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ABSTRACT Revolutionary developments in the fabrica-
tion of nanosized particles have created enormous expec-

tations in the last few years for the use of such materials in
areas such as medical diagnostics and drug-delivery, and in
high-tech devices. By its very nature, nanotechnology is of

immense academic and industrial interest as it involves the
creation and exploitation of materials with structural fea-
tures in between those of atoms and bulk materials, with at
least one dimension limited to between 1 and 100 nm. Most

importantly, the properties of materials with nanometric
dimensions are, in most instances, significantly different
from those of atoms or bulk materials. Research efforts

geared towards new synthetic procedures for shape and
size-uniform nanoscale building blocks as well as efficient
self-assembly protocols for manipulation of these building

blocks into functional materials has created enormous
excitement in the field of liquid crystal research. Liquid
crystals (LCs) by their very nature are suitable candidates
for matrix-guided synthesis and self-assembly of nanoscale

materials, since the liquid crystalline state combines order
and mobility at the molecular (nanoscale) level. Based on
selected relevant examples, this review attempts to give a

short overview of current research efforts in LC-nano-
science. The areas addressed in this review include the
synthesis of nanomaterials using LCs as templates, the de-

sign of LC nanomaterials, self-assembly of nanomaterials
using LC phases, defect formation in LC-nanoparticle
suspensions, and potential applications. Despite the seem-

ing diversity of these research topics, this review will make
an effort to establish logical links between these different
research areas.

KEY WORDS: defects; liquid crystal; liquid crystals; nano-
chemistry; nanoclusters; nanomaterials; nanoparticles; self-

assembly; self-organization; template synthesis

1. INTRODUCTION

In recent years, revolutionary developments in
the fabrication of nanomaterials have created enor-
mous expectations for the application of such mate-
rials in high-tech and medical devices. By its very

nature, nanotechnology is of immense academic and
industrial interest as it involves the creation and
exploitation of materials with structural features
between those of atoms and bulk materials with at
least one dimension limited to between 1 and 100 nm
[1–3]. Viewed as the driving force for nanotechnology
research, the properties of materials with nanometric
dimensions significantly differ from those of atoms or
bulk materials. Suitable control of the properties of
nanometer-scale structures will enable new science as
well as new products, devices, and technologies. One
of the central challenges of nanotechnology today is
to discover new methods for reliably assembling
nanoscale building blocks into functional bulk mate-
rials. A focus of current research worldwide is to
design nanomaterials that are able to self-assemble
into larger, organized structures [4–6].

Liquid crystalline materials appear as perfect
candidates for the synthesis and self-assembly of
nanoscale materials as the liquid crystalline state
combines order and mobility at the molecular,
nanoscale level. Composed of anisotropic molecules,
liquid crystals respond to external fields and interact
with surfaces, thus influencing their structure and
properties [7]. Liquid crystals have gained acceptance
in many scientific communities. The concepts of
orientational order and collective molecular motion
are recognized in bioscience, serving as model systems
for cell membranes and muscles. In addition, liquid
crystals have found widespread use in information
displays, as sensors, drug delivery vehicles, in flexible
displays, in photonic band gap structures, as well as
in optical elements such as controllable lenses and
lasing [8, 9]. Liquid crystal science and technology is
crossing the boundaries of many fundamental scien-
tific disciplines, and has already made very important
contributions to nanoscience and nanotechnology.

At first, to familiarize the reader with the liquid
crystalline state, we start with a crude classification
of liquid crystal materials into solvent-dependent and
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solvent-less liquid crystal phase with some emphasis
on the driving forces for liquid crystal phase
formation such as self-assembly (self-organization),
attractive interactions and micro-segregation of
incompatible molecular segments [7].

For many materials (pure compounds or mix-
tures) liquid crystalline phases (also termed meso-
phases) are observed in a multi-step process at the
transition from the highly ordered crystalline state
with long range orientational and positional ordering
to the disordered liquid state (or vice versa) via the
formation of one or more intermediate phases. In
these phases, the order of the crystalline state is
partially lost, and the constituent molecules, aggre-
gates, or particles possess some degree of mobility
(i.e. translational, rotational, and/or conformational
freedom) [10]. These liquid crystalline (LC) phases
can occur in pure materials or mixtures in the absence
of a solvent depending solely on the temperature
(thermotropic LC phases) [11–13] or in multi-com-
ponent systems in the presence of a solvent depending
on the temperature and the composition (lyotropic
LC phases).

Traditionally, substances or materials capable of
forming LC phases (mesogens) were divided into two
classical categories: (i) non-amphiphilic anisometric
mesogens most commonly displaying exclusively
thermotropic LC phases, and (ii) amphiphilic meso-
gens which usually show lyotropic LC phases [12, 14].
A third category termed amphotropic LCs would
cover all those LC materials capable of forming both
lyotropic as well as thermotropic LC phases (Fig. 1)
[11]. Both anisometric and amphiphilic mesogens
have been successfully integrated into main-chain and
side-chain LC polymers [15–17], attached to (or
incorporated into) dendritic cores [18, 19], or were
amalgamated in many unique ways by combining
anisometric mesogenic units with amphiphilic moie-
ties contributing to an increasingly diminishing
boundary between lyotropic and thermotropic LC
behaviour [11, 13, 20]. For both types, regardless of
the molecular shape and structure of the constituent
entities, LC phases can be classified using elements of
symmetry and the degree of long-range ordering.
Although quite a number of LC phases exist that are
unique to each of the classical types of lyotropic and
thermotropic LC materials (as can be seen in Figs. 2
and 3), it seems useful to introduce them together
depending on the degree of positional and orienta-
tional ordering [21], molecular shape, or interface
curvature. Whereas mesophase formation in lyotrop-
ic liquid crystals is driven by the segregation of

hydrophobic or hydrophilic regions (hydrophobic
effect) of an amphiphilic molecule from a solvent,
mesophase formation in thermotropic liquid crystals
is driven by the segregation of chemically incompat-
ible subunits from one another, such as the segrega-
tion of rigid aromatic cores from flexible alkyl tails
within a molecule.

In the nematic phase, the least ordered LC
phase, the constituents solely possess orientational
ordering and no positional ordering. As can be seen
in Fig. 2, unidirectional alignment of the molecules
results in a purely orientational ordered structure
[11]. The nematic phase generally results when the
volume fraction of an incompatible core unit far
exceeds that of the incompatible wings, and may
result for both rod- and disk-shaped molecules. In
this phase the molecules, aggregates, or particles are
aligned (on the time-average) along a common
direction, also termed the director n. The director is
oriented either parallel to the long molecular axis for
rod-like molecules or particles (N, uniaxial nematic
phase), parallel to the column axis for columnar
aggregates formed by amphiphilic (i.e. rod-like
micelles) or disk-like molecules (NCol, columnar
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Fig. 1. Typical examples (and molecular shapes) of the main types

of molecules forming LC phases.
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nematic phase), or parallel to the short molecular axis
for disk-like aggregates of amphiphiles (i.e. plate-like
micelles), molecules, or particles (ND, discotic nema-
tic phase) [22]. The chiral version of the nematic
phase, the chiral nematic or cholesteric phase (N* –
the asterisk indicating chirality of the phase) is
characterized by a continuous helical distortion
(helical twist) of the director n along the long
molecular axis. Because of its response to applied
electric fields and surfaces, the N* phase is used in a
variety of technological applications such as flat
panel liquid crystal displays (LCDs, e.g. twisted
nematic and super-twisted nematic displays) and
temperature sensing, using an effect called selective
reflection of light that is operational at wavelengths
commensurate with the helical pitch of the N* phase
[23].

The most prominent LC phases with positional
ordering are smectic (Sm), columnar (Col), and cubic
(Cub) phases. Elongated rod-like (calamitic) mole-
cules or particles (also described as spherocylinders)

commonly form smectic (or lamellar) phases with
layer ordering. In the absence of additional positional
ordering within the layers [24], the two most impor-
tant smectic modifications [25] are the smectic-A
phase (SmA), in which the long molecular axes of the
molecules are (on the time average) aligned orthog-
onal to the layer planes, and the smectic-C phase
(SmC), in which the molecules are tilted with respect
to the layer normal [26]. The chiral versions of both
phases (SmA*, SmC*) are formed by chiral mesogens
or by doping the non-chiral phase with an appropri-
ate chiral dopant, and are both widely used in electro-
optic devices due to their unique response to applied
electric fields (the electroclinic effect in the SmA*
phase [27–30], and surface-stabilized ferroelectric
switching in the SmC* phase [31–34]). Rod-like
molecules (predominantly polycatenar molecules)
have also been reported to form columnar phases
(Colr, Colob), in which the smectic layers collapse into
ribbons that organize in a rectangular or an oblique
2-D lattice. These molecules may also form bicontin-
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Fig. 2. Presentation of the main types of nematic and positional ordered thermotropic LC phases formed by rod-like, disk-like, polycatenar

and amphiphilic molecules. Abbreviations: Nu = uniaxial nematic phase, ND = discotic nematic phase, NCol = columnar nematic phase,

La = lamellar or smectic-A phase, SmA = smectic-A phase, SmC = smectic-C phase, SmCaPa = anticlinic antiferroelectric polar smectic-

C phase, Colr = rectangular columnar phase, Colob = oblique columnar phase, Colh = hexagonal columnar phase, CubV = bicontinuous

cubic phase, CubI = micellar cubic phase (space groups are in italics).
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uous cubic phases with a different symmetry or space
group (Ia3d, Im3m).

Another interesting group of chiral LC phases
arises from frustration either of space filling in three
dimensions with a double twist structure, which can
not fill space completely, resulting in the formation of
defects that stabilize the structure, or the competition
between layer packing and the need of chiral mole-
cules to form a helical structure due to chiral packing
requirements. This group of LC phases, commonly
referred to as ‘‘frustrated phases’’, includes the
nematic-type blue phases (BPI, BPII, and BPIII or
‘‘fog’’ phase), smectic blue phases (BPSmI, and
BPSmII), as well as twisted grain boundary phases
(TGBA*, and TGBC*). Since a discussion of these
complex frustrated phases is far out of the scope of
this review, the reader is referred to a leading article
by Goodby [35].

Discotic or disk-like molecules, as one would
anticipate, prefer forming columnar phases in which
the disk-like molecules, aggregates, or particles pack
to form columns that can organize into arrays with a
different symmetry such as hexagonal (Colh), rectan-
gular (Colr), oblique (Colob), or tetragonal (Coltet)
[36, 37].

In addition to the aforementioned conventional
mesogens (rod or disk-like), recent research efforts
in the LC field have increasingly focused on so-
called non-conventional LCs or mesogens that are
neither purely rod nor disk-shaped. Such non-
conventional mesogens can give rise to unique
transitions between different phase morphologies,
for example from a lamellar to a columnar molec-
ular packing. Owing to their unusual shape, struc-
ture, and connectivity of incompatible molecular
segments, micro-segregation of incompatible molec-
ular subunits and space filling effects are commonly
discussed as the main driving forces for LC phase
formation. Beautifully reviewed by Tschierske [12]
non-conventional LCs include, but are not limited
to, cyclic and open-chain oligoamides [12], polyether
macrocycles [38], several types of metallomesogens
(metal-containing LCs) [39–41], low-aspect ratio
LCs with tetrahedral [42] or octahedral cores [43],
polyhydroxy and taper-shaped amphiphiles [44],
laterally substituted calamitics [45], dendrimers
[18], polyfluorinated LCs [46], oligosiloxanes [47],
and bent-core (banana-shaped) LCs.

Bent-core LCs [48–50] in particular have
received enormous attention over the past decade or
so owing to the unique effects resulting from the
sterically induced packing of the bent-core mesogens,

such as the formation of helical (chiral) super-
structures in the B7 phase [51], as well as the
formation of chiral layer structures without the
necessity of chiral mesogens such as the formation
of a conglomerate in a fluid as observed for the first
time by Clark and Walba et al. in polar smectic-C
phases, SmCP [52] (B2 family with two conglomer-
ates and two macroscopic racemates – as an example
see the anticlinic antiferroelectric polar smectic-C
phase, SmCaPa at the bottom of Fig. 2).

Amphiphilic molecules such as surfactants and
lipids can form a wide variety of LC phases in the
pure state [11] (thermotropic phases, see above). In
addition, their mesomorphic properties can be influ-
enced by the addition of solvents (protic and aprotic)
leading to the formation of lyotropic LC phases [53].
For example, amphiphiles will form micellar struc-
tures in aqueous solution once a certain concentra-
tion, termed the critical micelle concentration (cmc),
has been reached. The insoluble hydrophobic por-
tions will segregate from the soluble hydrophilic
portions. Both the molecular shape of the amphi-
philic molecule and the amphiphile/water ratio will
determine the packing geometry of the hydrophilic
and hydrophobic portions of the molecule (interface
curvature of the incompatible hydrophilic and hydro-
phobic counterparts of the amphiphile), and as a
result will determine the type of the LLC phase that is
formed (see Fig. 3) [14].

When the amphiphile/water ratio is low such as
found to the right of Fig. 3, segregated micellar
structures result forming micellar cubic structures
(CubI). Increasing the amphiphile/water ratio results
in the formation of hexagonal columnar phases
(Colh) and further to interwoven networks organized
into different lattices (bicontinuous cubic phases,
CubV). As the ratio further increases, curved inter-
faces are no longer formed and a layer structure
results (lamellar phases, La or SmA). A continued
increase in the amphiphile/water ratio will eventually
result in the formation of reverse bicontinuous cubic
as well as columnar phases, where the solvent itself
segregates inside the hydrophilic regions of the
amphiphile, up until the point where a reverse
micellar cubic lattice is formed. In addition to the
general type of LLC phase formed, the length and the
number of the alkyl tails forming the hydrophobic
component of the amphiphile will have a profound
impact on the diameter of cylindrical aggregates
(columnar and cubic phases), or the interlayer spac-
ing in the case of the lamellar phase.

487Nanoparticles and Liquid Crystals: An Overview of Recent Developments in LC-Nanoscience



2. SCOPE OF THIS REVIEW

In this review, we will highlight the particular
role liquid crystalline materials play in the synthesis
and preparation of size and shape-uniform nano-
structures, the use of condensed liquid crystal phases
for nanoparticle assembly, and on interactions
between nanomaterials and liquid crystal phases
leading to unique defect structures or to new and
exciting properties for the use of this materials
combination in high-tech applications.

3. SYNTHESIS USING LCS AND LC

TEMPLATES

As the properties of nanoscale materials are size-
and shape-dependent [54–58], a prerequisite for the
development of functional nanomaterial arrays are
nanobuilding blocks of uniform size and shape.
Liquid crystals combine both order and mobility on
the molecular (nanoscale) level, and as such, liquid
crystal phases are ideal candidates for controlled
nanoparticle synthesis.

In this section, we address the evolution of
nanoparticle synthesis (nanorods in particular) using
liquid crystal molecules, commencing with lyotropic
liquid crystals fulfilling the simple role of surfactants
and phase transfer agents, and evolving from
their use as pure templating agents to ‘‘nanoreac-
tors’’ [59] where nanoparticles assemble within the
liquid crystalline phase itself. We will also point out
the use of thermotropic liquid crystals in the
synthesis of polymeric as well as metal nanostruc-
tures.

3.1. Lyotropic LCs as surfactants and phase transfer

agents

A notable concern in nanoparticle synthesis is
the ability to prepare air- and thermally-stable
particles of controlled size and dispersity, which
may also be repeatedly isolated and re-dissolved in
organic solvents without irreversible aggregation and
decomposition [60].

The Brust–Schiffrin method for the synthesis of
monolayer-protected clusters [61–69] exploits surfac-
tant molecules such as tetraoctylammonium bromide
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Fig. 3. Presentation of the main types of lyotropic LC phases depending on the interface curvature (molecular shape or concentration in water

as the most commonly used solvent). * For abbreviations see caption Fig. 2.
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(TOAB, which is not capable of forming lyotropic
LC phases) as phase transfer agents.

While the Brust–Schiffrin reaction is generally
confined to the production of spherical nanoparticles,
shape-control may also be achieved through changing
the reducing agent, the stabilizer concentration, and/
or the structure of the surfactant [70–72]. Murphy
and Jana have successfully synthesized gold [54] and
silver [73] nanorods through a seed-mediated growth
approach. In this approach, spherical nanoparticles
with a diameter of 3.5±0.7 nm (‘‘seeds’’) are initially
produced through hydride reduction of hydrogen
tetrachloroaurate [54] or silver nitrate [73] in the
presence of sodium citrate. These nanoparticles are
then transferred to a solution containing cetyltrime-
thylammonium bromide (CTAB), and additional
hydrogen tetrachloroaurate or silver nitrate. The
resultant rod-shaped particles are collected following
centrifugation [54, 73].

It was later discovered that addition of sodium
hydroxide along with CTAB and ascorbic acid in the
second step results in longer (higher aspect ratio)
nanorods [54], and that this approach also works in
combination with nanoporous membrane-based tech-

niques avoiding the formation of other nanoparticle
shapes [74]. This particular synthetic pathway favours
rod formation for two reasons. First, CTAB acts as a
directing agent by forming a bilayer on the gold
nanorods. CTAB binds stronger to the side edges
than the ends of the nanorods and thus only allows
growth in one direction. In this way CTAB (an ionic
amphiphile capable of forming a variety of LLC
phases [75, 76] – see analogue phase diagram of
DTAB in Fig. 4 [77]) plays a critical role in the
formation of 1-D nanostructures (Fig. 5). Secondly,
ascorbic acid is a weak reducing agent incapable of
reducing hydrogen tetrachloroaurate in the absence
of the gold seeds, and hence minimal additional
nucleation occurs during particle growth [54].

Additional examples for LLC surfactant-assisted
growth of nanorods have been successfully demon-
strated for tellurium nanorods [78] and selenium
nanowires [79].

3.2. True liquid crystal templating

Considering the structural diversity of LCC
phases (in particular the hexagonal columnar phases

Fig. 4. Partial phase diagram of the binary DTAB/water system: Colh1, normal hexagonal phase; CubV1, bicontinuous cubic phase (Ia3d); La,

lamellar phase; crystals, hydrated DTAB crystals. The horizontally shaded areas (showing tie lines) indicate a region where two liquid

crystalline phases coexist and the diagonally shaded areas indicate coexistence between a liquid crystalline phase and hydrated crystals.

Reprinted with permission from K. M. McGrath, Langmuir 11, 1835 (1995), [77]. Copyright 1995 American Chemical Society.
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in Fig. 3), it is easy to imagine how LLC phases may
be used as templates for the synthesis of mesoporous
nanostructures, which result in porous inorganic
replicates of the parent LLC upon calcination [80,
81]. This procedure allows for the production of
materials with uniform pore size, morphology, and 3-
D distribution in addition to obtaining control over
their properties and macroscopic shape. An addi-
tional advantage of LLC templating is that pore sizes
may be increased through addition of a hydrophobic
component due to expansion of the interior of the
micelle. Hence, this technique is an application of
what is termed �true liquid crystal templating� or
�nanocasting� [80], and is currently widely used in the
synthesis of porous media used in applications for
catalysis or adsorption techniques (see Fig. 6) [82–
84].

The liquid continuous phase shown in Fig. 6b
may either be composed of a siliceous material or an
aqueous metal salt. In the latter case, reduction of the
metal salt results in the formation of an ordered
network of nanoparticles surrounding the micelles of
the liquid crystalline host, and upon calcination a
porous nanostructure is obtained retaining the struc-

ture of the original LLC. Hence, LLC templating is
restricted to the formation of frameworks that will
remain stable upon surfactant removal and exposure
to air/water [85, 86].

Many types of silica-based [87–92] (Fig. 7a) as
well as non-siliceous mesoporous nanomaterials have
been successfully synthesized through LLC templat-
ing using polymer or oligomer surfactant systems.
Examples of non-siliceous mesoporous structures
consist of numerous metal oxides [87, 93], CdS and
CdSe composites [94], Pt/Ru alloys, and Ni/Co alloys
[95]. Several additional examples have been reported
for platinum, cobalt [96], palladium [97] (Fig. 7b),
nickel [98] (Fig. 7c), rhodium [99], selenium [100],
tellurium [101], tin [102], copper [103], as well as
cadmium [103].

3.3. Reverse templating

The LLC phase itself may be used to generate an
ordered array of nanoparticles synthesized within the
hydrophobic regions of reverse micelles (or hydro-
philic regions of normal micelles). In this case, the
LLC acts as a nanosupport or �nanoreactor�, and

Fig. 5. TEM micrographs of gold nanorods synthesized from: (a) CTAB-stabilized 8 nm seeds and, (b) CTAB-stabilized 16 nm seeds (scale

bars measure 500 nm). Reprinted with permission from A. Gole, and C. J. Murphy, Chem. Mater. 16, 3633 (2004), [73b]. Copyright 2004

American Chemical Society.

(a) (b) (c)

Fig. 6. Schematic representation of the �nanocasting�: (a) ordered parent LLC phase, (b) addition of liquid continuous phase, and (c)

calcination of parent LLC phase resulting in an ordered porous material. Adapted from S. Polarz and M. Antonietti, Chem. Commun. 2593

(2002), [82].
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hence by controlling the type of liquid crystalline
phase one may control the size and shape of the
nanoparticles grown within [104, 105]. An additional
advantage is that the preparation of these �nanoreac-
tors� is easily reproducible, and can be generated in
large volume [106].

LLCs such as surfactant/water systems forming
lamellar or hexagonal columnar morphologies were
selected to prepare metallic NPs [107–109] or nano-
structured conducting polymers [110].

In a typical metal nanoparticle synthesis, a
solution of the metal salt is mixed with an appropri-
ate amount of the liquid crystalline host such that the
desired LLC phase is formed. Precipitation of the
nanoparticles is induced, which aggregate into clus-
ters that subsequently form a single nanostructure.
As this nanostructure will typically take on the shape
of the original nano-domain, columnar phases typi-
cally form rod-like nanostructures whereas cubic and

lamellar phases usually result in spherical or disc-like
nanostructures (see Fig. 8) [104, 111]. Following
dispersion of the LLC phase, the resulting nano-
structures are then collected through centrifugation
or filtering.

Dellinger and Braun have demonstrated the
utility of using LLCs as nanoreactors for the synthe-
sis of nanosized BiOCl [106]. Here, both a lamellar
and a hexagonal columnar LC host were used. The
host LLC was added to aqueous BiCl3 while simul-
taneously heating and stirring, and upon cooling to
room temperature BiOCl was precipitated through
the diffusion of ammonia into the LLC lattice. It was
discovered that the lamellar LLC phase produced
roughly spherical 5.0 nm particles. Meanwhile, the
hexagonal LLC phase produced monodisperse
arrow-shaped rods 100 nm wide and 250 nm long.
This is comparable to particles synthesized in an
isotropic fluid as a control experiment, where a series

Fig. 7. Transmission electron micrograph of: (a) calcined silica nanocast obtained by using poly(ethylene-co-butylene)-block-poly(ethylene

oxide) (KLE-2) as template (scale bar is 100 nm). Reprinted with permission from A. Thomas, H. Schlaad, B. Smarsly, and M. Antonietti,

Langmuir19, 4455 (2003), [91]. Copyright 2003 American Chemical Society. (b) nanostructured Pd deposited by electrochemical reduction of

palladium ions dissolved in the aqueous domains of a hexagonal columnar lyotropic liquid crystalline phase (H1-e Pd) using C16EO8

(octaethyleneglycol monohexadecyl ether). From P. N. Bartlett, B. Gollas, S. Guerin, and J. Marwan, Phys. Chem. Chem. Phys. 4, 3835

(2002), [97]. Reproduced with permission from the PCCP Owner Societies. (b) Brij56-templated Ni showing the ordered mesoporosity of the

hexagonal columnar (Colh1) structure. Ni was electrodeposited at 25 �C and -900 mV vs. SCE. (The overlaid hexagonal pattern shows the

structure of the template.) Reprinted with permission from P. A. Nelson, J. M. Elliot, G. S. Attard, and J. R. Owen, Chem. Mater. 14, 524

(2002), [98]. Copyright 2002 American Chemical Society.
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of disks ranging from 50 to 250 nm in diameter were
produced (Fig. 9) [106].

Mountziaris et al. have successfully synthesized
ZnSe nanowires, nanodisks, and quantum dots [111,
112]. In this case, a solution of the host LLC in
formamide is mixed with a solution of heptane
containing diethylzinc, and H2Se is allowed to diffuse
into the LLC-diethylzinc matrix. Upon diffusion into
the hexane-diethylzinc nanodomains, ZnSe particles
are formed. A hexagonal LLC phase was used to form
the nanowires (average diameter 3.0 nm), and a
lamellar phase was used to form nanodisks with an
average thickness of 6.0 nm. A cubic LLC phase
allowed for the production of spherical quantum dots
with an average diameter of 3.0 nm, whose photolu-
minescence spectrum was noted to be blue-shifted by
�30 nm in comparison to the bulk material (Fig. 10)
[111].

Carpenter et al. have exploited the controlled
environment available within the reverse micelles of
an LLC phase for the synthesis of ferrite (Fe3O4)
nanoparticles coated with MnO [113].

A variety of nanostructures have been success-
fully synthesized using a LLC matrix. Examples of
nanowires include those of silver [55, 114–117], ZnS

[118, 119], Cu [120], CaSO4 [121] BaCO3 [122], and
BaSO4 [123] Spherical nanoparticles of Bi [108], Pd
[104], PbS [124], KMnF3 [125], BaSO4 [121], c-Fe2O3,
Fe3O4, MnFe2O4, and CoFe2O4 [113] have also been
reported, as well as an example of spherical iron
nanoparticles encapsulated within a thin gold film
[126].

3.4. Thermotropic LC phases in nanoparticle synthesis

As outlined in the introduction, thermotropic
LCs, which self-assemble into ordered structures
similar to those seen for LLC mesophases without
the prerequisite of solvent addition, have many
additional possibilities not present for the lyotropic
phase such as tilted smectic phases (SmC), biaxial or
polar smectic-A phases [127], and non-hexagonal
columnar (e.g., Colr) phases [12].

Guymon et al. have made interesting use of the
condensed smectic phase for the synthesis of poly-
meric nanostructures of fluorinated acrylates [128,
129]. This procedure involves mixing the monomer
with the host thermotropic LC, and polymerization is
initiated at a suitable temperature where the host LC
displays liquid crystalline order [130]. It has been

Fig. 8. Schematic representation of nanoparticle synthesis utilizing LLCs as nanoreactors. Reprinted from G. N. Karanikolos, P. Alexan-

dridis, R. Mallory, A. Petrou, and T. J. Mountziaris, Nanotechnology 16, 2372 (2005), [111] with permission from IOP Publishing Ltd.

Fig. 9. TEM micrographs of BiOCl produced (a) in free solution, (b) in the hexagonal liquid crystal, and (c) in the lamellar liquid crystal.

Reprinted from T. M. Dellinger and P. V. Braun, Scripta Mater. 44, 1893 (2001), [106] with permission from Elsevier.

492 Hegmann, Qi, and Marx



demonstrated that the use of fluorinated monomers
(such as heptadecafluorodecyl acrylate, HDFA)
results in the formation of ordered polymeric struc-
tures not seen for their non-fluorinated counterparts
(such as diacrylate, DA) [128]. The explanation for
this phenomenon is that the fluorinated derivative has
lower surface energies resulting in an enhanced
segregation within the smectic layers [128]. Hence,
the monomers remain trapped within the LC phase
throughout the polymerization process, which results
in the formation of ordered polymeric nanostructures
(Fig. 11). Meanwhile, the non-fluorinated derivatives
undergo phase separation from the LC phase after a

period of time. The resultant random arrangement of
the polymer in the phase-separated regions leads to
the formation of polymeric nanostructures lacking
order [128]. It was also noted that both fluorinated
and aliphatic network structures phase-separate from
the host LC while the linear fluorinated chain is
retained.

As we will see later, thermotropic liquid crystal-
line phases provide significant utility for the organi-
zation of nanostructures through assisting with
assembly processes. However, there are surprisingly
few examples as of yet where the synthesis of metallic,
semiconducting, or magnetic nanoparticles has been

(a) 

(b) 

(c) 

(d) 

Fig. 10. Templated synthesis of ZnSe nanostructures using poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (EO37PO58EO37)

amphiphilic block copolymer as the surfactant: (a) Partial ternary isothermal phase diagram of the EO37PO58EO37-heptane-formamide system

at room temperature, (b) TEM images of 3 nm ZnSe quantum dots forming spherical domains consisting of a number of individual quantum

dots synthesized inside the spherical nanodomains of the cubic micellar LC phase, (c) ZnSe nanowires with an average diameter of about 3 nm

prepared in the hexagonal LC phase, and (d) ZnSe nanodiscs synthesized in lamellar phase. Reprinted from G. N. Karanikolos, P. Alex-

andridis, R. Mallory, A. Petrou, and T. J. Mountziaris, Nanotechnology 16, 2372 (2005), [111] with permission from IOP Publishing Ltd.

493Nanoparticles and Liquid Crystals: An Overview of Recent Developments in LC-Nanoscience



carried out in the condensed phase in a fashion
analogous to that for lyotropic liquid crystals. Hence,
further research in developing methods for the utili-
zation of the condensed thermotropic LC phase for
nanoparticle synthesis is likely to develop to a more

intensively pursued research area in the near future,
due to the potential of attaining shape and size-
selective synthesis as well as self-assembly in one-pot.

One successful approach of making use of ionic
liquid crystal precursors was recently presented by
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Fig. 11. (a) Monomer and LC structure of octafluorohexanediol diacrylate, hexanediol diacrylate, heptadecafluorodecyl acrylate, and the 4-

cyano-4¢-n-octyl-biphenyl (8CB) phase sequence on cooling (�C): Iso 40 N 32 SmA). (b) Optical texture (200·) of 4.9% poly-HDFA in 8CB

obtained at 60 �C using a polarized microscope, demonstrating continued birefringence past the isotropic transition temperature (40 �C) of
8CB. Reprinted with permission from D. T. McCormick, R. Chavers, and C. A. Guymon, Macromolecules 34, 6929 (2001), [129]. Copyright

2001 American Chemical Society.

N

C12H25O

N
(a) Ag(CN)2

(b) Au(CN)2

(a) (b)

Fig. 12. Structure of imidazolium LC with dicyanoargentate(I) and dicyanoaurate(I) counter ion used as precursors for the fabrication of Au

and Ag nanostructures by electrodeposition from the SmA phase: (a) hexagonal Ag platelets, and (b) leaflike Au forms. Reprinted with

permission fromW. Dobbs, J-M. Suisse, L. Douce, and R. Welter, Angew. Chem., Int. Ed. 45, 4179 (2006), [132]. Copyright 2006 Wiley-VCH.
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Taubert for the synthesis of CuCl nanoplatelets using
a lamellar ionic liquid crystal (however, in the
isotropic liquid state) [131]. Shortly thereafter, this
method was refined by Douce and co-workers to
form leaf-like Au nanostructures as well as Ag
nanoplatelets by electrodeposition from the lamellar
LC phase of imidazolium LCs containing dicyan-
oargentate(I) or dicyanoaurate(I) counter ions
(Fig. 12) [132]. Using another approach, Lattermann
et al. succeeded in synthesising metallic Cu nano-
particles (3 nm in diameter) by reducing Cu(II)
complexes of hexagonal columnar poly(propylene
imine) (PPI) dendrimers, in addition to iron oxide
nanoparticles (10--15 nm in diameter) [133] in anal-
ogy to reports using non-liquid crystalline dendrimers
such as poly(amidoamine) (PAMAM) for the prep-
aration of Au nanoclusters [134].

4. ASSEMBLY AND ORGANIZATION USING

LCS

Self-assembly of metallic, magnetic, or semi-
conducting nanoparticles is a promising technique for
preparing larger, organized structures because of its
low cost, high yield, and ability to achieve extremely
small features. Self-assembly of nanoparticles, a
major goal for technological advances is essential
for the integration and application of nanomaterials
in high-tech devices. Most assembling methods lead
to confined nanoparticle (NP) arrays, which do not
allow for manipulation of the bulk organization.
However, the specific properties and potentials of
NPs will depend on whether they comprise periodic
organized structures such as monolayer or multilayer
films or are solutions of organized or randomly
dispersed entities [135, 136], and whether they can
rapidly respond to external stimuli or not. To
produce periodic arrays of NPs, a variety of assem-
bling strategies have been developed over the past
years including immobilization on solid supports
using molecular imprinting techniques [137], creation
of films at air–water interfaces (Langmuir–Blodgett
films) [138–143], or preparation of NP-filled polymer
matrices [144]. Applying the concepts of supramolec-
ular chemistry and molecular recognition of low
molecular mass liquid crystals (LCs) to NP organi-
zation introduces means of control over the assembly
of nanoscale systems into extended morphologies. In
the past years, self-assembly of NPs into arrays has
been successfully introduced through modification of
nanoparticle systems with biomolecules (DNA, pro-

teins) [145–151]. Other recognition elements include
host-guest complexes, polymerizable functional
groups, metal complex formation, H-bonding, and
p–p stacking [152], with the latter two being as some
of the main driving forces responsible for self-
assembly in many lyotropic and thermotropic LC
phases [11–13]. So far, the majority of studies
involving LCs as templates or matrices for NP
patterning, in particular for the synthesis of nano-
scale materials, as discussed in the previous section
employ lyotropic LC phases but rarely thermotropic
phases.

Aside from the wealth of experimental and
theoretical data on the formation of networks and
chain-like particle aggregates in colloidal nematic
dispersions based mainly on the formation of topo-
logical defects, this section will focus on anisometric
nanomaterials forming LC phases, LC-coated nano-
particles, and 1-D nanostructures suspended in LC
phases.

4.1. Nanomaterials forming LC phase morphologies

Anisotropic colloidal nanocrystals such as nano-
rods or nanodisks cannot only be synthesized using
LC phases, but may also form the basis for a new
class of mineral-based liquid crystal materials [153]
which could have some unique and important prop-
erties such as high thermal stability, a well-defined
rigid structure with weak interparticle attractions,
and a very short range soft repulsion that might give
rise to unique rheological properties [154].

Liquid crystalline ordering has been observed for
a variety of rod-shaped nanoparticles in concentrated
dispersions [155–157], at the air–water interface
(Langmuir–Blodgett films) [158], and in evaporated
films [159–165]. As an example, concentrated disper-
sions of CdSe nanorods have exhibited both nematic
(Fig. 13) [155] and smectic-like ordering [157]. In
analogy to the classical molecular shapes of organic
LCs, disk-shaped nanoparticles (nanodisks or nano-
platelets) should also exhibit orientational ordering at
sufficient concentrations, as well as sufficiently nar-
row size and shape distributions [166, 167]. Recent
examples include dispersions and films of submi-
crometer-size colloidal disks of Al(OH)3, Ni(OH)2,
and phosphatoantimonate (H3Sb3P2O14) sheets form-
ing in part nematic, smectic, and columnar type
mesophases [168–172]. For instance, sterically stabi-
lized colloidal CuS nanodisks (14–20 nm in diameter,
thickness of about 5 nm) have recently been shown to
form self-assembled columnar structures with exten-
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sive hexagonal closed packing (Fig. 14) [154]. Addi-
tionally, several examples have appeared in the
literature where electron microscopy images of evap-

orated films of nanodisks have hinted at long-range
orientational ordering, i.e. LC-like organization of
nanodisks [173–177].

Fig. 14. TEM images of CuS and Cu2S nanodisks. (A) CuS nanodisks in a monolayer on their faces. (B) Linear chains of stacked Cu2S

nanodisks. (C) CuS nanodisks crystallized into a ‘‘T’’-shaped structure. (D) Ordered Cu2S nanodisk assembly oriented parallel to the

substrate. (E) Illustrations of different nanodisk assemblies and orientations on the substrate: (i) a monolayer; (ii) hexagonal columnar

assembly with columns oriented perpendicular to the substrate; (iii) columnar assembly with columns oriented parallel to the substrate.

Reprinted with permission from A. E. Saunders, A. Ghezelbash, D.-M. Smilgies, M. B. Sigman Jr., and B. A. Korgel, Nano Lett. 6, 2959

(2006), [154]. Copyright 2006 American Chemical Society.

Fig. 13. (a) Transmission electron micrograph of CdSe nanorods with width of ca. 4.2 nm and length of 40 nm. (b) Images of liquid

crystalline phase in concentrated solution of CdSe nanocrystals under a polarized light optical microscope. Disclinations of strength of ½ are

clearly visible (the arrows point to the disclinations). Reprinted with permission from L. Li, J. Walda, L. Manna, and A. P. Alivisatos, Nano

Lett. 2, 557 (2002), [155]. Copyright 2002 American Chemical Society.
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4.2. LC-decorated nanoparticles

We have just seen that metallic, semiconductor
and mineral-based nanomaterials are capable of
forming LC phases (or at the very least long-range
orientational ordering) without the aid of organic
mesogens. Clearly, this phenomenon is limited to
nanomaterials with a pronounced anisometric shape
(high aspect ratio), but what about spherical nano-
particles? One methodology that has proven to be
successful in achieving liquid crystallinity for min-
eral- or metal-based nanomaterials is based on
decorating small, spherical nanoclusters with ther-
motropic mesogenic or pro-mesogenic molecules
(formation of a monolayer). There are several recent
examples, where self-assembly of quasi-spherical
gold nanoparticles into LC phase morphologies has
been successful using thermotropic LC capping
agents, giving rise to nematic or smectic phase
morphologies [178–182]. A typical procedure using
gold nanoparticles as an example involves utilization
of the Brust–Schiffrin method in the presence of

thiolated thermotropic LCs to functionalize the gold
nanocluster surface. However, caution is warranted
when designing liquid crystalline gold nanoclusters.
While gold nanoclusters are generally considered
to be stable to air and moisture, as well as to
temperatures up to ca. 120 �C if the hydrocarbon
chain of the thiol (CnH2n + 1SH) is equal or longer
than 12 carbon atoms (n ‡ 12) [183], gold nanoclus-
ters in the size regime of conventional LC molecules
(around 2 nm) are known to undergo size changes
with increasing temperature. The reason for this size-
effect was explained by the fact that smaller nanocl-
usters have larger chemical potentials and, as a result
thereof, have a greater tendency to sinter and
increase in size (Ostwald ripening) releasing thiols
from the surface [184, 185].

Apart from spherical metal nanoclusters, Kanie
et al. also reported on the formation of thermotropic
nematic and cubic phases by coating needle-shaped
TiO2 particles, as well as a-Fe2O3 and SiO2-coated
Fe3O4 nanorods or -platelets (Fig. 15) [186–188].
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Fig. 15. (A) Structure of the LC phosphate (L1) used to prepare a-Fe2O3/LC hybrids, (B) TEM images of the a-Fe2O3 particles H2, H5, and

H6 with rod-like, polydisperse, and hexagonal platelet shape, respectively. (C) Optical photomicrographs of thermotropic hybrid LC phases

of 1/2 hybrids (i.e. ratio L/H = 1/2, w/w) of (i) nematic-like L1/H2, (ii) non-LC L1/H5, and (iii) non-LC L1/H6 at 90 �C (a) with a polarizer,

(b) without polarizer; insets in (i) are sheared monodomains. Another hybrid with cuboidal a-Fe2O3 particles (not shown) was reported to

show a cubic-like LC phase as indicated by small angle x-ray scattering. Reprinted with permission from K. Kanie, and M. Muramatsu, J.

Am. Chem. Soc. 127, 11578 (2005), [187]. Copyright 2005 American Chemical Society.
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4.3. 1-D nanomaterials suspended in thermotropic LCs

The organization, orientation, and re-orienta-
tion, of anisometric 1-D nanostructures using ther-
motropic LCs has been the focus of much current
research, particularly due to the prospect of control-
ling the order in such systems leading to new optical as
well as electro-optical applications. Thermotropic
LCs, especially low-molecular mass thermotropic
LCs, offer tremendous advantages over conventional
liquid media for the organization and switching (re-
orientation) of 1-D nanomaterials. In addition to
intrinsic anisotropic properties (e.g., dielectric anisot-
ropy, De), specific interactions or coupling with
surfaces such as planar, tilted, or homeotropic anchor-
ing (see Fig. 16), thermotropic LCs are characterized
by orientational ordering that can be manipulated by
external electric or magnetic fields commonly with
relatively short response times (high switching speed).

The first successful attempt of using thermo-
tropic LCs for producing organized nanomaterial
arrays on surfaces was demonstrated by Patrick and
co-workers (Fig. 17) [189]. In the method, termed
liquid crystal imprinting (LCI), nanometre-sized
building blocks are dissolved in a non-chiral nematic
LC under an applied magnetic field or alternatively
using rubbed polymer alignment layers (commonly
used in LC device technologies). In this way, the
aligned nematic LC phase imposes (imprints) its
uniform orientation onto the 1-D nano-building
blocks (up to macroscopic length scales), resulting
in organized thin films deposited onto the supporting
substrate. The usefulness of this method to other
more diverse systems and its limitations has recently
been reviewed by Patrick et al. [190].

Other examples of controlling the orientation of
anisotropic nanomaterials using thermotropic nema-
tic LCs include the levitation of nickel nanowires in a
twisted nematic cell [191, 192] and parallel alignment

of single-wall as well as multi-wall carbon nanotubes
(CNT) in low-molecular mass nematic LCs [193–195]
(Fig. 18) and nematic elastomers [196]. These exam-
ples clearly demonstrate the high potential for the use
of such composites as electromechanical actuators
[196]. Patrick and co-workers also demonstrated that
control over the alignment of elongated nanoparticles
in nematic LCs could be extended to needle-shaped,
micron-sized semiconducting SiC particles (10–
100 lm in length), and showed that the equilibrium
orientation largely depends on the particle�s surface
chemistry (e.g. modification of anchoring conditions
from parallel to homeotropic via particle surface
modification with octadecyltrichlorosilane, OTS) as
well as the choice of LC [197]. Another approach
presented by the same group produces highly ori-
ented films of single- and multi-wall CNTs by casting
a suspension of these particles through a porous
membrane using LCs as a solvent [198]. Organized
arrays of high aspect ratio carbon nanostructures
such as nanotubes (CNTs) and nanofibers have also

(a)

(b)

(c)

Fig. 16. Specific interactions (or coupling) of LC molecules with

different or modified surfaces can result in (a) planar (enforced, for

example by polyimide alignment layers), (b) tilted (found for cer-

tain glass surfaces) or (c) homeotropic anchoring (enforced by

treatment of glass surfaces with surfactants).

Fig. 17. Demonstration of the principle of the formation of uni-

axial molecular films by liquid crystal imprinting (LCI) in a mag-

netic field. Reprinted with permission from J. Mougous, R. Baker,

and D. L. Patrick, Phys. Rev. Lett. 84, 2742 (2000), [189]. Copy-

right 2000 by the American Physical Society.
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been fabricated by Crawford et al. using lyotropic
[199] as well as high molecular mass thermotropic
LCs [200, 201].

Recent numerical calculations (potential of mean
force, PMF) for defect structures that arise when
spherocylindrical (anisotropic rod-like) nanoparticles
are immersed in a bulk nematic LC were used to
analyze different configurations (including triangular,
linear, and parallel with respect to their long axis) of
the anisometric particles with strong homeotropic
anchoring at their surfaces. Comparing the attractive
interactions between elongated and spherical nano-
particles, de Pablo et al. showed that similar inter-
particle energies result for linear arrays, in contrast to
3.4 times stronger interactions for the spherocylin-
ders in a triangular as well as parallel array [202].
These numerical results indicate that under equal
anchoring conditions, elongated rod-like nanoparti-
cles (CNTs, nanowires, or nanorods) in a nematic
phase interact with one another preferentially form-

ing parallel arrays, in comparison to chain-like
(linear) arrays formed by spherical particles, as
discussed in more detail in the next section.

5. DEFECT FORMATION IN LC SUSPENSIONS

The capability of orienting small particles using
thermotropic liquid crystals has been known for more
than 35 years [203]. So far, topological defects (and
the formation of particle aggregates as a result thereof)
have been most intensively studied for nematic and
chiral nematic LCs [204], and much of the underlying
physics has recently been reviewed by Stark [205]. An
interesting example of nanoparticles in cholesteric
LCs has recently been presented by Mitov et al. [206,
207]. The authors showed that Pt nanoclusters are
capable of mimicking the typical fingerprint textures
of chiral siloxane LC oligomers (Fig. 19).

Dispersed colloidal particles disrupt the nematic
order, and minimization of the elastic energy leads to
the formation of anisotropic colloidal structures
[208]. Depending on the strength and direction of
the nematic anchoring on the particle surface, suffi-
ciently large particles can form various types of
topological defects such as Saturn rings, hyperbolic
hedgehogs, and boojums (Fig. 20) in agreement with
theoretical considerations [209–215]. Experimental
studies focused on dispersions of water microdroplets
[208, 216, 217], ferrofluid [218], gold coated glass
spheres [219], or silicon oil [220–223] in nematic LCs
as well as latex particles in lyotropic LCs [217, 224].

For most particles, if the nematic LC molecules
are strongly and perpendicularly anchored at the
surface of a spherical particle, the particles act like a
radial hedgehog carrying a topological charge. Placed
in a uniformly aligned nematic solvent to satisfy the
boundary conditions at infinity, the particle should
nucleate a further defect in its nematic environment.
As theoretically predicted [225–227], the dipole is the
preferred configuration for large particles and suffi-
ciently strong anchoring, although quadrupoles are
also observed [219]. The topological dipole formed by
one quasi-spherical particle and an accompanying
topological defect, known as a hyperbolic hedgehog,
generate elastic forces that lead to the formation of
chain-like particle aggregates [228], even when con-
fined in microcapillaries (Fig. 21) [229]. However, the
interactions between colloidal particles and the nema-
tic LC molecules strongly depend on the particular
combination of the two materials, the molecular
structure and elastic properties of the LC, as well as

Fig. 18. (a) Polarized optical photo micrograph of multi-wall car-

bon nanotubes (MWNT) in a room-temperature N mixture (E7,

Merck) confined in a 6 micron sandwich cell (large magnification).

(b) Increased conductivity of the E7/WWNT mixtures in compar-

ison to pure E7. Reprinted with permission from I. Dierking, G.

Scalia, P. Morales, and D. LeClere, Adv. Mater. 16, 865 (2004),

[193]. Copyright 2004 Wiley-VCH.
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on the type, size [230], and shape of the colloidal
particle used. For example, gold nanoclusters in the
size regime between 1 and 5 nm coated with either
aliphatic and/or chiral aromatic thiolates promote
homeotropic anchoring of nematic LC molecules to
the particle surface, and are capable of forming
topological defects (i.e. dipoles and hyperbolic hedge-

hogs) generating elastic forces in the N-LC that lead
to the formation chain-like particle aggregates. These
aggregates are responsible for birefringent stripe
domains visible in thin-film textures by polarized
optical micrsocopy (POM, see Fig. 22), which are
separated by homeotropic domains produced by
randomly distributed particles residing at the glass/

Fig. 19. (a) TEM micrograph of cholesteric siloxane LC oligomer doped with Pt nanoparticles (1.5 wt%); scale bar: 1 lm. Particle assemblies

are structured into ribbons mimicking the fingerprint texture. (b) TEM micrograph of a cross-section. Reprinted from M. Mitov, C.

Bourgerette, and F. de Guerville, J. Phys. Condens. Matter 16, 1981 (2004), [207] with permission from IOP Publishing Ltd.

Fig. 20. Typical defects created by spherical particles in nematic LCs: (a) hyperbolic hedgehog as a particle with normal boundary conditions

is introduced in a homogeneously aligned LC. The droplet defect pair has a total topological charge of zero, and dipolar symmetry. (b) The

director field of a Saturn ring, a disclination loop of strength -½. The total topological charge is zero. (c) A particle with planar boundary

conditions in an aligned LC. Two surface defects known as boojums are induced on the surface of the particle. (d) Schematic representation of

the director field for a chain of droplets formed by interaction between the topological dipoles [shown in (b)]. There are exactly as many

defects as particles. Reprinted with permission from P. Poulin and D. A. Weitz, Phys. Rev. E57, 626 (1998), [216]. Copyright 1998 by the

American Physical Society.
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N-LC interfaces [231]. In principle, such a device
could serve as excellent model systems for LC-based
sensors with improved sensitivity as those described
by Guzmán and co-workers [232]. In additon to the
formation of birefringent stripe domains, similar to
cholesteric finger textures (or because of the chiral
thiolate capping the nanocluster), the chiral modifield
nanoparticles induce a chiral nematic phase (N*) in
the non-chiral N-LC host [231]. A related separation
effect into particle-poor and particle-rich domains was
also found for functionalized gold nanoclusters in
bolaamphiphilic LCs. In this case, polar, hydrophilic
gold nanoclusters in the particle-rich domains stabi-
lized the columnar phase of one of the LCs used [233].

Strongly related, although not for nanoscale
particles, Lev and Lavrentovich et al. have reported
on the formation of dense hexagonal structures in
addition to chain-like aggregates as a result of both
repulsive and attractive interactions between glycerol
droplets at the nematic/air interface (Fig. 23) [234,
235]. Finally, the formation of cellular networks in
suspensions of colliodal polymethylmethacrylate
(PMMA) particles in N-LCs was described by by a
number of groups [236–240] as a result of spatial
separation into particle-rich and particle-poor
domains during slow cooling past the isotropic/
nematic phase transition temperature. It was also
pointed out that slow liberation of alkane remnants
from the PMMA particles is critical for this network
formation process [240].

6. APPLICATIONS

Drawing from the wealth of theoretical and
experimental work, and further stimulated by an ever
increasing variety of new nanomaterials differing in
size, shape, and properties, there has been a surge to
develop and improve upon existing or open up
avenues for new technological applications of colloi-
dal LC suspensions, for example for light scattering
devices and flat panel display applications.

Likely one of the most intensively pursued
materials combinations falls in the group of so-called
filled nematics, which started out with suspensions of

Fig. 21. Polymer droplets forming chains in a nematic phase con-

fined in a microcapillary. The escape-radial configuration inside the

capillary (schematically shown on the right) was stabilized by

treating the inner surfaces of the capillary with a lecithin surfactant

to enforce homeotropic anchoring. Microscope images of the

structure in white light and between cross polarizers. The directions

of polarizers are indicated. Reprinted with permission from P.

Kossyrev, M. Ravnik and S. Žumer, Phys. Rev. Lett. 96, 048301

(2006), [229]. Copyright 2006 by the American Physical Society.

Fig. 22. Model for the organization of the gold nanoparticles in

the N-LCs. (a) Isolated stripe domain (centre) between two ho-

meotropically aligned domains (left and right); (b) top view indi-

cating particle-rich (stripe domain) and particle-poor areas

(homeotropic domains) – LC molecules are omitted for clarity; and

(c) 3D model with gold nanoclusters residing at both glass/N-LC

interfaces in the homeotropic domains. From H. Qi, and T. Heg-

mann, J. Mater. Chem. 16, 4197 (2006), [231]. Reproduced with

permission from The Royal Society of Chemistry.
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fine particles (not necessarily at the nanoscale), such
as aerosils [241–243] or titanium dioxide particles
[244] in a nematic LC matrix. Along with the �nano-
revolution�, the past few years have seen a steady
increase in the use of nanoscale colloidal particles
[245, 246]. The intensive light scattering of such filled
nematics in the field-Off state is mainly caused by a
large number of orientational defects generated by
the dispersed particles, as discussed in the previous
section. In the field-On state, the sandwiched film of
the filled nematic becomes transparent due to the
orientation of the nematic LC molecules with the
external electric field (Freedericksz transition [247]).
A specific property of filled nematics is the residual
transmittance after the field is switched off (memory
effect) [248]. The same switching process between
opaque and transparent has recently been described
for nanoparticle networks embedded in nematic LCs
as an all-mechanical process using low frequency
shearing micro-vibrations [249]. However, it is often
found that the electro-optical performance of such
filled nematics strongly depends on the physical and
chemical properties of both the LC and the filler

particles, the concentration, as well as on the param-
eters of the applied electric field [250].

Müller et al. demonstrated electrically controlled
light scattering by embedding quasi-spherical gold
nanoparticles (80 nm in diameter) in a nematic LC
mixture [251]. Their experiments showed that spher-
ical gold nanoclusters behave optically like spheroidal
particles when suspended in anisotropic materials
(near-field spectral tuning) such as nematic LCs. Park
and Stroud confirmed these experimental findings
and calculated that gold nanoclusters embedded
within a thin film of a nematic liquid crystal could
indeed enhance the surface plasmon splitting through
deformations of the director orientation by the
nanoparticle surface [252]. Since the transmission
and absorption of such systems could be tuned by
applying an electric field, or by controlling the surface
interactions between the metal nanocluster and the
N-LC, such N-LC embedded metal nanoclusters
could form the basis for new electro-optical materi-
als. Kossyrev and co-workers later extended this
approach to gold nanodot arrays formed on one glass
substrate of a sandwiched nematic LC cell with far-

Fig. 23. Optical microscopy pictures of hexagonal structures at the free surface of the thick nematic layer, formed by droplets of different

average diameter: (a) D = 7 lm; (b) D = 1 lm. (c) Schematic drawing of the director field in the top part of the LC layer. Reprinted with

permission from I. I. Smalyukh, S. Chernyshuk, B. I. Lev, A. B. Nych, U. Ognysta, V. G. Nazarenko, and O. D. Lavrentovich, Phys. Rev.

Lett. 93, 117801 (2004), [235]. Copyright 2004 by the American Physical Society.
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field spectral tuning, resulting in a proof-of-concept
device capable of voltage dependent colour tuning
(Fig. 24) [253].

Further electro-optical effects were also reported
for other LC nanocomposites, such as small memory
effects in clay mineral/nematic mixtures [254], an
optically ‘‘hidden’’ electrophoretic effect, polarity-
controlled bistable and multistable switching [255],
lower Freedericksz transition voltages in nematic LCs
doped with either CdSe nanorods [256] or ferroelec-
tric nanoparticles [257], and lower operating voltages
as well as shorter response times in different LCD
switching modes using nanoscale MgO particles
[258].

In this sense, LCs, which by themselves are
among the most interesting electro-optical materials,
are also explored as a filler material for two- and
three-dimensional photonic band gap structures such
as synthetic porous opals [259, 260].

Surprisingly, examples dealing with nanoparti-
cle-filled smectic phases are rather rare considering
the large number of examples exploring the electro-
optical properties of filled nematics. This likely arises
from the fact that comparatively little is known about
nanoparticle interactions in smectic [261] and higher
ordered LC phases, apart from so-called ferrosmec-
tics [262–265] (smectic phases filled with magnetic
nanoparticles) dating back to the early work of de
Gennes [203]. Matsui and Yasuda reported on using
amorphous TiO2 nanoparticles (17 nm in diameter)
randomly dispersed in a ferroelectric LC mixture
(based on the SmC*), and demonstrated the useful-

ness of such mixtures for video-rate grey-scale FLC
devices [266].

Another rare use of nanostructured LC-based
materials, not focusing on device or display applica-
tions, was recently published by Gin et al., demon-
strating the use of nanostructured, enantioselective
Diels-Alder catalysts via acid-induced LLC assembly
followed by in situ photopolymerization [267].

7. CONCLUSIONS

The reproducible synthesis of nanoscale devices
is becoming increasingly important due to their
critical role in the creation of a vast array of
technological devices. The creation of nanostructured
mesoporous materials has been an important issue
for quite some time due to their implications for fuel
cells, automotive emission controls, and various
catalytic applications such as hydrogenation reac-
tions. Lyotropic liquid crystals have been successfully
used as templates for the synthesis of mesoporous
nanostructures with a uniform pore size and shape
composed of many different metals.

LLCs have also been used for the synthesis of
spherical nanoparticles and high aspect ratio nano-
rods. The LLC phase itself is seeing an increasing use
as a �nanoreactor� for the synthesis of nanomaterials
of uniform size and shape.

Although thermotropic liquid crystals have not
yet been used to a great extent for the synthesis of
metallic, magnetic, or semi-conducting nanoparticles,

Fig. 24. (a) SEM image of nanostructured array of gold nanodots. (b) Geometry of gold nanodot arrays in a LC cell with a metallic Bragg

grating as a top interdigitated electrode (not shown). The idealized direction of electric field between interdigitated electrodes, E, is indicated.

The molecular orientation of liquid crystal is schematically depicted. Reprinted with permission from P. A. Kossyrev, A. Yin, S. G. Cloutier,

D. A. Cardimona, H. Danhong, P. M. Alsing, and J. M. Xu, Nano Lett. 5, 1978 (2005), [253]. Copyright 2005 American Chemical Society.
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the condensed phase provides an excellent medium
for attaining ordered polymeric nanostructures. In
addition, there are numerous recent examples where
the self-assembly of spherical nanoparticles has been
successfully achieved utilizing condensed thermo-
tropic phases. Thus, future work involving thermo-
tropic liquid crystalline phases will provide many
exciting challenges for achieving synthesis and self-
assembly of nanoparticles with a uniform size and
shape distribution, all in one-pot. Research in this
area will likely expand employing many different
molecular LC shapes and phase morphologies includ-
ing disk-like, bent-core and multi-block LCs, since
most reports so far dealt with thermotropic nematic
and smectic modifications.

To conclude, the design of functional liquid
crystal nanocomposites has and will further contrib-
ute to the nanotechnology revolution, and likely to
the discovery or improvement of many high-tech
applications in areas such as nanoscale electronics,
electro-optics, sensors, optical memories, and display
devices. Particularly in the field of LC displays—an
industry worth more than $60 billion/
year—one could expect tendencies towards new
switching modes, lower operating voltages, faster
switching speeds, and higher contrast ratios—enor-
mous advantages in a world with more LCDs than
people [268].
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