recherche
Scientifique (CNRS) and The Royal Society of Chemistry.
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Pd nanosheets

Fig. 16 Cetyl trimethylammonium bromide (CTAB)-based hexagonal
mesophases containing Pd complexes (1.5 x 10~ M in the oil phase)
before and after the reaction with CO. Reprinted with permission from
ref. 63. Copyright 2007 American Chemical Society.

one of the facets of the Pd nuclei and thus facilitating the
nanostructures to grow along other facets.”™

Metal salts were dissolved in the aqueous medium to prepare
mesophases doped with the metal ions that were reduced using
various radiolytic and photolytic methods.

5.1.1. Palladium nanostructures. Pd nanowires of tens of
nanometer length and uniform diameter were synthesized by
using cetyl trimethylammonium bromide (CTAB) as surfactant
and doping the mesophase with Pd(NH3),Cl, (0.1 M) as salt in
the aqueous medium. The transparent and birefringent
Pd(NH;),Cl, doped hexagonal mesophase was exposed to elec-
tron beam for radiolytic reduction to yield Pd nanowires.”
Swollen liquid crystals (SLCs) with different ratios of cosurfac-
tant : surfactant (Zcosurfactant : Msurfactant DEtWeen 0.78 to 0.91)
were synthesized and irradiated using electron beam. From the
TEM images (Fig. 18) it was concluded that the length of Pd
nanowires increased with the increase in the amount of cosur-
factant. The nanowires were formed due to the confinement
effect that was provided by the mesophases. This was proved
when only spherical Pd nanoparticles were formed in emulsions
containing cetyl trimethylammonium bromide (CTAB), 0.1 M
Pd(u) in water and cyclohexane (pentanol-free sample) or pen-
tanol (cyclohexane-free sample) as shown in Fig. 19.”

Interestingly, the cetyl trimethylammonium bromide (CTAB)
mesophases doped with Pd(NH3),Cl, as described above yielded

Fig. 17 TEM images of (a and b) Pd nano sheets that were prepared by
exposing the mesophases containing Pd complexes in the oil phase of
water/toluene/cetyl trimethylammonium bromide (CTAB) to CO (c)
TEM images of palladium nanoparticles prepared by the reaction of
CO with Pd,(DBA)s in sodium dodecyl sulphate (SDS)-based hexag-
onal mesophase. Reprinted with permission from ref. 70. Copyright
2007 American Chemical Society.
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Fig. 18 TEM images of palladium nanowires formed in hexagonal
mesophases using electron beam irradiation with different cosurfac-
tant : surfactant (Ncosurfactant : Nsurfactant) Molar ratio (a) 0.78 (b) 0.85 (c
and d) 0. Reprinted with permission from ref. 72. Copyright 2009
American Chemical Society.

Fig.19 TEM images of palladium nanoparticles obtained by irradiation
using ternary system containing cetyl trimethylammonium bromide
(CTAB), 0.1 M Pd in water and (a) cyclohexane (pentanol-free sample)
(b) pentanol (cyclohexane-free sample). Reprinted with permission
from ref. 72. Copyright 2009 American Chemical Society.

Pd-nanoballs when the mesophases were irradiated with vy-
radiation instead of electron beam.”®

5.1.2. Platinum nanostructures. Porous platinum nano-
structures are highly useful in catalysis and swollen liquid
crystals (SLCs) can be used to synthesize porous metal nano-
structures. Platinum nanonets (PtNNs) and platinum nanoballs
(PtNBs) as shown in Fig. 20 can be synthesized in swollen liquid
crystals (SLCs) by using radiolytic methods. Swollen liquid
crystals (SLCs) with cetyl trimethylammonium bromide (CTAB)
was doped with Pt(NH;),Cl, as metal precursor salt and irra-
diation dose of 40 kGy was used for making platinum nanonets
(PtNNs), whereas 80 kGy was used for platinum nanoballs
(PtNBs).” The synthesized nanostructures showed very good
catalytic activity for the reduction of p-nitrophenol. Pt fractals
can be synthesized in lamellar liquids crystals and porous
platinum nanoballs in the hexagonal mesophase using y-rays.*®

Porous Pt nanoballs made of connecting wires as shown in
Fig. 21 can be synthesized using radiolysis in water containing
phase of swollen liquid crystals (SLCs). Mesophase was
prepared using cetyl trimethylammonium bromide (CTAB) as
surfactant, tetraammineplatinum(u) Pt(NH;3),Cl, as metal sal-
ted medium and sample were exposed to y-irradiation.

RSC Aadv., 2017, 7, 5733-5750 | 5741
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Fig. 20 TEM and HRTEM images of (a and c) platinum nanonets
(PtNNs) and (b and d) platinum nanoballs (PtNBs) synthesized in
swollen liquid crystals (SLCs). Reprinted with permission from ref. 73.
Copyright 2013 American Chemical Society.

Fig.21 TEM images of porous platinum nanoballs made by connected
nanowires and formed after complete reduction (16 h +y-irradiation)
dose rate 3 kGy h™*. Reprinted with permission from ref. 58. Copyright
2007 American Chemical Society.

5.2. Bimetallic nanostructures

Swollen liquid crystals (SLCs) can be doped with more than one
metal salt and then chemical or radiolytic methods can be used for
making bi-metallic nanostructures. Mesophases were doped with
Pd and Pt salts by completely or partially replacing NaCl in
aqueous medium and cetyl trimethylammonium bromide (CTAB)
or cetyltrimethylammonium chloride (CTAC) or cetylpyridinium
bromide (CPBr) were used as surfactants. These mesophases were
then exposed to y-radiations (dose rate 1.85 kGy h™ ') and irradi-
ation time 5 h (9.25 kGy), 12 h (22.2 kGy), 24 h (44.4 kGy) and 48 h
(88.8 kGy) to yield bi-metallic Pt-Pd nanostructures.*
Interestingly core-shell nanostructures were formed when
mesophases simultaneously doped with Pd and Au salts were

5742 | RSC Adv., 2017, 7, 5733-5750
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exposed to y-radiation (*’Co panoramic source: dose rate 2.2
kGy h™") and dose 22 kGy and 9 kGy.* Cetyl trimethylammo-
nium bromide (CTAB) was used as surfactant, cyclohexane as
the oil phase and tetraamminepalladium(u) Pd(NH;),Cl, and
ethylenediamine gold(ur) [Au(en),|Cl; were used as metal salts.*

5.3. Oxide nanostructures

Zirconia needles can also be synthesized using swollen liquid
crystals (SLCs) in the aqueous medium after thermal treatment.””
Swollen liquid crystals (SLCs) formed of cetylpyridinium chloride
(CTPCI) doped with zirconium sulfate colloids (ZSC) were used to
synthesize the zirconia needles having length up to 2 cm.”

Zirconia micro needles as shown in Fig. 22 and 23 can be
synthesized in swollen liquid crystals (SLCs) by mixing the
proper ratio of aqueous solution of zirconium colloids
(precursor), cetylpyridinium chloride (surfactant), cyclohexane
(swelling agent) and 1-pentanol as co-surfactant. The
morphology of the Zr needles was controlled by swollen liquid
crystals (SLCs) templating.™

5.4. Polymer nanostructures and their nanocomposites

SLCs can be used as versatile soft template for the synthesis of
different polymer nanostructures. Different nanostuctures like
open vesicles and spindles as shown in Fig. 24 of poly(3,4-
ethylenedioxythiophene) (PEDOT) were synthesized using
swollen liquid crystals (SLCs).>* 3,4-Ethylenedioxythiophene

Fig. 22 Photographs (A and B) of the reaction vessel containing Zr
needles. Reprinted with permission from ref. 78. Copyright 2004
American Chemical Society.

Fig. 23 SEM images of Zr needles (a) and close view of cross section
(b). Reprinted with permission from ref. 78. Copyright 2004 American
Chemical Society.
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Fig. 24 (a) Hexagonal mesophases doped with 3,4-ethyl-
enedioxythiophene (EDOT) monomer. (b) Schematic representation of
chemical oxidative polymerization of 3,4-ethylenedioxythiophene
(EDOT) using FeCls as chemical oxidant. (c) Absorption spectrum of
ethanolic solution of poly(3,4-ethylenedioxythiophene) (PEDOT)
nanospindles. Inset: photograph of doped swollen hexagonal phases
synthesized in presence of 0.3 M NaCl. (i) Transparent gel before
polymerization and (ii) dark blue gel after polymerization by FeCls. (d)
Transmission electron micrograph (TEM) of poly(3,4-ethyl-
enedioxythiophene) (PEDOT) nanospindles synthesized in presence of
0.3 M NaCl. (e) TEM image of poly(3,4-ethylenedioxythiophene)
(PEDOT) vesicles synthesized in presence of 0.1 M NaCl. (f) Typical AFM
topographic image of poly(3,4-ethylenedioxythiophene) (PEDOT)
nanospindles extracted from mesophases and deposited onto ZnSe
substrate. (g) The corresponding 3D AFM image of poly(3,4-ethyl-
enedioxythiophene) (PEDOT) nanostructures. Reprinted by permission
from Macmillan Publishers Ltd: Scientific Reports,” copyright (2015).

(EDOT) monomer was entrapped in the oil phase whereas FeCl
(oxidant) was entrapped in the aqueous phase.

Polypyrrole (PPy) nanoparticles were prepared using lamellar
mesophases by the reaction between mesophase (A) containing
pyrrole and mesophase (B) containing ammonium perox-
ydisulfate.* The mesophases were poured over each other and
the reaction occurred by natural diffusion leading to the
formation of polypyrrole (PPy) nanoparticles as shown in
Fig. 25. Spherical nanoparticles of polypyrrole were formed and
these were deposited in the form of a film using spin coating
and then used as substrate for the deposition of ZnO
nanostructures.®

Fig. 25 Synthesis of polypyrrole (PPy) nanoparticles in lamellar
swollen liquid crystals (a) using swollen liquid crystals (SLCs) containing
the pyrrole (A) and the swollen liquid crystals (SLCs) containing
ammonium peroxydisulfate (B); (b) product at end of reaction (top) and
polypyrrole (PPy) nanoparticles obtained after extraction (bottom).
Reprinted with permission from ref. 80. Copyright 2010 American
Chemical Society.
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Different polyaniline nanostructures (PANI-NS) can also be
synthesized using aniline or aniline hydrochloride monomer
trapped in oil phase or in aqueous phase respectively of swollen
liquid crystals (SLCs). The trapped monomer were oxidized
using ammonium persulphate as oxidant under different mix-
ing (M) and diffusion (D) conditions. Different ways of poly-
merization lead to the formation of spherical and one
dimensional polyaniline nanostructures (PANI-NS) as shown in
Fig. 26 and 27.77%"

Bulk PANI

d=PANI-D-§
a= PANI-M-5 e=PANI-D-10
b= PANI-M-10 f= PANI-D-20

¢=PANI-M-20

Fig. 26 FESEM images of bulk-polyaniline (PANI) (prepared without
swollen liquid crystals (SLCs)) and nanostructured-PANI samples M =
mixed, D = diffusion conditions, 5, 10, 20 is the aniline/cyclohexane
(volume/volume ratio) in oil phase of swollen liquid crystals (SLCs).””
Reproduced with permission from Wiley-VCH.

Fig. 27 FESEM images of polyaniline nanostructures (PANI-NS)
prepared under different conditions using aniline hydrochloride
monomer in aqueous phase of swollen liquid crystals (SLCs) [C = cetyl
trimethylammonium bromide (CTAB), S = sodium dodecyl sulphate
(SDS) as surfactants]. Reproduced from ref. 81 with permission from
Elsevier.
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The possible proposed mechanism for different polyaniline
nanostructures (PANI-NS) formations is given Fig. 28. It is
demonstrated that under mixed conditions, 0-D polyaniline
(PANT) nanostructures were formed due to fast rate of poly-
merization and on the other hand, under diffusion conditions,
1-D polyaniline (PANI) nanostructures were formed due to slow
rate of polymerization.

' Extraction

APS with vortex ' Purification

mixing (M)

Cyclohdgane + Aniline

0.1M Nacl

APS with natural
diffusion (D)

Extraction \
1-D PANT

nanostrucrures

@ 1-Pentanol

@ Aniline

Fig. 28 Proposed mechanism for the formation of 0-D and 1-D
polyaniline (PANI) nanostructures in swollen liquid crystals (SLCs).””
Reproduced with permission from Wiley-VCH.

500nm
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Fig. 29 FESEM images of PANI-Pt nanocomposites (a and b) AN—Pt—
M, (c and d) AN—-Pt-D (e and f) AN-HCL-Pt—M and (g and h) AN-HCl-
Pt—D. Reproduced from ref. 52 with permission from Elsevier.
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The aniline (AN) or aniline hydrochloride (AN-HCI) mono-
mer in oil phase or aqueous phase respectively of swollen liquid
crystals (SLCs) can also be polymerized using hydrogen hexa-
chloroplatinate (H,PtCls- 6H,0) metal salt as oxidizing agent for

Fig. 30 TEM images of poly(diphenylbutadyine) (PDPB) nano-
structures prepared using UV irritation in mesophases with (a and b) ¢
(swelling ratio), volume ratio of oil over water (v/v) = 2.21 and C; (total
salt concentration) = 0.3 M NaCl, (cand d) ¢ = 098 and C; =01 M
NaCl, (e and f) ¢ = 0.72 and Cs = 0 M NaCl. Reproduced from ref. 82
with permission from the Centre National de la Recherche Scientifique
(CNRS) and The Royal Society of Chemistry.

Fig. 31 Photographs of (a) mesophase containing aniline, (b) meso-
phase containing gold chloride, (c) mesophases at the time of mixing,
(d) mesophases after 1 h reaction and (e) mesophases after 72 h
showing the completion of reaction. Reproduced from ref. 83 with
permission from the Centre National de la Recherche Scientifique
(CNRS) and The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2017
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Fig. 32 TEM images of gold.ere—polyanilinegne cOMposite nanowires
synthesized using swollen liquid crystals (SLCs) (a) long nanowire and
some nanoparticles, (b) high resolution image of portion of (a) where
the polyaniline (PANI) shell is clearly visible, (c) end of a nanowire and
(d) the selected area electron diffraction (SAED) pattern. Reproduced
from ref. 83 with permission from the Centre National de la Recherche
Scientifique (CNRS) and The Royal Society of Chemistry.

polyaniline (PANI)-Pt nanocomposites synthesis.”* The synthe-
sized polyaniline (PANI)-Pt nanostructures were characterized
using SEM as shown in Fig. 29 and have spherical or wire like
morphology that depends upon the way of mixing (M) or
diffusion (D) of the monomer with metal salt as oxidant, both
confined in swollen liquid crystals (SLCs).

The diameter of the synthesized polymer nanostructures can
also be controlled by using monomer doped swollen liquid
crystals (SLCs) nanotubes with different swelling ratio (oil/water
ratio) as shown in Fig. 30. Cyclohexane containing 1,4-diphe-
nylbutadyine as monomer and benzoin methyl ether (BME) as
catalyst was trapped in oil phase of swollen liquid crystals
(SLCs) and polymerized using UV or y-rays at different swelling
ratios (in radiolytic synthesis no initiator was used). The
diameter of the poly(diphenylbutadyine) (PDPB) nanostructures
can be varied from 5 to 25 nm and is directly determined by the
diameter of the oil tube of the doped mesophases.*
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Gold.ore—polyanilineg,e; composite nanowires with unique
morphology were also synthesized using swollen liquid crystals
(SLCs).** The aniline monomer containing mesophase was
poured over gold chloride containing mesophase and the reac-
tion was allowed to start under slow diffusion as shown in Fig. 31.

Goldore—polyanilineg,e;; composite nanowires with unique
morphology with polyaniline masked gold nanowires were
synthesized as shown in Fig. 32.

6. Application of the nanostructured
materials synthesized using swollen
liquid crystals (SLCs)

The different nanostructured materials synthesized using
swollen liquid crystals (SLCs) find it better application in

different areas such as in sensing, electrocatalysis, photo-
catalysis, etc. as discussed in detail below.

6.1. Alcohol electro oxidation

Pd nanoplates synthesized using swollen liquid crystals (SLCs)
in solution by slow reduction via radiolysis supported with poly

1 (pAlcm?)
&

1 (pAjem’)

4000 200 600 400 200 O 20 400 600 50 10 100 200 2500 300 3500

E/mV vs. HgHgO t(s)

Fig. 33 (a) Superposition of the first (black solid line curve) and the 200"
(red solid line curve) cyclic voltammetric runs associated with the elec-
trocatalytic oxidation of 1 M EtOH in 1 M KOH with continuous cycling of
the electrode potential. The working electrode was a glassy carbon disk
modified with the bimetallic Pd—Aumeso Nanostructures synthesized in
the mesophase. The reference electrode was an Hg/HgO (1 M KOH)
electrode. The scan rate was 50 mV s~* (b) chronoamperometric curves
for ethanol electrooxidation at —0.3 V vs. Hg/HgO on a glassy carbon
electrode modified with bimetallic Pd—Aumeso Nanostructures synthe-
sized in a hexagonal mesophase (black curve) or Pd nanoballs (red curve).
The solution was 1 M KOH + 1 M ethanol. The Pd nanoballs synthesized
using swollen liquid crystals (SLCs) also exhibited better electro catalytic
activity for ethanol oxidation in 1 M KOH. Reprinted with permission from
ref. 59. Copyright 2009 American Chemical Society.

Table 1 Comparison of the electrochemical performance of Pd nanostructured catalysts for the oxidation of ethanol: Pd nanoplates, Pd
nanowires and Pd nanoballs reproduced from ref. 84 with permission from Elsevier

Ep¢ (potentials
corresponding

Jpt (forward anodic Jptlipn(backward  Egpgee Onset potentials to the maxima Epp, (backward
Materials peak current density) peak current of the faradaic of the forward peak)  peak currents)
(after 50 cycles) [Acm™? (mg ' of Pd)]  density) current (V vs. Hg/HgO)  (V vs. Hg/HgO) (Vvs. Hg/HgO)  Ref.
Pd nanoplates + PDPB 4.5 1.95 —0.570 —-0.174 —0.297 84
nanofibers
Pd nanowires + Nafion = 2 1 —0.664 —0.166 —0.278 72
Pd nanoballs + Nafion 0.12 1.17 —0.550 —0.151 —0.296 76
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diphenylbutadiyne (PDPB) nanofibers exhibit highly active,
stable catalysis for the ethanol oxidation.** The nanocomposites
showed excellent catalytic activity in direct alcohol oxidation
due to its high surface area, better conductivity and mass
transport. The nanocomposites was synthesized using swollen
liquid crystals (SLCs) containing 1,4-diphenylbutadiyne (DPB)
as monomer and PdII(acac), as metal precursors source and the
electro catalyst showed better electro catalytic activity.
Comparison is made among other Pd nanostructures as in
Table 1. It's shown that the Pd nanoplates synthesized using
SLCs showed better electrocatalytic activity among other Pd
nanostructures such as Pd nanowires, Pd nanoballs.®* Hence
conducting polymers supported Pd nanostructures synthesized
using swollen liquid crystals (SLCs) acts as better electrocatalyst
for fuel cells applications.

Bimetallic nanostructures have often better performance in
sensing, catalysis, electrolysis and storage application than
monometallic nanostructures.®**” Bimetallic Pdgpe—AUcore
nanostructures were also synthesized in soft template confine-
ment provided by the cetyl trimethylammonium bromide

1.00

0.75

Absorbance

0.50

Absorbance

0.00

0 400
Wavelength (nm)

500

Wavelength(nm)

Fig. 34 (a) Time dependent UV-vis spectra at different reaction times
for the electron transfer reaction between hexacyanoferrate(n) and
sodium thiosulfate in the presence of platinum nanoballs (PtNBs) (b)
UV-vis absorption spectra at different time intervals indicate the
disappearance of the peak of p-nitrophenolate anion at 400 nm due to
the reduction of p-nitrophenol (PNP) to p-aminophenol (PAP) by
NaBH, in the presence of platinum nanonets (PtNNs). Reprinted with
permission from ref. 73. Copyright 2013 American Chemical Society.
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(CTAB) surfactant using radiolytic method for synthesis. The
synthesized nanostructures showed application in fuel cells
with very good electrochemical activity and stability as shown in
Fig. 33.%

In comparison, the I; (forward current)/I;, (backward current)
ratio seems to be better 1.05 obtained with Pd-Au,,es, nano-
structures Pd@Au/C nanostructures (0.69).** Hence the Pd-
Auy,50 Nanostructures synthesized using swollen liquid crystals
(SLCs) shows better performance for ethanol electrooxidation.

6.2. Pollutant degradation

Catalytic activity of metal nanostructures synthesized using
swollen liquid crystals (SLCs) were also explored for pollutant
degradation. Platinum nanonets (PtNNs) and platinum nano-
balls (PtNBs) were synthesized in swollen liquid crystals (SLCs)
using radiolysis.” In their typical synthesis swollen liquid
crystals (SLCs) were doped with Pt(NHj3),Cl,. Swollen liquid
crystals (SLCs) containing Pt salt was exposed with y-rays and
dose rate was 40 kGy for platinum nanonets (PtNNs) and 80 kGy
for platinum nanoballs (PtNBs). The synthesized Pt nano-
structures were studied for their catalytic degradation to hex-
acyanoferrate(Ill) and p-nitrophenol (PNP) as shown in Fig. 34.

Pd nanowires synthesized using swollen liquid crystals
(SLCs) as soft template also exhibited better catalytic activity for
p-nitrophenol reduction among others as shown in comparison
Table 2.*

Gold.ore—polyanilineg;; composite nanowires were also re-
ported first time in the literature.® In typical synthesis of this
unique nanocomposites the aniline monomer was trapped
inside the swollen liquid crystals (SLCs) and on other hand,
gold chloride metal salt as precursor was also trapped inside the
swollen liquid crystals (SLCs) in different Pyrex glass tubes.
After swollen liquid crystals (SLCs) synthesis, the both phases
were allowed for slow diffusion over each other and due to
polymerization, gold...—polyanilineg,;; was synthesized. The
synthesized nanocomposites showed better performance for
dye degradation applications as shown in Table 3 and Fig. 35.

Table 2 Comparison of apparent rate constants for 4-nitrophenol reduction with different reported catalyst systems. Reproduced from ref. 89

with permission from Elsevier

Average 4-NP concentration Number of moles Apparent rate Normalized rate
Catalyst/support size (nm) (mM) of catalyst constant (k) (s constant® (s ') Ref.
Pd-PEDOT/PSS 24 0.001 1.879 x 107° 65.8 x 10° 0.035 x 10> 93
Microgel-Pd 3.8 0.1 1.879 x 10°° 1.5 x 1073 0.79 x 10” 94
SPB-Pd 2.4 0.1 2.819 x 107 4.41 x 103 15.63 x 10> 95
PAMAM-Pd 1.6 0.3 9.96 x 107° 3.59 x 10° 0.001 x 10* 96
PPI-Pd 2 0.3 1.97 x 10° 407 x 1073 0.61 x 10? 96
Ag@Pd/Fe;0, 16.9 + 1.3 0.15 1.78 x 107° 33 x10°° 2.77 x 10% 97
PPy/TiO,/Pd 2 0.1 1.64 x 1072 1.22 x 107° 7.4 x 1077 98
SBA-15/Pd 8 0.001 1.87 x 102 24 x 1073 1.2 x 10 99
CeO,/Pd 3-5 0.07 2.34 x 1074 8x 107 0.02 x 10? 100
Protein/Pd 2.85 + 0.5 0.1 4.69 x 10° 48 x 1073 0.10 x 10% 101
Pd cluster 4-5 0.2 1.56 x 10° 0.133 x 10? 1.69 x 102 102
Al,O5/Pd 6+0.5 0.1 1.87 x 103 111 x 1073 0.05 x 10% 103
Pd nanowires 54 0.9 1.6 4.69 x 107° 45.9 x 10° 15.63 x 10> 89

“ Rate constant per moles of catalyst available per mM of 4-NP.
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Table 3 A comparison of catalytic activities of different catalysts that are reported in literature with the goldcore—polyanilineshey cOmMposite
nanowires for the chemical reduction of MB and RhB [reproduced from ref. 83 with permission from the Centre National de la Recherche

Scientifique (CNRS) and The Royal Society of Chemistry]

CatalySt Tcompletion RhB/min Tcompletion MB/min Ref.
Au-loaded Fe;0,@C composite 10 103
microspheres

Ag nanoparticles on silica spheres 7.5 104
Fe;0,@PANI@Au nanocomposites 18 105
Au-PANI nanocomposite 15 106
Au,ore—PANIp; Nanocomposite 6 5 83

Absorbance (a.u)
Absorbance (au)

400 450 500 550 600 650 700 TS0 800
Wavelength (nm)

Wavelengtn (nm)

Fig. 35 Time dependent UV-visible spectra of rhodamine B (RhB) and
methylene blue (MB) showing the progress of dye reduction by NaBH4
nanocomposite in presence of goldcore—polyanilinegney nNano-
composites recorded at 1 min intervals. Reproduced from ref. 83 with
permission from the Centre National de la Recherche Scientifique
(CNRS) and The Royal Society of Chemistry.

6.3. Coupling reactions

Palladium nanowires synthesized using swollen liquid crystals
(SLCs) as structure directing template were shown better cata-
lytic activity in carbon-carbon (C-C) coupling organic reac-
tions.** The synthesized Pd nanowires using swollen liquid
crystals (SLCs) were used as catalysts in Suzuki-Miyaura
coupling reactions and showed better performance among
others as shown in Table 4. The progress of the reaction was
initially monitored using TLC and the final extracted product
was studied using NMR technique.

6.4. Glucose bio sensing

Spherical and one dimensional polyaniline (PANI) nano-
structures were synthesized using swollen liquid crystals (SLCs)
as soft templates.”” The glucose biosensing applications of the
synthesized nanostructures were studied and the polyaniline
(PANI) nanostructures showed better sensing property than
bulk polyaniline (PANI) (prepared without any template) as
shown in Fig. 36.

6.5. Photocatalysis

One-dimensional poly(diphenylbutadiyne) nanostructures were
synthesized by photopolymerization using swollen liquid crys-
tals (SLCs) as soft templating confinement. The synthesized
nanostructures have high photocatalytic activity under visible
light without the assistance of sacrificial reagents or precious
metal co-catalysts as shown in Fig. 37.”

Poly(3,4-ethylenedioxythiophene) (PEDOT) nanostructures
synthesized in swollen liquid crystals (SLCs) as soft templates
via chemical oxidative polymerization showed better photo-
catalytic activities than TiO, as shown in Fig. 38.” The poly(3,4-
ethylenedioxythiophene) (PEDOT) nanostructures were synthe-
sized by trapping the 3,4-ethylenedioxythiophene (EDOT)
monomer inside the mesophase and FeCl; was used as oxidant
for polymerization.”

Moreover, the photo catalytic activity of poly(3,4-ethyl-
enedioxythiophene) (PEDOT) nanospindles synthesized using

Table 4 Comparison of reaction yields for Suzuki—Miyaura coupling reactions with different reported Pd based catalysts reproduced from ref.

89 with permission from Elsevier

Average Yield Reaction  Catalyst
Catalyst/support Base size (nm) (%) Temperature/°C  (Solvent) time/h conc./mol% Ref.
PVP stabilized Pd Na;PO, 3-4 92 Reflux 40% EtOH aqueous 12 h 0.3 mol% pd 107
nanoparticles solution
Polyaniline/Pd K;PO, 4-6 85 100 °C 1,4-Dioxane 15h 1.0 mol% 108
nanocomposites
Polyaniline/Pd K,CO; 3.1+09 86 90 °C H,0 4h 0.01 mol% 109
nanocomposites PANI-Pd
Microgel supported Pd  K,COj3 11.6 £ 2.1 98 90 °C H,0 1h 0.1 mol% Pd 110
nanoparticles
Pd nanowires Sodium 5 (diameter) 99 RT H,0 24 h 6.5mol% Pd 111

t-butoxide

Hollow Pd spheres K;PO, 300 99 78 °C reflux EtOH 3h 3 mol% Pd 112
Pd nanorods K;PO, 20 (diameter) 92 85 °C reflux EtOH : H,O (4: 1) 4h 1.6 mol% 113
Pd nanowires K,CO; 3-8 (diameter) 80 90 °C Toluene 9h 0.01 mol% 89

This journal is © The Royal Society of Chemistry 2017
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Fig. 36 (a) Chronoamperometric response of polyaniline (PANI)
nanostructures synthesized using swollen liquid crystals (SLCs) and
bulk polyaniline (PANI) with varying concentration of glucose in PBS
buffer (pH = 7.2) (b) calibration curves corresponding to the chro-
noamperometric glucose detection. Adapted with permission from
ref. 90, copyright 2015, Biointerface Research in Applied Chemistry.
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Fig. 37 (a—d) Photocatalytic degradation of methyl orange (a and b)

and phenol (c and d) in the presence of commercial P25 TiO,, Ag-TiO,
and the synthesized bulk poly(diphenylbutadyine) (PDPB) and nano
poly(diphenylbutadyine) (PDPB). (a and c) Degradation carried out
under visible light (>450 nm). (b and d) Degradation carried out under
ultraviolet light. The concentrations of nano poly(diphenylbutadyine)
(PDPB), bulk poly(diphenylbutadyine) (PDPB), Ag—TiO, and TiO, in
water were 1 mg mL™ Initial concentrations Co were 6 x 107> mol L™*
for methyl orange (MO) and 3.7 x 10~ mol L~* for phenol. The legend
in figure (a) applies to all panels. Reprinted by permission from Mac-
millan Publishers Ltd: Nature Materials,** copyright (2015).

SLCs is much better than bulk poly(3,4-ethylenedioxythiophene)
(PEDOT) and poly(diphenylbutadyine) (PDPB) nanofibers.*>

7. Future directions and prospectives

Here, we have summarized the synthesis of different nano-
structures using swollen liquid crystals (SLCs). Swollen liquid
crystals (SLCs) acts as an efficient and versatile template for the
synthesis of nanomaterials. The stability of swollen liquid
crystals (SLCs) depends upon the chemical nature of the trap-
ped components inside the nano channels, pH, temperature etc.
It is also shown that using swollen liquid crystals (SLCs),
different types of nanostructures can be synthesized due to
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Fig. 38 Photocatalytic degradation of (a and b) phenol and (c and d)
methyl orange (MO) in the presence of commercial P25 TiO, and Ag—
TiO,, poly(diphenylbutadyine) (PDPB) nanofibers and the synthesized
poly(3,4-ethylenedioxythiophene) (PEDOT) vesicles and poly(3,4-ethyl-
enedioxythiophene) (PEDOT) nanospindles under UV (a and c) and visible
light (>450 nm) (b and d) irradiation. The concentrations of poly
(diphenylbutadyine) (PDPB) nanofibers, poly(3,4-ethylenedioxythiophene)
(PEDOT) vesicles, poly(3,4-ethylenedioxythiophene) (PEDOT) nano-
spindles, Ag—TiO, and TiO, in water were 1 mg mL™. Initial concentra-
tions Co were 3.7 x 10~° mol L™ for phenol and 6 x 10~> mol L™ for
methyl orange (MO). Reprinted by permission from Macmillan Publishers
Ltd: Scientific Reports,” copyright (2015).

change of experimental parameters during swollen liquid crys-
tals (SLCs) preparation. Hence, swollen liquid crystals (SLCs) as
nano channels can be used as reacting media to perform
different kind of reactions inside these channels. Nano-
structures synthesis can also be done inside these nano chan-
nels. Swollen liquid crystals (SLCs) can be used for the synthesis
of porous, zero dimensional, one dimensional nanostructures
with tunable properties. These synthesized nanostructures have
different applications such as in catalysis, electrocatalysis,
sensing, fuel cells etc. The swollen liquid crystals (SLCs) will
open up a new area of research because the reactions can be
performed in aqueous phase or organic phase or potentially in
both phases or eventually at the interface between the two
phases. This should lead to the control of the morphology and
then to the optimization of the properties of the as-synthesized
nanomaterials.
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