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Preface

Liquid crystals are a soft material formed through molecular assembly. The
liquid crystalline state is unique because it combines molecular order and
dynamic properties. Nematic liquid crystals have been widely used in display
devices because of their anisotropic nature and responsiveness to electric fields.
Generally, nematic liquid crystals consist of rod-like molecules and they form
no nano-segregated structures. Recently, intensive studies have focused on
liquid crystals forming nano-segregated structures such as smectic, columnar,
and cubic phases to develop new functional materials. These nanostructured
liquid crystals are expected to show enhanced or anisotropic properties in
the following applications: electrooptics, photonics, transportation of elec-
trons, ions, or molecules, sensory, catalysis, and bioactivity properties. To
induce these functions in nanostructured liquid crystals, control of the nano-
segregated structures of the molecular assemblies as well as the design of the
structure of each molecule is of great importance.

A number of fundamental aspects of liquid crystals were presented in vol-
umes 94 and 95 of Structure and Bonding, published in 1999 and edited by
Prof. Mingos. The present volume reflects recent aspects in the development
of functional liquid crystals which form nano-segregated structures. The edi-
tor has intended to provide readers with the most up-to-date information on
the design of liquid crystalline materials. In conventional liquid crystalline
compounds, the shapes of the mesogens were basically rod-like or disk-like
molecules with covalent bonds. On the basis of their molecular weights, the
materials were classified simply into low molecular weight liquid crystals and
polymer liquid crystals. The polymer liquid crystals were categorized as main-
chain and side-chain types. The design of new molecular architectures based
on liquid crystals involves the syntheses of polymers with well-defined struc-
tures such as dendrimers and molecules with block structures. Moreover,
supramolecular architectures based on liquid crystals have been intensively
studied. Supramolecular liquid crystals form well-defined structures through
non-covalent bonding including hydrogen bonding and ionic interactions.
The present volume covers these new aspects of design and functionalization
of liquid crystals.

In Chapter 1, Saez and Goodby describe unconventional liquid crystals hav-
ing “supermolecular” structures that are more complex than those of conven-
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tional liquid crystals. They focus on dendritic liquid crystals with monodis-
persed and discrete molecular structures. These materials can incorporate
functional moieties in the self-organized states. In Chapter 2, Lee reports on
the self-assembly of rod–coil molecules consisting of a rod-like mesogenic
part and flexible coils. They have block structures inducing a variety of liquid
crystalline phases that form the nano-segregated structures.

Chirality is also an important aspect of liquid crystals. The introduction
of chiral moieties into the chiral smectic phases induces functions such as
ferroelectricity and antiferroelectricity. A few of the unconventional chiral
liquid crystals are described in Chapter 1. The blue phase is one of the exotic
chiral liquid crystalline phases. In Chapter 3, Kikuchi introduces the basic
aspects and recent progress in research of the blue phase. Recently, the materials
exhibiting the blue phases have attracted attention because significant photonic
and electro-optic functions are expected from the materials.

In Chapters 1, 2, and 3 unconventional liquid crystalline molecules with
complex structures based on covalent bonding are described. In Chapter 4,
Rowan and Mather demonstrate that non-covalent bonding such as hydro-
gen bonds may be used for the design and construction of liquid crystalline
materials.

Polymeric materials have advantages because of their stability and structure-
forming properties. Electron- and ion-active organic polymeric materials have
attracted attention for new devices. In Chapter 5, Kato and co-workers focus
on polymeric liquid crystalline materials that are used for the development
of functional materials transporting ions and electrons. The nanostructures
such as smectic and columnar phases exhibited by side-chain, main-chain,
dendritic, and network polymers may exhibit one- and two-dimensional trans-
portation properties.

Thermotropic liquid crystals and also lyotropic liquid crystals generate
functional molecular assemblies. Lyotropic liquid crystalline phases are ex-
hibited by amphiphilic molecules in appropriate solvents. They form nano-
segregated structures because the molecular structures consist of hydrophilic
and hydrophobic components. In Chapter 6, Gin and co-workers describe how
lyotropic liquid crystals may be used to form functional materials. Lyotropic
liquid crystals can act as templates for inorganic materials, ion conductors,
catalysts, drug delivery systems, and nanofilters.

I hope the present volume will be very informative and inspiring for scien-
tists and engineers who are interested in developing new functional materials
based on the molecular order formed in liquid crystals and their nanostruc-
tures.

Tokyo, January 2008 Takashi Kato
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Abstract In this article we review recent work on the development and study of the prop-
erties of self-organizing, supermolecular materials which have discrete structures that are
comparable in size to small proteins. We take the concept of the creation of dendritic li-
quid crystals and apply it to the creation of new materials with single identifiable entities
so that they are monodisperse or are single compounds. We show how functionality can
be in-built into such materials so that self-organizing functional systems can be created
with designer physical properties.

Keywords Antiferroelectricity · Chirality · Ferroelectricity ·
Nanostructured liquid crystals · Self-organizing and self-assembling systems ·
Supermolecular materials · Thermochromism

1
Introduction

The materials of living systems are based on supermolecular and supra-
molecular self-organizing and self-assembling systems of discrete structure
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and topology where the term supermolecular describes a giant molecule
made up of covalently bound smaller identifiable components. Supramolecu-
lar in this context means a system made up of multiple components that are
not covalently bound together. For example, proteins, although polymers of
amino acids, have defined and reproducible primary compositions, specified
α-helical and β-pleated secondary constructions, and gross topological ter-
tiary structures. Moreover, highly specific functionality, and thereby the ability
to perform selective chemical processing, is in-built in such molecular ma-
chines which are organized on mesoscale lengths. Concomitantly, the study
of materials that self-assemble into supramolecular structures with desirable
functionality and physical properties at nano- and meso-scopic length scales
is currently an exciting area of intense research, and provides a “bottom-up”
approach to the design and synthesis of functional materials [1–5].

Until recently, most thermotropic liquid crystals were designed to be ei-
ther low molar weight for displays or high molecular weight for prototypical
high yield strength polymers [6]. Supermolecular liquid crystals, on the other
hand, combine the unique traits of the self-organization of discrete low-
molecular-weight materials with those of polymers in their ability to form
secondary and tertiary structures. Furthermore, super- and supra-molecular
liquid crystals [7–13] exhibit a variety of physical properties, which make
them attractive for applications in the fields of nanoscience, materials, and
biology. They offer a very elegant and effective way of adding functional-
ization together with an exquisite and unprecedented level of control of the
precise nature and location of specific functionalities and hierarchical mo-
lecular architectures, as in proteins. As a consequence, the initial interest in
super- and supra-molecular liquid crystal synthesis has shifted towards func-
tional dendrimers because of the latter’s rich supramolecular chemistry and
self-assembling properties [14–24]. The very properties of precise control
of functionality and molecular architecture are also essential ingredients in
the molecular engineering of liquid crystals for controlling and fine-tuning
the physical properties that ultimately define the self-organizing process that
leads to mesophase formation [6]. Thus, super- and supra-molecular liquid
crystals provide unique materials for the study of the structures and proper-
ties of self-organizing and self-assembling processes [7–27].

1.1
Defining the Structures of Supermolecules

In the fledgling field of super- and supra-molecular liquid crystals, many
different terms have been introduced which describe some of the same struc-
tures. Figure 1 shows some classical molecular architectures that can be used
to describe the gross structures of super- and supra-molecular liquid crys-
tals. For example, two mesogenic units, i.e., molecular entities that can be
deployed in material design in order to induce mesophase formation, can
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Fig. 1 Templates for the design of liquid-crystalline supermolecular materials. The meso-
genic units are shown as various shapes, however, the materials may be constructed with
mesogenic units of the same type. In this case, many of the constructions shown are
essentially dendritic

be tied end to end to give linear supermolecular materials. If the mesogenic
groups are the same, then they are called dimers or bimesogens, but if they are
different, they are referred to as dimesogens. The mesogenic units may also be
tied together laterally, rather than end to end, or they may have terminal units
tied to lateral units to give T-shaped dimers or T-shaped dimesogens, as shown
in Fig. 1 [25].

Figure 2 shows some examples of liquid-crystalline dimers where the
liquid crystal units are identical [28–30]. In the first example, the cyanobi-
phenyl mesogenic moieties are joined together with a simple aliphatic chain.
These materials exhibit unusual odd-even effects for the clearing point tran-
sition temperatures where the liquid crystal phases melt to the amorphous
liquid. Generally, for such systems, the homologues that have connecting
spacer chains with an even number of methylene units have much higher
clearing points in comparison to the systems with an odd number of methy-
lene units. This is because the odd members tend to have bent conformational
structures which induce disorder into the mesophase structure, whereas
the even members tend to have linear structures that support mesophase
formation.
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Fig. 2 Examples of typical dimeric liquid crystals, where the mesogenic groups in each
example are the same [28–30]

The type of spacer chain can be varied without change to the mesogenic
units. For example, the second structure in Fig. 2 has a short dimethylsilox-
ane spacer included in the aliphatic linking chain. The inclusion of such
groups can affect the overall packing of the molecules leading to reductions in
melting points and the stabilization of lamellar smectic phases over nematic
phases.

Not only are there examples of dimers based on mesogens with rod-like
structures, there are also examples reported of dimers composed of disc-
like mesogens, see bottom structure in Fig. 2. Generally for these types of
material the pattern of mesomorphic behavior follows that of the analogous
monomers.

Di-, tri-, tetra-mesogens, etc., can have very subtle differences in structure.
For example, the first dimesogen shown in Fig. 3, has two different mesogenic
units, i.e. a steroidal moiety and a Schiff ’s base unit, where one is chiral and
the other is not [31]. Thus the properties of this material are roughly aver-
aged between the two mesogenic groups. The trimesogen shown however has
a central biphenyl unit with two attached external cyanobiphenyl units [32].
Although the mesogenic moieties are similar, the polar cyanobiphenyl units
will impart very different properties in comparison to the central biphenyl
entity. Lastly the tetramesogen [33] in Fig. 3 has four identical aromatic units,
however, the external two possess flexible aliphatic chains whereas the in-
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Fig. 3 Examples of typical di-, tri-, and tetra-mesogenic liquid crystals

terior two have aliphatic chains that are tethered, and therefore these two
mesogenic units have different properties from the exterior groups.

In a systematic study led by Nishiyama into dimeric and trimeric li-
quid crystals [34–45] investigations were made firstly on deploying the same
mesogens in dimeric systems but with accompanying variation of the linking
group, and secondly on incorporating non-mesogenic units into supermolec-
ular architectures, but with the result that mesomorphic materials were still
obtained.

The first set of four materials, shown in Fig. 4, all possessed the benzoyloxy-
biphenyl unit commonly deployed to support the formation of antiferro-
electric properties in liquid crystal systems. All of the materials were de-
signed to be chiral via the incorporation of 2-octyl moieties with both RR
and SS variants being available for the resulting bimesogens. With a sim-
ple dimethyleneoxy-linking unit between the mesogens, a phase sequence
of ferroelectric-ferrielectric-antiferroelectric, e.g., 1, as a function of tem-
perature was found [36, 37]. When the linking group was changed to a di-
thioether [43] unit ferroelectric and ferrielectric properties were suppressed
in favor of antiferroelectric phase formation, see 2. It is known from other in-
vestigations that the incorporation of sulphur in place of oxygen in aliphatic
chains tends to favor the formation of more ordered phases such as the crystal
B phase over the hexatic smectic B phase [46, 47]. Through the incorpora-
tion of a biphenylyl unit in the bridging chain, thereby creating a trimesogen,
higher ordered antiferroelectric phases, such as the smectic I∗A phase, are
found, see compound 3 [45]. Lastly for this family of materials, the linking
group was substituted with a silyloxy unit [41]. Silyloxy substitution has the
effect of lowering melting point and, because an odd number of atoms substi-
tuted into an even number of atoms in the methylene chain, antiferroelectric
phases are stabilized. For the last compound, 4, this is the case with a melting
point of only 34.1 ◦C and the other supermolecular materials having melting
points above 101.5 ◦C. As the number of atoms located in the chain between
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Fig. 4 Systematic study of the change in linking groups in dimeric and trimeric liquid
crystals

the two mesogenic units is odd, the overall structure is bent, and therefore
antiferroelectric phases are stabilized.

Further studies by Nishiyama et al. [34–45] showed that when taken in
isolation, only one of the aromatic units within a supermolecular system
has a propensity to exhibit liquid crystal phases, then the supermolecular
material itself could be mesomorphic, see Fig. 5. For example, for the top
molecular structure, 5 [45], in Fig. 5, only the biphenyl unit at the center of
the structure supports mesophase formation, whereas the benzoate units are
too isolated from the biphenyl moiety in order to affect mesomorphic behav-
ior. The second material, 6 [45] has terminal phenyl units, which are only
connected by aliphatic chains to the benzoate units. Thus in this case, the
material has four aromatic units out of six which are not in positions that
can enhance mesophase formation. However, the second material has similar
transition temperatures and phase sequences to the first, i.e., both materials
exhibit an unidentified smectic phase and a synclinic ferroelectric smectic C∗
phase. If the third material, 7 [38], is examined, it can be seen that the meso-
genic unit at the center of the supermolecule is an azobenzene unit which is
more strongly supportive of mesophase behavior than the simple biphenyl
moiety. Thus the clearing point is higher for this material in comparison to
the other two. The attachment of the terminal phenyl unit is by a methy-
lene spacer of odd parity, and as a consequence the smectic C phase has an
anticlinic structure rather than synclinic.

These studies demonstrate that for supermolecular materials it is not ne-
cessary to have all of the aromatic/rigid units being supportive of mesophase
formation for a supermolecular material to be mesomorphic. Odd par-
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Fig. 5 Supermolecular liquid-crystalline materials consisting of only one unit that has
mesogenic tendencies

ity spacer units tend to support anticlinic properties, whereas even parity
spacers support synclinic properties.

There have also been a number of examples reported of supermolecular
materials composed of different mesogenic units. For example, Yelamaggad
et al. [48, 49] reported a supermolecular material, 8, that was composed of
three different mesogenic groups linked together in a linear fashion, see
Fig. 6. This material possesses a chiral steroidal unit, a linear biphenyl moi-
ety and a photoactive azobenzene unit, and remarkably it exhibits unusual
frustrated chiral mesophases.

Fig. 6 A trimesogen that possesses three different mesogenic units, and which exhibits
frustrated liquid crystal phases

Laterally appended mesogens have been investigated for a number of sys-
tems. For example Fig. 7 shows a comparative family of laterally appended
dimeric systems which were investigated systematically by Mehl et al. [50–
53]. A three-ring (A) and a four-ring (B) monomer were synthesized with
the potential to be linked together through a silyloxy uniting moiety. The
synthetic programme yielded the symmetrical 9 (AA) and 10 (BB) bimeso-
gens, and the 11 (AB) dimesogen. For completion, the silyloxy terminated,
laterally-substituted monomers were also prepared, 12 and 13. The AA and
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Fig. 7 Comparison of laterally appended bimesogens and dimesogens with the parent
monomers

BB bimesogens, 9 and 10 were found to exhibit higher clearing points than
the parent monomers, and the AB dimesogen, 11, was found to form a glass
at low temperature rather than recrystallize. This is a very interesting result
as it demonstrates that by introducing dissymmetry into molecular architec-
ture a material can be effectively prevented from recrystallizing. In addition,
in all cases laterally appending the mesogens to the linking group results in
the formation of nematic phases in preference to any other mesophase. This
result holds true for many other systems, including dendritic liquid crystals
and side-chain liquid crystal polymers (SCLCPs).

With trimeric supermolecular materials the situation becomes more com-
plicated because not only are there linearly and laterally linked possible struc-
tures, but also there are structures where the mesogenic units could be linked
to a central point, creating a “molecular knot”. In a similar way, tetra-, penta-,
etc., substituted supermolecules can be created.

Typically tri-, tetra-, penta-, etc., substituted supermolecules are used as
dendrons in the formation of dendritic liquid crystals. Figure 8 shows an
example of a dendron that was created to attach to a scaffold in order to
prepare a dendromesogen [25]. In this case, three cyanobiphenyl mesogens
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Fig. 8 Trimeric dendron composed of cyanobiphenyl mesogenic moieties

were attached to a pentaerythritol unit leaving one hydroxyl group free for at-
tachment to a scaffold. The trimeric dendron, 14, so formed was also found
to exhibit liquid crystal phases, as shown in Fig. 8. Remarkably this mate-
rial was found to exhibit smectic A and smectic C phases, but not a nematic
phase. The 4-n-decyloxy-4′-cyanobiphenyl parent system exhibits nematic
and smectic A phases. The suppression of the nematic phase is not surpris-
ing because the ester groups will promote smectic A formation over that of
the nematic phase. However, the formation of a smectic C phase is interest-
ing. Molecular simulations show that, at least in the gas phase at 0 K, the
mesogenic moieties interact strongly together and bunch up to form a cylin-
drical cluster of biphenyl groups, see Fig. 9. Thus the overall structure of the
mesophase is rod-like. The tight packing of the mesogenic units together does
not allow for any overlap of the mesogenic units, thereby preventing the for-
mation of bilayer structures. Alkoxy cyanobiphenyls form bilayer smectic Ad
phases with layer spacings 1.4× the molecular length. The close packing of
the mesogens in the dendron ensures that the prevention of interdigitation
between the layers results in the formation of a monolayer smectic A1 phase,
see Fig. 10. The tight packing also has the effect of introducing the formation
of smectic C phase, which is caused by the limited overlapping of only the
nitrile units.

Fig. 9 Molecular simulation of a trimeric dendron, 14, composed of cyanobiphenyl meso-
genic moieties
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Fig. 10 Schematic of the molecular packing arrangement in the smectic A and smectic C
phases of a dendron, 14, based on the 4-alkoxy-4′-cyanbiphenyl moiety

As noted above, increased numbers of mesogenic units attached to a cen-
tral point can be created by introducing a central scaffold upon which to
build the supermolecular structures. Thus cyclic, caged, or hyperbranched
scaffolds can be utilized, as shown in Fig. 1. Such supermolecular materials
can be thought of as dendritic structures when the mesogenic units are all of
the same type. Figure 11 depicts the general structure of a dendrimer where
repeating branched units are linked together one shell on top of another to
create various generations of the dendrimer. Typically identical mesogenic
units are located at the surface to the dendritic scaffold, thereby creating
a dendritic liquid crystal, or a polypedal (an object having many feet which
are the same) supermolecule. Alternatively, if the mesogenic units are mostly
different with respect to one another, then the supermolecule will have many
different feet, and thus could be termed a multipedal supermolecule. There
is a clear distinction between these two types of supermolecular system; the
polypedal supermolecule, like a polymer, can be subject to polydispersity,
whereas the multipedal supermolecular material is not; it can be similar in
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Fig. 11 A dendritic scaffold, polypedal (many feet the same) supermolecule which can be
subject to polydispersity, and a multipedal (many different feet) supermolecule which is
not necessarily subject to polydispersity

constitution to a protein and have a primary structure. In fact, Newkome
et al. make the observation that “on the preparation of dendritic macro-
molecules, the continued inability to ascertain the absolute homogeneity of
the resultant structures has led many to claim monodisperse character of their
products” [54].

There is of course a further distinction between a supermolecule and
a supramolecular system. A supermolecule is a giant molecular entity that is
made up of covalently bonded identifiable molecular units, thus it is similar
in constitution to that of a tertiary structure of a protein. A supramolecular
system, on the other hand, is a self-assembled, non-covalently bonded entity
where complete molecular units are brought together through non-covalent
forces to create a complex structure similar in constitution to that of a quater-
nary structure of a protein. Figure 12 shows both of the supermolecular and
supramolecular constructions. Thus a supermolecule has a clearly defined
chemical constitution, whereas for the supramolecular system it is possible to
have variations in the constitution depending on how many molecular units
are required to create the self-assembling, and hence self-organizing, complex
system.

Through the incorporation of chemically or physically active moieties
into the structures of super- and supra-molecular systems, “functional” or
“smart” self-organizing materials can be created. Such material systems are
related to proteins in that they can be designed to have specific structures
and properties. For example, Fig. 13 shows a template for a supermolecular
system where two functional units A and B are incorporated into its struc-
ture. A and B may interact with each other or with other chemical entities
introduced to the supermolecular system. The design of such “smart” func-



12 I.M. Saez · J.W. Goodby

Fig. 12 a The architecture of a supermolecule, and b the complex self-organized structure
of a supramolecular entity

Fig. 13 Template structure of a smart or functional supermolecular material

tional supermolecular materials is expected to have a strong impact on the
future development of materials science, as this area of research offers a pow-
erful alternative for managing the awkward gap in the length scale that exists
between top-down miniaturization and bottom-up nanofabrication.

1.2
The Self-Organization Process

The way in which supermolecules can self-organize is dependent to a large
degree on simple structural features, such as the density of the mesogenic
units attached to the periphery of the central scaffold, their orientation of at-
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tachment, and the degree to which they are decoupled from the scaffold. For
example, the density of mesogenic groups attached to the periphery can ef-
fectively change the overall gross shape of the structure of the supermolecule
from being rod-like, to disc-like, to spherulitic. Thus, the structure of the
systems at a molecular level can be considered as being deformable, where
each type of molecular shape will support different types of self-organized
mesophase structure. Thus, for supermolecular materials, rod-like systems
will support the formation of calamitic mesophases (including the various
possibilities of smectic polymorphism), disc-like systems tend to support
columnar mesophases, and spherulitic systems form cubic phases, as shown
in Fig. 14.

Similar structure-self-organizing properties are also found for supramo-
lecular systems, and indeed in some cases far more complex polymorphism
and a richer variety of mesophase types are found [55–57]. Although there
have not been extensive research studies into the effects that the type (rod-
like, disc-like or spherulitic) of mesogenic group attached to the central scaf-
fold has on mesophase formation, it is clear for rod-like shaped mesogenic
groups that the orientation of the attachment can markedly influence the type
of mesophase formed and polymorphism of any smectic phases formed. As
with side-chain liquid crystal polymers (SCLCPs), lateral attachment (side-
on) of the mesogenic units often leads to supermolecular systems exhibiting

Fig. 14 Effect of the number density of mesogens on the surface of the supermolecular
structure on the formation of various mesophases



14 I.M. Saez · J.W. Goodby

nematic phases, whereas for terminal attachment (end-on) smectic phases
appear to predominate, as shown in Fig. 15.

In addition to number density and orientation of attachment, the degree
to which the mesogenic units are decoupled from the central structure is im-
portant. The shorter the linking unit, the more likely the material will act as
a single supermolecular entity, whereas the longer the spacer the more likely
it is that the properties of the individual mesogenic groups will dominate the
overall properties of the material.

Apart from these coarse property-structure–activity relationships, a sec-
ondary level of structure needs to be considered in defining the finer points of
such relationships. For example, the central scaffolds might be considered to
be soft (flexible) or hard (rigid), there might be blocks of mesogenic groups
of one type or another, there could be microphase segregating units incor-
porated into the periphery or the scaffold of the material, mesogenic units
might be incorporated into the scaffold as well as the periphery, it is also pos-
sible to incorporate metallomesogenic units as well as conventional organic
mesogenic moieties, and chirality might be introduced into any part of the
structure. Figure 16 shows some examples of templates for supermolecular

Fig. 15 Orientation of attachment of rod-like mesogenic groups to a central scaffold and
mesophases formed for supermolecular systems, shown in comparison to the structures
of side-chain liquid crystal polymers
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Fig. 16 Templates for supermolecular materials bearing A–B blocks of mesogenic units,
some of which are functionalized

materials bearing blocks of mesogenic units, some of which are function-
alized. The variety of templates available is thus very large, indicating the
potential for the development of novel materials with designer properties.

Through self-assembly and self-organization processes, liquid-crystalline
phases have opened up new perspectives in materials science towards the
design and engineering of supramolecular materials [58–61]. The self-
organization in two- and three-dimensional space offered by the liquid-
crystalline medium is an ideal vehicle to explore and control the organization
of matter on the nanometer to the micrometer scale, which are key to the
emerging development of nanotechnology.

In the following sections we describe the structures of novel polypedal,
multipedal and functional supermolecular materials.

2
Liquid-Crystalline Polypedes – Dendrimers

As noted above, various morphologies have been documented for dendritic
and hyperbranched liquid crystal polymers, and this topic has recently re-
ceived intense interest [14–27, 62–70]. Although the exhaustive revision of this
area is outside the scope of this article, several types can be easily identified:
(i) hyperbranched polymers and liquid crystal dendrimers in which the

mesogenic groups form part of each branching unit;
(ii) dendrimers without mesogenic groups that form liquid crystal phases,

where the formation of the mesophases is due to self-assembly process of
the constituent dendrons, aided by microphase segregation, and

(iii) liquid crystal dendrimers formed by attachment of liquid crystal moieties
to the periphery of a suitable core dendrimer, where the mesogenic units
are located on the surface of the dendritic core.

The first thermotropic liquid-crystalline dendrimer, 15, shown in Fig. 17, was
reported by Percec and Kawasumi for a hyperbranched polyether structure
that consisted of an AB2 monomer, with a mesogenic unit based on confor-
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Fig. 17 A nematic supermolecular material which forms a rod-like conformation

mational isomerism. Different end-groups were used to terminate the poly-
mer, and the gauche conformation was found to favor the dendritic geometry
in the solid state; however, the anti conformation was obtained at higher
temperatures, and this was found to stabilize the formation of the nematic
phase [71].

Lattermann et al. reported the first metallomesogenic dendrimer when
they described results on trigonal bipyramidal metal complexes of ethylene-
imine dendrimers of the first and second generation, based on derivatives of
tris(2-aminoethyl)amine. Complexes of cobalt, nickel, copper, and zinc were
prepared and found to exhibit relatively low temperature mesophases, which
generally possessed hexagonal columnar structures. These materials there-
fore provided the first examples of metallomesogenic dendrimers [72, 73].

The groups of Shivaev and Frey reported (at a similar time) the first
examples of materials that are classed as conventional liquid crystal den-
drimers. In these reports they described the synthesis of liquid-crystalline
carbosilane dendrimers, which differ from the above dendritic liquid crys-
tals in that the mesogenic groups are located only at the surface [74, 75].
Thus the materials combine a flexible, dendritic carbosilane inner core which
is functionalized on the surface with cyanobiphenyl groups or cholesteryl
groups, attached by flexible spacers via either classical hydrosilylation reac-
tions or through esterifications, see Fig. 18 for example. This material, 16,
has 36 mesogenic moieties attached to its periphery, however, the flexibil-
ity of the central scaffold allows the supermolecule to deform its shape to
give a rod-like overall form, thereby supporting the formation of calamitic
mesophases. Remarkably, although the individual mesogenic groups would
normally support the formation of nematic phases at temperatures above
room temperature, the supermolecule exhibits a wider temperature range for
the mesomorphic state, with a glassy phase being formed well below room
temperature. In this series of materials up to 124 mesogens have been at-
tached to the periphery, and at higher number densities of mesogens, i.e.,
for higher generations of the dendritic scaffold, columnar phases start to ap-
pear. However, the introduction of columnar phases at higher generations is
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Fig. 18 Example of a typical liquid crystal dendrimer with its mesogenic units covalently
attached to the outer surface of a flexible scaffold

indicative of the flexibility of the scaffold, which allows for a wide variety of
conformers to be present in the lower generations that support the formation
of rod-like gross shapes of the supermolecule (see Donnio and Guillon for
a very detailed review of liquid-crystalline dendrimers and polypedes [76]).

2.1
Effect of Density of Mesogens and Number Generation

The reports by Elsäßer et al. concerning the formation of carbosilazane-based
multipedal systems provides for one systematic study where material de-
sign and preparation was taken from a simple bimesogen to trimesogen and
through to dendrimer. In addition, the soft-centered core was changed in gen-
eration number from 0 to 2, where mesogens were appended laterally to the
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scaffold, thereby providing for a more complete study. The synthetic path-
way to the various carbosilazane scaffolds is shown in Fig. 19. Derivatization
of the double bonds with hydrosiloxane derivatized mesogens results in the
formation of multipedal and dendritic liquid crystals [50–53].

Figure 20 shows a list of the transition temperatures for the various
polypedes and dendrimers that were prepared. It is interesting that the sys-
tems bearing four aromatic rings, 22 to 26 exhibited polymorphism, whereas
the three-ring systems, 17 to 21, did not. All of the materials, however, ex-
hibited the nematic phase, in keeping with the earlier description of lateral
versus terminal appendages of the mesogens to the central scaffold. The four-
ring systems also exhibited crystalline phases whereas the three-ring systems
essentially formed glassy states at low temperature. This effect is probably re-
lated to the fact that the systems with four-ring mesogens are behaving as
though they are a collection of individual mesogens, ie, the system is being
dominated by the liquid crystal units because the length to breath ratio is
quite high. The three-ring systems on the other hand have greater flexibility
due to the lower length to breath ratios, and the relative dynamics will ensure
that these materials will only exhibit nematic phases. Overall it is also very
interesting that the three-ring systems are in their nematic phases at room
temperature down to temperatures well below 0 ◦C!

Fig. 19 Synthetic scheme to prepare carbosilazane-based dendritic scaffolds



Supermolecular Liquid Crystals 19

Fig. 20 Effect of density of mesogens and number generation in multipedal and dendritic
carbosilazanes

2.2
Effect of Spacer Length

The effect of the length of the linking chain between the mesogenic units and
the scaffold were investigated using simple model tetrahedral systems with
cubic symmetry that were created by reacting tetrakis-(dimethylsiloxy)silane
with a variety of alkenyloxy-cyanobiphenyls [77, 78], thereby generating a set
of tetrahedrally substituted mesogenic supermolecules, see Fig. 21 where four
mesogenic units are tethered to a central point. The figure shows that the
tetramers exhibit smectic A liquid crystal phases which are preferred over
the nematic phase exhibited by the mesogenic monomers themselves. In
this sense, these supermolecules are similar in mesophase behavior to con-
ventional side-chain liquid crystal polysiloxanes which have cyanobiphenyl
moieties as the mesogenic side group.

In general, the smectic A phase has a structure where rod-like molecules
pack in diffuse layers where there is no positional ordering of the molecules
in the plane and out of the plane of the layers [79]. The only way in which
the tetramers can form such a phase is by molecular distortion away from
a spherical shape to give a rod-like conformational structuring. Molecular
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Fig. 21 Transition temperatures (◦C) for the tetramers of alkenyloxy-cyanobiphenyls sub-
stituted tetrakis-(dimethylsiloxy)silane

modelling studies reveal that even in the gas phase at absolute zero, the con-
formation where the mesogenic side-chains are aligned is the more energeti-
cally favored conformation (see Fig. 22), thereby allowing the supermolecules
to achieve rod-like molecular shapes.

The materials with C4 and C6 spacers exhibited only a smectic A phase,
whereas the tetramer with a C11 spacer shows, upon heating, a transition
to an additional unidentified phase at 38.7 ◦C. When the number of methy-
lene units is increased, the isotropization temperatures increase accordingly.
The material with the C6 spacer has the lowest solidification temperature
(–14.7 ◦C). Thus these symmetrically substituted systems show low melting

Fig. 22 The molecular shape of tetramer with a C11 spacer unit shows the minimized
structure in the gas phase at absolute zero using a Silicon Graphics system operating with
Quanta and CHARMm software
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behavior and primarily glass formation on cooling. This effectively widens
the relative temperature ranges of the liquid crystal mesophases.

X-ray diffraction shows that the trichotomous nature of the tetramers al-
lows for different packing characteristics to exist for the molecules in the
smectic A phase. Thus, the separate interactions of the mesogenic units, the
alkyl spacers and the silicon cores have to be considered in the formation of
the A phase. For the shorter methylene spacer lengths, internal phase sepa-
ration leads to the smectic A phase being described as a smectic Ad phase
with respect to the mesogens and a monolayer smectic A1 phase with respect
to the silicon cores, see Fig. 23. In the smectic Ad phase, the mesogenic units
are partially interdigitated giving a layer spacing d, where 1 × l < d < 2 × l,
and l is the molecular length. The smectic A1 phase is a disordered layered
phase where the layer spacing is approximately equal to the molecular length.
For the longer methylene spacer lengths, the co-existence of smectic Ad and
smectic A2 phases is probable (the smectic A2 phase is a bilayer system where
the layer periodicity is twice the molecular length). The occurrence of these
structures can be explained by the presence of biphasic or incommensurate
smectic A phases, or even a smectic A anti-phase.

Thus for the tetramers there is adequate free volume for the cyanobiphenyl
“mesogenic arms” to rotate so as to give a distorted rod-like molecular
shape. Increasing the number of mesogenic units attached to the central
point, however, has the effect of reducing the free volume for the packing
of the mesogenic groups, which in turn reduces their freedom of movement
and suppresses the ability of the supermolecular system to generate a rod-
like conformational form. Increasing the number of mesogens attached to
a central point is difficult to achieve without moving in the direction of den-
drimer formation, but the substitution of polyhedral core units with meso-
genic groups can provide an alternative route to packing a larger number
of mesogenic units about a central focal point. The use of various polyhe-

Fig. 23 The proposed structure of the smectic A phase of the tetramers
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Fig. 24 The change in transition temperatures (◦C) as the number of mesogenic groups
increases

dral siloxane-substituted systems, as the central cores of the supermolecular
systems, allows for meaningful comparisons to be made as the free volume
available to the mesogens is reduced as the degree of substitution about the
polyhedral core is increased [80, 81], see Fig. 24.

2.3
Effect of Incompletion of Outer Shell or Generation

Often dendritic liquid crystals are assembled through the preparation of den-
drons, and then the dendrons are attached to a central scaffold of a suitable
generation number. This technique allows for the dendrons to be prepared
on a large scale and then the attachments to the scaffold are done in smaller
number than if the mesogens are directly attached. However, one problem
that is sometimes encountered in this synthetic approach is that the scaffold
becomes progressively crowded as the dendrons are attached, and sometimes
this can lead to incomplete derivatization. In the following section, complete
and incomplete substitutions are investigated and compared.

Firstly, however, we can compare the attachment of dendron carrying ei-
ther terminally or laterally appended mesogens. Although the scaffold in this
example is a first-generation system based on pentaerythritol, the dendrimer
was in fact prepared from dendrons based on pentaerythritol, which were
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then attached to pentaerythritol itself, via formation of the propanoic acid
derivative.

In the materials discussed in the next section, the mesogenic groups have
four aromatic rings, in order to promote mesomorphic behavior. In all of the
examples a chiral unit was included into the structure of the mesogens, and
in the first of the materials, dendrimer 31, see Fig. 25, a chiral 2-methylbutyl
group was appended laterally to the long axes of the mesogens. As expected,
the terminally appended material exhibited a smectic phase, in this case chi-
ral smectic C∗, but in addition, a chiral nematic phase was also exhibited. The
local structure of the smectic C phase is shown in Fig. 26, where the mesogens
are constrained into a cylindrical conformation. The mesogens are located
towards the layer interfaces and the aliphatic spacers or linking groups are to-
wards the interiors of the layers. The mesogens are also tilted with respect to
the layer plains, but this does not indicate that the cylindrical structures are
tilted, rather just that the mesogens are at an angle to the layers. The material

Fig. 25 Dendrimer 31 with terminally appended mesogens which themselves have laterally
appended chiral groups
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Fig. 26 Local structure of the chiral smectic C∗ phase

showed a crystalline solid at lower temperatures. As the chiral group chosen
was 2-methylbutyl, the chiral nematic phase was not iridescent, because the
pitch of the chiral phase was too long. In addition, the smectic C∗ phase is ex-
pected to be ferroelectric, however, the polarization would be expected to be
relatively small because of the weak dipole at the stereogenic center.

The laterally appended dendrimer, 32, shown in Fig. 27, as expected ex-
hibits a chiral nematic phase, with smectic mesophase formation being sup-
pressed. The clearing point is almost 50 ◦C lower, whereas the melting point
is only 25 ◦C lower in comparison to the terminally appended system. This
demonstrates that lateral appendages of the mesogens causes disruption to
the intermolecular packing, thereby destabilizing mesophase formation. The
local structure of the chiral nematic phase is thus shown in Fig. 28.

In the synthesis of the dendrimers it is more difficult to attach the den-
drons with laterally appended mesogens to the scaffold than it is to attach the
dendrons with terminally appended mesogens. This may be associated with
the effects of a higher degree of crowding produced by the laterally attached
mesogens. This forces the issue of dispersity, but in a controlled way, it is pos-
sible to prepare a dendrimer with only three dendrons rather than the four
that are possible, as shown in Fig. 29. The three-armed product, 33, possesses
a nematic phase with a similar structure to that shown in Fig. 28 for the four-
armed dendrimer. Remarkably, the melting points and clearing points of the
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Fig. 27 Dendrimer 32 with laterally appended mesogens

Fig. 28 Local structure of the chiral nematic phase
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Fig. 29 A three-armed dendrimer with a potential binding site at the fourth unsubstituted
location

two are almost identical. This result demonstrates that in this system the li-
quid crystal properties are dominated by the properties of the dendrons. Thus
it does not matter to the giant molecular system whether three or four arms
are present, the system simply does not know the difference.

One of the more interesting features about the three-armed system is that
the fourth unsubstituted site still has an acid moiety associated with it. Thus,
this location can act as a binding site, and potentially a catalytic site, and the
system has the potential to act somewhat like a protein, with a binding cleft
in its structure, see Fig. 29.

2.4
Effect of Chirality on Physical Properties

As noted earlier, the incorporation of chiral groups in the liquid crystal
moieties can have the effect of inducing non-linear properties, which in-
clude thermochromism, ferroelectricity, antiferroelectricity, electrostriction,
and flexoelectricity. In a now classical study, Hult [82] demonstrated that it
was possible for supermolecular material 34 to exhibit two-state ferroelec-
tric switching. The remarkable material he investigated, shown in Fig. 30, was
found to exhibit two hitherto unclassified mesophases between the smectic
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Fig. 30 Ferroelectric supermolecular material, 34

A∗ phase and the smectic C∗ phase. At a temperature of 105 ◦C, just in the
smectic C∗ phase, ferroelectric switching was achieved with a tilt angle of
26◦. The mesogenic units were based upon the famous MHPOBC ferroelec-
tric material which had a switch angle of approximately 25◦. Thus this result
demonstrated that the dendrimer is really acting as a collection of low-molar-
mass liquid crystals.

2.5
Effect of Hard Core Scaffolds – Silsesquioxanes

Within the now conventional group of liquid crystal dendrimers, a group
of liquid-crystalline dendrimers based on the hexa- and octa-silsesquioxane
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core has been reported, which provide six or eight primary (radial) branches
for derivatization, allowing an increased packing of the mesogens around the
dendritic core at earlier generations; moreover, the rigid framework of the
silsesquioxane cores offer the possibility of a contrasting comparison with
dendrimers derived from entirely flexible scaffolds. The structures of the
hexa- and octa-silsesquioxanes are shown together in Fig. 31.

A1 example, 35, of a nematogenic supermolecule possessing an oc-
tasilsesquioxane central core is shown in Fig. 32 [83]. The material, by virtue
of possessing laterally appended mesogenic units, is nematic, where the ne-
matic phase is enantiotropic by two to three degrees. On heating from the
solid state it exhibits a crystal to nematic phase transition, but on cooling
back to the solid it forms a glass, which is usually the case for supermolecules
with laterally appended mesogens.

Fig. 31 The structures of the hexa- and octa-silsesquioxanes cores for use as scaffolds
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Fig. 32 A nematogenic supermolecular octasilsesquioxane, 35, with laterally appended
mesogenic groups

The structure of the nematic phase is proposed to be one where the cen-
tral cores are surrounded by the mesogenic groups, with the long axes of the
mesogens pointing in roughly the same direction, as shown in Fig. 33.

Terminally appended systems on the other hand tend to have more pro-
nounced stability of the smectic phases, and indeed in some cases poly-
morphism is also observed. For example, the substitution of silsesquiox-
anes with mesogenic groups that are conducive to smectic mesophase for-
mation, yields supermolecular materials that as expected exhibit smectic
phases. For the many materials studied, the formation of smectic phases
and mesophase temperature ranges are considerably enhanced for the super-
molecular material over those of the individual mesogenic parents. In the
case of substitution of the hexasilsesquioxane scaffold with the 4′-(2-methyl
butylbenzoylxoy)biphenyl-4-carboxylate mesogenic unit, 36, see Fig. 34, [81]
which favors the formation of orthogonal smectic A and tilted smectics C,
I, and F phases, the supermolecule exhibits only the tilted smectic C phase.
Smectic polymorphism is suppressed, which is important for uses of such
materials in various applications. For compound 36 the smectic C phase
is present from 11.5 to 191.5 ◦C, i.e., a temperature range of over 180 ◦C,
whereas it is only present over a temperature range of 22–23 ◦C for the meso-
genic monomer unit. The coupling of the potential stability of the smectic C
phase with chirality built into the mesogenic units allows for the possibility
of synthesizing supermolecular ferroelectric materials, which may have inter-
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Fig. 33 Local structure of the nematic phase of an octasilsesquioxane dendrimer, 35, pos-
sessing laterally appended mesogens

Fig. 34 A terminally appended hexasilsesquioxane, 36
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esting non-linear physical properties, e.g., antiferroelectric, pyroelectric, and
piezoelectric properties.

The next family of materials, which are to be discussed all possess
cyanobiphenyl moieties as the mesogenic units. The systematic studies of the
liquid crystal properties are described in terms of spacer length and peripheral
number density. The first material, 37, shown in Fig. 35, is an octamer based
on the octasilsesquioxane core unit [86]. This material was prepared and puri-
fied in such a way that by HPLC and 29Si NMR spectroscopy it was shown to be
a single compound without dispersity. The material was found to exhibit smec-
tic polymorphism with SmC and SmA phases being formed. The incorporation
of cyanobiphenyl mesogenic moieties means that the material has interesting

Fig. 35 Octamer of octasilsesquioxane, 37, bearing cyanobiphenyl moieties
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dielectric properties, and the presence of the smectic C phase indicates that
with the introduction of chirality the material would also be ferroelectric and
pyroelectric. The mesophase sequence of g –12.8 Cryst1 4.7 Cryst2 39.0 SmC
74.2 SmA 102.9 ◦C Iso Liq, demonstrates that the dendritic structure of the su-
permolecule is constrained to being rod-like, see Fig. 36, and that the rod-like
conformers tilt over at the smectic A to smectic C phase transition, as shown
in Fig. 37. Thus, the structures of both the smectic A and the smectic C phases
have alternating organic and inorganic and layers. As the inorganic and organic
layers have differing refractive indices, the mesophase structures are essentially
nano-structured birefringent slabs.

The effect of the length of the spacer chain on the liquid-crystalline prop-
erties of the octamers of octasilsesquioxane, of general structure 38, was

Fig. 36 Minimized structure of the octamer, 37, showing that the dendrimer is cylindrical
in shape

Fig. 37 The structures and phase transition for the smectic A and smectic C phases of
multipede 37 where the spheres represent the terminal cyano moieties
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investigated, see Fig. 38 and Table 1. This family of materials were found to
exhibit only smectic A phases, however, as the aliphatic chain length of the
spacer was increased, the mesophase stability increased. All of the family ex-
hibited glassy phases on cooling the smectic A phase, interestingly the glass
transition temperatures were below room temperature [84].

The number of mesogenic groups can be increased in the periphery by the
hydrosilylation of the first-generation hexadecavinyl octasilsesquioxane den-
drimer, see Fig. 39, with cyanobiphenyl mesogens containing terminal Si-H
groups, thereby affording the liquid crystal multipede 39, see Fig. 40, which
contains 16 cyanobiphenyl groups attached to the dendritic core [86]. For
this material, the 1H NMR spectrum showed well-resolved resonances for
all the protons of the cyanobiphenyl mesogenic groups, indicating complete
conformational freedom of the mesogenic units in solution. Complementary
29Si NMR spectroscopy shows that the reaction of the cyanobiphenyl meso-
gens with the vinyl units was incomplete, and although the distribution was
much sharper than normally found for polymers, nevertheless, the material
showed a degree of dispersity and is not a unique compound. The molecular
weight of 39 was under-estimated by SEC, an effect frequently encountered in

Fig. 38 Effect of spacer chain length on the liquid crystal properties of dendrimers of gen-
eral structure 38

Table 1 Transition temperatures (◦C) as a function of methylene spacer length (n) for
octamers 38

Spacer chain length (n) g to SmA SmA to Iso Liq

4 11.0 93.9
6 0.3 116.5

11 –7.0 128.5



34 I.M. Saez · J.W. Goodby

Fig. 39 Synthesis of supermolecule 39

dendrimers, which has been interpreted as evidence of a globular conform-
ation in solution.

Multipede 39 shows, see Fig. 40, a phase sequence of g –17.5 SmC 63.1
SmA1 91.7 ◦C Iso Liq. Thus the effective doubling of the number of meso-
genic units results in the lowering of the clearing point, the SmC to SmA
transition and the glass transition relative to 37. This thermal behavior is
in contrast with that normally found for liquid crystal dendrimers based on
flexible dendritic cores, where the clearing points increase and the glass tran-
sitions remain almost constant with generation number [87–91].

The mesophase behavior of 39 implies that the dendrimer must, like su-
permolecule 37, also have a rod-like shape in order that it can pack in layers,
where the molecules within the layers are disordered and the layer structure
is diffuse, revealing that the mesogenic state deforms the globular environ-
ment of the dendrimer. This is remarkable given that the number of meso-
genic units is doubled relative to the number of octasilsesquioxane scaffolds,
see Fig. 41, and where as a consequence one would expect curvature in the
packing of the mesogenic units to occur due to their bunching about the scaf-
folds. Again, unlike the parent mesogenic system, the smectic A phase of the
dendrimer forms a monolayer smectic A phase (SmA1). As with other den-
drimers bearing terminal nitrile groups, a smectic C phase is also formed,
which for the parent system is almost unheard of.

The point of bifurcation, so that 16 mesogenic units can be more eas-
ily located around the octasilsesquioxane core, can be achieved by moving
the bifurcation point away from the central part of the scaffold as shown for
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Fig. 40 Structure of dendromesogen 39. The results below the structure show that it is not
monodisperse

dendrimer 40, see Fig. 42 [85]. In this case, however, the thermal stability of
the smectic C phase is greatly reduced, whereas the stability of the smectic
A phase is retained. However, because the mesogens are decoupled from the
scaffold to a large degree, the material crystallized rather than formed a glassy
phase.

As noted earlier, in general, as for traditional side-chain liquid crystal
polymers, the end-on attachment of the mesogenic moieties affords smectic
phases, whereas side-on mesogenic sub-units lead to nematic phases. By ap-
pending laterally attached chiral mesogenic units to the octasilsesquioxane
scaffold the induction of the chiral nematic phase into this class of materi-
als was targeted. Supermolecule 41, see Fig. 43, the size of a small globular
protein (i.e., MW = 6560), was prepared as a single material with a disper-
sity of 1, and as predicted it exhibited a chiral nematic phase with a helical
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Fig. 41 Schematic drawing of the bilayer structure of the smectic A phase of multipede
39. The 16 mesogenic units (cylinders and spheres which represent the cyano groups) per
molecule are accommodated in the layers without the introduction of curvature in the
packing of the mesogenic units together

macrostructure. Furthermore, the material exhibits an extraordinarily long
temperature range for the chiral nematic phase. A transition from a glassy
state to the chiral nematic phase occurs near to room temperature and then
the phase extends over 90 degrees before transforming to the isotropic liquid
at 116.9 ◦C [92].

The local structure of the chiral nematic phase is shown in Fig. 44 where
the supermolecules are depicted as having rod-like/tubular structures where
the mesogenic units are expected to intermingle between the supermolecules.
The chiral nematic phase will have a helical macrostructure superimposed
upon the local nematic ordering as shown in the figure. Remarkably, the ma-
terial has a helical pitch of approximately 2 µm, which is a relatively short
pitch considering the size of the polypede, and approximately the same as the
pitch that would be produced by the individual mesogenic units without spac-
ers being attached. However, unlike the situation for the mesogenic units, the
pitch is relatively temperature insensitive. Thus the surface of the polypede
acts as a molecular recognition surface, in a similar way to recognition sur-
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Fig. 42 Dendrimer 40 shows a bifurcation point that is removed from the central scaffold

Fig. 43 Laterally appended octamer of octasilsesquioxane, 41, where the mesogens are
chiral

faces are created in surfactant systems and Janus grains as described by de
Gennes [93].

By changing the chiral moiety associated with the liquid crystal units,
the physical properties of the supermolecular system can be changed and/or
fine-tuned. For example, changing the chiral group from 2-methylbutyl to
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Fig. 44 Schematic representation of the local nematic structure and the helical structure
of the chiral nematic phase of dendrimer R

2-octyl, as for polypede 42 (MW = 6889) in comparison to 41, the glass to
chiral nematic phase transition is lowered to a value below room tempera-
ture, and similarly the clearing point is substantially reduced. However, the
chiral nematic phase still exists over a temperature range of approximately
60 ◦C, which is quite remarkable considering that the low molar mass equiva-
lents melt above 70 ◦C, thus supermolecular systems provide access to liquid
crystal phases over much wider temperature ranges than the low-molar-mass
equivalents [92].

The pitch of the helix for compound 42 was found to be approximately
0.2–0.3 µm, thus the material selectively reflects visible light over a wide tem-
perature range. Moreover, the pitch is relatively temperature insensitive thus
the material can be used in large area non-absorbing polarizers, or in op-
tical notch filters or reflectors. In addition, in the glassy state the helical
macrostructure of the chiral nematic phases is retained, thus similar applica-
tions are possible.

As with the terminally appended system 39, dendritic growth of the oc-
tasilsesquioxane core allows twice the number of mesogenic units be bound
to the central scaffold. Thus, the first generation octasilsesquioxane den-
drimer 43, see Fig. 46, which is the size of a small protein (MW = 14653)
possessing 16 side-on attached mesogenic units, was reported [94]. After
purification of this material it was found to be monodisperse by Maldi-tof
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Fig. 45 Supermolecular material 42 which has a relatively short pitch in the chiral nematic
phase

Fig. 46 Supermolecular hexadecamer 43, with 16 laterally appended mesogens

spectrometry, size exclusion chromatography and 29Si NMR spectroscopy, see
Fig. 47 for the NMR spectrum.



40 I.M. Saez · J.W. Goodby

Fig. 47 The 29Si NMR spectrum of supermolecule 43 showing the resonances for four
identifiable silicon atoms

Compound 43 was found to exhibit a chiral nematic phase (see the tex-
ture in Fig. 48), hexagonal disordered columnar (see Fig. 49) and rectangular
disordered columnar phases, in the sequence g 5.4 Col∗rd 30 Col∗hd 102.3 N∗
107.7 ◦C Iso Liq [94]. Thus the increase in the number density of the meso-
gens bound to the central scaffold transforms the situation from the octamers
41 and 42, which exhibit calamitic phases, to one where the hexadecamer
43 exhibits columnar phases. However, the formation of columnar phases
when the dendrimer possesses rod-like mesogenic groups is not easy to vi-

Fig. 48 The Grandjean plane texture of the chiral nematic phase of supermolecule 43.
There is a blue iridescent color which is due to the selective reflection of light from the
helical macrostructure (×100)
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Fig. 49 The homeotropic and rectilinear defect textures of the hexagonal columnar phase
of supermolecule 43 (×100)

sualize unless the mesogenic groups surround the octasilsesquioxane core to
give a cotton-reel-like structure. From the point of view of the mesophase
structure, the best fit to the X-ray data was obtained using such a “cotton-
reel” model, see Fig. 50, which suggests that in the hexagonal columnar phase
the dendrimer assumes a cylindrical shape that has approximately the same
height as its diameter. The long axes of the mesogenic units are roughly par-

Fig. 50 Cotton-reel model of supermolecular material 43
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allel to or slightly tilted with respect to the rotational axis that is normal to
the cylinder, i.e., they are nematic-like, and they are packed together side by
side on the outer surface of the cylinder, in a disordered fashion, as shown in
Fig. 51.

The mesogenic behavior of 43 emphasizes the role played by the oc-
tasilsesquioxane core when comparing with the related side-chain liquid-
crystalline polysiloxanes [95, 96]. It is remarkable that the thermal stability of
the chiral nematic phase is similar in both the polymer and the dendrimer,
suggesting that the cubic core does not perturb significantly the associations
between the mesogens necessary to support the chiral nematic phase.

Similarly, the formation of the columnar phases for dendrimer 43, but
not in the side-chain polysiloxanes, indicates that the silsesquioxane core
assists in the interaction of neighboring units resulting in the formation
of the hexagonal and rectangular columnar disordered structures, presum-
ably through segregation of the siloxane cores from the mesogenic units in
distinct columns. These remarkable new mesophase structures, which are
essentially variations of “tubular nematic-columnar phases”, are favored by
the spacer length used to attach the mesogen to the dendrimer core, since
it has been kept relatively short (five methylene units) in order to prevent
full decoupling of the mesogenic motions from the silsesquioxane core and

Fig. 51 Schematic structures of the hexagonal tubular nematic and rectangular tubular
nematic phases. The mesogenic groups are roughly parallel to the columns but their pos-
itions are disordered. Thus the columns effectively act as the directors of the nematic
phase
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by forcing the mesogens to pack closely together around the dendritic core.
The structures of the “hexagonal tubular nematic-columnar” and “rectan-
gular tubular nematic-columnar” phases are shown schematically together
in Fig. 51.

The hybrid structures of such “tubular nematic-columnar liquid crystal
phases” lend themselves as potential model systems for the development
of photonic band-gap materials, where large difference in refractive indices
between the inorganic and organic sections can be engineered into the sys-
tem through design and synthesis. In addition, the chiral nematic phase
of the hexadecamer shows the selective reflection of blue light indicating
that the pitch of the chiral nematic phase is sub-micron, approximately 0.2
to 0.3 µm.

By swapping the position of the chiral group of the mesogen with the link-
ing group to the central scaffold, polypede 44, see Fig. 52, is created where
the mesogens are attached end-on. As predicted, the material does not exhibit
columnar phases, but instead reverts to calamitic phases, with chiral nematic
and chiral smectic C∗ phases being found. In terms of material properties,
the nematic phase of the supermolecule possesses a helical macrostructure
and therefore reflects light. The chiral smectic C∗ phase is ferroelectric as
was shown by electrical field studies, however, the polarization was not deter-
mined because of the slowness of the response of the material.

Fig. 52 Hexadecamer supermolecule 44
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2.6
Effect of Hard Core Scaffolds – Fullerene

Apart from employing octasilsesquioxane as the central scaffold, other rigid
cage structures can be used as the central building block, for example [60]ful-
lerene. The hexa-adducts of [60]fullerene can give a spherical distribution
of mesogenic substituents about the central scaffold, and thus these types
of supermolecular material have similar topologies to those of the octa-
and hexa-substituted silsesquioxane. Not surprisingly, therefore the fullero-
dendrimers exhibit similar mesophase behavior to the silsesquioxane den-
drimers. For example, compound 45, shown in Fig. 53 [76] is similar in
topology to supermolecule 43 shown in Fig. 40. Material 45 exhibits a rela-
tively high glass-transition temperature, 80 ◦C, followed by a transition to
a smectic A phase. No other liquid crystal phase is observed and the liquid
crystal state collapses to the liquid at 133 ◦C. The octasilsesquioxane, 43, ex-
hibits the following phase sequence and transition temperatures; g –17.5 SmC
63.1 SmA1 91.7 ◦C Iso Liq. Thus it can be seen that the lower glass transi-
tion reveals the presence of smectic polymorphism. Often because of higher
glass transition temperatures or melting points, fullero-dendrimers with ter-
minally appended mesogens tend not to exhibit smectic C phases.

Terminally appended chiral mesogens have also been investigated through
the deployment of cholesteryl substituents [97]. For example, material 46 has
been prepared and shown to exhibit a smectic A phase, thus it has properties

Fig. 53 Supermolecular fullero-dendrimer 45
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similar to that of material 45. The clearing point is relatively high; however,
due to the inclusion of chiral groups, the glass transition is low. The wider
temperature range for liquid crystal properties to be observed, however, does
not reveal any other phases than smectic A.

2.7
Effect of Hard Core Scaffolds – Molecular “Boojums”

The incorporation of lateral mesogenic substituents onto a [60]fullero-scaffold,
particularly chiral mesogens, can lead to interesting structural behavior and
properties. For example, supermolecular material 47, shown in Fig. 55, has
a structure that utilizes the same laterally appended mesogens as in material
43 shown in Fig. 46, but this time attached to a [60]fullerene (C60) central core
unit [98]. Through bifurcation, 12 mesogenic units were symmetrically po-
sitioned about the C60 core, thereby creating a spherical architecture. Again,
because of the lateral attachment of the mesogenic units, a chiral nematic phase
is exhibited by this material. The material forms a glass at 47 ◦C, and upon heat-
ing a chiral nematic phase is stable up to 103 ◦C. Unlike compound 43, however,
for 47 no columnar phases were observed, thereby strengthening the view that
[60]fullerene suppresses mesophase polymorphism.

The mesophase defect textures exhibited by 47 were typical of those nor-
mally found for a chiral nematic phase, except they were only revealed upon
annealing, which is probably a function of the viscosity of the material. Thus
the sample was annealed just below the clearing point. After 24 h, large areas
of the preparation evolved to show fingerprint defects and the Grandjean plane

Fig. 54 Chiral supermolecular fullero-dendrimer 46
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Fig. 55 Supermolecular material 47 which possesses a “boojum-like” structure and ex-
hibits a chiral nematic phase

texture (see Fig. 56). From the Grandjean plane texture, the twist sense of the
helical structure was found to be left-handed. The pitch was determined by
measuring the number of pitch bands per unit length from the fingerprint tex-
ture. A value of 2.0 µm for the pitch length was obtained at room temperature.
The value was found to be similar to those of the chiral mesogen unit (1.7 µm)
and the malonate precursor (1.9 µm). Thus the fullerene moiety is shielded
very effectively among the laterally attached mesogens, without disturbing the
helical supramolecular organization of the mesophase. Furthermore, as the
mesogenic units are symmetrically distributed all over the fullerene sphere
they effectively isolate it, thereby decreasing the possibility of aggregation of
the C60 units, which is detrimental to mesophase formation.

Fig. 56 a fingerprint texture for an uncovered droplet of compound 47, and b the Grand-
jean texture of the chiral nematic phase



Supermolecular Liquid Crystals 47

It is also interesting to consider how the selection process for the helical
organization of material 47 is generated upon cooling from the isotropic li-
quid. As the C60 core of the material is spherical, and the mesogenic units are
attached by relatively short methylene spacer units, it is not unreasonable to
assume that, in the liquid phase, the mesogenic units are symmetrically dis-
posed about the central core. Cooling into the chiral nematic phase, however,
the helical organization was be expected to be a result of the organized pack-
ing of the dendritic supermolecules, i.e., they are considered to be no longer
spherical in shape. However, it was found that when the diameter of the C60
core is compared to the length of the mesogenic units, it is clear that flexible,
random packing of the mesogenic units about the core in the liquid crystal
state was not possible, and that the mesogens are required to be organized
in their packing arrangements relative to one another, both on the surface
of the dendrimer and between individual dendrimer molecules. One possi-
bility was postulated where the mesogenic units are oriented parallel to one
another, thus when the material cools into the liquid-crystalline phase direc-
tional order of the mesogens is selected by the external environment, such as
the surface. In doing so, this information is transmitted to the other mesogens
associated with the spherical dendrimer and further to the neighboring den-
dritic supermolecular compounds. Alternatively, for an individual dendrimer
it was proposed that the direction of the mesogens would spiral around the
C60 core to give poles at the top and bottom of the structure, as shown in
Fig. 57. Thus the spherical dendrimer was projected to have a well-defined
chiral surface, thereby resulting in the creation of a chiral nanoparticle, i.e.,
a molecular “Boojum”. When the chiral nanoparticles pack together they
were expected to do so through chiral surface recognition processes, resulting
in the formation of a helical supramolecular structure. Consequently, the chi-
ral supermolecular nanoparticles transmit their local organization through

Fig. 57 Proposed helical structure of a molecular “Boojum”
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amplification to adjacent molecules resulting in values of the helical twisting
power that are higher and the pitch shorter than might be expected for such
large molecular entities.

3
Multipedes

As noted in the introduction, multipedes are essentially a step away from
polymer and dendritic systems towards the complex super- and supra-
molecular materials found in living organisms, where materials with selec-
tive functional properties are incorporated into self-assembling and/or self-
organizing states of matter. If we consider firstly the two polypedes 48 and 49,
tetramer 48 has four laterally appended chiral mesogenic groups and there-
fore exhibits a chiral nematic phase as expected. Similarly, tetramer 49, which
has terminally appended cyanobiphenyl mesogenic groups, exhibits a smectic
phase as expected, see Fig. 58.

Replacement of one of the mesogenic groups in either of the tetramers
by a mesogenic group from the other tetramer results in two new super-
molecules 50 and 51, see Fig. 59 [99]. These materials are no longer tetramers,
but are molecules in their own right with discrete structures. The introduc-

Fig. 58 Comparison of liquid-crystalline tetramers possessing laterally, 48, and terminally
appended, 49, mesogens
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tion of a terminally appended mesogen into a supermolecule which has pre-
dominantly laterally appended mesogens in the periphery, as for 50, results in
a lowering of the relative melting point, but the mesomorphic properties re-
main nematic, which is expected as the terminally appended mesogen serves
to increase the disordering in the system.

However, when a laterally appended mesogen is introduced into a system
where all of the other mesogens are terminally appended, as for 51, the lat-
erally appended mesogen acts as a disruptor to the orderly packing of the
molecules together. This results in the suppression of the formation of smec-
tic modifications and support for nematic phases. Thus compound 49, which

Fig. 59 Comparison of liquid-crystalline multipedes possessing mixed laterally, 50, and
terminally appended, 51, mesogens
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Fig. 60 Schematic representation of the nematic phases formed by multipedes 50 and 51
which have mixed lateral and terminal mesogenic groups

is smectic A, is converted into a chiral nematic phase, see 52. A comparison
of the nematic structures of 50 and 51 is shown in Fig. 60.

Interestingly, material 51 has a nematic phase at room temperature, with
a glassification point at –20 ◦C. In comparison 4-pentyl-4′-cyanobiphenyl has
a melting point of 24 ◦C and a clearing point of 34 ◦C. Furthermore, mechan-
ical shearing of specimens of the nematogenic materials 50 and 51 show that
the samples have low viscosity, indicating that the materials have rheological
properties similar to those of low-molar-mass mesogens.

Fine tuning of material properties therefore can be achieved by using mix-
tures of mesogens attached to the periphery of the scaffold. In addition, the
disordering induced can substantially lower melting points and widen tem-
perature ranges of desirable liquid crystal phases. Furthermore, such mate-
rials are miscible with low-molar-mass materials, and can be used to modify
their physical properties.

3.1
“Janus” Liquid-Crystalline Multipedes

One of the more intriguing and challenging aspects in materials science is un-
derstanding the molecular recognition and self-assembling processes in ma-
terials with diversely functionalized faces or sides, which can yield supramo-
lecular objects that may recognize and select left from right, or top from bot-
tom, as described by de Gennes [93]. For example, Janus grains [100], block
co-polymers in the form of Janus micelles [101], segregated amphiphilic den-
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drimers [102–105], shape-persistent macromolecules [106], and polar col-
loidal particles [107] are abiotic examples of such materials that self-organize,
like proteins, in a pre-programmed fashion.

A recent molecular design, “Janus” liquid-crystalline molecular materi-
als in the form of segmented structures that contain two different types of
mesogenic units has recently been reported [108, 109]. Janus materials fa-
vor different types of mesophase structure, grafted onto the same scaffold,
to create giant molecules that contain different hemispheres (“Janus” refers
to materials with two faces, such as fluorocarbon/hydrocarbon or hydro-
philic/hydrophobic, etc., for example Janus amphiphilic dendrimers have
been reported [110–114]).

The complementary materials 52 and 53, based on a central scaffold made
up of pentaerythritol and tris(hydroxymethyl)aminomethane units linked
together, where one unit carries three cyanobiphenyl (CB) (smectic prefer-
ring), see Fig. 61, and the other three chiral phenyl benzoate (PB) (chiral
nematic preferring) mesogenic moieties, see Fig. 62, or vice-versa were inves-
tigated [115], see Fig. 63.

Fig. 61 Janus liquid crystal 52

Fig. 62 Janus liquid crystal 53
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Fig. 63 Conceptual design of Janus liquid-crystalline supermolecular systems, where the
Janus head is composed of a nematic liquid crystal (right) and a smectic liquid crystal left

Both Janus compounds, 52 and 53, were isolated as single compounds in
a glassy state at room temperature. The predicted and experimental isotopic
distribution for the mass ion overlay each other identically confirming the
purity of the material and demonstrating the utility of Maldi-tof in the deter-
mination of structure in supermolecular systems.

On heating 52, a broad melting endotherm with onset at 33.8 ◦C (∆H =
6.26 kJ mol–1) was followed by a transition from the liquid crystal state to the
liquid at 60.8 ◦C (∆H = 2.73 kJ mol–1). The cooling cycle from the isotropic
liquid showed a broad, weak exotherm, onset at 60.3 ◦C, marking the tran-
sition to the chiral nematic phase. A second exotherm occurred on cooling,
onset 36.1 ◦C, marking a second-order transition to a chiral smectic C∗ phase.
Further cooling induced a glass transition at approximately –2.8 ◦C. This se-
quence of events was reproducible in subsequent heating and cooling cycles.
It is noteworthy that the transitions have extremely low ∆H values, suggest-
ing that the system is relatively disordered and highly flexible. In addition, it
is important to note that the formation of chiral mesophases by compound 52
means that the nematic phase is thermochromic and the smectic C∗ phase is
ferroelectric and pyroelectric and will exhibit electrostrictive properties.

In contrast, compound 53 exhibits only one enantiotropic transition by
DSC, which occurs between a chiral nematic phase and the isotropic liquid, in



Supermolecular Liquid Crystals 53

the form of a weak and broad peak at 38.2 ◦C (∆H = 0.87 kJ mol–1). The only
other thermal event present was a glass transition below room temperature
at –7.9 ◦C. Only when the sample was left standing at room temperature for
3 weeks did a broad, strong endotherm with onset at 31.6 ◦C with a shoulder
at 42.6 ◦C occur. However, these thermal events were not present in succes-
sive heating and cooling cycles, suggesting that crystallization only occurs on
standing after a long period of time.

Comparison of the phase behavior of compounds 52 and 53 shows clearly
that the overall topology of the molecule in respect to the inner core (i.e.,
which hemisphere carries what mesogen) plays a significant role in deter-
mining the type of mesophase formed, since in both cases the number of
mesogens of each type and the core are the same and simply by placing them
in different hemispheres changes the mesophase exhibited.

The manipulation of the structural fragments (mesogenic units, central
scaffold, and linking units) in the molecular design of such supermolecu-
lar systems potentially allows one to vary mesophase type and therefore the
physical properties and potential applications of materials. Thus the molecu-
lar design of these systems is flexible and potentially capable of incorporating
functional units, thereby allowing us to take some steps towards the molecu-
lar and functional complexity found in living systems.

3.2
Functional Liquid-Crystalline Supermolecules

The concept of creating functional materials by incorporating a certain func-
tionality within a liquid-crystalline molecule, through covalent attachment,
is a bottom-up approach to self-organizing functional materials. In the fol-
lowing examples, fullerene is incorporated as the functional unit into self-
organizing supermolecular systems. Fullerene is of interest because of its
unusual physical properties, and it is fascinating to see if such a large non-
mesogenic unit affects mesomorphic behavior. Moreover, the synthesis of
fullerene-containing liquid crystals is expected to open new avenues in the
design of self-organized structures containing the fullerene unit [116–122].
This approach to self-organization appears to be particularly interesting for
other functional groups which are not well adapted to being organized in
nanoscale architectures.

The first set of examples described are those which examine the proportion
of mesomorphic groups that are required in the structure of a supermolecule
for it to be mesogenic, and secondly to investigate the incorporation of sec-
ond functional group in the system which might contribute to the activity of
the fullerene unit, see Fig. 64. The parent multipede 54 [123] exhibits a smec-
tic A phase with a clearing point of 168 ◦C, the functional material 55 clears at
171 ◦C, and similarly functional multipede 56 clears at 169 ◦C [124]. All three
materials also exhibit glassy states with transitions to the smectic A phase at
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Fig. 64 Comparison of the transition temperatures of functional supermolecular sys-
tems that demonstrate that mesogenic groups can be used to control their self-organ-
ization
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very similar temperatures. The structural difference between the three arise
from the incorporation of a π-conducting group (55), or a ferrocenyl group
(56) attached to the C60 core unit. The three materials differ greatly in struc-
ture, however, the liquid crystal properties are almost invariant with structure.
These results indicate that the self-organizing properties of the three materials
are dominated by the mesogenic dendron which is attached to the C60 unit, and
that the non-mesogenic parts of each material have little or no effect. These ac-
cumulative results demonstrate that the incorporation of mesogenic units into
a supermolecular structure can be utilized in the self-organization and self-

Fig. 65 Functional fullero-supermolecule 57
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assembly properties, while at the same time retaining the functionality of the
supermolecule. These are properties not unlike those of a protein.

In the examples given in Fig. 64, the mesomorphic groups used for the
self-organization process are cyanobiphenyls. As with many of the other ex-
amples used previously in this article, lateral substitution of the mesogens
can be used to control the self-organization process to yield nematic phases.
The fist example given is for supermolecular material 57, as shown in Fig. 65.
Although this material demonstrates that liquid crystal properties can be ob-
tained when a dendron is attached to a fullerene unit which is exposed on one
side of the resulting supermolecule, it nevertheless does not exhibit a nematic
phase, but instead an hitherto unidentified more ordered phase.

The exposure of the fullerene unit is shown in Fig. 66. The mesogenic
groups cluster together as they stabilize an ensemble that would support the
formation of a liquid crystal phase. The exposed fullerene is then free to in-
teract with other fullerenes, thereby potentially stabilizing the formation of
a lamellar phase.

Nematic phases can be induced to form, however, by bifurcation at the sur-
face of the fullerene unit and the incorporation of mesogens that are laterally
attached. For example fullerene multipede 58, see Fig. 67, shows an enan-
tiotropic chiral nematic phase, with a phase sequence of g 26 N∗ 69 ◦C Iso Liq,
which is useful for applications. The values of the pitch of the helix of the chi-
ral nematic phase obtained indicate that C60 fits within the helical structure
formed by the mesogens themselves without causing any significant pertur-
bation of the pitch, see Fig. 68. This, in turn, implies that although the large
C60 unit disturbs the mesogenic interactions, therefore lowering the clearing
point, it can be effectively camouflaged within the self-organizing chiral ne-

Fig. 66 Clustering of the mesogenic groups together in order to support the formation of
a lamellar phase, thereby leaving the fullerene unit exposed and free to interact with other
fullerene units
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Fig. 67 A chiral nematic fullero-multipede, 58

Fig. 68 The helical structure of the chiral nematic phase of a fullero-multipede. The C60
units are shown as spheres dispersed within the helical structure of the cylindrical array
of mesogenic units

Fig. 69 A chiral nematic fullero-multipede, 59
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matic medium, provided that enough mesogenic sub-units are available in the
dendritic addend, without markedly suppressing the liquid-crystalline state.

When the number density of the mesogens is increased, thereby reducing
the weight fraction of fullerene units in the supermolecular structure, see 59
in Fig. 69, the liquid crystal phases become increasingly more stable and the
spherical fullerene unit becomes increasingly hidden within the liquid crys-
tal matrix [125]. This result indicates that the liquid crystal units have the
ability to incorporate and organize non-mesogenic functional units into the
self-organizing state, without too much detriment to the liquid crystal itself.

Thus, we can apparently control the periodic ordering of non-mesogenic
functional units through the process of self-organization. Similar approaches
recently have been taken by Sakai and Matile [126] and Zhuravel et al. [127],
but in both of these cases, amino acids were used to induce self-assembly, and
ultimately self-organization.

3.3
Complex Functional Multipedes

Current research by Kato, Stoddart and Sauvage has demonstrated how
the self-organization properties of liquid crystals can be used in the self-
assembling of functional systems to give an oriented and organized bulk
material [128, 129]. Figure 70 shows a novel system, 60, where the proper-
ties of liquid crystals have been combined with that of rotaxanes to create
a self-organizing molecular switch [128]. This material self-organizes to give
a smectic A phase, which has a temperature range from 7 to 146 ◦C. Bistable
switching was observed through examination of the electrochemical response
which was characterized by cyclic voltammetry.

Fig. 70 A self-organizing rotaxane system, 60, which forms a smectic A phase

4
Summary

In this brief review, we have demonstrated the potential for creating a wide
variety of novel supermolecular materials with designer structural and func-
tional properties. In our own development of new materials we have borne in
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mind the philosophy and approach used by living systems in the creation of
monodisperse and discrete supermolecular materials with specific function-
ality. In particular, the design features employed in the creation of proteins
have been used in the creation of materials which do not bear any common
atomistic relationship with proteins themselves. In this way, this new field lies
open for the development of materials for which their design is only limited
by human imagination.
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Abstract The development of novel supramolecular materials with nanometer-scale archi-
tectures and the effect of these architectures on the materials’ properties are currently
of great interest in molecular design. Liquid crystalline assemblies of rod-like meso-
genic molecules containing flexible coils (rod–coil molecules) provide a facile entry
into this area. Rod–coil molecules have been demonstrated to self-assemble into a rich
variety of different liquid crystalline structures of nanoscale dimensions through the
combination of shape complementarity and repulsive interaction of rigid and flexible
parts as an organizing force. The mesophases include smectic, hexagonal or rectangular
columnar, bicontinuous cubic, hexagonal channeled lamellar, barrel-like, honeycomb-like,
and discrete micellar phases. The unconventional mesophases are induced by chang-
ing the rod-to-coil volume fraction, controlling the number of rod–coil repeating units,
designing novel shapes of rod–coil molecules, and increasing the rod–coil molecular
length.

Keywords Liquid crystal · Rod–coil · Self-assembly · Block copolymer ·
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1
Introduction

The development of new materials based on self-organizing systems has had
a great deal of attention due to their potential in the construction of well-
defined supramolecular nanostructures [1–6]. Self-assembling molecules,
which include liquid-crystals [7–10], block copolymers [11–13], hydrogen
bonded complexes [14, 15], and coordination polymers [16–18] are widely
studied for their great potential as advanced functional materials. Especially,
the construction of novel supramolecular architectures with well-defined
shape and size by using rod building blocks is one of the most important
subjects in organic materials chemistry because they can exhibit novel elec-
tronic and photonic properties as a result of both their discrete dimensions
and three dimensional organization [19–22].

In contrast to organic molecules with low molecular weight, rod–coil sys-
tems consisting of rigid rod and flexible coil segments are excellent can-
didates for a large variety of ordered supramolecular structures covering
several length-scales via a process of spontaneous organization [23, 24]. The
rod–coil molecular architecture imparts microphase separation of the rod
and coil blocks into ordered periodic structures in nanoscale dimensions due
to the mutual repulsion of the dissimilar blocks and the packing constraints
imposed by the connectivity of each block, while the anisometric molecular
shape and stiff rod-like conformation of the rod segment imparts orienta-
tional organization. In order to balance these competing parameters, rod–coil
molecules self-organize into a variety of supramolecular structures with do-
main sizes that general coil–coil copolymers could not show, and it can be
controlled by variation of the rod-to-coil volume fraction [25–28]. Typical
examples of the main types of rod–coil molecules forming supramolecu-
lar structures with mesophase are shown in Fig. 1. Basically, these rod–coil
oligomers can be divided into two major classes: those containing monodis-
perse rod segments and those containing polydisperse rod parts.

In contrast to coil–coil block molecules, microphase separated structures
in rod–coil block molecules can form, even though the molecular weight
of each block is very small, due to large chemical differences between each
block. The stiffness-asymmetry of rod–coil molecules that enhances the
Flory–Huggins χ-parameter in comparison with coil–coil copolymers, results
in well-ordered self-assembled structures of lower molecular weight. At the
interface separation of the rod and coil domains, the relatively smaller area
per junction favored by the rod block results in chain stretching of the coil
block, which is energetically unfavorable. Considering the energetic penal-
ties associated with chain stretching of the coil block and interfacial energy
resulting from the interfaces separating the rod and coil domains, the the-
oretical works on rod–coil systems have predicted nematic–smectic A and
smectic A–smectic C transitions in the melt [25, 26]. Other theoretical works
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Fig. 1 Typical examples of rod–coil molecules

have dealt more with the phase behavior of rod–coil diblocks in a selective
solvent for the coil segment [28]. These works have predicted various micel-
lar structures for sufficiently large coil volume fractions, in addition to the
familiar lamellar structures.

This chapter will present an overview of recent work in designing rod–
coil systems, demonstrating their self-organization capability into a variety of
liquid crystalline phases.

2
Diblock Rod–Coil Systems

2.1
Rod–Coil Diblock Copolymers Based on Perfectly Monodisperse Rods

It is well known that the connection of oligo(alkylene ether) chains into
a calamitic rigid rod at the terminals destabilizes the thermotropic meso-
phases [8]. However, mesomorphic properties can be obtained by molecules
with extended rigid rod segments as a result of the microphase segregation
between the polar flexible oligo(alkylene oxide) ethers and rigid rod seg-
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ments [2, 29]. The rod–coil molecules based on three phenyl units (1) as a rod
segment, for example, exhibits only an isotropic phase after crystalline melt-
ing [30] while the molecule (2) based on four phenyl units as a rod segment
shows a smectic A mesophase [29]. In the case of rod–coil molecule with
short rod length, the coil segment may couple with the anisotropic rod owing
to the relatively high miscibility between coil and rod segments, which can
disturb the anisotropic aggregation of rod blocks. However, as the rod length
increases, the immiscibility between chemically different flexible and rigid
chains increases. This allows the increasing lateral intermolecular interac-
tions of rigid segments. As a result, a layered smectic liquid crystalline phase
can be induced, as exhibited by 2. If the coil volume fraction increases, smec-
tic ordering of rod segments becomes unstable due to a large space crowding;
consequently, the lamellar structure will transform into cylindrical micelles,
which allows more volume for coils to explore. In contrast to the molecule
2, the molecule 3 based on a poly(propylene oxide) (PPO) coil shows a hex-
agonal columnar structure [31]. This large structural variation between the
molecularly similar systems is probably caused by the larger spatial require-
ment of the bulkier PPO coil in comparison with the poly(ethylene oxide)
(PEO).

In a systematic work on the influence of the coil length on phase behavior,
rod–coil molecules (4) with PPO having different degrees of polymerization
but the identical rod segment were prepared [32, 33]. A dramatic structural
change in the mesophase of this rod–coil system was observed with variation
in the coil length, as determined by a combination of techniques consist-
ing of differential scanning calorimetry (DSC), optical polarized microscopy
and X-ray scattering. Rod–coil molecules with seven propylene oxide (PO)
repeating units exhibit a layered structure, while rod–coil molecules with
12 PO repeating units exhibit an optically isotropic cubic phase. This struc-
ture was identified by X-ray scattering methods to be a bicontinuous cubic
(cub) structure with Ia3d symmetry. Further increasing the coil length in-
duces a hexagonal columnar mesophase, as in the case of the molecule with
20 PO repeating units (Fig. 2). Organization of the rod–coil molecules into
a cross sectional slice of a cylinder for cubic and columnar phases gives rise
to an aromatic core with approximately square cross section. The sizes and
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Fig. 2 Mesophases of the rod–coil diblock molecules by the increasing volume fraction of
coil segments

periods of these supramolecular structures are typically in a range of less
than 10 nm. This structural variation can be explained by considering the fact
that increasing coil volume fraction leads to a structure with larger interfa-
cial area, similar to the well-known conventional diblock copolymer phase
behavior [13, 34, 35].

A strategy to manipulate supramolecular structures assembled from rod
segments may be accessible by the alteration of the coil architecture (lin-
ear (5) versus branched (6)) in the rod–coil system [36]. On the basis of
SAXS and TEM results, rod–coil molecules (5) with a linear PPO coil showed
a honeycomb-like lamellar rod assembly with hexagonally arrayed PPO coil
perforations, while the rod–coil molecules (6) with a dibranched PPO coil
self-organized into rod-bundles with a body-centered tetragonal symmetry
surrounded by a PPO coil matrix (Fig. 3). The notable feature is that a sim-

Fig. 3 3D supramolecular structural change from organized honeycombs (5) to organized
bundles (6), dependent upon the coil architectural variation of the rod–coil molecule
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ple structural variation from linear to dibranched chains generates a three-
dimensional (3D) supramolecular structural inversion from organized coil
perforations in rod layers to organized discrete rod bundles in a coil matrix.
This implies that the steric hindrance at the rod/coil interface arising from
branched coils plays a crucial role in the self-assembly of rod segments, as
well as the conformational entropy associated with coil length.

Stupp et al. reported on rod–coil copolymers consisting of an elongated
mesogenic rod and a monodisperse polyisoprene [37–39]. These rod–coil
copolymers organize into ordered structures that differ in terms of vary-
ing rod volume fraction, as monitored by transmission electron microscopy
and electron tomography. Depending on the rod volume fraction (frod), rod–
coil oligomers either form strip-like morphologies or self-assemble into dis-
crete aggregates that are organized in an hexagonal superlattice, with do-
main sizes typically between 5–10 nm. The authors also synthesized rod–coil
copolymers containing oligostyrene-block-oligobutadiene as the coil block
and rigid biphenyl units connected by ester linkages as the rod block [40–
42]. Polarized optical microscopy showed that molecule 7 undergoes a phase
transition from the smectic to the isotropic state. On the basis of TEM
and X-ray data, it was suggested that the rod–coil molecules pack into the
mushroom-shaped nanostructure with a height of 8 nm and a diameter of
2 nm. Each supramolecular nanostructure was estimated to contain approxi-
mately 23 molecules. Most importantly, this nanostructure was proposed
to impart the spatial isolation of cross-linkable oligobutadiene blocks re-
quired to form a well-defined object. Therefore, polymerization might be
confined to the volume of the supramolecular cluster. Thermal polymeriza-
tion of rod–coil molecules in liquid crystalline state produced high molar-
mass products with a very narrow polydispersity within a range of 1.15 to
1.25 and a molecular weight of approximately 70 000, as confirmed by GPC
(Fig. 4). The macromolecular objects obtained reveal an anisotropic shape (2
by 8 nm) similar to that of supramolecular clusters, as determined by electron
microscopy and small-angle X-ray scattering. Polarized optical microscopy
showed that polymerization of the molecules into macromolecular objects re-
sults in a strong stabilization of the liquid crystalline phase that remains up
to a chemical decomposition temperature of 430 ◦C. This result is interesting
because the self-assembly process provides a direct pathway for preparation
of well-defined molecular nanoobjects with distinct and permanent shapes
through polymerization within supramolecular structures.

Yu et al. reported the synthesis of rod–coil block copolymers contain-
ing oligo(phenylene vinylene)s (OPV) coupled to either polyisoprene or
poly(ethylene glycol) [43, 44]. These OPV showed a reversible thermotropic
liquid–crystalline transition. The liquid–crystalline texture observed using
a polarizing microscope shows a typical Schlieren pattern, which is evidence
for the presence of nematic phases. TEM and small-angle X-ray scattering re-
vealed alternating strips of rod-rich and coil-rich domains. The domain sizes
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Fig. 4 GPC traces of rod–coil copolymer (7) and macromolecular object. Reprinted with
permission from [40–42]. © 2001 American Association for the Advancement of Science

of the strips suggested that the supramolecular structures could be bilayer
lamellar structures.

Incorporation of a rigid wedge-shaped building block into a diblock mo-
lecular architecture gives rise to a novel class of self-assembling systems
consisting of a rigid wedge and a flexible coil because the molecule shares
certain general characteristics of both dendrons and block copolymers. Lee
et al. reported the self-assembling behavior of wedge–coil diblock molecules
consisting of a rigid wedge and a flexible PEO coil in the melt state [45]. All
of the molecules had a thermotropic liquid–crystalline structure after melt-
ing. The wide-angle X-ray diffraction patterns of all the molecules in the melt
state are characterized by a diffuse scattering, which confirms their liquid–
crystalline nature. However, a significant structural variation in the melt state
was observed as the length of the PEO segment was varied, as evidenced by
optical microscopic textures and small-angle X-ray diffraction patterns. The
variation in the supramolecular structure can be rationalized by consider-
ing the microphase separation between the dissimilar parts of the molecule
and the space-filling requirement of the flexible PEO chains (Fig. 5). The
molecules based on a short PEO chain can be packed with a radial arrange-
ment to fill the space efficiently, which results in a spherical supramolecular
structure. Increasing the length of the PEO chain results in more space for
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Fig. 5 Liquid crystalline structures formed by wedge-shaped molecules depend on the
length of PEO

the chains being required while maintaining the radial arrangement of the
rigid segments. Consequently, the discrete PEO domains will be extended
to an infinitely long cylindrical domain in which the coils are less con-
fined, which results in the formation of a 2D hexagonal columnar structure.
Further increasing the length results in the rigid wedge-shaped segments as-
sembling into a perforated lamellar structure with a radial arrangement of
rigid segments, which allows a greater volume for the PEO chains to ex-
plore compared to that of the columnar structure. The radial arrangement
of the wedge-shaped rigid segments eventually transforms into a parallel ar-
rangement with interdigitation, to produce a flat interface while maintaining
a constant density of the rigid hydrophobic domain. This transformation re-
sults in a monolayer lamellar structure as in the case of a molecule based
on longest PEO chain.

Compared to other self-assembling systems based on dendritic mol-
ecules [46–48], the remarkable feature of the wedge-shaped building blocks
investigated is their ability to self-assemble not only into spherical cubic and
columnar structures, but also into an unusual bilayer lamellar structure with
in-plane hexagonally ordered coil perforations. This approach of control-
ling supramolecular structures using wedge-shaped building blocks and only
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a small variation in the length of grafted coils allows unexpectedly complex
liquid crystalline structures to be produced.

2.2
Rod–Coil Diblock Copolymers Based on Polydisperse Rods

In contrast to the rod–coil diblock copolymer consisting of perfectly
monodisperse rods, the liquid crystalline morphologies of rod–coil diblock
copolymer containing polydisperse rods seem to be studied in less detail. In
certain cases, the polydisperse nature of the rod-segments could hinder self-
assembly into regularly ordered supramolecular structures. However, due to
relatively simple synthetic procedures, liquid crystalline polymer can be of
benefit for new materials with controlled internal dimensions ranging from
the nanometer to macroscopic scale.

Poly(hexyl isocynate) is known to have a stiff rod-like conformation in the
solid state and in a wide range of solvents, which is responsible for the forma-
tion of a nematic liquid crystalline phase [49, 50]. The inherent chain stiffness
of this polymer is primarily determined by chemical structure rather than
by intramolecular hydrogen bonding. This results in a greater stability in the
stiff rod-like characteristics in solution. The lyotropic liquid crystalline be-
havior in a number of different solvents was extensively studied by Aharoni
et al. [51–53]. In contrast to homopolymers, interesting new supramolecular
structures can be expected if a flexible block is connected to the rigid poly-
isocyanate block (rod–coil copolymers) because the molecule imparts both
microphase separation characteristics of the blocks and a tendency of rod
segments to form anisotropic order.

Thomas and coworkers reported rod–coil diblock copolymers consist-
ing of poly(hexyl isocyanate) as the rod block and polystyrene as the coil
block [54, 55]. A block copolymer consisting of poly(hexyl isocynate) with
DP of 900 and polystyrene with DP of 300 displays liquid crystalline be-
havior in concentrated solutions, suggestive of an anisotropic order of rod
segments [54]. Transmission electron microscopy of bulk and thin film sam-
ples cast from toluene solutions showed the existence of a zigzag morphology
with a high degree of smectic-like long range order. With additional research
into the influence of the rod volume fraction on the phase behavior, the
authors studied the rod–coil copolymers with varying compositions of rod
blocks [55]. Transmission electron microscopy revealed phase-separated mor-
phologies with rod-rich regions and coil-rich regions in which rod segments
are organized into tilted layers analogous to those observed in smectic phases.

The authors also investigated the rod–coil block copolymer consisting of
poly(3-(triethoxysilyl)propyl isocyanate) (23 kg/mol) (PIC) as a rigid rod and
polystyrene (39 kg/mol) (PS) as a coil block [56]. Initial isotropic solutions
of rod–coils undergo multiple ordering transitions until a final smectic mi-
crodomain structure develops in the dry state. The intermediate nematic
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state is able to dynamically respond to external fields and form periodic de-
fects. Depending on the evaporation of solvent, they showed that hierarchical
morphology was induced in a rod–coil block copolymer film.

When the rod blocks contained reactive side groups with a composition
having a large coil-to-rod volume ratio (PIC 23K, PS 200K), prism-like mi-
celle nanoobjects could be synthesized via self-assembly of rod–coil diblock
copolymers [57]. The PIC domain was cross-linked thermally via condensa-
tion of triethoxysilyl side groups and the rod directors remain parallel to each
other due to the liquid crystalline order. Thermal cross-linking of the rod
blocks only took place within each micellar nanodomain because the high
molecular weight PS blocks could completely separate from each other. The
TEM images indeed showed prism-like nanoobjects, which suggests a tilted
bilayer structure consisting of 300 aggregates of the rod–coil block copoly-
mer, as shown in Fig. 6. The result presents a novel method for forming
anisotropic organic particles with potential multifacial surface characteris-
tics.

De Boer et al. reported on the synthesis of a donor–acceptor, rod–coil di-
block copolymer with the objective of enhancing the photovoltaic efficiency
of the poly(phenylenevinylene)-C60 system by incorporation of both com-
ponents in a rod–coil molecular architecture that self-assembled through
microphase separation [58]. These rod–coil copolymers showed nematic li-
quid crystalline phase and exhibit thermotropic transition at two regions. The
first transition is attributed to the melting of the side chains, and the second
higher one is an isotropic transition. Consequently, the diblock copolymers
possess complex and rich phase behavior due to the combination of a meso-
genic rod-like block and the adjacent coil-like block. The morphology of the
polymer in bulk can play an important role in determining the photovoltaic
cells, which the combination of a poly(p-phenylenevinylene)-type polymer as
the donor material and C60 as acceptor has effectively utilized.

Fig. 6 Semectic ordering of the anisotropic nanoobjects formed from PIC(23K)/
PS(200K). Reprinted with permission from [57]. © 2004 American Chemical Society
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2.3
Rod–Coil Diblock Copolymers Based on Peptide Rods

Polymers with a stiff helical rod-like structure have many advantages over
other synthetic polymers because they possess stable secondary structures
due to cooperative intermolecular interactions. Examples of polymers with
helical conformation are polypeptides in which the two major structures
include α-helices and β-sheets. The α-helical secondary structure enforces
a rod-like structure, in which the polypeptide main chain is coiled and
forms the inner part of the rod [59]. This rod-like feature is responsible for
the formation of the thermotropic and lyotropic liquid crystalline phases.
Polypeptide molecules with α-helical conformation in solution are arranged
with their long axes parallel to each other to give rise to a nematic liquid
crystalline phase. However, even long chain polypeptides can exhibit a lay-
ered supramolecular structure when they have a well-defined chain length.
For example, the monodisperse poly(α,l-glutamic acid) prepared by bacterial
synthetic methods assembles into smectic ordering on length scales of tens of
nanometers [60, 61].

Incorporation of an elongated coil-like block to this helical rod system
in a single molecular architecture may be an attractive way of creating new
supramolecular structures due to its ability to segregate incompatible seg-
ments of individual molecules. The resulting rod–coil copolymers based on
a polypeptide segment may also serve as models providing insight into the
ordering of complicated biological systems. Low molecular weight block
copolymers consisting of poly(γ-benzyl-l-glutamate) with DP of 10 or 20
and polystyrene with DP of 10 were synthesized by Klok, Lecommandoux,
and a coworker [62]. Both the rod–coil polymers were observed to exhibit
thermotropic liquid–crystalline phases with assembled structures that differ
from the lamellar structures. Incorporation of a polypeptide segment into
a polystyrene segment was observed to induce a significant stabilization of
the α-helical secondary structure, as confirmed by FT-IR spectra. However,
small-angle X-ray diffraction patterns indicated that α-helical polypeptides
do not seem to assemble into hexagonal packing for the rod–coil copoly-
mer with ten γ-benzyl-l-glutamate repeating units. The amorphous character
of the polystyrene coil is thought to frustrate a regular packing of the α-
helical fraction of the short polypeptide segments. Increasing the length of
the polypeptide segment to a DP of 20 gives rise to a strong increase in
the fraction of diblock copolymers with α-helical polypeptide segment. By
studying this block copolymer with small-angle X-ray analysis, a 2D hex-
agonal columnar supramolecular structure was observed with a hexagonal
packing of the polypeptide segments adopting an 18/5 α-helical conform-
ation with a lattice constant of 16 Å. The authors proposed a packing model
for the formation of the double-hexagonal organization. In this model, the
rod–coil copolymers are assembled in a hexagonal fashion into infinitely long
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columns, with the polypeptide segments oriented perpendicularly to the di-
rector of the columns. The subsequent supramolecular columns are packed in
a superlattice with hexagonal periodicity parallel to the α-helical polypeptide
segments, with a lattice constant of 43 Å.

In addition, the authors reported that two series of peptide rod–coil block
copolymers based on γ-benzyl-l-glutamate or ε-benzyloxycarbonyl-l-lysine
as a rod building block and a short oligo(styrene) (DP = 10) coil self-assembled
into well-ordered structures, and that the conformation of the α-helical pep-
tide rod is sensitive to temperature [63]. Under ambient conditions, the peptide
segments of the diblock oligomers largely possess an α-helical secondary
structure, indicating the rod–coil architecture of the molecules as confirmed
by FT-IR spectra. For all molecules, increasing the length of the peptide
segment results in a stabilization of the α-helical secondary structure and
ultimately allows a regular organization of the rod-like peptide blocks. The
small-angle X-ray diffraction pattern of peptide block copolymers based on
short γ-benzyl-l-glutamate also indicates a columnar hexagonal arrangement,
except for one composed of the shortest peptide segments (n = 10). However, in
case of the long γ-benzyl-l-glutamate peptide segments (n = 20, 40), increas-
ing temperature transforms the organized structure from hexagonal columnar
into lamellar structure due to the change of the peptide conformation from

Fig. 7 a Columnar hexagonal and b lamellar β-sheet organization of the (styrene)10-b-
(γ-benzyl-l-glutamate)n diblock oligomers (PS10-b-PBLGn). Reprinted with permission
from [63]. © 2001 American Chemical Society
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α-helix to β-sheet (Fig. 7). The block length required to allow such a transi-
tion varies from ∼40 repeat units for the PS10-b-PBLGn diblock oligomers to
∼80 α-amino acids for the PS10-b-PZLysn series, reflecting the lower α-helix-
forming propensity of Z-Lys in comparison with Bn-Glu.

In contrast to peptide diblock copolymers based on general polymers,
Deming and Pochan et al. reported on unique copolymers that are completely
peptidic [64]. Leucine (L), racemic copolymers of l- and d-leucine (racL),
or a random copolymer of L and valine (V) blocks with the inherent sec-
ondary structures of random coil (racL or LV) or rigid rod (L), were attached
to PBLG molecules. In PBLG diblock copolymers with relatively small ad-
ditional blocks, cholesteric liquid crystalline ordering was observed in bulk
films. However, depending on the kinetics of film formation and the amount
of non-PBLG block, the nanostructure or microstructure were able to be con-
trolled. These purely peptidic block molecules can provide the opportunity to
pattern materials with peptidic functionalities by taking advantage of block
copolymer phase behavior and liquid crystal ordering.

Very recently, the self-assembly of poly(γ-benzyl-l-glutamate)-b-poly(l-
lysine) rod–coil copolypeptide via ionic complexation was reported by Ikkala,
Hadjichristidis and coworkers [65]. Complexation between the anionic sur-
factants dodecyl benzenesulfonic acid and the cationic poly(l-lysine) chains
occurs via proton transfer from the acid group to the base, resulting in elec-
trostatically bonded comb-like structures, and fluid-like liquid crystalline
structures at room temperature due to efficient plasticization of dodecyl ben-
zenesulfonic acid.

3
Triblock Rod–Coil System

3.1
ABC Coil–Rod–Coil Triblock Copolymers

If a chemically distinct hydrophobic chain is attached to the opposite ends of
rod segment, segregation of incompatible chain ends takes place and leads to
an ordered phase composed of three distinct sub-layers [66]. Coil–rod–coil
ABC triblock molecules give rise to the formation of self-assembled struc-
tures with higher interfacial areas in comparison with AB diblock molecules.
In contrast to that of diblock molecules based on a PEO coil, which show
isotropic or smectic phase depending on the coil length, the ABC triblock
molecule exhibits a hexagonal columnar mesophase [67]. Molecule (9) with
22 ethylene oxide (EO) repeating units, for example, exhibits hexagonal
columnar mesophase which, in turn, undergoes transformation into a dis-
crete spherical micellar structure in which rod segments are packed into
a discrete bilayer lamellar structure that is encapsulated with PEO coils
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Fig. 8 Induction of the mesophase in rod–coil molecules via hydrophobic forces

(Fig. 8). Small-angle X-ray diffraction in the optically isotropic state revealed
a strong primary peak together with a broad peak of weak intensity at about
1.8 relative to the primary peak position, indicating that the spatial distribu-
tion of centers of the spherical micelles has only liquid-like short range order,
most probably due to random thermal motion of spherical micelles [68, 69].
From the observed primary peak of X-ray diffraction, the diameter of spheres
was estimated to be approximately 12 nm. Considering that diblock rod–coil
molecule (8) with 22 EO repeating units shows only an isotropic phase after
crystalline melting, it is likely that hydrophobic forces play an important role
in the self-assembly of the molecules into discrete nanostructures.

A novel strategy for manipulating the supramolecular nanostructure may
be accessed by binding the C coil block of a coil–rod–coil ABC triblock
molecule (9) into a tetrabranched triblock molecule (10) at a specific coil vol-
ume fraction [70]. This binding may slightly modify the entropic contribution
of the coil C part in the coil–rod–coil ABC system. In comparison with the
monomer, the tetramer has restricted chain end mobility through covalent
linkage. Consequently, this effect may bring about the formation of a novel
supramolecular nanostructure. Tetramerization of the molecule 9 provides
an unusual example of the formation of a 3D tetragonally perforated lamel-
lar liquid crystalline phase as an intermediate phase between conventional
lamellar and columnar structures (Fig. 9). The supramolecular structure con-
sists of liquid crystalline rod layers with in-plane tetragonally ordered coil
perforations stacked in an AB–BA sequence. The perforations are likely to be
filled by docosyl chains, most probably due to the large chemical difference
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Fig. 9 Tetragonal perforated lamellar structure in an AB–BA sequence formed by tetra-
branched triblock molecule

between the rod and PEO coil segments. The 3D lattice is built up of two inter-
penetrating centered 3D lattices. In comparison with the phase behavior of
9, the remarkable feature of 10 is that attachment of coil–rod–coil molecules
into a central point induces a perforated lamellar liquid crystalline phase with
a 3D tetragonal symmetry that is thermodynamically stable. Upon melting
of rod segments in 9, there is adequate free volume for PEO to form a 2D
hexagonal columnar mesophase. Attachment of four PEO chains to a cen-
tral point, however, has the effect of reducing the freedom of movement for
the flexible chains, which in turn suppresses the ability of the rod segments
to form a columnar mesophase with a larger interfacial area. Consequently,
certain supramolecular structures with reduced interfacial area, such as a per-
forated lamellar structures, are preferred over the columnar phase exhibited
by the monomer.

Incorporation of a dendritic building block into the end of an incom-
patible linear chain gives rise to novel self-assembling systems because the
molecule shares certain general characteristics of both block copolymers and
small amphiphiles. Amphiphilic dendrimers containing an extended rigid rod
block represent another class of self-assembling systems that are increasingly
used for the construction of supramolecular architectures with well-defined
shape. The introduction of a hydrophobic docosyl chain and hydrophilic den-
drimer into each end of an extended rigid segment would give rise to a unique
amphiphilic ABC triblock system consisting of a hydrophilic dendritic block,
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Fig. 10 Rod shape-dependent supramolecular structures

rigid aromatic, and hydrophobic docosyl chain [71]. The small-angle X-ray
diffraction pattern of 11 displays sharp reflections that correspond to a 2D
hexagonal columnar structure with a lattice constant of 8.1 nm. This di-
mension implies that the rod-like rigid segments arrange axially with their
preferred direction within a cross-sectional slice of the column, in which
docosyl chains pack in an interdigitated fashion and distort conformation-
ally (Fig. 10). In contrast, the small-angle X-ray diffraction patterns of 12
show a strong reflection together with a number of low intensity reflections
at higher angles, indexed as a 3D body-centered cubic phase with a lattice
parameter of 11.6 nm [72, 73]. Considering the space-filling requirement and
cone-shaped building block, the radial arrangement of the rigid segments is
expected to be the best way to close-pack the hydrophobic core, leading to
a discrete nanostructure. Accordingly, 12 based on a more wedge-like aro-
matic segment can be described to self-organize into an optically isotropic
cubic phase consisting of a 3D body-centered arrangement of discrete aggre-
gates, as shown in Fig. 10.

Amphiphilic molecules consisting of oligo(phenylene vinylene) (OPV)
asymmetrically end-substituted with a hydrophilic PEO segment and a hy-
drophobic alkyl chain induce self-assembly into both thermotropic and lyo-
tropic lamellar liquid crystalline phases [74]. Depending on the length of PEO
block, the mesostructures were controlled. When PEO chains are short, the
amphiphilic molecule showed a mosaic birefringence texture from polarized
optical microscopy, which is defined smectic B (SB) mesophase. Increasing
the length of PEO chain frustrates ordering of OPV aggregation and results
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Fig. 11 Bilayer packing of amphiphilic OPV molecules. Reprinted with permission
from [74]. © 2005 American Chemical Society

in smectic C (SC) and smectic A (SA) phases. The interlayer spacing is ap-
proximately equal to the fully extended lengths of the molecules, indicating
significant interdigitation and/or tilt within a bilayer smectic structure. The
X-ray data confirmed that OPV amphiphiles form an interdigitated bilayer
smectic phase as shown in Fig. 11. Liquid crystallinity will be used to control
OPV aggregation, influencing exciton mobility, fluorescence, and potentially
leading to improved charge carrier mobility in heterojunction solar cells or en-
abling more efficient, polarized emission from organic light-emitting diodes.

Very recently, Lin et al. synthesized asymmetrical molecules consisting
of a novel conjugated aromatic core containing fluorene, thiophene, and
biphenyl groups and two kinds of PEO chains (DP = 17 and 44) on one
side and alkoxy groups with different lengths (– OC8H17 and – OC16H33) on
another side of the rigid core and their mesophases characterized [75]. Asym-
metrical amphiphilic molecules based on short PEO chain (DP = 17) display
the smectic phases. However, amphiphilic molecules based on longer PEO
chain (DP = 44) show two kinds of columnar phases, hexagonal columnar
and rectangular columnar. The immiscibility between the hydrophilic flexi-
ble chains and the hydrophobic rods leads to stronger lateral interaction of
rigid rods and induces the smectic phases. By increasing the hydrophilic ethy-
lene oxide units, the immiscibility increases and microphase separation is
enhanced to form more order columnar phases.

3.2
ABA Coil–Rod–Coil Triblock Copolymers

In the case of symmetric coil–rod–coil molecule, the rod segment is con-
nected with coil segments at both ends. This gives rise to the formation of the
liquid crystalline structure with higher interfacial area in comparison with
rod–coil diblock systems at similar coil volume fraction. For example, the
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triblock molecule (13) with coil volume fraction, fcoil = 0.47 exhibits a bicon-
tinuous cubic phase instead of smectic phase [76, 77]. Similarly to diblock
rod–coil systems, increasing the volume fraction induces a hexagonal colum-
nar mesophase as in the case of 14.

Remarkably, molecules with a longer length of coil (15) assemble into
discrete supramolecular aggregates that spontaneously organize into a 3D
tetragonal phase with a body-centered symmetry in the solid state and
mesophase as determined by small-angle X-ray scattering. Based on X-ray
data and density measurements, the inner core of the supramolecular ag-
gregate is composed of the discrete rod bundle with a cylindrical shape of
5 nm in diameter and 3 nm in length. It is encapsulated with phase-separated
PPO coils, which gives rise to the formation of non-spherical oblate aggre-
gate (Fig. 12). The supramolecular rod bundles subsequently organize into
a 3D body-centered tetragonal symmetry. The oblate shape of supramolecu-
lar aggregates is believed to be responsible for the formation of the unusual
3D tetragonal phase (Mtet). This unique phase behavior mostly originates
from the anisotropic aggregation of rod segments with their long axes within
microphase-separated aromatic domains. Consequently, rod bundles with
puck-like cylindrical shape would give rise to oblate micelles, which can pack
more densely into an optically anisotropic 3D tetragonal lattice, rather than
an optically isotropic cubic lattice. These results demonstrate that the linear
combination of flexible coils in both terminals of rod segment leads to dis-
crete micellar aggregates that organize into a body-centered tetragonal liquid
crystalline phase above a certain coil volume fraction.

Another possible way to manipulate the liquid crystalline structure could
be provided by systematic variation of the rod length at constant rod-to-coil

Fig. 12 Mesophase structures of the ABA coil–rod–coil triblock molecules
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volume ratio. In particular, increasing the length of the rod segment should
disturb the assembly of the rigid rod segments into discrete bundles due to
larger rod-to-rod interactions. Rod–coil molecules 15, 16, and 17 have an
identical rod-to-coil volume fraction (frod = 0.22). As mentioned above, the
triblock molecule 15 based on three biphenyl units exhibits a tetragonal mi-
cellar liquid crystalline phase. In great contrast, the rod segment of 16 based
on longer chain length self-assembles into a honeycomb-like layered liquid
crystalline phase (HC) as a lower temperature mesophase in which hexag-
onally ordered perforations within a layer are filled by coil segments [78].
These layers, in turn, are stacked spontaneously in an ABAB fashion to gen-
erate a 3D hexagonal order. A DSC heating trace of 16 shows a crystalline
melting transition at 136 ◦C, followed by a birefringent liquid crystalline
phase that undergoes transformation into another liquid crystalline phase
at 157 ◦C. On heating to 157 ◦C, the honeycomb-like mesophase transforms
into a 3D tetragonal micellar liquid crystalline phase. On slow cooling from
the isotropic liquid, the formation of fern-like domains growing in four di-
rections with an angle of approximately 90◦, which coalesce into a mosaic
texture, could be easily observed using polarized optical microscopy, indicat-
ing the presence of a 3D tetragonal mesophase.

Further increasing the length of rod segment suppresses the formation
of a 3D tetragonal mesophase, while inducing only a honeycomb-like liquid
crystalline phase as in the case of the molecule 17. These results indicate
that the self-assembled 3D liquid crystalline phase changes significantly from
organized rod bundles in a coil matrix (tetragonal structure) to organized
coil perforations in rod layers (honeycomb structure) on increasing the rod
length. This direct structural inversion is also accompanied by changing
temperature. Therefore, changing temperature produces an effect similar to
varying the molecular length. This example proves that the molecular length
in rod–coil systems also has a large impact on the organized structure formed
by self-assembly of rod–coil molecules.

The opposite way to modulate the supramolecular structure can be pro-
vided by variation in the coil structure while maintaining the rod segment
constant. The influence of cross-sectional area of coil segment upon the
self-assembly behavior were explored by ABA type coil–rod–coil molecules
15 and 18 that have identical coil volume fraction (fcoil = 0.78) relative to
mesogenic rod segment, but different coil segments, i.e., PPO and PEO, re-
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spectively [77]. As mentioned, 15 containing the PPO coils self-organizes
into a 3D body-centered tetragonal lattice. In contrast, 18 shows significantly
distinct self-assembly behavior. The optical microscopic observation of an
arced pseudo-focal conic texture and the small-angle X-ray diffraction meas-
urement both indicate that the supramolecular structures in mesophases
are honeycomb-like lamellar structures where hexagonally perforated layers
(P63/mmc symmetry) are stacked in ABAB order.

The different self-assembly behavior of 15 and 18 with identical coil vol-
ume fraction points out the significance of coil cross-sectional area for the
packing of rod segments. It can be rationalized by the consideration of coil
density at the rod/coil interface as dependent upon coil cross-section. For
a given space at the rod/coil junction, the coils with larger cross-sectional
area cause more space crowding. The steric repulsion resulting from the space
crowding leads to the stretched conformation of coils, leading to the coil
stretching penalty [9c]. The morphological transition from continuous (the
honeycomb-like lamellar structure of 18) into discrete rod packing structures
(the tetragonal structure of 15) allows coils enough room to lower the coil
conformational energy. Finally, self-assembly of rods can be fine-tuned in 3D
nanospace since, in addition to coil volume fraction, coil cross-section is an
independent parameter in building a variety of supramolecular structures.

A method for manipulating the size of the discrete nanostructures as-
sembled from conjugated rod building blocks may be accessible by attaching
chemically dissimilar, flexible dendritic wedges to their ends. Dumbbell-
shaped molecules consisting of three biphenyls connected through vinyl
linkages as a conjugated rod segment and aliphatic polyether dendritic
wedges with different cross-sections (i.e., dibranch (19), tetrabranch (20)
and hexabranch (21)) self-assemble into discrete bundles that organize into
3D superlattices [79]. Molecule 19, based on a dibranched dendritic wedge,
organizes into primitive monoclinic-crystalline and body-centered, tetrago-
nal liquid crystalline structures, while molecules 20 and 21, based on tetra-
and hexabranched dendritic wedges, respectively, form only body-centered,
tetragonal liquid crystalline structures (Fig. 13). X-ray diffraction experi-
ments and density measurements showed that the rod-bundle cross-sectional
area decreases with increasing cross-section of the dendritic wedges. The
number of molecules per bundle decreases systematically with increasing
cross-section of the dendritic wedge. Consequently, the size of the rod-bundle
in cross-sectional area decreases in nanoscale dimension from 17.0 to 11.5
to 9.6 nm2 for 19, 20, and 21, respectively. The variation of rod bundle size
in cross-section can be rationalized by considering both the steric repulsion
between the bulky dendritic wedges and the nanophase separation between
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Fig. 13 Structural analysis of the supramolecular bundles assembled from molecular
dumbbells 19–21

the dissimilar parts of the molecule [32, 33, 80, 81]. Anisotropic ordering of
the rod building blocks in the molecule should exclude chemically dissimi-
lar dendritic segments. Because dendritic wedges have a large cross-section,
they will encounter strong repulsive forces when trying to accommodate the
density of the ordered rod building blocks. These repulsive forces could bal-
ance the favorable aggregation of rod building blocks and generate the finite
aggregation of dumbbell-shaped molecules. As the cross-sectional area of
the dendritic wedges increases, so do the repulsive forces between them.
Consequently, this increase in steric repulsion could give rise to smaller ag-
gregates that allow more space for the dendritic building blocks to adopt
a less strained conformation.

If supramolecular bundles are formed spontaneously in bulk films, by in-
clusion of appropriate reactive groups it should be possible to convert these
into molecular objects by cross-linking, while maintaining the precise size
and shape of the rod bundles. A coil–rod–coil triblock molecule 22 based on
linear PPO (fcoil = 0.73) with a reactive rod block self-assembles into discrete
rod bundles that are encapsulated by PPO coils and subsequently organize



84 J.-H. Ryu · M. Lee

into a 3D hexagonal close-packed structure (P63/mmc space group symme-
try) in the melt state, confirmed by optical polarized microscopy and X-ray
diffraction measurements [82]. Cross-linking of 22 under UV irradiation of
254 nm in a liquid crystalline phase under nitrogen atmosphere for several
hours resulted in the formation of a completely soluble macromolecule. GPC
traces showed that the molecular weight appeared to be 270 kDa, with a nar-
row molecular weight distribution after polymerization. Small-angle X-ray
scattering revealed several reflections corresponding to a 3D hexagonal lat-
tice with essentially the same lattice constants as those of the coil–rod–coil
molecule, indicative of the preservation of the ordered symmetry and the di-
mensions of the discrete objects after polymerization. On the basis of these
lattice constants and measured density, the number of constituent units in
each object was estimated to be approximately 112. The 3D hexagonal close-
packed structure was observed to recover after isolation from the solutions
and transform into an isotropic liquid in the bulk state in a reversible way,
suggesting that the macromolecular objects are shape-persistent in solution
as well as being an isotropic liquid phase of the bulk (Fig. 14).

Fig. 14 Hexagonal close-packed liquid crystalline structure of the object and its trans-
formation in to an isotropic liquid state

In contrast to linear coil, the triblock molecule 23, consisting of bis(penta-
ethylene glycol) dendrons as coil segments at both ends of the rod with
same rod building block, self-organizes into 2D columnar and 3D bicon-



Liquid Crystalline Assembly of Rod–Coil Molecules 85

tinuous cubic structures at the liquid crystalline state [83]. Photopolymer-
izations of 23 in liquid crystalline state proceed with preservation of the
ordered supramolecular architectures and maintenance of the lattice dimen-
sions. Photopolymerization of 23 in the bicontinuous cubic liquid crystalline
state gives rise to a 3D ordered nanostructure, while in the hexagonal colum-
nar liquid crystalline state it produces a 2D ordered nanostructure that in
aqueous solution can be dispersed into individual nanofibers with a uniform
diameter. The covalent stitching of reactive rod segments within the ordered
state by photopolymerization offers a strategy to construct shape-persistent
organic nanomaterials with well-defined size and shape, which potentially
have applications in macromolecular electronics, nanoreactors, and hybrid
nanomaterials.

A strategy to control the aggregation structure assembled from a rod
building block may be accessible by incorporation of side groups into a rod
block [84]. The side groups could lead to loose packing of the extended rod
segments, which may modify the resulting supramolecular structure. A coil–
rod–coil molecule (24) consisting of five biphenyl units connected through
ether linkages as a rod block and PPO coils with the number of repeating
units of 17, self-assembles into hexagonal perforated layers stacked in ABAB
order in the melt. In contrast, a coil–rod–coil molecule (25) containing methyl

Fig. 15 Self-assembly of coil–rod–coil molecule 25 into the hexagonal perforated lamellar
structure and subsequent conversion to hexagonal closed-packed bundles
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side groups in its center shows an unusual supramolecular structural in-
version, from perforated layers to discrete bundles, while maintaining a 3D
hexagonal superlattice (Fig. 15). This phase transition on heating is most
probably due to larger entropic contribution to the free energy associated
with coil stretching [27, 85]. This indicates that the introduction of methyl
side groups into a rod segment leads to the transformation of a 3D hex-
agonal perforated lamellar structure into a 3D hexagonally organized discrete
bundles. This notable feature is that the incorporation of alkyl side groups
into the center of a rod segment generates the structural inversion from or-
ganized coil perforations in rod layers to organized discrete rod-bundles in
a coil matrix, while maintaining a 3D hexagonal superlattice. It is also re-
markable that this structural inversion, retaining a 3D hexagonal superlattice,
occurs directly without passing through any intermediate structures in a re-
versible way by changing the temperature. This abrupt structural change
in rod-assembly may offer an attractive potential for use in supramolecular
switch and thermal sensor.

3.3
BAB Rod–Coil–Rod Triblock Copolymers

Kato et al. reported on rod–coil–rod molecules consisting of rigid mesogenic
cores and flexible PEO coils [86]. The small triblock molecule (26) was ob-
served to exhibit smectic A liquid crystalline phase as determined by a com-
bination of optical polarized microscopy and differential scanning calorime-
try. The incorporation of LiCF3SO3 into the rod–coil–rod molecules shows
significant mesophase stabilization. X-ray diffraction patterns revealed that
complexation of 26 ([Li+]/[EO]= 0.05) drastically reduces the layer spacing
from 44 to 23 Å. This decrease is thought to be due to the interaction of the
lithium salt with the ether oxygen, which results in a more coiled conform-
ation of the PEO coil. Ion conductivities were also measured for complexes
forming homeotropically aligned molecular orientation of the smectic phase.
Interestingly, the highest conductivity was observed for the direction parallel
to the layer (Fig. 16). However, the conductivities decrease in the polydomain
sample, which disturbs the arrangement of ion paths. These results suggest
that the self-organized rod–coil salt complexes can provide access to a novel
strategy to construct ordered nanocomposite materials exhibiting low dimen-
sional ionic conductivity.

Recently, rod–coil–rod triblock copolymers based on polydimethylsilox-
ane and polypeptide were reported by Rodriguez-Hernadez and cowor-
kers [87]. In similar to rod–coil diblock copolymer with poly [poly(γ-benzyl-
l-glutamate)], this triblock copolymer shows double hexagonal structure.
The hexagonal array formed by α-helices remains stable at high temperatures.
However, at a higher organization level the second hexagonal structure is
lost at temperatures exceeding 160 ◦C. Moreover, this higher-level hexagonal
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Fig. 16 Li+ ion conduction for the complex of 26 in smectic A phase. Reprinted with
permission from [86]. © 2000 American Chemical Society

structure can be reorganized on cooling indicating that this transition is re-
versible.

3.4
Novel Rod–Coil Triblock Copolymers

Precise control of supramolecular objects requires the rational design of
molecular components, because the information determining their specific
assembly should be encoded in their molecular architecture. Lee and cowor-
kers reported on novel rod–coil molecules based on a hexa-p-phenylene rod
and PEO chains that are fused together into a macrocyclic ring [88, 89]. The
rod–coil macrocycle was observed to undergo double phase transitions in the
crystalline state and to form ordered mesophases at higher temperature, as
confirmed by differential scanning calorimetry. In the first crystalline state,
27 self-assembles into infinitely long ribbon-like 1D aggregates with uniform
width and thickness. The cyclic geometry of the coil attached to one side of
the rod would prohibit the 2D growth of a self-assembled structure. Instead,
the aromatic rod segments should be strongly driven to aggregate in one di-
mension to produce a laterally stacked bilayer through microphase separation
between the rod and coil segments, and π–π interactions. In the second crys-
talline state, the rod segments of 27 self-assemble into discrete ribbon-like



88 J.-H. Ryu · M. Lee

aggregates with a laterally stacked bilayer encapsulated by cyclic aliphatic
chains in which the rod building blocks are arranged with their long axes par-
allel to each other. Subsequently, the ribbon nanostructures self-organize into
a 3D body-centered orthorhombic superlattice (Fig. 17a). Both steric forces
and crystallization of the rod segments are believed to play an important part
in the formation of discrete ribbons [27]. The tendency of the rod building
blocks to pack into a parallel arrangement accompanies a strong coil defor-
mation on heating. To reduce the energetic penalty associated with coil de-
formation, while maintaining crystalline order of the rod segments, infinitely
long ribbons would break up into discrete ribbons that allow coils to splay at
the periphery of the supramolecular unit. In the birefringent mesophase of
27, small-angle X-ray scattering showed several reflections, corresponding to
a 3D body-centered tetragonal superlattice with lattice parameters of 6.1 and
5.9 nm Wide-angle scattering showed only a broad halo, indicative of liquid
crystalline order of the rod segments within domains. On cooling from the
optically isotropic mesophase, straight lines growing in four directions with
an angle of 90◦ could be observed in the polarized optical microscope with
a final development of mosaic texture, indicative of the presence of a 3D non-
cubic lattice [76]. On further heating to the optically isotropic mesophase,
the small-angle X-ray scattering pattern showed three sharp peaks that could
be indexed as a 3D body-centered cubic phase with a lattice parameter of
5.7 nm. According to the number of molecules per aggregate, by using the lat-
tice constants and densities, aggregates of 27 were estimated to contain about
40 molecules each. Considering microphase separation between the rod and
coil segments, the aggregation of 40 rod–coil macrocyclic molecules in an ag-

Fig. 17 Supramolecular architectures from self-assembly of rod–coil macrocycles. a Body-
centered orthorhombic structures from ribbon-like aggregates; b body-centered tetrago-
nal structures from barrel-like aggregates
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gregate can be viewed as generating a barrel-like supramolecular structure in
which the rods are aligned axially with their preferred direction, and both the
interior and exterior of the barrel are filled by the coil segments (Fig. 17b).
These results indicate that a flat discrete ribbon-like aggregate transforms
into a curved barrel-like structure on crystal melting of the rod segments.
This transformation may be rationalized by considering end-to-end connec-
tion by rolling of the discrete ribbon [90]. With increasing temperature, space
crowding of coil segments would be larger because of greater thermal motion
of the flexible chains. A ribbon-like ordering of the rod segments would con-
fine flexible coil segments to a flat interface, forcing a strong deformation of
the flexible coils and making the system energetically unfavorable. To release
this deformation without sacrificing anisotropic order of the rod segments,
the flat ribbons would roll to form curved barrels.

Tschierske and coworkers reported on new complex liquid crystalline
phases of polyphilic block molecules or their metal complex [91–93]. These
triblock rod–coil molecules consist of a rod-like p-terphenylene unit, and two
hydrophobic alkyl chains at both ends of the rod, and oligo(ethylene glycol)
with a terminal carbohydrate unit at a lateral position of the rod [94]. De-
pending on the size of the hydrophilic and hydrophobic segments, a series of
unusual liquid crystalline phases were detected (Fig. 18). When the carbohy-
drate unit is directly conjugated to the rod building block, a simple smectic
(SA) phase was observed. In this liquid crystalline phase, the molecules are

Fig. 18 Supramolecular architectures from self-assembly of facial rod–coil molecules with
lateral hydrophilic groups as a function of the size of polar lateral and hydrophobic ter-
minal groups. Reprinted with permission from [94]. © 2005 American Chemical Society
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organized in layers, where the terphenyl units and the lateral carbohydrate
units are incorporated in the layer and these sublayers are separated by layers
of alkyl chains. Increasing the space unit (oligo(ethylene glycol)) transformed
smectic mesophase into a hexagonal channeled layer phase (ChLhex). This
mesophase appears almost completely black between crossed polarizers and
shows a very high viscosity, indicating an optically uniaxial mesophase with
a 3D lattice. Small-angle X-ray diffraction pattern shows five spots that could
be indexed as a 3D hexagonal lattice (P6/mmm). This mesophase consists
of alternating layers of aromatic units and aliphatic chains, penetrated at
right angles by columns with undulating profiles containing the polar lateral
groups. Accordingly, the structure consists of layers perforated by an array of
polar channels, which are arranged on a 2D hexagonal lattice.

When the space units were increased further, rod–coil molecules form
square columnar mesophases confirmed by optical polarized microscopy and
X-ray diffraction pattern. The polar column is located inside the square, pro-
viding strong attractive intermolecular interactions via hydrogen bonding
and the hydrophobic columns containing alkyl chains are at the corners in-
terconnecting the aromatic rods end-to-end. For the columnar mesophases,
the rigid-rod segments tend to restrict the side length of the polygons within
relatively narrow limits, giving rise to columns with a well-defined polygonal
shape. The lateral chains fill the interior of the polygons; the terminal chains
form the corners of these polygons and connect the rigid rods. Thus, the
number of sides of the polygons critically depends on the volume of the lateral
chain and the length of the molecule. Extending the hydrophilic chain, raising
the temperature, or reducing the alkyl chain length leads to a transition from
square to hexagonal columnar phases. Due to amphotropic characteristics of
rod–coil molecules, new types of laminated mesophases also were induced by
solvent (Fig. 18).

4
Multiblock Rod–Coil System

4.1
Main-Chain Rod–Coil Copolymers

The rod–coil approach as a means to manipulate supramolecular structure
as a function of rod volume fraction was reported to be extended to main
chain multiblock copolymer systems, which generate bicontinuous cubic and
hexagonal columnar mesophases depending on the rod-to-coil volume frac-
tion [95, 96]. For example, rod–coil multiblock copolymer (28) based on
short length of coil (rod volume fraction, frod = 0.38) exhibits a bicontinuous
cubic mesophase, while copolymer (29) based on higher coil volume frac-
tion (frod = 0.29) shows a hexagonal columnar mesophase. A notable feature
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of this system is the ability of the main-chain liquid crystalline polymers
based on a rod building block to self-assemble into ordered structures with
curved interfaces. Formation of supramolecular columnar and bicontinuous
cubic assemblies in the rod–coil copolymers is in marked contrast to the gen-
eral behavior of conventional liquid crystalline polymers based on rod-like
mesogens and segmented copolymers based on alternating rigid and flexi-
ble segments [97, 98]. Formation of the ordered structures with interfacial
curvature from the main-chain rod–coil copolymers can be rationalized by
considering entropic penalties associated with coil stretching and anisotropic
arrangement of rod segments. Bulky PPO coils induce curvature at the rod/coil
interface (arising from the connectivity of the rod and coils), constraint of con-
stant density, and minimization of coil stretching. At the interface separating
the rod and coil domains in the layered smectic structure, the relatively smaller
area per junction favored by rod block results in chain stretching of the coil
block, which is energetically unfavorable. Therefore, the rod–coil copolymers
self-assemble into bicontinuous cubic or hexagonal columnar structures with
larger interfacial area, instead of a layered smectic structure.

In contrast to this, another strategy for manipulating the supramolecular
structure at constant rod-to-coil volume ratio can also be accessible by vary-
ing the number of grafting sites per rod, which might be closely related to
the grafting density at the interface separating rod and coil segments. For
this reason, 30, 31 and 32, with rod–coil repeating units consisting of three
biphenyl units connected by methylene ether linkages as the rod block and
PPO with 13 PO repeating units as the coil block, were prepared [99]. All
of the oligomers are self-organized into ordered supramolecular structures
that differ significantly on variation of the number of repeating units, as
confirmed by X-ray scattering. The molecule 30 shows a bicontinuous cubic
liquid crystalline structure. In contrast, the molecule 31 shows a 2D rectangu-
lar crystalline and a tetragonal columnar (colt) liquid crystalline structures,
while the molecule 32 displays a hexagonal columnar structure in both their
solid state and mesophase (Fig. 19). These results show that self-assembled li-
quid crystalline structures, from 3D bicontinuous cubic, 2D tetragonal, to 2D
hexagonal lattices are formed by rod–coil structures that differ only in the
number of repeating units.

This interesting variation of self-assembled structures, at an identical rod-
to-coil volume ratio, can be explained by considering the density of grafting
sites at the interface separated by rod and coil. On increasing the number
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Fig. 19 Mesophase of the rod–coil multiblock molecules depending on rod–coil repeating
units

of rod–coil repeating units, the density of grafting sites at the interface will
be increased due to an increase in the average number of coils grafted to
a rod, which results in strong entropic penalty associated with coil stretch-
ing at the rod–coil interface. To reduce this coil stretching, a bicontinuous
cubic structure of the monomer would break up into 2D cylindrical domains
in which less confinement and deformation of coil segments occur. These re-
sults demonstrate that systematic variation of the number of repeating units
in the rod–coil multiblock oligomers can provide a strategy to regulate the li-
quid crystalline phase, from bicontinuous cubic, 2D tetragonal columnar, to
2D hexagonal columnar structures.

Picken et al. recently reported on the phase behavior of a series of rod–coil
multiblock copolymers comprised of alternating poly(p-phenylene terephtha-
lamide) as a rod building block and polyamide blocks as a coil part [100].
When the mole fraction of rod parts exceeds 0.5 these polymers show lyo-
tropic liquid crystalline structure in concentrated sulfuric acid solution. The
critical concentration for the formation of a nematic phase increases with
increasing fraction of the flexible fragments in the block copolymer, and
coupling of flexible chains to rod-like oligomers increases the stability of the
liquid crystalline phase. This means that the liquid crystallinity involves in-
duced orientation of the flexible polyamide coils. The incorporation of aramid
blocks in the copolymer induces stretching of the flexible coils, and this
stretching will make the copolymer stiffer.

4.2
Side-Chain Rod–Coil Copolymers

A novel strategy for manipulating the supramolecular structure can also be
accessed by converting the rod–coil monomer into a side chain polymer. Lee
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et al. reported on the supramolecular behavior of the liquid crystalline state
of rod–coil monomers and their corresponding polymer, consisting of a rigid
rod made up of two biphenyls connected through ester linkages and flexi-
ble PPO coils (Fig. 20) [101]. Polymerization of the rod–coil monomer into
a side chain polymer gives rise to a large structural transformation from 2D
hexagonal to 3D cubic structures. Polymerization of the acryl group stitches
coil segments into a polymer backbone and produces selective shrinkage of
coil domains in the microphase-separated supramolecular structure. This is
responsible for the transformation of the hexagonal columnar structure ex-
hibited by the monomer into a bicontinuous cubic structure that allows less
volume for the coil upon polymerization.

Incorporation of aromatic rigid-rod segments in the side chain of block
copolymer can play a role in forming well-ordered nanostructures. Finkel-
mann et al. reported that block copolymer consisting of poly(hexyl methacry-
late) as a coil and an azobenzene moiety as a rod showed liquid crystalline
mesophases including smectic A and bicontinuous cubic phase [102]. Based
on TEM experiments, the smectic layers of rod units are oriented either
parallel or perpendicular to the lamellar morphology. The deformation of
the anisotropic phase structure leads to the formation of a gyroid morph-
ology. Hayakawa et al. also reported on side-chain rod–coil block copolymer
composed of a poly(styrene-b-substituted isoprene) with an oligothiophene
derivatives [103]. DSC and X-ray data showed characteristics of a liquid–
crystalline smectic mesophase of the π-stacked oligothiophene blocks. TEM
images indicated that the phase-separated polystyrene and polyisoprene with
oligothiophene-modified side chain were aligned layer by layer due to the
self-assembly characteristic of the diblock copolymer. The combination of
a liquid-crystal phase and phase-separated nanodomain structures formed
extremely regular hierarchical structures.

Fig. 20 Side-chain rod–coil polymer from polymerization
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Fig. 21 Perforated lamellar structure hierarchically formed by poly(styrene-b-(2,5-bis[4-
methoxyphenyl] oxycarbonyl)styrene) structure. Reprinted with permission from [107].
© 2005 American Chemical Society

By laterally linking aromatic mesogens directly to polymer backbones,
mesogen-jacketed liquid crystalline polymers as a rod–coil copolymer can
be achieved [104–106]. Zhou and coworkers reported on the supramolecular
structures of these type of rod–coil copolymers composed of poly(styrene-
b-(2,5-bis[4-methoxyphenyl] oxycarbonyl)styrene) [107]. The strong interac-
tion between the side-chain mesogens and polymer backbone induces forma-
tion of rigid columns of mesogens. The macromolecular columns possess ori-
entational order and then these rigid columns self-assemble into a columnar
nematic of hexagonal mesophase. On increasing the volume fraction of poly-
styrene blocks, the mesophases change from lamellar to perforated lamellar
structures, where the polystyrene perforates the macromolecular rigid col-
umn layer of poly(2,5-bis[4-methoxyphenyl]oxycarbonyl)styrene (Fig. 21).

5
Conclusions

A variety of different supramolecular structures can be formed by self-
assembly of mesogenic rod building blocks with terminally attached polyether
coils. This unique phase behavior seems to originate from a combination of or-
ganizing forces. These include the mutual repulsion of the dissimilar blocks
and packing constraints imposed by the connecting of each block, and the
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tendency of the rod block to form orientational order. The incorporation of
different rod-like segments such as helical rods, low molar mass mesogenic
rods, and conjugated rods as a part of the main chain in rod–coil molecular
architecture has already proven to be an effective way to manipulate supramo-
lecular structures in nanoscale dimensions. Depending on the relative volume
fraction of rigid and flexible segments, and the chemical structure of these seg-
ments, rod–coil copolymers and their low molar mass homologs self-assemble
into a variety of supramolecular structures through the combination of shape
complimentarity and microphase separation of rod and coil segments as an
organizing force. The supramolecular structures assembled by rod segments
in rod–coil systems include sheets, cylinders, finite nanostructures, and even
perforated sheets that organize into 1D, 2D, and 3D superlattices, respectively.
It should be noted that self-assembly can be used to prepare well-defined
macromolecular nanoobjects that are not possible to prepare by conventional
synthetic methodologies, when the rod–coil copolymers self-assemble into
discrete supramolecular structures. In this respect, many synthetic strategies
have been developed that allow the incorporation of functional rod segments
into well-defined rod–coil architectures for specific properties. Electron trans-
fer, second harmonic generation, and piezoelectricity have been reported for
supramolecular structures of rod–coil copolymers containing conjugated rods
or highly polar end groups [108–110]. Many more rod–coil systems are ex-
pected to be developed soon for possible applications as diverse as molecular
materials for nanotechnology, supramolecular reactors, periodic porous mate-
rials, transport membranes, and biomimic materials.
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Abstract Blue phases are known to appear in chiral liquid crystals in a small tempera-
ture range between the chiral nematic phase and the isotropic one. They are optically
active, non-birefringent, and they show Bragg diffraction of light in the visible wave-
length, measuring several hundred nanometers. Their exotic structures and properties
result from the competition between chiral forces and packing topology. Recently, the
blue phases have attracted the attention in the field of optoelectronics and photonics. The
following article summarizes the basic properties, especially the frustration in the double
twist molecular alignment which is the origin of stabilization of the blue phase, and his-
tory of the blue phase studies, and describes significant advances that have been recently
reported.

Keywords Blue phase · Frustration · Double twist · Electrooptic effect · Photonic crystal

1
Introduction

“So, are they called ‘blue phases’ because they are blue?” This is a question
often asked by many. It is true that the naming might have originated from



100 H. Kikuchi

the color, however, the color alone does not reveal the true nature of such
phases. So mysterious are blue phases, in fact, that scholars had no other ba-
sis on which to name them but to refer to their color. This overly simple name
seems to reveal all the more how confused the researchers involved in the first
understanding of these phases must have been.

Early studies on blue phase were assuredly marked by one astonishing dis-
covery after another, such as the narrow stable temperature range, optical
isotropy, three-dimensional order, and frustration. These unique character-
istics, not observed in any other liquid crystal phases, have enthralled these
pioneering researchers, as is obvious from their writings.

Blue phases, once a subject of academic and basic studies only, are now
attracting the attention of researchers in a range of application-based fields.
These phases, once a headache for many scientists, are in no way easy to
understand, even for the leading engineers of today. This chapter aims to
present, as plainly as possible, the history of study on blue phases, some of
their essential nature, and the recent progress made in the field.

2
What are Blue Phases?

Blue phases are liquid crystal phases that appear between chiral nematic
phases with relatively short helical pitches and isotropic phases. Generally,
blue phases have the following characteristics:

1. Narrow temperature range (typically ca. 1 K);
2. Optical isotropy;
3. Optical activity;
4. There are three kinds of phases, blue phase I (BP I), blue phase II (BP II),

and blue phase III (BP III), in order of increasing temperature.
5. BP I has body-centered cubic symmetry, BP II has simple cubic symmetry,

and BP III has isotropic symmetry.
6. The unit lattices of BPs I and II have a lattice parameter of approximately

200 to 300 nm, with Bragg diffraction in the ultraviolet and visible region.
Understanding of the basic nature of blue phases up to the 1990s was sum-
marized in many distinguished articles [1–6].

3
Discovery of Blue Phases

As is well known, Reinitzer and Lehmann discovered liquid crystals some
120 years ago, in 1888. A letter exchanged between these two pioneering re-
searches contained descriptions suggestive of blue phases even at that time.
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As a cholesteric compound slowly cools from the isotropic phase, blue scat-
tering can be seen momentarily immediately prior to the phase transition to
the chiral nematic (cholesteric) phase. One of the discoverers of liquid crys-
tals, Reinitzer, did not miss this extremely subtle phenomenon [7]. However,
it took another 80 years before blue phases were recognized by the academic
world as specific liquid crystal phases. Although this long delay may have
arisen because the initial discovery was ahead of its time, the lag also re-
veals how these phases were ignored for many years. Not even a single paper
on blue phases can be found for the 34 years from 1922 to 1956. Two ma-
jor reasons for why these phases failed to catch the attention of researchers
is that the phases did not exhibit birefringence, a most typical characteris-
tic of liquid crystals, and that the stable temperature range was extremely
narrow (typically ca. 1 K). For over 80 years, and even though the unusual
phenomenon of blue phases was occasionally encountered by researchers, the
observation was ascribed to a metastable state of the chiral nematic phase,
and further investigation of the phase’s true nature was never pursued.

Then, between 1970 and 1990, this misunderstanding was resolved, and
the study of blue phases abruptly became popular, particularly in the field
of physics, leading to the discovery of frustrated phases, one of the most re-
markable events in the entire history of materials science. Now, it must not
be forgotten that one factor leading to this great discovery was the develop-
ment of liquid crystal chemistry in the 1950s. While industrial applications of
liquid crystals were not predicted back then, the foundations of the synthetic
chemistry of liquid crystals had been laid. George William Gray, a British
chemist, was one of the builders of this foundation. He conducted systematic
studies of the phase transition of cholesteric compounds and discovered that
the strange phenomenon of the blue phase, as witnessed by Reinitzer, com-
monly takes place in many of the cholesteric compounds [8]. Then, in 1969,
Saupe made the most foresighted proposal in the history of blue phase stud-
ies [9]. He focused on the empirically discovered fact that the state of this
phenomenon is optically isotropic while having unusually strong optical ac-
tivity, and thus proposed an innovative model of a huge cubic crystal formed
by the three-dimensional expansion of a twisted structure of chiral molecules.
This model, although ultimately found erroneous in certain details, provided
a largely accurate description of the true nature of blue phases. The model
suggested a state in which three-dimensional order exists between a chiral ne-
matic phase with one-dimensional order and a disordered isotropic phase.
It can be easily imagined that such a hypothesis was very bold in Saupe’s
time. It is thus admirable that Saupe had this profound insight in the days
when blue phases were still in the dark and the very name, “blue phases”, was
non-existent.

In 1973, Coates and Gray came up with the name, “blue phases”, to indi-
cate this unusual state, and began to treat the phase as one of the liquid crystal
phases [10]. At last, the era of widespread study of blue phases had arrived.
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A search of the Web of Science using “blue phase” or “blue phases” as a key-
word reveals a rapid expansion in the number of studies since then, from only
seven in the 1970s to 174 in the 1980s and 232 in the 1990s.

4
Simple and Double Twists

The results of experiments examining light diffraction proved that blue
phases form huge cubic crystals with a lattice parameter approximately
equivalent to the wavelengths of light (around a few hundred nanometers).
This means that a single unit lattice contains as many as 107 molecules. The
toughest challenge the researchers of blue phases faced was identifying the
structural arrangement of this many molecules within such a lattice. The
basic form of this arrangement is a “twist”.

Let us consider molecular arrangements based on the twist. As shown in
Fig. 1, a chiral nematic phase consists of a helical structure of molecular ar-
rangements. Such a structure is commonly found in nature and is one of
the typical self-assembled molecular arrangements. Generally, a liquid crystal
phase with a helical structure either consists of or contains chiral molecules.
Due to the intermolecular interaction among the chiral molecules, the rod-
shaped liquid crystal molecules become more stable when their long axes are
slightly twisted together, rather than aligned in parallel. It is understood that
the liquid crystal molecules form a helix, since the sense of the twist is the
same for all molecules. In this case, the twisted molecular structure is formed
along a single axis in the lateral molecular direction (perpendicular to the
long axis), and is known as a “simple twist”. Each molecule rotates rapidly

Fig. 1 Helical arrangements of molecules in a chiral nematic phase
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around its long axis, and the intermolecular interaction should therefore work
isotropically in all of the lateral directions. For this reason, the interaction is
expected to induce twist arrangements for all the neighboring molecules in
the lateral directions. It should be noted, however, that a simple twist results in
directions, perpendicular to the helical axis, in which no twisting is induced.
That is to say, the molecular interaction to be twisted isotropically in all of the
lateral directions is not satisfied in the simple twist. Why does the chiral ne-
matic phase form a simple twist despite of the unsatisfactory arrangement?
Now let us consider the geometrical continuity of twisting arrangements. As
shown in Fig. 2, the rod-shaped molecules are arranged so that their long axes
are parallel to the x-axis, with no twisting along the long axis of molecules.
Then, beginning at Point A on the x-axis, the molecules are arranged in a twist
along the y-axis. Similarly, the twisting arrangement along the y-axis begins
with Point B on the x-axis, separated from Point A. When the angle of twisting
reaches 90◦, the molecules are arranged along the x-axis so that they meet each
other from either direction. In the case of a simple twist along the x-axis, the
molecules are not twisted along the y-axis. Thus, the angles of the molecules
from Points A and B match, as shown in Fig. 2a in the meeting point. This
holds true even if the molecule twisting angle is other than 90◦ at the points
where the angle changes. If, however, the molecules are twisted along both
the y- and x-axes (double twist), the angles of molecules from both points
are mismatched (Fig. 2b) in the meeting point, except the distance between
Points A and B coincidentally corresponds to half the helical pitch. Next, let us
expand such twisting arrangements globally to the entire space. In the case of
the simple twist, when the angle of one molecule is determined at one point,
the angle of a molecule at any given position can be determined regardless of

Fig. 2 Frustration in twisted arrangements. a In the case of simple twists, arrangements
from Points A and B, which are separated, do not result in inconsistency. b Double twists
result in inconsistency
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the route of molecule arrangement. In this way, all the angles of molecules can
be regulated. In other words, all molecules in the simple twist can be arranged
continuously in three-dimensional space. On the other hand, if the molecules
are twisted along two axes even when the angle of a molecule is determined
at one point, its angle at another location differs depending on the route of
arrangement, as shown in Fig. 2b [11]. In short, the double twist within the
entire space inevitably results in a defect of discontinuous arrangements of
the molecular angles. The topological effect forcing the chiral liquid crystal
to become continuous by preventing this defect effectively and autonomously
restricts the twisting arrangement to a single axis alone in a chiral nematic

Fig. 3 Comparison of simple-twist and double-twist arrangements

Fig. 4 Model of molecule arrangements within a double-twisted cylinder
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phase. This is the reason why the simple twist is common structure in nature
rather than the double twist.

In the simple twist, the twisting forces in a direction other than the twisted
axis are suppressed as mentioned above. What happens if these forces become
large? Twisting in all lateral directions of molecules results in a structure like
that shown in Fig. 3c. Such an arrangement is called a double twist. Com-
plete double twisting exists only at the central molecule and its surrounds,
that is, the double twist becomes weaker as it spreads radially. The molecules
at and around the center are more stable than in the case of a simple twist,
since twisting in all lateral directions is allowed. The organized structure
formed within such a stable area is the double-twisted cylinder shown in
Fig. 4. Double twisting, if expanded to a broader area, results in a defect. For
this reason, as pointed out earlier, a double-twisted cylinder structure can not
be a basic structure that occupies a space continuously. Blue phases, however,
are built upon such a double-twisted cylinder structure that maintains this
inconsistency, as described in the next section.

5
Structure of Blue Phases

A double-twisted structure is unable to continuously occupy a three-dimen-
sional space. Thus, if such a structure is expanded to a three-dimensional
space, a defect inevitably occurs. Since the generation of such a defect involves
some energy, the entire system becomes unstable. Unless there is some gain
that exceeds such a loss in stability, a phase containing a double twist cannot
become stable. In the case of blue phases, the gain is a strong twisting force.
The stronger the twisting force, the more stable the double-twisted structure
becomes. As the system reaches the temperature of a disorderly isotropic phase,
the loss caused by the defect is relatively alleviated and a double-twisted struc-
ture is more likely to form. In the event that such a gain from a double-twisted
structure exceeds the loss caused by defects, blue phases appear. For this rea-
son, blue phases appear in the temperature range close to that of an isotropic
phase, in a chiral nematic phase, which is shorter-pitched, that is, which con-
tains larger twisting forces. Blue phases are exceptional in that they must
coexist with defects. In short, the local tendency for stability towards a double
twist and the global tendency for stability towards the defect-free space coun-
teract each other. If the former tendency exceeds the latter, blue phases appear.
If the latter prevails, the result is a chiral nematic phase. A system in which the
locally stable structures create such competitive interaction, where the global
ground state does not settle down to a single state, is called a frustration system.
A blue phase is precisely such a system. Among all the phases of liquid crystals,
blue phases were the first to be treated as frustrated phases. Other frustration
systems include spin glasses of magnetic alloys, Frank-Kasper phases of transi-
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Fig. 5 Structures of Blue Phases I and II. The rods in (a) and (c) represent double-twist
cylinder. The black lines in (b) and (d) represent disclination lines

tion metal alloys, and vortex lattices of superfluids and superconductors. Such
frustration systems are known for their peculiar characteristics.

Figure 5 shows the structures of BP I (Fig. 5a,b) and BP II (Fig. 5c,d), iden-
tified through many different experiments and theoretical calculations [4, 5,
12]. BPs I and II have body-centered cubic symmetry and simple cubic sym-
metry, respectively. The cylinders in Fig. 5a and c indicate double-twisted
cylinders, and the black lines in Fig. 5b and d indicate the disclination, defect
lines. These are unusual structures of lattices, and appear as logs stacked up
at right angles. Within each of the double-twisted cylinders, each molecule is
twisted by 90◦ along its radius. On the outermost circumference of a cylinder,
the molecules are twisted by 45◦ with respect to the cylinder axis, from – 45◦
at one end to + 45◦ at the other. This is equivalent to a quarter pitch, where
a single pitch corresponds to a twist of 360◦. The diameter of a single double-
twisted cylinder is typically 100 nm or so. Thus, assuming that the molecular
diameter is 0.5 nm, approximately 200 molecules are gradually twisted. The
lattice parameter for BP I corresponds to 1 pitch of twisting, while that in
BP II corresponds to 0.5 pitches. These pitch lengths usually differ slightly
from those of a chiral nematic phase, which is a lower-temperature phase.
It is amazing that such a complex, hierarchical structure forms in a sort of
self-organized way as a result of repetitions of the twisted arrangement of
molecules. Diffraction peaks appear at (110), (200), and (211), etc., in BP I,
and (100) and (110), etc., in BP II as a result of the long wavelength. These
diffractions satisfy the equation:

λ =
2na√

h2 + k2 + l2
, (1)

where λ, n, and a denote the wavelength of incidence, refractive index, and
lattice constant, and h, k, and l are the Miller indices. In BP I, h + k + l is
an even number. Figure 6 shows an example of the reflectance spectrum of
BP I. Unlike a chiral nematic phase, multiple reflection peaks are present in
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Fig. 6 Reflectance spectrum of Blue Phase I and polarizing optical micrograph of typical
platelet texture

the spectrum. With typical blue phases, the blue range is formed by light
diffracted from the (110) and (200) directions of BP I and the (100) direc-
tion of BP II. This range appears blue to the naked eye, giving rise to the
name “blue phase.” The disclination caused by frustration in the molecular
arrangement passes through a corner at which three double-twisted cylin-

Fig. 7 Example of a transmission electron microscopy image of a section of a quenched
blue phase [14]
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Fig. 8 Confocal laser scanning micrograph of polymer-stabilized blue phase I [16]

ders exist at right angles to each other. The symmetry of the disclination
alignments is body-centered cubic in BP I and simple cubic in BP II. The
disclination core is estimated to have a diameter of about 10 nm. Inside such
a core, it is hypothesized that there is a disordered arrangement of molecules,
as in an isotropic phase.

Recently, direct observations of the blue phase lattice structure have been
attempted by freeze-fracture electron microscopy [13, 14] (Fig. 7), atomic
force microscopy for quenched blue phases [15], and confocal laser scanning
microscopy [16] (Fig. 8).

Researchers have confirmed the existence of BP III, the structure of which
is predicted to be more amorphous with the short-distance order of double
twist alone. However, further details of this phase have yet to be cleared.

6
New Materials Exhibiting Blue Phases

Recent progress in material science, notably with the development of new
materials exhibiting blue phases, has generated a renewed interest in the
incorporation of the functional properties with the unique structure of frus-
trated phases. Synthesis of a monosubstituted ferrocene-based chiral Schiff ’s
base derivative which exhibits TGBA and blue phases has been reported [17]
(Fig. 9). Other metallomesogens leading to blue phases have been found for
palladium complexes [18] (Fig. 10). Optically active materials incorporating
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Fig. 9 Chemical structure of the ferrocene-based chiral Schiff ’s base derivative [17]

Fig. 10 Chemical structure of the chiral palladium complex [18]

a 2,4-disubstituted oxazoline ring have been shown to induce blue phases
when they are added to the host mixture at low concentrations [19]. New
chiral discotic triphenylene derivatives exhibit a blue phase and a ferroelec-
trically switchable columnar mesophase [20]. Many interactions are involved
in the doping effect of chiral dopants to host liquid crystals to induce blue
phases [21].

7
Expanding the Stable Temperature Range of Blue Phases

Frank, who is famous for his theory of liquid crystal elasticity, once said of
blue phases, “They are totally useless, –”, indicating that while academically
interesting, no practical applications can be expected of such phases. Stand-
ing in the way of any practical application of blue phases is, obviously, the
narrow temperature range at which they appear. Although the unique char-
acteristics of blue phases are very attractive, the temperature range at which
they are available is only on the order of 1 K, which prohibits considera-
tion with regard to potential applications. Recently, however, there have been
some attempts to expand this temperature range.
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Kitzerow et al. in 1993 formed blue phases of polymeric liquid crystal
monomers and polymerized these monomers while maintaining the blue-
phase structure, leading to a solid resin of fixed blue-phase structure [22].
Such a substance, although maintaining the blue-phase structure, provided
none of the dynamics of liquid crystal, since all the constituent molecules
were polymerized.

In 2002, Kikuchi et al. reported that the temperature range of the blue
phase can be expanded by several tens of degrees Celsius by forming a small
quantity of polymers at a ratio of 7–8 wt % within the blue phase. In this
system, referred to as “polymer-stabilized blue phases” (Fig. 11) [23], the
molecules retain their dynamics and exhibit rapid electro-optical responses
to an applied electric field. It is considered that the blue phase is stabi-
lized when the polymers formed within the blue phase are condensed into
disclinations, and the disclinations are then thermally stabilized. In 2005,
Yoshizawa, et al. synthesized T-shaped and dimeric liquid crystal molecules,
which broadened the temperature range of blue phases to 13 K [24] (Fig. 12).
It was suggested that this expanded temperature range is ascribable to the
biaxiality of the T-shaped liquid crystal molecules. Also in 2005, Coles et al.
reported that in dimer liquid crystals with large flexoelectricity, the tempera-
ture range of the blue phase was larger than 44 K [25] (Fig. 13). Flexoelectric-

Fig. 11 Phase diagram of polymer-stabilized blue phases and schematic illustration of
aggregation state of polymers [23]
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Fig. 12 Chemical structure of T-shaped dimeric liquid crystal molecules that broadened
the temperature range of blue phases to 13 K [24]

Fig. 13 Chemical structure of materials exhibiting a blue phase with a wide temperature
range [25]

ity was suggested to stabilize the disclination. This system is very interesting
with respect to potential application, since the diffraction wavelengths of the
blue-phase lattice can be changed reversibly by applying an electric field.
A theoretical approach for stabilizing the blue phases has been investigated
within the framework of Landau–de Gennes theory [26].

Technologies to expand the narrow temperature range of blue phases have
thus been in rapid development in recent years. At last, it seems that we have
arrived at the dawn of an era in which real progress will be made towards
realizing practical applications of blue phases.

8
Smectic Blue Phase

New chiral phases, called smectic blue phases (BPSm), have been discov-
ered in a small temperature range with the following phase sequence: TGB-
BPSm1-BPSm2-BPSm3-Iso, without any intermediate chiral nematic phase be-
tween the BPSm and TGB phases [27, 28]. X-ray scattering studies showed
that unlike the traditional blue phases, the smectic blue phases possess the
quasi-long-range smectic order in addition to three-dimensional orienta-
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tional order [29, 30]. Although a blue phase with smectic ordering was re-
ported before the observation of the smectic blue phases, it was a supercooled
state [31, 32]. On the other hand, the smectic blue phases are thermally equi-
librium phases. The lattice parameter of the smectic blue phases is in the
ultraviolet range, preventing any optical scattering of visible light (Kossel di-
agram), which is commonly used to study the symmetry of cholesteric blue
phases. Therefore the structure of the smectic blue phases has been investi-
gated by X-ray scattering and crystal faceting. The X-ray scattering patterns of
the monodomains have provided the symmetries of the smectic blue phases:
the BPSm2 appears hexagonal [33] whereas the BPSm1 has a structure that de-
pends on the phase sequence. The BPSm1 exhibits a cubic symmetry in the
case of a TGBA-BPSm1 transition [34] and is labelled BPSmA1; but the sym-
metry of the BPSm1 is hexagonal for TGBC-BPSm1 phase sequence [35], called
BPSmC1. The BPSm3 has an amorphous structure of the same macroscopic
symmetry as that of the isotropic phase. However, the results obtained by the
X-ray scattering indicate the directions where the smectic order is enhanced,
providing indirect information of the symmetry of the orientational unit
cell. The observations of faceted monocrystals, which provide direct informa-
tion of the symmetry of the orientational unit cell, reveal that the symmetry
of the BPSm2 is orthorhombic [36]. Kamien proposed a model of smectic
double-twist cylinders linking smectic A order and twist not only in one di-

Fig. 14 Image of smectic blue phase based on uniform layer spacing of the Schwartz P
surface [38]
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Fig. 15 Chemical structures of the monomer and twin dimer, and schematic represen-
tation of molecular arrangement in the mixture of the monomer and twin dimer in the
novel smectic blue phase, SmBPiso [39]

rection as in TGB phases but also in two spatial directions [37]. Recently
another geometrical model based on minimal surfaces has also been pro-
posed [38] (Fig. 14). A novel smectic blue phase with spherical symmetry has
been found in a two-component mixture containing a chiral monomer and its
twin containing two repeat units of the first molecule connected by a linear
hydrocarbon spacer. The anomalous softening of elasticity due to a strong re-
duction in entropy caused by mixing the monomer and the twin permits the
seamless coexistence of these two competing liquid crystal orders. The new
phase spontaneously exhibits an optically isotropic but uniformly iridescent
color and automatically acquires spherical symmetry, so that the associated
photonic band gap maintains the same symmetry despite the local liquid
crystalline order [39] (Fig. 15).
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9
Photonics of Blue Phases

It can be expected that blue phases consisting of three-dimensional peri-
odic structures on scales equivalent to the wavelength of visible light can
be applied in photonics [40–42]. Recently, researchers have paid attention to
artificial crystals with periodic optical structures on the order of visible wave-
lengths, known as photonic crystals. Much effort has been made toward the
study and development of technologies to manufacture such crystals. Blue
phases have an edge over the top-down method of micro fabrication, since
these phases form three-dimensional photonic lattices in a self-organizing
manner. Cao et al. dispersed some fluorescent dye in BP II and activated
them with a pulsed light source and the result was lasing in three spatial
directions, proving that blue phases exhibit three-dimensional photonic char-
acteristics [43]. Yokoyama et al. used polymer-stabilized blue phases to show
that lasing from the lattice structures of blue phases takes place over a broad
temperature range of 35 K, and found that the lasing threshold and line width
are smaller than for lasing arising from a chiral nematic phase [44](Fig. 16).
Studies on the application of blue phases to photonics have in this way seen
rapid progress recently.

Fig. 16 Laser emission spectra from the polymer-stabilized blue phase of the (110)
crystal [44]

10
Electro-optics of Blue Phases

Kikuchi and coworkers found the rapid electro-optical effect in polymer-
stabilized blue phases and presented the major potential of such phases in
application to display devices and optical modulation devices [45, 46]. Tra-
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Fig. 17 Temperature dependence of electro-optical response time for the polymer-
stabilized blue phases (polymer fraction: α = 6.3, 10.5, 15.0 mol %) in the rise pro-
cess (A) and decay process (B) [46]

ditional liquid crystal display devices have several problems, such as slow
response (millisecond order), the need for initial orientation by surface treat-
ments, and viewing-angle dependence. In contrast, polymer-stabilized blue
phases provide faster response (10 to 100 µs), and are optically isotropic and
therefore require no treatment for initial orientation and have small viewing-
angle dependence (Fig. 17). If the remaining problems of high driving voltage
can be resolved, then we will be much closer to seeing real applications of blue
phases.
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11
Conclusions

The blue phase models shown in Fig. 5 appear in textbooks on liquid crys-
tals. Yet how many people can capture a complete image of the structures
immediately? How can such complex structures form by themselves? Do peo-
ple truly understand what blue phases really are? This structural mystery
remains, even for those with a good understanding of these phases. The re-
searchers who identified these structures must have been amazed at their
findings, which were well beyond their own expectations. At the same time,
it is very interesting that some incredible structures exist in biologic materi-
als and living organisms. Collagen is made of huge molecules that form triple
helices, and in its aggregates, a blue-phase structure exists [47]. Some also
say that rats’ teeth have a structure similar to those of blue phases [48]. Why
have some living organisms chosen such structures? Future findings on these
issues will undoubtedly be of keen interest.

It is considered that liquid crystals that are soft and have long-distance
order may form certain complex hierarchical structures other than blue
phases. In fact, recent discoveries of new liquid crystal phases have arisen one
after another. While many think of liquid crystals as display materials with
the range of applications seemingly exhausted, it is more likely that applica-
tions other than displays are only beginning to appear.
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Abstract This review will focus on recent developments that have occurred since 2000
on the utilization of specific supramolecular interactions to form polymeric aggregates
which exhibit thermotropic liquid crystalline (LC) properties.

Keywords Liquid Crystals · Polymers · Self Assembly · Supramolecular Chemistry ·
Thermotropic

1
Introduction

Liquid crystalline polymers (LCPs) are those macromolecular systems that
adopt varying levels of orientational and spatial order upon increasing the
concentration of a solution (lyotropic) or decreasing the temperature (ther-
motropic). Incorporating geometrically anisotropic moieties within a poly-
mer architecture can drive the formation of liquid crystalline (LC) phases
from strictly steric repulsion considerations [1–3], principally in the form
of slender rods (calamitic) or flat disks (discotic). The calamitic LCPs have
been the most commonly studied and have been the subject of several out-
standing reviews, including wholly aromatic [4], rigid-flexible segmented [5],
and side-chain [6] architectures. As shown in Fig. 1, calamitic LCPs incorpo-
rate mesogens (rigid rod-like molecules) either as a main component of their
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Fig. 1 Common architectures for thermotropic liquid crystalline polymers

backbone or as a pendant group. The former are referred to as main-chain
LC polymers (MC-LCPs), while the latter are termed side-chain LC polymers
(SC-LCPs). In both cases, mesogens are linked either to each other or with the
polymer backbone through a more flexible chain, often an alkyl chain, termed
the flexible spacer. In SC-LCPs, the mesogens are attached to the polymer
backbone by one end (side-chain LCP) or laterally (side-on LCP). Similarly,
MC-LCPs can be formed by two possible arrangements of the flexible spac-
ers and mesogens: the mesogens can be linked to the flexible spacer by either
their ends, or laterally. Interestingly, Griffin has used some of the latter as
an approach to design synthetic auxetic materials (i.e., materials that ex-
pand perpendicularly to the direction of the stress applied, negative Poisson
ratio) [7].

In the area of main-chain LCPs, several approaches toward spacer in-
corporation have been adopted, including copolymerization of semiflexi-
ble polyethylene terephthalate (PET) with rod-like poly(4-hydroxy benzoic
acid) [8], polycondensation of aliphatic dicarboxylic acids with mesogenic
bisphenols [9], and especially polycondensation of hydroquinones (sub-
stituted or not) with α,ω-bis benzoic acids (such as 4,4′-dicarboxy-α,ω-
diphenoxyhexane) bearing the spacer molecule [10, 11]. Additionally, semi-
flexible polyethers with comparatively lower transition temperatures have
been prepared from dibromoalkanes and mesogenic diols using a phase
transfer catalyst approach [12]. Numerous studies of the phase behavior and
physical properties of segmented LCPs has revealed a critical role of the
spacer length, along with any mesogen pendent group, in determining the
crystallinity, the LC phases observed, and the phase transition temperatures.
Perhaps the most intriguing aspect of these studies, reviewed by Sirigu, [5]
is the remarkable “odd-even” alternation in phase transition temperature(s)
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with increasing spacer length, indicating substantial conformational differ-
ences between segmented LCPs with an odd number of methylene spacer
units (lower transition temperatures) and their even-numbered counterparts.
Recently, we have introduced the use of acyclic diene metathesis (ADMET)
polymerization as an approach to the preparation of main-chain LCPs [13].
The preparation of side-chain LCPs is comparatively simpler [6] and in-
volves chain-growth polymerization of vinyl- or vinylidene-functionalized
mesogens. Alternatively, mesogens may be post-polymerization grafted (the
so-called polymer analogous synthesis) to polymers which contain appropri-
ate functional groups on the backbone [14, 15].

Recently, the use of specific non-covalent interactions has lead to the de-
velopment of a wide range of supramolecular polymers [16–19]. In this class
of interesting polymers small molecule and/or polymeric units are designed
to contain supramolecular motifs in order to self-assemble a desired poly-
meric aggregate. One major advantage of such a self-assembly process is the
ability to control the resulting supramolecular architecture of the polymer ag-
gregates by simply tailoring the structure of the starting units. Another aspect
that differentiates supramolecular polymers from more conventional covalent
bonded structures is their dynamic nature, which has potentially significant
consequences for the thermomechanical properties of such systems [20]. The
properties of such non-covalently bound aggregates have a strong depen-
dence not only on their core components but also on the nature (stability
and dynamics [21]) of the supramolecular interactions that control the self-
assembly process. The degree of the interaction between the starting units
depends, to a large extent, on the strength of the supramolecular interaction,
and the unit concentration, as well as a range of environmental conditions
(such as temperature, pH, solvent, etc).

The ability to combine supramolecular chemistry with liquid crystallinity is
very attractive for several reasons. It has been well known for a long time in the
liquid crystal community that non-covalent interactions have a great effect on
a material’s liquid crystallinity. Therefore, it is expected that designing specific
non-covalent interactions into monomer units can result in a number of effects,
including inducing liquid crystallinity upon non-mesogenic starting materi-
als, changing the nature of the LC phase and/or changing the stability of the LC
phase. Furthermore, the combination of the dynamic behavior of the supramo-
lecular polymer along with the temperature sensitivity of the LC phase offers
exciting opportunities for (multi-step) stimuli-responsive materials. From the
point of view of supramolecular materials it has been proposed that the order
imposed by liquid crystallinity can been utilized to enhance the interaction be-
tween constituent molecules, thus allowing access to SLCPs with relatively weak
hydrogen bonding interactions between monomers [22–38].

Over the years there have been a number of excellent papers [39–41] that
cover different aspects of this burgeoning field. The field of supramolecular
materials and LCPs is a large one and includes the supramolecular ordering of
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mesogen-containing polymers as well as supramolecular systems which orga-
nize in solution (lyotropic) and/or in the melt (thermotropic). The purpose of
this paper is to focus on recent developments, which have occurred since the
turn of the century, on the utilization of specific supramolecular interactions
to form polymeric aggregates which exhibit thermotropic LC properties.

1.1
Background on Combining Supramolecular Chemistry
and Liquid Crystallinity

The design of polymeric molecules which combine tailored supramolecular
interactions with liquid crystallinity has been around since the late 1980s
and early 1990s. Pioneering work by Fréchet, Kato [42–45], Lehn [46–50]
and Griffin [51–54], and others during this period demonstrated that specific
supramolecular interactions, in the form of hydrogen bonding, can be used to
access supramolecular LCPs (SLCPs). Figure 2 shows a selection of the early
SLCPs, designed by these groups, in which hydrogen bonding plays an import
role in forming the structure.

Fig. 2 A selection of early examples of supramolecular liquid crystalline polymers de-
signed by Fréchet and Kato [42–45], Lehn [46–50] and Griffin [51–54]

In principle, there are a number of ways that supramolecular chemistry
can be utilized to influence/access LC polymeric systems. One way is to access
different polymeric architectures, such as main-chain, side-chain, or network
structures (Fig. 3). For example, main-chain SLCPs can be formed through the
aggregation of low(er) molecular weight ditopic compounds whose chain ends
interact with each other through specific non-covalent interactions. Concep-
tually, this can occur in a number of different ways. The simplest conceptual
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class of a main chain SLCP is one that has self-complementary units attached
to either end of a mesogenic core and thus results in a self-assembling (A)n
polymer (Fig. 3a). If the supramolecular motif used in the assembly of the poly-
mer is asymmetric (i.e., consists of two different complementary units) then
the supramolecular polymer will only be formed when both of these comple-
mentary units are present and in equal proportions. A heteroditopic monomer,
in which both complementary units are placed on the same molecule, results in

Fig. 3 Schematic representations of some possible supramolecular liquid crystalline poly-
mer architectures. a–e Different classes of main-chain structures. f–i Different side chain
polymers. j–m Different types of networks
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a self-assembling (A-B)n polymer (Fig. 3b). However, homoditopic monomers,
which have one of the complementary units placed on both ends of the core
(e.g. A-A or B-B), will only exhibit polymer-like properties upon mixing the
two complementary monomers (e.g., Fig. 3c). In all the above examples the core
is mesogenic; however, this does not necessarily have to be the case. An addi-
tional subset of main-chain SLCPs involves aggregates in which the mesogenic
component is the supramolecular motif itself. Such supramolecular mesogens
can, of course, be formed through either self-complementary units or with (as
is shown in Fig. 3d) a hetero-supramolecular motif. An alternative approach is
to use ditopic molecules that interact through two faces of a rigid, usually disk-
like component (Fig. 3e), rather than through the ends of a chain. This leads to
1-dimensional polymeric structures which tend to form columnar LC phases.

Pre-made polymer backbones with supramolecular binding sites can be
used to access side-chain SLCPs with a monotopic small mesogenic molecule
(Fig. 3f). Similar architectures are accessed if the supramolecular motif itself
is mesogenic (Fig. 3g). If the supramolecular motif is mesogenic and one of
its components is part of the polymer backbone, then the addition of its com-
plement will yield side-chain SLCPs whose mesogen consists of part of the
main-chain as well as the side chain (Fig. 3h). Alternatively, a small mesogen-
containing molecule can access side chain SLCPs if the supramolecular motif
can form polymeric tape-like structures (Fig. 3i). The use of oligotopics that
are either small molecules (Fig. 3j) or polymers (Fig. 3k) rather than ditopic
monomers can access LC branched or network structures. Of course, in the

Fig. 4 A selection of some supromolecular motifs used to access supramolecular liquid
crystals
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last two classes, while the figures show the use of two different complemen-
tary units to form these structures, derivatives in which the supramolecular
units are either self-complementary and/or form the mesogenic unit are also
possible. In this last case, there are two additional types of networks that can
be formed, namely blends of two polymers containing complementary units,
(Fig. 3l) or a copolymer in which the two complementary units are in the
same backbone (Fig. 3m).

There are potentially a large number of supramolecular motifs that can be
designed into a molecule or polymer to allow access to supramolecular liquid
crystals. Figure 4 shows just a selection of some hydrogen bond motifs that have
been utilized in the early development of supramolecular liquid crystals. As
we shall see, some of these motifs, particularly the benzoic acid/pyridine and
amide motifs, have continued to be popular choices in the design of new SLCPs.

2
Recent Developments (2000–)

2.1
Main-Chain SLCPs

Over the last decade the area of supramolecular polymerization, i.e., the self-
assembly of small monomeric units into polymer-like materials through the
use of non-covalent interactions, has received a growing amount of attention.
Conceptually, a simple way to achieve such supramolecular polymers is by the
attachment of appropriate supramolecular motifs onto the ends of a core unit
(Fig. 2a–e). The backbones of the resulting self-assembled polymeric systems
will therefore contain non-covalent bonds, in addition to covalent bonds,
which collectively impart upon the system reversibility (i.e., a dynamic de-
gree of polymerization) and temperature sensitivity. This behavior, in turn,
offers the potential to develop polymeric materials where the melt viscosity
at elevated temperatures is more akin to a monomeric-like state, and thus
allows for the utilization of mild (low pressure and stress) processing condi-
tions. One interesting opportunity offered by such systems is the ability to
self-assemble functional units into processable polymeric materials, which,
for example, exhibit attractive electronic and/or optical properties [55–62].
The properties of such non-covalently bound aggregates have a strong depen-
dence not only on their functional core components but also on the nature
(stability and dynamics) of the supramolecular motifs which control the
self-assembly process. In addition, if the supramolecular motif used in the
assembly of the polymer is asymmetric (i.e., consists of two different com-
plementary units) then the supramolecular polymer, along with any potential
functionality that results, will only be formed when both of these complemen-
tary units are present.
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An example of such a supramolecular-aided function is the growing area
of supramolecular LC materials. In such systems, molecular shape anisotropy
is important for the formation of an LC phase. For example, rigid and semi-
rigid molecules which have a high aspect ratio often exhibit LC behavior.
Therefore, the self-assembly of small (semi)rigid units into a larger linear ar-
ray, with a high axial ratio, can result in the appearance of an LC phase. The
induction of a LC phase in such a case is a macroscopic expression of the mo-
lecular recognition designed into the molecules. Furthermore, the formation
of such an LC phase, with its long range order, can also aid the formation of
higher molecular weight aggregates.

Rowan, Mather et al. [63–65] have examined the use of complementary nu-
cleobase interactions to allow the formation of supramolecular LC materials
of the main type shown in Fig. 3a and b. In these cases, a rod-like mesogen–
bis(phenylethynyl)benzene–was functionalized symmetrically (homoditopi-
cally) with thymine (T) or N6-anisoyl protected adenine (AAn) using alkoxy
spacers of varying length to yield molecules of the type: BP-1-BP, where BP

depicts the variable nucleobase moiety, AAn or T (Fig. 5).
It was found that the single-component systems featured quite high crys-

tal melting transitions, presumably owing to the high symmetry of the
bis(phenylethynyl)benzene mesogen combined with minimal supramolecular
polymerization. These high-melting transitions had the effect of narrowing
the range of liquid crystallinity to ca. 10 ◦C. Interestingly, however, it was
observed [63, 64] that when homoditopic molecules featuring complemen-
tary nucleobase pairs were mixed in 1 : 1 stoichiometry (T-1-T + AAn-1-AAn)
a significant broadening of temperature range for liquid crystallinity was wit-
nessed. The broadening of liquid crystallinity was attributed to the formation
of large, linear supramolecular aggregates only possible when complemen-
tary nucleobase pairs are mixed. This conclusion was further substantiated by
the report of fiber-forming capacity from the LC phase of the same mixtures.
Using X-ray diffraction, it was found that the LC phase formed was generally
smectic-C, with layer spacings of 40–50 Å (depending on spacer length) and

Fig. 5 Structures of the homoditopic (A–A, B–B) nucleobase terminated bis(phenyl-
ethynyl)benzene monomers (BP1BP) investigated by Rowan, Mather et al. [63–65]
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apparent mesogen tilting within the layers from 27◦ to 30◦. Further work by
the same group investigated the influences of complementary mixture stoichi-
ometry and thermal history on LC phase behavior [65]. There it was found
that departure from 1 : 1 stoichiometry hampered liquid crystallinity. Fur-
ther, the precise thermal history of such a 1 : 1 blend had a large impact on
phase behavior, a finding attributed by a propensity for the high-melting N6-
anisoyl-adenine functionalized mesogen to phase separate from the mixture
under certain conditions.

A commonly studied motif for the main-chain SLCPs involves chains of hy-
drogen bonding between dicarboxylic acids and bipyridyls, building on some
early work by Griffin et al. in this area [66]. Such SLCPs tend to be of the
mesogenic supramolecular type shown in Fig. 3d, where the non-covalent in-
teraction is part of the mesogen. More recently, Griffin et al. [67] found that
a stoichiometric mixture of tetraethyleneglycoxy-bis(2,6-dimethyl-4-benzoic
acid) (2) and 4,4′-(p-phenylenedi-1,2-ethenediyl)bipyridyl (3) (Fig. 6) led to
a nematic LC material with polymer-like fiber-forming capacity. In particular,
the stoichiometric mixture featured an enantiotropic nematic phase sequence
of (K 150 N 175 I) on heating and (I 175 N 88 K) on cooling. In contrast, the
two starting compounds (bisbenzoic acid and bipyridyl compounds) under-
went direct melting from the crystalline to isotropic phases. For this system
it was argued that the liquid crystallinity is afforded by enhancement in the
mesogen length/diameter (L/D) ratio from 3.3 (15.5 Å/5 Å) for the bipyridine
derivative to 6 (31 Å/5 Å) for the hydrogen-bonded mesogenic unit.

Fig. 6 Structures of the non-mesogenic bis-pyridyl (2) and bis-benzoic acid (3) monomers
studied by Griffin et al. [67] and the proposed structure of the main chain liquid crys-
talline supramolecular polymer (2·3) highlighting the length of supramolecular mesogen

He et al. [68] examined the effect of adding flexibility to the hydrogen
bond acceptor bis-pyridyl units. They attached stilbazole derivatives to ei-
ther end of differently sized oligo(ethylene oxide) spacers (4) (Fig. 7). Mixing
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these difunctional proton acceptors with bis-benzoic acids, which also bear
oligo(ethylene oxide) spacers, allowed the investigation of how flexibility in-
fluences the LC properties of such supramolecular polymers. As is seen in co-
valently bonded segmented LC polymers, a decrease in the isotropic-nematic
transition temperature (upon cooling) was observed for stoichiometric mix-
tures. Both nematic and smectic-A phases were observed for many composi-
tions, with isotropization temperatures in the range 170 ◦C < TNI < 190 ◦C.

In a similar vein, Weigel et al. [69] have also studied main-chain SLCPs ex-
ploiting the carboxylic acid/pyridine hydrogen-bonding motif, in their case
examining oligo(ethylene glyol)s symmetrically endcapped with 6-hydroxy-
2-naphthoic acid as the hydrogen bond donor. For the hydrogen bond ac-
ceptors, a variety of pyridine-terminated molecules were studied, including
4,4′-azopyridine, and 4,4′-(p-phenylenedi-1,2-ethylenediyl)bispyridyl, among
others. The researchers observed, using DSC and POM, that over narrow
temperature ranges a liquid crystal phase appeared and that, like the work
of He, increasing the spacer lengths afforded lower isotropization tempera-
tures. Further work by the same group [70] demonstrated how the nature
of the mesogenic supramolecular motif affects the LC properties. By com-
bining different aromatic bisacids (5, 6, 7) with a series of bisazopyridine
phenol derivatives (8, 9) (Fig. 7) they showed that LC transition temperatures
are raised with increasing mesogen rigidity and aspect ratio. For example,
as in the case of covalently bonded LCPs, it was found that the 6-hydroxy-
2-naphthoic acid unit (6)–in this case serving as the hydrogen bond donor–
offers a clearing transition (e.g., 6·8b: I 142.7 N 40.4 K) higher than that of
the benzoic acid version (e.g., 5·8b: I 131.5 N 60.2 K), but lower than the high
transition temperatures witnessed for the biphenyl benzoic acid (e.g., 7·8b:
I 209.0 N 127.0 K) derivatives.

Liquid crystallinity has also been observed from supramolecular polymer-
ization of bipyridyl mesogens without a need for an aromatic mesogenic
component of the hydrogen donor. Bhowmik et al. [71] investigated the self-
assembly of 4,4′-bipyridyl (BP) with two aliphatic dicarboxylic acids: adipic
acid (AA; HOOC-(CH2)4-COOH) and sebacic acid (SA; HOOC-(CH2)8-
COOH). Despite the simplicity of using only commercially available building
blocks (monomers), rich LC behavior was observed. In particular, DSC and
POM studies revealed that the supramolecular homopolymers BP : SA and
BP : AA exhibited smectic phases with phase sequences on heating of (K 127
Sm 172 I) and (K 143 Sm1 177 Sm2 181 I), respectively. Copolymeriza-
tion, namely mixing in different ratios of SA and AA while keeping the
acid/pyridine ratio at 1 : 1, was observed to broaden the temperature range for
liquid crystallinity quite substantially through melting point reduction (both
Tm and heat of fusion). For example, the 50 : 50 copolymer (K 120 Sm 165 I),
though the melting transition was barely detectable by DSC.

An interesting example of how non-mesogenic rigid supramolecular main-
chain polymers can affect LC environments has recently been shown [72]
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Fig. 7 A selection of bis benzoic acids and bis pyridine derivatives which have been used
to access main-chain liquid crystalline polymers

by Hoogboom and Swager. Poly(phenylene ethynylene) derivatives (Fig. 8)
that were endcapped with the four-fold hydrogen-bonding ureidopyrimidi-
none (Upy) motif and containing pendent iptycene groups on every second
backbone aromatic ring were synthesized. The iptycene moieties had previ-
ously been shown by the same group to create a strong coupling between
a rigid polymer and the molecular director of nematic liquid crystals. When
such compounds were dissolved in the nematic solvent, 5CB, a strong en-
hancement of the dichrotic ratio as well as the apparent polymer conjugation
length were witnessed for the case of Upy-capped PPE when compared to
non-functionalized counterparts. Moreover, it was proven that the length of
the main chain supramolecular polymer has an effect on the dichroic ratio.
The addition of chain terminating mono-Upy compounds which result in the
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Fig. 8 The structure of the ureidopyrimidinone (Upy) end-capped, pendant iptecene
poly(p-phenylene ethylene) derivative (10) prepared by Hoogboom and Swager [72] to
investigate alignment in the liquid crystal 4-n-pentyl-4′-cyanobiphenyl (5CB)

depolymerization of the supramolecular polymer also results in a drop of the
dichroic ratio.

Hydrogen-bonding is not the only supramolecular interaction that can be
used to access main-chain SLCPs. Recently, halogen-bonding [73], namely
the non-covalent interaction D· · ·X-Y between an electronegative atom D
(such as O, N) and a halogen atom X, has been used as another approach
to the formation of main-chain supramolecular polymers [74]. In an analo-
gous study to the benzoic acid/pyridine mediated main-chain SLCPs systems
discussed previously, Xu and He prepared a series of 1,n-bis(4-iodo-2,3,5,6-
tetrafluorophenoxy)-alkane compounds (11a–d, n = 6, 8, 10, 12) and studied
its complexes with a series of bispyridine derivatives (e.g., 4a–c) (Fig. 9).
Thus, in this case, the iodotetrafluorophenoxy moieties replaced the ben-
zoic acid binding units used in the previous studies. It should be noted that
the presence of the fluorines is important here as their electron withdrawing

Fig. 9 A halogen-bond mediated main-chain supramolecular liquid crystalline poly-
mer 11·4
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ability reduces the electron density on the iodine atom promoting the N–I
halogen bond. Interestingly, the flexibility in 4 appears important for form-
ing LC material with 11, as complexes of 11 with rigid bispyridine derivatives
(e.g., 4,4′-bipyridine) formed only crystalline compounds that melted to an
isotropic liquid. However, when both the halogen “donor” compound and
bispyridyl compound included flexible spacers, 4·11, monotropic (unstable
to crystallization) nematic phases were observed upon cooling. It should
be noted that while these supramolecular materials did form liquid crystal
phases, they were generally not as stable as those materials formed from the
benzoic acid/pyridine supramolecular motif.

2.2
Supramolecular Columnar Structures

There has been a great amount of work in recent years focused on the for-
mation of 1-dimensional polymers aggregates (Fig. 3e) that form columnar li-
quid crystal phases. Most of these aggregates utilize π-π-stacking to aid their
assembly. For the purpose of this paper we will focus in this section only on
systems which utilize specific, tailored supramolecular interactions that have
been designed into the monomer to aid the formation of the desired colum-
nar aggregates. A key example of such a system which has attracted some
attention is the benzene-1,3,5-tricarboxamide moiety (Fig. 10a). Early work
by Matsunaga et al. demonstrated that simple alkyl group derivatives (12) of
these compounds do form mesophases (e.g., for n = 12, K 88 M 212 I) [75].
In order for such molecules to form hydrogen bonded columnar aggregates,
the three amide moieties have to distort out of conjugation with the aro-
matic core (Fig. 10b). Nuckolls et al. showed that long chain alkoxy- [76, 77]
or alkyne-substituents [78] on the 2,4 and 6 positions of the benzene-1,3,5-
tricarboxamide unit (13 and 14, respectively) resulted in the formation of
hydrogen-bonded polymeric aggregates that form more stable columnar LC
phases (K 98 M 294 I) than the phases observed with the materials without the
2,4,6-substitution (K 88 M 212 I) [75]. The benzene-1,3,5-tricarboxamide core
appears to be a flexible platform allowing access to a wide range of LC ma-
terials [79, 80]. From the examples reported it appears that while increasing
the bulk on the amide positions (as in 15, Fig. 10c) yields wider LC tempera-
ture ranges, primarily as a consequence of reducing the compounds melting
point, the clearing temperature is reduced (K – 4 M 178 I). This would be
consistent with bulkier groups reducing packing efficiency and destabilizing
molecular aggregation. The same benzene-1,3,5-tricarboxamide core has also
been used by Meijer et al. to access much larger discotic materials, such as
16 (Fig. 10c), in which the amides are involved in intramolecular hydrogen
bonding, rigidifying and preorganizing the mesogenic disc [79, 81].

A number of supramolecular discotic systems have been investigated in
which hydrogen bonding has been used to form or stabilize the disc rather
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Fig. 10 a Chemical structures of benzene-1,3,5-tricarboxamide derivatives (12–14) which
form columnar phases through the assembly of b hydrogen-bonded stacks and c examples
of larger benzene-1,3,5-tricarboxamide derivatives, a bulky derivative (15) and a large
intra-hydrogen-bond stabilized disc 16, both of which are known form stable columnar
phases

than simply being used to hold pre-made discs together as is discussed
above. For example, Meijer et al. have reported the self-assembly of disc-
like structures driven by self-complementary four hydrogen bonded array
motifs. Figure 11a shows examples of two four hydrogen-bond motifs, ure-
idiotriazene (17) and ureidopyrimidinone (18) derivatives [82] which upon
dimerization form columnar mesophases (K 25 M 131 I and 25 M 180 I, respec-
tively for R = C12H25; M is an undefined mesophase). The same group has also
shown that tethering two of these supramolecular motifs with an appropriate
spacer results in ditopic materials (19 and 20) that also yield stable columnar
mesophases (Fig. 11b) [83]. These systems are akin to the main-chain polymers
discussed in the previous section but on account of a combination of the nature
of the spacer, π-π stacking and phase segregation, they form polymeric stacks
that organize into columnar mesophases. In the case of the ureidopyrimidinone
derivatives (19) the nature of the alkyl length, which was varied from 5 to 8, re-
sulted in dramatic changes in the stability of the mesophase. For example, for
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Fig. 11 a Chemical structures of mono functional ureidotriazene 17 and ureidopyrimid-
inone 18 derivatives and their mode of association into mesogenic dimers. b Bifunctional
derivatives 19 and 20 and a schematic representation of their proposed self-assembly into
main-chain supramolecular polymeric columns

the chiral mono-derivative TM–I is 98 ◦C while TM–I for n = 7 is 147 ◦C and is
207 ◦C for n = 8.

Other more complex supramolecular assemblies of disc-like architec-
tures have also been reported. For example, self-assembly around a trifunc-
tional core can yield columnar mesophases. This can be achieved by add-
ition of appropriately long chain substituted benzoic acid derivatives (21)
to a tris(imidazole) base (22) leading to the formation of a four component
supramolecular disc (213·22) (Fig. 12a) which exhibits columnar mesophases.
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Fig. 12 Chemical structures of mesogenic 3 : 1 discotic complexes based on complexes of
benzoic acid derivatives (21 or 24) with a a tris(imidazoline) 22 or b a benzotri(imidazole)
23 core

Interestingly, the 3 : 1 complex with the less symmetrical 3,4-substituted ben-
zoic acid shows a more stable mesophase (K 79 M 244 I) than the derivative
formed from the 3,4,5 substituted benzoic acid (K 63 M 214 I). A related
system has also been reported which uses a benzotri(imidazole) (23) as the
trifunctional core unit (Fig. 12b) along with benzoic acid derivatives (24).
This 1 : 3 complex exhibits a hexagonal columnar mesophase between 23 ◦C
and 75 ◦C. The acrylate moieties on the alkoxyl chains could be photopoly-
merized to covalently “fix” the LC phase. Removal of the supramolecularly
bound benzotri(imidazole) core yields a nanoporous polymer film containing
hexagonally-ordered channels–opening the door to the potential application
of these materials in such areas as separation, nano-composites, and catalysis.

Interactions other than hydrogen bonding have been utilized in the con-
struction of columnar structures. The aromatic nature of most of the com-
pounds used in discotic systems enables the tailoring of the π-π interactions
in order to aid the formation and stability of the desired polymeric stacks. It
has been known for a number of years that “doping” electron-rich discotics
with electron-poor aromatics leads to mesophases with enhanced stability.
For example, the electron rich 2,3,6,7,10,11-hexakis(pentyloxy)triphenylene
(25, n = 4) exhibits a Colh phase (hexatic columnar) between 69–122 ◦C,
while its 1 : 1 mixture with 2,4,7-trinitrofluoren-9-one (26) has a mesophase
between 49–232 ◦C. The complementary interaction between the two aro-
matic components results in the formation of alternating AB stacks. Park and
Hamilton introduced the use of the C3-symmetric mellitic triimide (27) as
the electron-deficient component which also forms columnar phases when
mixed with derivatives of 25 [84, 85]. It is interesting to note that the stacking
of aromatic units often yields offset stacks, in agreement with the Sanders–
Hunter model of π-π stacking, which is of course not ideal for the formation
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of columnar mesophases. The addition of alkyl chains encourages more over-
lap of the aromatic cores on account of alkyl-alkyl interactions and phase
segregation. Electron-rich/electron-poor aromatic pairs structurally achieve
a similar result by maximizing π-system overlap.

Bushby et al. were able to access similar AB stacks with derivatives of 25
using aromatic units, which are not electron-poor [86–88]. They showed that
hexakis(4-nonylphenyl)triphenylene (28, n = 8) forms alternating stacks with
25 (Fig. 13). Unlike the electron-deficient derivatives mentioned previously,
which exhibit single liquid crystal phases over a wide composition range of
the two components, phase separation between the 25 : 28 and the 25 or 28
mesogenic phases occurs [89]. The driving force for the AB stack formation
is a combination of a number of different non-covalent interactions which the
authors termed “complimentary polytopic interactions” (CPIs).

Fig. 13 Self-assembly of alternating stacks can be achieved with an electron-rich 25 and
electron-poor 26 or mellitic triimde 27. Alternatively, complimentary polytopic interac-
tions (CPI) can be used to organize 25 and 28 as shown, yielding the desired assemblies

Electron donor–acceptor (EDA) stacks have been accessed by Percec
et al. [90] using partially fluorinated dendrons (Fig. 14) to form LC columnar
phases. The self-assembly of the dendrons is primarily driven by phase segre-
gation of the fluorinated chains and the aromatic units. Functionalization of
the dendrons at their apex with either an aromatic electroactive donor (29a)
or an acceptor (29b) group yields LC columnar structures, further aided by
the additional interaction between the aromatic units, which have optoelec-
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Fig. 14 Examples of dendrons 29a and 29b studied by Percec et al. [90] which self-
assemble into columnar structures with electroactive aromatic groups at the core

tronic elements present in their cores. The charge carrier mobilities in these
LC stacks were two to five orders of magnitude greater than those found in
similar amorphous materials. EDA stacks at the center of the columnar li-
quid crystals can be accessed by mixing a donor and an acceptor containing
dendrons or by even mixing amorphous donor (acceptor)-containing linear
polymers with an acceptor (donor) dendron.

2.3
Side-Chain and Network SLCPs

Figure 3f–m shows the variety of ways that can be used to access side-chain
and network SLCPs. For example, one route involves the binding of mono-
topic small mesogenic molecules to sites along a polymer backbone to yield
“grafted” structures (Fig. 3f). Prior to 2000, a number of such polymers had
been reported, for example, using poly(vinyl pyridine) with carboxylic acid
end-functionalized mesogens [42–45, 91–95] or poly(acrylic acid) with imi-
dazole end-functionalized mesogens [96]. Using the latter system as the basis
for their mesogenic polymers, Ober, Thomas et al. developed temperature-
dependent photonic bandgap materials [97]. They used a block copoly-
mer of poly(styrene) (PS, 500 kg/mol) and poly(methacrylic acid) (PMAA,
96 kg/mol) (30) which phase segregates into hexagonally packed cylinders
of PMAA embedded within a PS matrix. The addition of the imidazole end-
functionalized mesogen 31 (0.6 molar ratio mesogen to acrylic acid repeat
units) to the block copolymer yields a SLCP on account of the hydrogen bond-
ing of the mesogenic molecule to the PMAA block (Fig. 15a). This, along
with the increased volume fraction of the PMAA-LC block, results in films of
this material that form lamellar structures consisting of alternating PS and
PMMA-LC domains, with a periodicity ca. 170 nm, that are orientated parallel
to the surface. The liquid crystal domains show smectic ordering and a broad
smectic-to-isotropic transition from 65–85 ◦C. Without any heat treatment
these films are green in color; however, upon heating into the isotropic regime
(80 ◦C) the films turn red-orange. This irreversible change in color is a conse-
quence of the change in the peak reflectance of about 40 nm which is assigned
to the randomized orientation of the mesogens in the isotropic state chang-
ing the refractive index contrast of the layers. Using similar materials, the
same group demonstrated that SLCPs could undergo orientational switching
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Fig. 15 a The structure of the side chain SLC block copolymer 30·31 used by Ober and
Thomas to access temperature-dependant photonic band gap materials b A Schematic of
the proposed model for “free” mesogen formation believed to be important for the re-
orientation of blends heated below ODT in an applied AC field

of both the mesogens and microdomains with AC fields [98]. In this case,
a lower molecular weight polystyrene-block-acrylic acid (25 and 5.3 kg/mol),
to enhance the mobility of the system, was used as the block copolymer. The
addition of the mesogen (0.8 molar ratio mesogen to acrylic acid repeat units)
to this system resulted in films which again formed lamellar morphologies
(6 nm thickness) in which one of the domains exhibits a smectic phase. SAXS
data indicated that the smectic phase destabilizes at 110 ◦C and that the ma-
terial shows an order–disorder transition (ODT) occurring at ca. 170 ◦C. It
should be noted that, from POM observations, the films do not go isotropic
until 135 ◦C, suggesting the presence of an additional LC phase. The lamel-
lar morphologies formed run parallel to the (electrode) surface on account
of a shear-induced alignment that occurred during sample preparation. Sim-
ple heating of the film above the ODT resulted in complete loss of orientation
upon cooling. However, if the film is heated above the ODT and cooled under
an AC field (1 ∼ 2 Vµm–1 with a frequency of 10 Hz) alignment of the lamellar
structure occurs normal to the electrode (perpendicular orientation). More
interestingly, the parallel orientation can be directly converted into the per-
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pendicular orientation by heating the sample above the Tg of both blocks but
below the ODT under the AC field. Control experiments showed that such
alignment switching does not occur with the block copolymer by itself or with
a side chain polymeric aggregates in which the side chains are non-mesogenic
side chains, demonstrating the importance of liquid crystallinity to the ori-
entational switching. Furthermore, structurally similar covalent side-chain
LCPs and a SLCP with a lower fraction (0.5 molar ratio) of the mesogen also
showed no orientational switching. The proposed mechanism for this process
involved the presence of some “free” mesogen, which from FT-IR is present in
the SLCP with a 0.8 molar ratio of the mesogen that helps to plasticize both
blocks, resulting in “higher mobility” of the material and thus allowing the
electric field induced orientational switching below the ODT (Fig. 15b).

Other non-covalent interactions, for example, ionic interactions, can be
used to bind a mesogen to a polymer backbone. Thünemann et al. showed
that poly(ethylene oxide)-block-poly(l-lysine) (32), in which the lysine units
are positively charged, can form side-chain SLCPs with negatively charged
mesogenic units, such as the discotic-columnar phase forming hexabenzo-
coronene (33) [99]. This side-chain SLCP forms two thermotropic liquid crys-
tal columnar phases, exhibiting an order-order transition at 54 ◦C on heat-
ing. The proposed structure involves poly(l-lysine), which forms a α-helical
structure surrounded symmetrically by six columns of hexabenzocoronene
cores (Fig. 16).

Most of the work to date has focused on side-chain SLCPs in which the poly-
meric component is linear. However, there have been a few reports recently in

Fig. 16 The molecular structure of two components, poly(ethylene oxide)-block-poly(l-
lysine) (32) and hexa-peri-hexabenzocoronene (33), used to form an ionic complex SLCP
and a model of its α-helical-within-discotic columnar structure. Each α-helical poly(l-
lysine) chain is surrounded symmetrically by six columns of 33 (disks) [99]
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which mesogenic groups are bound to dendritic or hyperbranched polymers.
Tsiourvas, Paleos et al. have reported a couple of systems for which they have
studied the properties of complexes of the cholesterol carboxylic acid deriva-
tive 34 and pyridine end-capped dendrimers [100] or hyperbranched poly-
mers [101]. Amine-terminated diaminobutane poly(propyleneimine) den-
drimers functionalized with 3-pyridyl isothiocyanate (35, generation 2–5)
formed smectic-A LC phases upon the addition of an equimolar quantity (rela-
tive to the number of pyridyl moieties) of 34 (Fig. 17a). All the systems formed
glassy birefringent materials at room temperature, which became birefringent
fluids above Tg (ca. 55 ◦C). No other transitions were observed. The smectic
periodicities only slightly increased with generation ranging from 5.4 nm in
generation 2 to 5.6 nm in generation 5, suggesting that the flexible dendrimer
forms a “flattened” conformation between the orthogonally oriented hydrogen
bonded pyridyl-cholesteryl moieties. Similar types of structures have been pro-
posed for structurally similar covalent derivatives [102]. The same group went
on to study hyperbranched polymers using the same supramolecular motif and
mesogen (Fig. 17b). This time, the polymer was a pyridine end-capped hyper-
branched polyether polyol 36. As in the case of the dendritic SLCPs discussed

Fig. 17 a The chemical structure of the pyridyl-functionalized PANAM 35 and the
schematic of the smectic phase which is formed upon complexation with 3-cholesteryl-
oxycarbonylpropanoic acid 34 b The chemical structure of the pyridyl-functionalized
hyperbranched polyol 36 and schematic of the smectic phase which is formed upon
complexation with 34
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above, the complexes of these materials form smectic-A phases and the smectic
distances suggest that the hyperbranched polymer forms a flattened structure.

Dendritic SLCPs, which use ionic interactions to bind the mesogen
and dendrimer, have also been reported by Tsiourvas et al. [103]. In
a study similar to those mentioned above, amine-terminated diaminobutane
poly(propyleneimine) dendrimers were directly complexed with the choles-
terol carboxylic acid derivative. From a supramolecular point of view this
system is more complicated than the studies with the pyridyl end-functional-
ized dendrimers in that there are potentially two different binding motifs that
can occur: namely, the carboxylic acid can either bind to a primary or a ter-
tiary amine. The studies show that in the 1 : 1 (mesogen to primary amine)
complexes about 70% of the primary amines are protonated for generations 1
and 2 while only 50% are protonated in generations 4 and 5, suggesting that
the mesogens are interacting with both sites. All of the generations form
smectic glass phases at room temperature which become smectic C∗ phases
above Tg (ca. 38 ◦C). At higher temperatures ca. 105 ◦C for generations 1 and
2 and ca. 90 ◦C for generations 4 and 5, the smectic layer thickness increases
which is assigned as an order-order transition from smectic C∗ to smectic A.
It is interesting to note that no smectic C phase is observed for the previously
discussed structurally-similar covalent or hydrogen bonded derivatives. It is
argued that the presence of additional “internal” tertiary amine binding sites
is a possible cause of this.

Some of the earliest examples [42–45] of SLCPs belonged to the class of
side-chain materials in which the supramolecular motif itself is the mesogen
(Fig. 3g). In those materials pyridine/benzoic acid was used as the bind-
ing motif. Since 2000 there have been a number of publications which have
utilized this motif to access side-chain SLCPs. For example, supramolecu-
lar LC polyurethanes can by accessed by adding 4-dodecyloxybenzoic acid to
a polyurethane which has pyridyl units incorporated into its backbone [104].
Both side-chain and side-chain network SLCPs which are formed through
the pyridine/benzoic acid association have been recently reported by Lin
et al. [105]. They investigated the LC behavior of a series of benzoic acid
and stilbazole-containing monomers and polymers (Fig. 18). Formation of
the side-chain SLCPs generally results in an increase in the smectic tem-
perature range over the control monomeric complexes, presumably as a re-
sult of the reduced crystallinity of the polymer components. In fact, the
side chain SLCPs formed from the stilbazole polymer 37 and monomeric
benzoic acid derivative 38 do not crystallize at all, forming glassy smectic
phases (G 78 SA 127 I). Interestingly, however, side chain SLCPs with the
binding motif reversed (i.e. formed from the benzoic acid polymer 39 and
monomeric stilbazole derivative 40) form crystalline materials at lower tem-
perature (< 111 ◦C) and do exhibit higher clearing temperatures (SA 150 I).
The difference observed here is assigned primarily to the reduced pack-
ing efficiency (relative to the benzoic acid polymers) of the stilbazole poly-
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Fig. 18 Chemical structures of monomers and polymers used by Lin et al. to access side
chain and network SLCPs

mers leading to reduced stability (a lower clearing temperature) of the LC
phase and formation of LC phases at lower temperatures. This nicely demon-
strates the importance of carefully designing the nature of the supramolecular
motif in such side chain SLCPs. SLCP networks formed using these same
materials were also investigated. A series of supramolecular polymers (41)
with different mole fractions of benzoic acid units were used to compare
the blend of the two complementary polymers (37 and 39) with a copoly-
mer which contains both binding motifs. It was found that the copolymer
41 forms LC materials with a much wider mole fraction of benzoic acid
derivatives than the blends of 37 and 39 (0.42–0.89 vs 0.4–0.55), which is
consistent with the formation of more homogenous structures in the copoly-
mers. In general, for both systems the higher the crosslinked density (i.e.,
the closer to a 1 : 1 molar ratio of benzoic acid:stilbazole) the more sta-
ble the LC phase is, although it should be noted that higher isotropization
temperatures are observed with an increase in the ratio of benzoic acid moi-
eties. This is presumably a consequence of the ability of the benzoic acid
units to form hydrogen bonding homo-complexes via carboxylic acid dimers.
The same groups went on to investigate related SLCP networks in which
the benzoic acid containing polymer was “crosslinked” with a bis(pyridyl)
small molecule, demonstrating that these complexes also formed smectic
phases [106].

An example of side-chain SLCPs whose mesogen consists of part of the
main-chain as well as the side chain (Fig. 3h) has been reported by Kato
et al. [107]. In this case the hydrogen bond mesogenic motif utilized was
a benzoic acid (as part of the small molecule side chain 42) with a 2,6-diamino-
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pyridine (as part of the polyamide 43 backbone) moiety. It was demonstrated
in these systems that stable (up to ca. 200 ◦C) mesophases could be formed
if there is a substitutent meta to the benzoic acid. If no meta substitutent is
present, then no mesophase was formed. It was hypothesized that the substi-
tution helps to fill in extra space in the supramolecular aggregate (Fig. 19) thus
helping to stabilize the orientations in the mesogenic complexes.

Fig. 19 The structure of the polymeric complex of benzoic acid derivatives 42 with the
2,6-diaminopyridyl-containing polyamides 43 and a schematic of the proposed molecu-
lar arrangement of its LC phase

All of the supramolecular motifs discussed so far are closed systems, i.e.,
only two components interact. However, there are a number of supramo-
lecular motifs that self-assemble into open linear aggregates. Here, attaching
appropriate side-chains to such motifs offers an alternative way to access side-
chain SLCPs (Fig. 3i) in which the polymeric backbone consists of both cova-
lent and non-covalent bonds. Kato et al. have reported a series of studies with
folic acid derivatives 44 to access thermotropic LC materials (Fig. 20). It was
found that the nature of the side chains plays an import role in the mesomor-
phic behavior of these systems. Molecules with small alkyl chains (n = 6, 11)
attached to the glutamic acid residue in the folic acid form smectic phases
with periodic distances consistent with the hydrogen-bonded tape side-chain
SLCPs. Increasing the size of the alkyl chains (n = 14, 16) changes the nature
of the hydrogen-bonding assembly from linear tapes to macrocyclic quar-
tets, which in turn yields a discotic mesogenic unit and results in columnar
phases. For the n = 11 compound, the smectic phase can be converted into the
columnar phase by the simple addition of alkali metal ions, which are known
to template the formation of cyclic quartets [108, 109]. Further increase in
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Fig. 20 The chemical structure of a thermotropic folic acid derivative 44 and its proposed
self-assembly into smectic or columnar phases

the size of the side chains through attachment of dendritic oligo(glutamic
acid) derivatives to the folic acid result in the formation of cubic as well as
columnar phases [110, 111]. A number of other related supramolecular tape
side-chain LCPs has also been reported and include binding motifs such as
aromatic amides [112, 113] and barbituric acid dye-melamine [114] tapes,
both of which form columnar phases.

Rather than having the hydrogen bonding group at the end of the
molecule, the placement of a hydrogen-bonding motif in the middle of
the mesogen can have a profound affect on the nature and stability of the
mesophase. For example, there have been a number of reports through the
years of using lateral hydrogen bonding to help to stabilize smectic phases
(Fig. 21a). In a recent example, Snieckus and Lemieux compared a series of
fluorenone derivatives (45a), with no lateral hydrogen bond donors, with
fluorenol derivatives (45b), which contain a hydrogen bonding group in a lat-
eral position (Fig. 21b) [115]. They found that the fluorenones formed both
smectic and nematic phases (K 74 SmC∗ 77 N 87 I for n = 8), while the fluo-
renols only formed smectic phases which were also much more stable (K 70
SmC∗ 116 I for n = 8). Kishikawa et al. showed [116] with a series of aromatic
ester mesogens that replacing one ester with an amide not only increases
the stability of the material but changes the type of the mesogenic phase
formed (Fig. 21c). In the case of the ester derivative 46a both smectic A and
nematic phases (K 124 SmA 237 N 250 decomp) are formed while the amide-
containing compound 46b exhibits two smectic C phases and smectic A phase
which is stable at much higher temperatures (K 202 SmCx 206 SmCy 280
SmA 237 decomp). FT-IR data suggest that in the SmCx phase there are
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Fig. 21 a The schematic of lateral hydrogen bonding in a mesogenic phase. b The chem-
ical structure of the fluorenone 54a and fluorenol 54b derivatives studied by Sniekus and
Lemieux c Aromatic esters/amides 46a and 46b studied by Kishikawa and their proposed
smectic phase assemblies

strong hydrogen bonding interactions present, leading the proposition of
a syn-parallel (tape-like) arrangement for this phase. At higher temperatures
a decrease in hydrogen bonding is observed as the phase transitions into
a SmCy and then a SmA phase. It is proposed than in these two phases the
molecules are arranged in an anti-parallel manner to cancel out their large
dipoles.

3
Perspectives and Outlook

It is clear that in recent times the toolbox of interactions and building blocks
for SLCPs is at hand and that structure-property relationships have been
established. A vast array of architectures and LC assemblies has been demon-



Supramolecular Interactions in the Formation of Thermotropic LCPs 145

strated, but largely in a mode of structure-property relationship assessment
within a homologous series of samples. What is now needed is research that
examines the exploitation of the labile nature of supramolecular interac-
tions within SLCP constituent chains. For example, main-chain SLCPs possess
an ability to undergo dramatic molecular weight reduction through the re-
duction of the inter monomer supramolecular interactions, which in turn
can directly impact liquid crystallinity. As such, the temperature-dependence
of LC order and associated optical and mechanical characteristics deserves
close attention and technological exploitation. Additives may reversibly im-
pact hydrogen-bonding; for example, salts may alter the local dielectric en-
vironment, and thereby disfavor supramolecular assembly cascading to op-
tical, and mechanical macroscopic properties may open the door to chemo-
mechanical or chemo-optical transduction.

Supramolecular polymers, and SLCPs in particular, offer the intrinsic cap-
acity to “self-heal” through the reversible nature of the non-covalent bonding
between constituent monomers. However, this avenue of applied research has
not been adequately studied and deserves attention. In particular, we envision
studies that discern the separate roles of LC phase behavior and the supra-
molecular motif in dictating the material’s ability to repair damage, whether
autonomously or with limited intervention. Uniquely, SLCPs may offer the ad-
ditional advantage of the optical evaluation of damage and its repair through
the highly sensitive and space-amplifying nature of birefringence [117]. Thus,
we anticipate multifunctional self-healing materials for SLCPS that combines
re-bonding with facile healing assessment.

Significant advances have been witnessed in the separate areas of metal-
based supramolecular polymers [118] and metallo-mesogenic liquid crys-
tals [119], yet the two fields have not combined to yield any examples of
metal-based SLCPs. Clearly, an opportunity exists in such an area. For ex-
ample, polymers consisting of mesogenic ligands as repeating units may bind
metal atoms (or cations) and such a binding may alter the LC phase behavior
and optical characteristics. As another example, conventional LC polymers
could be terminated with metal-binding ligands to yield telechelics LCPs that
crosslink with metal incorporation. Certainly, many other examples can be
conceived, and we anticipate significant activity in the near future.

Finally, the use of SLCPs as “reworkable” adhesives and coatings is an
area for applied research in the field deserving attention. Here, the term “re-
workable” refers to a capacity to repeatedly re-bond with the same adhesive
material, as warranted by the application. For adhesives (which we will focus
on here) it is necessary for the material to feature a very low viscosity during
application–allowing a dimensionally thin bond to form–yet the low viscos-
ity must convert to a high shear-strength solid to allow stress transfer from
one part to the other, bonded part. Ordinarily, this conversion from liquid
to solid is achieved though the covalent polymerization of multifunctional
monomers, whether initiated by heat, light, or redox reactions. With such an
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approach, the bond can only be broken by irreversible cohesive or adhesive
failure, thus limiting the functionality of such materials. As an alternative,
“hot melt adhesives” are thermoplastics that are intrinsically reworkable, yet
suffer from a high viscosity that is too high for use in thin-dimension ap-
plications. Supramolecular polymers, and SLCPs in particular, may bridge
the two approaches to adhesion by allowing melting to a monomer-like low
viscosity (particularly low for the SLCP case) and strength growth during
cooling and supramolecular polymerization. Because liquid crystallinity, it-
self, may enhance the degree of supramolecular polymerization (vide supra),
the adhesive strength possible may well be higher for SLCPs as compared to
their isotropic counterparts. Of course, if debonding is required in the fu-
ture, supramolecular depolymerization can be triggered by heating and the
adhesive reapplied as necessary.

We contend that the future is bright for the field of SLCPs and it is fully
anticipated that the field will continue to grow. Sustained investigations into
the chemistry and physics of SLCPs will position researchers for discovery
of unanticipated compositions and properties, while application development
building upon existing findings will make use of this exciting class of materi-
als.
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Abstract Liquid-crystalline (LC) polymers that exhibit ionic or electronic conduction are
described. Anisotropic and efficient transportation of electrons and ions is expected for
these materials. The ordered LC nanostructures of LC polymers having ion- or electron-
active moieties are important for efficient anisotropic transport. For electron-conductive
materials, we focus on side-chain LC polymers.

Keywords Liquid crystal · Liquid-crystalline polymer · Side-chain polymer ·
Ion-conductor · Semiconductor

1
Introduction

For organic materials, electronic and ionic conduction are important top-
ics [1]. Liquid-crystalline (LC) polymers are good candidates for materials
that transport ions and electrons because their ordered nanostructures are
expected to induce anisotropic and efficient conduction [2–10]. However,
limited numbers of examples have been reported for electron- and ion-active
LC polymers, compared to crystalline and amorphous polymers [3–10].
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Ion transport plays an important role in electric energy generation sys-
tems such as batteries. Fast ionic transport between cathode and anode is
indispensable for high power efficiency in electric cells. Ion-conductive poly-
mers with high conductivity, flexibility, and self-standing shape are necessary
for industrial applications [11, 12]. On the other hand, organic semiconduc-
tors with high electronic carrier mobility and mechanical flexibility are very
important components in plastic electronics [13]. Polymeric semiconductors
are promising candidates for opt-electronics materials applied to electronic
papers [14] and chemical sensors [15].

Ionic conduction and electronic conduction are quite different physical
phenomena; however, we can propose a common principle for material de-
sign of ion and electron conductive polymers with high carrier mobility as
well as mechanical flexibility. In order to increase ionic and electronic carrier
mobility, construction of nanostructures for one- or two-dimensional car-
rier transport is effective. In ionic conduction, ions are transported through
the one-dimensional (1D) or two-dimensional (2D) paths with thermal seg-
mental motions. Such a situation can be realized in LC phases that form
1D columnar or 2D smectic phases rather than amorphous phases [3–10].
Electronic carriers move between molecules via intermolecular π-orbital
overlaps, influenced by structural and energetic disorders [16]. In columnar
or smectic phases, 1D columnar stacking or 2D layer structures, with large
intermolecular π-orbital overlaps and small disorders, are favorable for fast
electronic carrier transport. In addition, large homogeneous domains formed
in LC phases can suppress the formation of domain boundaries that inhibit
smooth ionic and electronic carrier transport, unlike crystalline states. This
behavior is favorable not only for electronic and ionic carrier transport but
also for optical applications such as polarized light-emitting devices. Con-
jugated polymers have been studied intensively as organic semiconductors
with good electrical properties and processability [17]; however, it is very dif-
ficult to produce macroscopically aligned thin films. From the viewpoint of
industrial applications, LC polymers are therefore more promising materials
because they have flexibility and a self-standing shape.

In addition, a new generation of LC materials such as polymers and
oligomers [5, 9], supramolecular polymers [18–23], dendrimers [24, 25], and
block copolymers [26, 27] have recently been developed as new functional
materials. Supramolecular assemblies including π-conjugated systems with
opt-electronic functionalities have also been investigated [28, 29]. The use of
non-covalent interactions (such as hydrogen bonding) and ionic interactions
has lead to the dynamic formation of supramolecular LC structures [18–
22, 28]. The LC dendrimers and block polymers and oligomers exhibit a var-
iety of nano-segregated liquid-crystalline structures (Fig. 1), such as micel-
lar cubic (0D), columnar (1D), lameller or smectic (2D), and bicontinuous
cubic phases (3D), leading to the introduction of anisotropic electric func-
tions [4, 5, 30].
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Fig. 1 Nano-segregated structures formed by self-assembly of LC molecules: OD 0-dimen-
sional micellar cubic, 1D hexagonal columnar, 2D lamellar or smectic, and 3D bicontinu-
ous cubic

In this review, we will focus on ion- and electron-conductive thermotropic
LC polymers and oligomers. A variety of mesomorphic structures has been
constructed utilizing non-covalent interactions, which influences ionic and
electronic carrier transport processes.

2
Ion-Conductive Liquid-Crystalline Polymers

2.1
Organic Ion-Conductive Polymers

The development of high performance electrolytes is an important task in the
production of devices for electric energy storage and delivery such as lithium
ion batteries, capacitors, and electrochromic devices. Carbonate-based mate-
rials are one of the liquid electrolytes. Carbonate-based liquid electrolytes are
now commonly used for the economical lithium ion batteries [31]. The so-
lution of carbonate and lithium salts exhibits high ionic conductivity, on the
order of 10–3 S cm–1 at ambient temperature.

The recent development of electrolytes is directed to the replacement of
liquid electrolytes with solvent-free polymer electrolytes [32–36]. Polymer
electrolytes have advantages as electrolytes because of their flexibility, light-
ness, easy processability, and safety. The complexes of poly(ethylene oxide)s
(PEOs) with lithium salts have been intensively studied as solid polymer
electrolytes since 1975 when Wright found that PEOs can be used as ion-
conductive materials in such systems [37]. These polymers can operate both
as separators that keep the distance between electrodes, and as electrolytes
that lead to the production of batteries having overall polymer structures.
Lithium cation dissolved in PEOs is stabilized by the ion–dipole interac-
tions between lithium cations and the lone pairs of oxygen atoms in the PEO
chains. The ions are conducted by the segmental motions of the ethylene
oxide chains. A variety of PEO-based polymers, such as comb-shaped poly-
mers containing highly mobile oligo(ethylene oxide) side chains [38], were
prepared for the development of higher ion-conductive materials. However,
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PEO-based amorphous polymers have apparently reached a limit in their
conductivities on the order of 10–5–10–4 S cm–1 at room temperature and ap-
proximately 10–3 S cm–1 at 100 ◦C.

Ionic liquids that are molten salts at ambient temperature [39–41] have
attracted a great deal of attention as a new type of electrolyte [41]. They
are composed of imidazolium and pyridinium cations, and perfluorinated
anions such as BF4

–, PF6
–, and (CF3SO2)2N–. They exhibit high ionic conduc-

tivity in the range of 10–4–10–1 S cm–1 at room temperature. Inorganic salts
such as lithium salts can be dissolved in ionic liquids. A number of poly-
merizable ionic liquids have been developed and the effects of the species of
cations and anions on ionic conductivities have been examined systematic-
ally [42, 43]. The ionic conductivities of polymerized ionic liquids were in
the range of 10–6–10–4 S cm–1 at room temperature. The conductivities of
the polymers were several hundred times lower than those of the corres-
ponding ionic liquid monomers. However, the ionic conductivities of such
materials could be improved by changing the combination of cations and
anions.

2.2
Low Molecular Weight Nanostructured Liquid-Crystalline Compounds

A new concept for enhancing the conductivities for materials based on PEOs
and ionic liquids was the introduction of ordered LC nanostructures [4, 5, 44–
56]. In PEO materials, lithium cations are tightly coordinated with the PEO
chains. The ions are conducted in isotropic matrices by 3D migration pro-
cesses. Also, ionic liquids themselves, and the ions dissolved in ionic liquids,
move randomly in the isotropic liquid media. If the polyether and ionic
moieties that function as ion-conductive parts are organized into LC nanos-
tructures, efficient ion transportation and anisotropic ion conduction are
expected by the formation of low-dimensional ion-conductive paths.

Although columnar LC materials such as azacrowns having peripheral
long alkyl chains and crown ether-attached phthalocyanine were prepared
as ion channels [57, 58], no ionic conductivities were reported. Percec,
Ungar, and coworkers described ion conduction in a low molecular weight
columnar liquid crystal [59]. Self-assembly of a fan-shaped molecule hav-
ing a crown ether moiety 1 (Fig. 2) and sodium triflate formed hexagonal
columnar LC phases forming ion channels. Low conductivities in the range
of 10–10–10–8 S cm–1 were observed for a non-aligned sample exhibiting the
columnar phase by a direct current method. Also, the ionic conductivities of
the non-aligned columnar LC complexes of a trimesic amide derivative with
peripheral oligo(ethylene oxide) side chains and lithium perchlorate were
measured by an alternating current impedance method [60]. The relatively
high value of 10–6 S cm–1 in the hexagonal columnar phase at room tem-
perature was recorded, although no 1D ion conduction along the direction
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Fig. 2 Molecular structure of a columnar liquid crystal having a crown ether moiety

parallel to the column axis was expected because oligo(ethylene oxide) chains
themselves do not form a columnar structure.

The self-assembly of LC block molecules composed of two or more cova-
lently bonded immiscible molecular parts including an ion-conductive moiety
leads to the formation of well-defined nano-segregated structures such as layer
and columnar structures [4, 5, 26, 27, 30]. These anisotropic structures formed
for LC block molecules having PEO and ionic liquid moieties would be use-
ful for the anisotropic transportation of ions. Moreover, we considered that the
macroscopic orientation of the nano-segregated LC structures plays a key role
in the enhancement of the conductivities because the boundary in randomly
oriented polydomains disturbs the anisotropic transportation of ions.

A rod–coil–rod type of twin mesogenic molecule having oligo(ethylene
oxide) chains 2 (Fig. 3) was designed as a 2D ion conductor [44–47]. The
lithium salt complexes of these molecules showed smectic LC phases. The
lithium salts were incorporated into the oligo(ethylene oxide) layers of
phase-segregated layered structures. Ionic conductivities of the aligned LC
materials were measured by the alternating current impedance method.
Highly anisotropic ion conduction along the layer structures was observed
for complexes exhibiting LC smectic A and B phases aligned vertically on
a glass substrate. The ionic conductivities parallel to the smectic layer were
1.9×10–4 S cm–1 in the smectic B phase at 79 ◦C and 5.5×10–4 S cm–1 in the
smectic A phase at 152 ◦C. Then, perfluoroalkyl moieties were incorporated
into twin mesogenic moieties containing PEO chains in order to stabilize the
nano-segregated LC layered structures and to enhance the anisotropy of ion
conduction [47]. The triply layered structures of perfluorocarbon, aromatic
mesogen, and oligo(ethylene oxide) moieties led to the thermal stabilization
of mesophases and a slight increase in anisotropy of ionic conductivities.
A rod–coil molecule containing a tetra(ethylene oxide) chain was also pre-
pared for the design of a 2D ion conductor exhibiting a smectic A phase
at room-temperature [48]. The lithium triflate complex showed a smectic A
phase over a wide temperature range, including room temperature. Uniax-
ially parallel alignment of the LC smectic A samples on rubbed polyimide
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Fig. 3 Molecular structure of a rod–coil–rod twin mesogenic molecule containing an
oligo(ethylene oxide) moiety, and its self-organized structure

surfaces was achieved. In the aligned LC smectic A phase, the ratio of ionic
conductivities parallel and perpendicular to the smectic layer was 1.3×104.

Two-dimensional ion conduction was also achieved for the smectic liquid
crystals consisting of the mixture of ionic liquids and hydroxyl-functionalized
rod molecules [49–51] and smectic LC imidazolium salts having a long alkyl
chain [52–55]. One-dimensional ion conduction was performed for aligned
columnar LC phases forming ion-channels of fan-shaped imidazolium salts
having a tris(alkoxy)phenyl moiety [56].

2.3
Nanostructured Liquid-Crystalline Polymers

Side-chain LC poly(siloxane)s 3 were prepared by Hsiue et al. (Fig. 4) [61].
The mesogenic side chains are linked to the siloxane backbone through
oligo(ethylene oxide) moieties. These complexes with several alkali metal
salts show relatively high ionic conduction in the order of 10–6 S cm–1 at ambi-
ent temperature. Percec prepared LC poly(siloxane)s 4 for potential use as 1D
ion conductors [62]. Although no ionic conductivities were reported for these
LC polymers, a possibility of an ion channel formed by poly(siloxane)s, which
hold nematogenic side chains as shown in Fig. 5, was suggested. In this case,
the mesogen is connected to the polymer main chain at the lateral position
via an oligo(ethylene oxide) chain, and therefore the flexible poly(siloxane)
is surrounded by the oligo(ethylene oxide) moieties and mesogenic groups,
inducing a 1D structure.
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Fig. 4 Molecular structure of side chain type LC poly(siloxane) with PEO moiety

Fig. 5 Cylindrical structure formed by poly(siloxane)s having laterally substituted ne-
matogenic groups

A rigid backbone was used by Wegner to build ion-conductive PEO-
based polymers [63]. Oligo(ethylene oxide) chains were grafted from poly(p-
phenylene) as shown in Fig. 6. The mixtures of polymers 5 and lithium salts
show conductivities in the order of 10–6 S cm–1 at ambient temperature. The
ionic conductivities can be improved to the order of 10–5 S cm–1 by plasticiza-
tion of the materials with oligo(ethyleneglycol)-dimethylether.

Wright prepared PEO-based LC polymers having alkyl side chains 6
[64–66] as shown in Fig. 7. The alkyl side chains with linear conformation
and coiled PEO chains induce a layered nanostructure, and the complexes
of these polymers with lithium salts show conductivities in the order of
10–7 S cm–1 at ambient temperature.

The introduction of macroscopically oriented nanostructures is an essen-
tial approach for low-dimensional ion conduction, because the boundaries
between the domains oriented randomly disturbs anisotropic ion conduction.
However, as mentioned above, it was difficult to produce macroscopically
aligned thin films with a low density of defects and domain boundaries, and
therefore anisotropy in ionic conductivity has not been observed clearly.
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Fig. 6 Molecular structure of poly(p-phenylene) derivatives with a PEO group in their side
chains

Fig. 7 Complexation of PEO-based LC polymers with lithium salts, and their nanostruc-
ture

Kato, Ohno and coworkers have used an in-situ photopolymerization tech-
nique to overcome the problem of the alignment of LC polymers [67–69].
Two-dimensionally ion-conductive polymer films (7) were obtained by
photopolymerization of aligned monomer complexes. The monomer self-
assembles into layered nanostructures, in which PEO moieties form nano-
segregated ion transporting channels. The complex of the LC monomer with
LiOSO2CF3 exhibits a smectic A phase. UV irradiation of the homeotrop-
ically aligned complex results in the formation of a free-standing film, as
shown in Fig. 8 [67]. The film shows ionic conductivities in the order of
10–6 S cm–1 in the direction parallel to the layers, which is approximately
5000-times higher than that perpendicular to the layers. The value of the
conductivity is not so high because the segmental motion of the PEO moi-
ety is restricted between the polymer backbone and the mesogenic parts.
The conductivity can be enhanced to the order of 10–3 S cm–1 by introducing
a PEO moiety at the terminal of the side chain (8, Fig. 9) [68]. The cor-
responding acrylate monomer complex with LiOSO2CF3(0.05 mol % to the
oxyethylene) was polymerized in the smectic A phase at 60 ◦C by UV irradi-
ation. Polymer 8 complexed with LiOSO2CF3 exhibits the glass transition
at –45 ◦C and the solid–smectic A transition at 161 ◦C. The isotropization
temperature is observed at 202 ◦C. At room temperature, conductivity in
the range of 10–3 S cm–1 to the direction parallel to the layer is observed,
even though the complex forms a solid state. These high ionic conductivi-
ties of the complex of 8 can be ascribed to the liquid-like layers in the solid
oriented film.
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Fig. 8 Self-standing thin film of LC polymers with PEO moieties in their side chains

Anisotropically ion-conductive films have also been developed using liquid
crystal nanostructures incorporating an imidazolium salt moiety at the end of
the side chains. Two-dimensional ion conduction has been achieved using a li-
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Fig. 9 Molecular structure of an LC polymer having a PEO moiety at the terminal of the
side chain

quid crystal polymethacrylate with a rod-shaped mesogen 9 (Fig. 10) [69]. The
corresponding monomers formed a homeotropic smectic A monodomain on
glass substrate, and nanostructured films were obtained by in situ photopoly-
merization of them. One-dimensional ion-conductive films were also prepared

Fig. 10 2D and 1D ion-conductive LC polymers with imidazolium ionic moieties
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from a columnar liquid crystal having two acrylate groups at the periphery (10
in Fig. 10) [70]. Monomer 10 exhibits a columnar liquid crystal phase between
30 and 50 ◦C. The columns were oriented macroscopically in two directions by
different methods: orientation perpendicular to the modified surfaces of glass

Fig. 11 a Polymer composites consisting of polystyrene-block-poly(4-vinylpyridine) (PS-
b-PVP) and oligo(ethylene oxide)sulfonic acid. These composites can complex with
LiClO4, exhibiting high lithium ion conductivity. b PS-b-PVP polymers mixed with
alkylphenol and toluenesulfonic acid, instead of oligo(ethylene oxide)sulfonic acid, ex-
hibit proton conductivity
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and indium tin oxide with 3-(aminopropyl)triethoxysilane, and orientation
parallel to a glass surface by mechanical shearing. The polymerized film in the
solid state shows ionic conductivities in the order of 10–6 S cm–1 in the direc-
tion parallel to the columnar axis at around 50 ◦C. The value is approximately
300-times higher than those perpendicular to the axis.

Supramolecular approaches [5, 7, 20–22] are also effective for ion conduc-
tion in polymers. Ikkala and ten Brinke prepared the complex of polystyrene-
block-poly(4-vinylpyridine) (PS-b-PVP) and oligo(ethylene oxide)sulfonic
acid 11 [71, 72]. The polymer self-assembles into lamellar nanostructures
consisting of glassy hydrophobic polystyrene and hydrophilic PEO layers,
as shown in Fig. 11. When LiClO4 is dissolved in the polymer composites,
lithium ions are complexed and transported in the hydrophilic PEO layers,
resulting in high ionic conductivities on the order of 10–6 S cm–1 at ambient
temperature.

It is interesting that proton conduction is also available in the polymer
composites consisting of a similar polymer, toluenesulfonic acid, and 3-penta-
decylphenol (12) as shown in Fig. 11 [73]. They form hierarchical lamellar
nanostructures. The PS and PVP blocks are segregated at a larger scale. In
the PVP blocks, additional lamellar substructures are formed through the
nano-segregation of the alkyl chains and the PVP main chains. Monodomain
orientation on the larger scale is achieved by applying shear force, resulting in
anisotropic proton conduction [74].

Wiesner reported a new class of LC ion-conductors capable of switch-
ing ionic conduction, as shown in Fig. 12 [75–77]. The molecules with PEO
block and dendritic block 13 show several low dimensional nanostructures.

Fig. 12 Fan-shaped LC molecules consisting of dendritic alkyl chains and a PEO moiety
at the focal point
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Micellar cubic (0D), hexagonal columnar (1D), lamellar (2D), and bicontin-
uous cubic (3D) nanostructures are formed by self-assembly of 13. For the
complexes with LiClO4, the ionic conductivities show discontinuous changes
following the phase transitions with change of temperature or molecular
structure of the dendritic moiety. For example, the conductivity of the com-
plex of 13 with LiClO4 drops from 4.6×10–6 to 1.2×10–9 S cm–1, along the
phase transition from crystalline lamellar to micellar cubic phases.

3
Electron-Conductive Side-Chain Liquid-Crystalline Polymers

3.1
Side-Chain Polymers and Low Molecular Weight Liquid Crystals

Not only conjugated polymers but also side chain type polymers, such as
polyvinylcarbazole, have been applied to electronics devices. In particular,
this kind of polymer has played an important role in xerographic photore-
ceptors utilizing their photoconductivity [78]. In this type of polymer, the
dominant process of carrier transport is charge carrier hopping between
chromophores containing π-conjugated aromatic system connected to the
side chains. In this mechanism, charge carriers are localized on the chromo-
phores and transferred between them via π-molecular orbital overlaps as-
sisted by thermal activation and the electric field. Conventional side chain
type photoconductive polymers are amorphous and, therefore, the positions
of the chromophores as well as their HOMO and LUMO levels are disordered
as shown in Fig. 13. These disorders and small intermolecular orbital overlaps
cause low carrier mobility and strong dependence on temperature and elec-
tric field, compared to molecular crystals. This behavior is well described by
the Gaussian disorder model proposed by Bässler [16].

Based on this model, we can expect that reduction of the energetic and po-
sitional disorders should increase carrier mobility and decrease dependence
on temperature and electric field. One of the methods to reduce the disorders
is introduction of mesogenic groups into the side chains of this kind of semi-
conductive polymer. The introduced mesogenic groups induce liquid crystal
molecular order in which chromophores are aligned, reducing energetic and
positional disorders as shown in Fig. 13b.

In general, for side chain liquid-crystalline polymers, macroscopic mo-
lecular alignment is not easy and therefore clear evidence of electronic charge
carrier transport was confirmed first in liquid crystals with low molecu-
lar weight. In the 1990s, fast electronic conduction was verified in discotic
columnar phases of triphenylene derivatives [79, 80] and hexabenzocoronene
derivatives [81, 82] as well as smectic phases of 2-phenylbenzothiazole [83,
84] and 2-phenylnaphthalene derivatives [85], as shown in Fig. 14. Carrier
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Fig. 13 a Charge carrier hopping between chromophores connected to the side chain, and
the effect on molecular alignment of the introduction of mesogenic groups. b Resulting
energy level distribution of the chromophores. Molecular alignment should result in nar-
rower distribution of molecular orbital energy levels

mobilities in these columnar and smectic phases are on the order of 10–4 to
10–1 cm2 V–1 s–1, which are several magnitudes larger than those of an elec-
tronic carrier in amorphous polymer semiconductors and of ions in isotropic
liquids of organic compounds with low molecular weight (typically on the
order of 10–7 to 10–5 cm2 V–1 s–1). It should be noted that layer or colum-
nar structures in which molecules align and stack are indispensable for fast
electronic carrier transport, in contrast to the nematic phase which exhibits
ionic conduction [86, 87] or relatively slow electronic charge carrier trans-
port [88–90]. In fact, carrier mobility has clear relationships with molecular
order within smectic layers or columns as shown in Fig. 15. Carrier mo-
bility was on the order of 10–4 cm2 V–1 s–1 in the smectic A or C phases
of 2-phenylnaphthalene and dialkylterthiophene derivatives where no long
range order existed within the smectic layer. However, it was on the order of
10–3 cm2 V–1 s–1 in the smectic B or F phases, which had a hexagonal bond
order within the smectic layers- It increased to around 10–2 cm2 V–1 s–1 in the
smectic E or G phases, where there was long range order in the molecular
position within the layers [91]. The same tendency was also observed in the
various columnar phases of the triphenylene derivatives [92].

A remarkable characteristic of carrier transport property in columnar and
smectic phases is that carrier mobility is independent of temperature and
electric field above room temperature [80, 83, 85]. A clear reason for this has
not yet been confirmed although some models based on small polaron theory
have been proposed [93].
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Fig. 14 Typical examples of liquid-crystalline semiconductors with low molecular weight
exhibiting a columnar phases and b smectic phases
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Fig. 15 Relationship between carrier mobility and molecular order in a smectic and
b columnar liquid crystal phases

Thermally and mechanically stable thin film formation is indispensable
for fabrication of practical electronic devices such as organic light-emitting
diodes, field-effect transistors, and particularly for flexible electronic papers.
There are two approaches for formation of thermally and mechanically sta-
ble thin films. One is formation of glassy semiconductors retaining ordered
structures by cooling from liquid-crystalline states [94]. The other approach
is polymerization of liquid-crystalline semiconductors with a reactive moiety.

3.2
Pioneering Works for Liquid-Crystalline Polymers

It is difficult to polymerize liquid-crystalline monomers retaining the highly
ordered structure of the liquid crystal phases, which is requisite for fast car-
rier transport. Fabrication of macroscopically aligned thin films of side chain
type liquid-crystalline polymers is generally difficult. In particular, it is very
difficult to grow a large domain in the smectic phases of this type of liquid-
crystalline polymer due to restriction of movement and the configuration of
mesogenic groups. In contrast, photopolymerization of reactive mesogens is
a relatively better method. Here, reactive mesogenic monomers aligned in their
liquid crystal phases are polymerized by UV light, although optimization of
polymerization conditions and selection of the reactive moiety is necessary.
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It should be noted that initiators and impurities derived from them some-
times form carrier-trapping centers degrading carrier transport even in pho-
topolymerized thin films.

As mentioned in Sect. 1, low carrier mobility and specific dependence on
temperature and electric field have been recognized as phenomena caused by
the large disorder of the semiconductive polymers, so some investigations to
reduce disorder have been attempted. Ikeda et al. looked at the introduction
of mesogenic groups into side chain type photoconductive polymers [95, 96].
As shown in Fig. 16, they synthesized random copolymers 14, 15 containing
cyanobiphenyl or phenyl benzoate moieties, which are typical mesogens, as
well as carbazole dimer units with radical polymerization. The synthesized
polymers exhibited a nematic phase in a wide temperature range including
room temperature. Thin films were fabricated by the solution cast method on
substrates.

Fig. 16 Molecular structure of liquid-crystalline copolymers

Carrier transport characteristics were studied by the time-of-flight tech-
nique. Only hole transport was observed and its mobility was on the order
of 10–7 cm2 V–1 s–1 at room temperature, which was comparable to that of
conventional non-mesogenic polyvinylcarbazole derivatives. It strongly de-
pended upon electric field and temperature, which is similar to conventional
amorphous semiconductive polymers. In this study, introduced mesogenic
groups induced a nematic phase. However, the concentration of carbazole
chromophores that were associated with carrier transport was reduced by the
introduction of mesogenic groups, and the disorders were not greatly reduced
because of low molecular ordering in the nematic phase.

In 1993, a research group at the University of Bayreuth confirmed fast elec-
tronic transport in the discotic columnar phase of hexaalkoxytriphenylene
using the time-of-flight method [80], which made a strong impact on liquid
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crystal research. As a next step, they attempted extension of the mesomorphic
temperature range and stable thin film formation.

The group prepared discotic twin dimers 16 and 17 (shown in Fig. 17) and
examined carrier transport in the columnar phase using the time-of-flight
technique. These compounds exhibited a hexagonal columnar phase in a wide
temperature range, including room temperature. A glassy phase retaining the
columnar structure formed below room temperature because crystallization
was inhibited due to restriction of molecular configuration. High carrier mo-
bility exceeding 10–3 cm2 V–1 s–1 was retained around room temperature [97].
In particular, compound 17 exhibited a highly ordered columnar phase in
a wide temperature range, in which hole mobility determined by the time-
of-flight technique reached 0.01 cm2 V–1 s–1 around room temperature [98].
Around room temperature, the hole mobility was independent of tempera-
ture and electric field, which is characteristic for electronic carrier trans-
port in columnar and smectic phases. Below its glass transition temperature
(–20 ◦C), the hole mobility depended upon temperature and electric field, and
the characteristics were similar to those of conventional amorphous organic
semiconductors. They explained the carrier transport characteristics in the
low temperature region using a 1D disorder model [98].

Fig. 17 Molecular structure of the triphenylene derivatives

Polymerization of mesogenic monomers is very effective for obtaining
more stable ordered thin films. Triphenylene monomer containing acrylate
moiety 18 was photopolymerized by UV light irradiation (Fig. 17). UV light
was shone onto the mixture of the triphenylene derivative and a photo-
initiator under inert atmosphere. Carrier transport characteristics of the ob-
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tained films were studied by the time-of-flight technique. The tripheneylene
monomer exhibited a hole mobility of 6×10–4 cm2 V–1 s–1 in the columnar
phase, and the hole mobility was retained at 5×10–4 cm2 V–1 s–1 when the
materials was mixed with the photo-initiator. The hole mobility decreased to
1×10–4 cm2 V–1 s–1 at 80 ◦C after photopolymerization. Unlike monomeric
triphenylene derivatives, the hole mobility was temperature-dependent, being
1×10–5 cm2 V–1 s–1 at room temperature [99].

Application of triphenylene-based polymers as a hole transport layer in
electroluminescence devices was also studied. The triphenylene polyacrylate
was spun on ITO substrate, on which Alq3 and Al cathode were vacuum-
deposited; a brightness of 1390 cd m–2 was obtained at 4.5 V [100].

Because of the conformation change and defect formation during the pho-
topolymerization process, long coherence length of the columns in the colum-
nar phase was difficult to maintain. Therefore, the excellent carrier transport
characteristics in the columnar phases of monomeric triphenylene deriva-
tives could not be retained in the polymerized films.

3.3
Semiconductive Polymers with Nematic Phases

Various organic semiconductors have been used for electroluminescence de-
vices [101]. Electroluminescence devices are suitable for flat panel displays
and therefore they can be applied as backlights for liquid crystal displays,
in which images are displayed by combining linearly polarized light, an op-
tically anisotropic liquid crystal layer, and a polarizer. In order to generate
linearly polarized light, another polarizer is essential, and therefore 50% of
light absorbed by the polarizer is lost as heat [102]. Conventional organic
semiconductors are amorphous and thus light emitted from devices based on
amorphous organic semiconductors is not polarized. Polarized light-emitting
devices, without using a polarizer, can contribute to an increase in energy
performance. The films of liquid-crystalline semiconductors that have a uni-
axial molecular alignment are promising candidates for such polarized light-
emitting devices because their transition dipoles are uniaxially aligned in the
films (as shown in Fig. 18). In addition, polarized light-emitting displays have
a potential for 3D display [103].

It is easier to realize macroscopic uniaxial molecular alignment in a ne-
matic phase than in 1D columnar and 2D smectic systems. In the application
to electroluminescence devices emitting linearly polarized light, uniaxial mo-
lecular alignment is more important than good carrier transport properties.
Kelly, O’Neill and coworkers synthesized liquid crystals containing fluorene
moieties in central cores with a polymerizable group, the 1,4-pentadien-3-
yloxy moiety [104–106]. These liquid crystals have extended π-conjugated
systems that contribute to fast intermolecular charge transfer. A monomeric
liquid-crystalline semiconductor that has the same aromatic core structure
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Fig. 18 Electroluminescence device based on a uniaxially aligned liquid-crystalline semi-
conductor layer emitting linearly polarized light

and branched alkyl chains exhibits a higher hole mobility (on the order
of 10–4 cm2 V–1 s–1) in the glassy nematic than does an amorphous organic
semiconductor [104]. Although the 1,4-pentadien-3-yloxy moiety was pho-
topolymerizable and the polymerization rate was slower than those of acry-
lates and methacrylates, the photopolymerization reaction was controllable,
resulting in suppression of formation of defects and disorder.

In 2000, the group reported the fabrication of electroluminescence devices
that emitted green polarized light with a dichroic ratio of ten based on com-
pound 19. In general, uniaxial molecular alignment can be easily realized
using rubbed polyimide films in a nematic phase. However, the rubbing pro-
cess usually degrades the surface morphology of the alignment layers and
generates dust, which is not suitable for thin film devices. In the photo-
alignment layer, structural anisotropy induced by photochemical reaction is
utilized and therefore the process is dustless, exhibiting good surface morph-
ology. One problem is that conventional photo-alignment polymers are insu-
lators, which inhibits carrier injection from an electrode to a semiconductor
layer. In the devices, a photo-alignment layer was used that consisted of
polyacrylate polymer with a photoreactive coumarine moiety and a tripheny-
lamine derivative, which promoted hole injection. At high concentrations of
the triphenylamine derivative, hole injection was surely promoted but mo-
lecular alignment severely degraded [105].

In 2005, Kelly and coworkers achieved full color polarized light-emitting
displays. They synthesized three kinds of liquid crystals containing a bithi-
enylfluorene moiety in their central core and photopolymerizable 1,4-penta-
dien-3-yloxy moieties in alkyl side chains (20, 21, and 22) as shown in Fig. 19.
These three compounds emitted red, green, and blue fluorescence, respec-
tively, and exhibited a nematic glass state around room temperature [103]. As
a photo-alignment layer, they synthesized polyacrylate copolymer containing
a liquid-crystalline semiconductor moiety with a bithienylfluorene as well as
a photoreactive coumarine moiety in the side chains (23) as shown in Fig. 20.
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Fig. 19 Photopolymerizable LC semiconductors that exhibit nematic phase
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Fig. 20 Photo-alignment polymer consisting of photoreactive and semiconductive
moieties

This polymer layer functioned not only as a hole injection layer but also as
a molecular alignment layer. A high dichroic ratio exceeding 20 was observed
in three color pixels [106].

Unlike thin film transistors, electroluminescence devices operate in a high
electric field, and therefore homogeneity and low defect density of the thin
films are more important than the carrier transport characteristics. In this
sense, the approach to the use of nematic semiconductors by Kelly and O’Neill
should be reasonable.

3.4
Photopolymerization in Smectic Phases

For application to thin film transistors (TFTs), which can operate electronic
papers, high carrier mobility exceeding 0.01 cm2 V–1 s–1 is necessary. For this
purpose, nematic semiconductors with low molecular order, resulting in rela-
tively low carrier mobility, are not suitable. For application of thin films of
semiconductors to TFTs, stabilization of the highly ordered smectic phases,
which exhibit high carrier mobility, by photopolymerization may be desir-
able. Kreouzis et al. studied the carrier transport properties of photopolymer-
izable phenylnaphthalene, diphenylbithiophene, and quaterthiophene deriva-
tives having an oxetane moiety or 1,4-pentadien-3-yloxy in their alkyl side
chain (Fig. 21) [107, 108].

Thin films of the photoreactive liquid crystals containing 0.5 wt % of ini-
tiator (10-biphenyl-4-yl-2-isopropyl-9-oxo-9H-thioxanthen-10-ium hexafluor-
phosphate) were polymerized in the smectic phases by irradiation of blue
semiconductor laser (λ = 405 nm). Polymerization of the oxetane moiety pro-
ceeded via cationic intermediates. The carrier transport characteristics of the
polymerized thin films were studied by the time-of-flight technique.

Dialkylphenylbithiophene derivative 24 exhibits a smectic G phase be-
tween 140 ◦C and 225 ◦C. In the smectic G phase, high electron mobility of
up to 0.07 cm2 V–1 s–1 as well as a high hole mobility of 0.044 cm2 V–1 s–1

is observed using the time-of-flight method [107]. Kreouzis and coworkers
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Fig. 21 LC semiconductor containing an oxetane moiety, which retains highly ordered
smectic phase around room temperature

synthesized diphenylbithiophene derivatives containing a polymerizable 1,4-
pentadien-3-yloxy (25) or oxetane (26) group at the extremity of the alkyl
chains. Monomeric and polymerized diphenylbithiophene with an oxetane
moiety 26 and quaterthiophene with an oxetane moiety exhibited ambipo-
lar carrier transport in the ordered smectic phases. It was surprising that
the diphenylbithiophene derivative having the oxetane moiety in its side
chains exhibited quite high ambipolar carrier mobility (on the order of
10–2 cm2 V–1 s–1) even in polymerized films. In this case, excellent carrier
transport properties (ambipolar and high mobility) were retained after pho-
topolymerization to stabilize the liquid-crystalline thin films. In addition,
the hole and electron mobility were independent of temperature and elec-
tric field, which is characteristic for ordered smectic phases of liquid crystals
with low molecular weight. These results suggest that molecular ordering
was not perturbed during the polymerization process in the smectic phases.
Photopolymerization in the isotropic phase produces thin films that do not
exhibit excellent carrier transport properties [108].

The carrier transport characteristics were analyzed using Bässler’s dis-
order formalism and Holstein’s small polaron theory; however, the tempera-
ture range in which the carrier mobility was measured precisely was not so
wide that the transport mechanism could be determined clearly [108].

Polymerization of reactive monomeric liquid crystals is one method for
stabilizing the liquid-crystalline thin films. Another approach is to form
chemical gels of liquid crystal molecules with low molecular weight by con-
struction of a polymer network. This method has been investigated for the
stabilization of ferroelectric liquid crystal displays. Guymon et al. reported
that a polymer network produced by photochemical cross-linking accumu-
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Fig. 22 Molecular structures of LC 2-phenylnaphthalene derivative and hexanediol di-
acryalte

lated between smectic layers, resulting in the stabilization of the smectic thin
films [109]. Yoshimoto et al. reported stabilization of the smectic A and B
phases of 2-phenylnaphthalene derivative 27 doped by hexanediol diacry-
late 28 with photopolymerization (Fig. 22). In this study, carrier mobility
was maintained in the smectic A and B phases when photopolymerization
was carried out in the smectic phases; however, carrier mobility decreased
when the photopolymerization was done in the isotropic phase. In this case,
microscopic segregation of the polymer network formed during the pho-
topolymerization process should play important role [110, 111].

Enhanced photoconductive properties were reported for physical gels of
a liquid-crystalline triphenylene derivative [112].

3.5
Miscellaneous Systems and Related Compounds

Conjugated polymers have become very important materials in organic
electronics since the discovery of electrical conductivity in doped poly-
acetylenes [113]. In a single chain of conjugated polymers, 1D band structure
should be formed under an ideal state. Here, each π-conjugated chain ex-
tends linearly and is planar without defects, resulting in fast carrier transport
along the single chain. However, in actual systems, the single chain is bent
or twisted and carriers have to migrate between many chains and segments
when they drift between electrodes. Therefore, the carrier transport process
in bulk or in thin films of conjugated polymers is mainly controlled by inter-
chain or inter-segment hopping of charge carriers rather than fast carrier
transport within single chains [114].

Comparing with conventional amorphous organic semiconductors [16],
it is characteristic that conjugated polymer films consist of crystal-like do-
mains, in which π-conjugated chains are stacked closely, and an amorphous
domain, in which polymer chains are disordered [115]. In crystal-like do-
mains, band-like carrier transport that is similar to that of molecular crystals
should be possible. However, hopping transport influenced by structural dis-
order is the dominant process in the amorphous domains. The total carrier
transport process is dominated mainly by that in amorphous domains, result-
ing in bulk carrier transport characteristics similar to those of amorphous
organic semiconductors.
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In field-effect transistors based on the thin films of poly(3-alkyl)thiophene
derivatives, high field-effect mobility has been observed because of the for-
mation of crystal-like grains [116]. The mobility depends strongly upon the
crystallinity of the thin films. Introduction of liquid crystallinity into conju-
gated polymers is expected to be effective for enhancing microscopic crys-
tallization of conjugated polymers to increase their carrier mobilities. It can
also cause anisotropy in various physical properties if macroscopic molecular
alignment is achieved.

Conjugated polymers having mesogenic groups in their side chains have
been synthesized by the Akagi group [117]. In particular, polyacetylenes hav-
ing mesogenic side chains exhibited a high anisotropy in electrical conduc-
tivity. In polyacetylenes bearing cyclohexylphenyl groups in the side chains,
macroscopically aligned film can be fabricated under application of a mag-
netic field. In the iodine-doped aligned film, conductivity along the main
chain was 1.5×10–6 S cm–1 while that perpendicular to the main chains was
1.4×10–11 S cm–1 [118].

Poly(9,9-dialkylfluorene) exhibits a nematic phase above 160 ◦C and
a uniaxially aligned nematic film can be fabricated on a rubbed substrate.
This uniaxally aligned nematic state can be quenched by cooling it below
75 ◦C [119]. The hole mobility was determined to be 9×10–3 cm2 V–1 s–1

at room temperature by the time-of-flight method, while it was on the
order of 10–5 cm2 V–1 s–1 in the isotropic film fabricated by the spin-coating
method [119]. Carrier transport is remarkably enhanced by nematic ordering
of polyfluorene chains. Amplified spontaneous emission from this polymer
and the related compounds are now being studied [120].

The liquid crystallinity of poly(3-alkylthiophene) has been pointed
out [121]. Enhancement of crystallinity by molecular alignment in a liquid
crystal phase is prominent in poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
b]thiophene) exhibiting a lamellar mesophase. When a thin film of the
polymer fabricated by the spin-coating method is annealed at 100 ◦C, do-
main size remarkably extends from several tens of nanometers to a several
micrometers, maintaining molecular alignment within domains because of
the thermal motion of the polymer chains. The hole mobility of the thin film
transistors based on this polymer reached 0.7 cm2 V–1 s–1 [122].

4
Conclusion

Liquid-crystalline nanostructures formed by polymeric materials have great
potential to be applied for ion- and electron-conducting materials because ef-
ficient and low-dimensional conduction can be achieved in nano-segregated
LC phases. Recent progress in supramolecular chemistry and nanotechnology
enables the design of new materials for ion conductors. Nematic LC poly-
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meric semiconductors that are very promising for the application to polarized
electroluminescence devices have been fabricated as well as smectic mate-
rials. Stabilization of ordered smectic and columnar phases has been dis-
played by aligned functional monomers with in-situ photopolymerization.
Optimization of photoreactive groups and polymerization conditions will be
necessary.
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Abstract Lyotropic liquid crystals (LLCs) are amphiphilic molecules that have the ability
to self-organize into highly ordered yet fluid, phase-segregated assemblies in the pres-
ence of an added polar liquid such as water. The resulting ordered assemblies, called
LLC phases, have specific nanometer-scale geometries with periodic hydrophilic and
hydrophobic features ranging in structure from bilayer lamellae to extended and inter-
connected channel systems. Because of their highly uniform, porous nanoscale structures,
LLC phases and LLC-based materials have been proposed for use in a number of materials
applications. However, only during the last two decades have LLC materials with func-
tional properties and demonstrated applications of LLC systems been realized. This work
provides an overview of functional LLC materials and the areas of application where they
have made an impact. As new functional properties and capabilities are realized in LLC
materials, it is almost certain that they will play more prevalent roles in nanoscience and
nanotechnology in the near future.

Keywords Functional · Lyotropic · Liquid crystal · Materials · Polymers · Self-assembly ·
Surfactant

1
Introduction

Liquid crystals (LCs) are molecules that have the ability to self-assemble into
organized mesophases with properties intermediate between those of crys-
talline solids and isotropic liquids [1, 2]. In LC phases, the molecules are
dynamic and collectively behave as a viscous liquid but retain on average
a degree of organization reminiscent of an ordered, crystalline solid. Conse-
quently, they can be considered ordered fluids, as a more accurate definition.
LCs can be subdivided into two general classes—thermotropic LCs and ly-
otropic LCs—depending on the environmental and molecular factors that
govern how they form ordered fluid phases.

By definition, thermotropic LCs are molecules that form ordered fluid
phases in which the degree of average order depends primarily on the tem-
perature of the material [1, 2]. Unlike conventional materials which undergo
a melting transition from a crystalline solid directly to an isotropic liquid, ther-
motropic LCs lose their order incrementally by adopting a number of ordered
yet progressively more fluid states with increasing temperature. In terms of
their molecular structure, thermotropic LCs are molecules with an anisotropic
shape (e.g., typically rod- or disk-shaped) containing a relatively rigid core and
a number of flexible peripheral alkyl tails. The rigid cores of these molecules
encourage ordered packing while the flexible tails tend to disorder the system
until a compromise is met to produce an ordered fluid state.

In contrast, lyotropic LCs (LLCs) are molecules that form ordered fluid
phases that are phase-separated mixtures in which the degree of order de-
pends on the proportion of LC mesogen relative to an added immiscible
solvent such as water [3, 4]. In addition to morphology dependence on sys-
tem composition, LLC phases are also sensitive to other external parameters
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such as temperature and pressure. In terms of molecular structure, LLCs are
very different from thermotropic LCs in that LLCs are flexible amphiphilic
molecules (i.e., surfactants) that contain both a hydrophobic organic tail
section and a hydrophilic headgroup. The shape and amphiphilic charac-
ter of these molecules encourage them to self-organize into highly ordered,
phase-separated matrices in the presence of a polar solvent such as water.
The flexible aliphatic tails of the amphiphiles aggregate into fused hydropho-
bic regions while the hydrophilic headgroups (ionic or neutral) encapsulate
extended aqueous regions. Depending on the molecular shape/packing pref-
erences of the LLC molecules [5] and interfacial curvature energy consider-
ations [6], LLC phases can be formed with aqueous domains ranging from
planar bilayer lamellae to extended, cylindrical channels to 3-D intercon-
nected channels and manifolds. These LLC phases are termed lamellar (L),
hexagonal (H), bicontinuous cubic [Q (or V)], and discontinuous cubic (I)
phases, based on their symmetry [3, 4]. They are also subdivided into type
I (or type 1) and type II (or type 2) phases depending whether they are
on the water-excessive (type I) or water-deficient (type II) side of the phase
diagram relative to the central L phase. The L phase is considered to have
no intrinsic curvature and often viewed as the midpoint of an ideal, sym-
metrical LLC phase progression (Fig. 1) [3–6]. Type I or II LLC phases are
indicated with subscripts after the principal phase label designation. In add-
ition to these more classical LLC phase architectures, there are also a number
of less common LLC phases such as “intermediate” (e.g., ribbon or mesh)
LLC phases [7]; and lyotropic nematic phases [8]. Intermediate ribbon and
mesh-type LLC phases are sometimes called rhombohedral, monoclinic, or
tetrahedral LLC phases based on their observed symmetries. These phases are
believed to have ribbon-like or porous mesh-like continuous or bicontinuous
structures [7], but their structures are not well characterized (Fig. 2). These
intermediate phases can also be type I or type II structures. Lyotropic nematic
phases are believed to be composed of collections of discrete disk-shaped
or rod-shaped micellar aggregates that have a common average orientation
direction (i.e. a director) due to their anisotropic shapes and close packing
considerations (Fig. 3) [8, 9]. These other LLC phases usually appear between
the classical LLC phase architectures shown in Fig. 1.

It should be noted that LLC phases are different from the ubiquitous
individual, phase-separated aggregate structures commonly formed by am-
phiphilic molecules or surfactants, such as micelles, reverse micelles, vesicles,
and lipid microtubules. These discrete aggregate structures formed from am-
phiphiles lack periodic order, and are not condensed-phase materials—two
defining characteristics of LLC phases. For the purposes of this review, LLC
phases will be defined as fluid, condensed-phase materials composed of am-
phiphilic molecules that have periodic order and are formed via phase sepa-
ration of the amphiphiles around an added solvent as a secondary compon-
ent (i.e., mixtures). Consequently, functional normal micelle, reverse micelle,
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Fig. 1 Schematic representations of a individual aggregate structures commonly formed
by amphiphiles in water; and b common LLC phases formed by amphiphiles in water.
A small element in Fig. 1b is partially reproduced with permission from [176]. © 1997
by the American Chemical Society

Langmuir–Blodgett films, vesicle, and lipid microtubule systems (Fig. 1a)
will not be covered in this review, even though micelle and microemul-
sion systems have historically been assigned phase designations (e.g., L1 and
L2, respectively) despite the fact that such systems do not have periodic
order [2–4].

There is also a small family of LCs called lyotropic chromonic LCs that are
in-between traditional thermotropic LCs and LLCs [10]. Lyotropic chromonic
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Fig. 2 Proposed structures of some “intermediate” LLC phases. Reproduced with permis-
sion from [7]. © 2005 by Taylor and Francis

Fig. 3 Schematic representation of lyotropic nematic phases with disk-like (NL) and rod-
like (NC) micellar aggregates. Partially reproduced with permission from [9]. © 1988 by
Wiley-VCH

LCs typically have an aromatic organic core with ionic groups lining the
periphery, giving them a disk- or plank-like shape (e.g., ionic organic dye
molecules). They are technically classified as LLCs because they can self-
assemble into ordered phases in the presence of water. However, unlike tra-
ditional amphiphiles, lyotropic chromonic LCs are rigid rather than flexible,
and their hydrophobic components are based on aromatic units rather than
aliphatic chains. Unlike traditional amphiphilic LCs, they self-organize in so-
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lution into columns via stacking of their rigid cores, rather than forming
traditional micellar-based structures (Fig. 4). They also do not exhibit a crit-
ical micelle concentration or a Krafft temperature like traditional flexible
amphiphiles in water. In many respects, lyotropic chromonic LCs are closer
to thermotropic LCs than conventional LLCs, in terms of their structure and
LC behavior. Consequently, lyotropic chromonic LCs will be not discussed
in this review. Proposed applications of functional lyotropic chromonic LCs
include switchable display materials, optical gratings, polarizers, biosensors,
light-emitting diodes, organic transistors, and even drug delivery materials.
Their structures, LC behavior, and emerging applications can be found in two
recent review articles [10, 11].

Traditional LLC phases formed by flexible amphiphilic mesogens [which
are the focus of this review article (Fig. 1b)], have many characteristics
that make them ideal for use as advanced materials, or for potential ap-
plications [12, 13]. First, their highly regular, nanoporous architectures can
be used to incorporate or encapsulate hydrophobic as well as hydrophilic
reagents in separate compartments with nanoscale precision. Second, the am-
phiphilic LLC self-assembly process localizes the hydrophilic headgroups of
the LLC mesogens exclusively at the hydrophilic/hydrophobic interface. This
arrangement allows one to engineer the environments in those regions for
specific applications via choice of LLC headgroup and solvent. Third, LLC
mesogens offer excellent control over parameters such as phase geometry
and symmetry on the 1–5 nanometer scale via molecular design. This con-
trol can be extended to the macroscopic scale through appropriate alignment
and processing of the fluid assemblies. Finally, because LLC phases are inher-
ently fluid, their ordered structures can be disrupted by physical or chemical
changes as desired for specific applications such as controlled release. Al-
ternatively, LLC phase architectures can be stabilized by polymerization or
cross-linking for robustness, if polymerizable analogues of the LLC molecules
are employed in the phase preparation [9, 12–14].

Conventional thermotropic LCs are currently used in a number of tech-
nological and functional applications, including electro-optic displays, non-

Fig. 4 Structure of a typical lyotropic chromonic LC, and schematic representations of
two lyotropic chromonic LC phases. Reproduced with permission from [10]. © 2004 by
Elsevier
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linear optical materials, and optical gating systems [1, 2]. They are also com-
monly used as ordering elements in high-strength polymers (i.e., main-chain
and side-chain LC polymers) [2, 15]. Non-functionalized thermotropic LCs
have also been explored for use as anisotropic solvents for chemical reac-
tions [16], and for delivery systems in the pharmaceutical industry [17].
Many examples of thermotropic LC systems with new or additional functional
properties also exist in the literature [18–22]. However, functional versions
of LLCs and demonstrated applications of LLC materials are much less de-
veloped. Only within the last two decades have examples of functional LLC
mesogens and functional materials based on LLC assemblies been realized.

The goal of this article is to provide an overview of the major research
areas and activities in the area of functional LLC materials over the last
10–20 years, and also describe some emerging new directions for this field of
materials research. In addition to limiting this review to LLC systems as de-
fined above, we will also restrict the scope of this review in several other ways
for focus. This review will also be restricted to LLC systems containing small-
molecule or oligomeric amphiphiles that self-assemble into ordered systems
in the presence of an added solvent. Ordered, phase-separated block copoly-
mer assemblies are similar in geometry and structure to LLC phases [23], but
they will not be included in this review as true LLC phases. This is because
block copolymers can self-organize in the absence of an added solvent, and
amphiphilic polymer systems have periodic features that are 1–2 orders of
magnitude larger in size than those found in typical LLC phases. Recent re-
views on applications of functional amphiphilic block copolymer materials
are available [24, 25]. Additionally, this review will be focused solely on the
discussion of functional LLC materials. By the term “functional”, we mean
LLC-based systems (as defined structurally and compositionally above) in
which (1) the LLC mesogens themselves have additional properties of poten-
tial utility in addition to their intrinsic self-organization behavior; (2) the
mesogens perform a specific function for generating useful materials; and/or
(3) the collective material has a demonstrated application or useful function.
Whether such LLC materials are organic or hybrid, monomeric or polymer-
ized, or formed around water or a different polar solvent, does not matter.

This review is divided into sections according to the type of functional
properties or areas of application that have been identified or demonstrated
for LLC materials.

2
LLC-templated Materials and Composites

While LLCs have the intrinsic ability to self-organize in an added solvent,
an additional function frequently made use of is their ability to organize ex-
trinsic molecules, macromolecules, or materials into that LC structure. LLCs,
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having hydrophilic and hydrophobic domains, can segregate guest molecules
into the domain these guests most prefer. Once the guests are localized into
the domain of preference, they can be chemically manipulated (e.g., polymer-
ized, solidified) within the confines of the nano-environment that the LLC
phase provides. Thus, materials with no intrinsic self-assembling properties
can be organized into nanostructures that are often an exact replica of the
LLC phase template. These guests can be inorganic or organic molecules, and
are usually materials whose bulk properties benefit from being nanostruc-
tured (e.g., semiconductors, conductors, catalysts) but are unable to organize
themselves. Also, it has been proposed that these templated nanostructured
and nanocomposite materials may have unique and enhanced properties over
either of the individual components.

2.1
Direct Templating of Nanostructure in Inorganic Materials

Surfactant-templated formation of mesostructures in silica and other inor-
ganic materials is a rapidly growing field, and has been recently reviewed [26–
31]. Low surfactant concentrations (e.g., 0.1 M) lead to phases where micelles
and microemulsions dominate, from which the inorganic materials are tem-
plated via a co-assembly process. The surfactants by themselves, at those
low concentrations, do not form LLC mesophases. Typically, there are non-
covalent interactions between the surfactant and inorganic precursor that
result in the ordered co-assembly. On the other hand, high surfactant con-
centrations (e.g., 50 wt %) lead to LLC phases without the co-assembly, which
is the focus of this review and this section. This method is often called
“the direct templating method” or “nanocasting” because the replica is of-
ten a close-to-perfect copy of the template (Fig. 5) [32]. It has the advantage
of yielding mesostructures with predicable geometry and pore size. This is
typically accomplished by starting from a LLC phase, and then the liquid
continuous phase is simply solidified by some chemical or electrochemical
reaction. One can tailor the pore size by changing the tail length of the am-
phiphile, or tailor the architecture by changing the LLC phase (e.g., L, H, I,
and Q phases). Thus, this method offers enormous potential for control over
the geometries of these nanostructures. In the majority of the literature in
this area, the function of the LLC phase is to direct or template the organi-
zation of another material. Often this second material introduces additional
useful properties into the system, rather than the LLC system having addi-
tional functional properties. After solidification of this secondary material,
the LLC component is typically removed to allow access to the interior of
these mesoporous structures.

The first example of this method was reported in 1995, where silica
mesostructures were produced as a near-exact negative copy of the LLC
(HI phase) template [33]. As an indication of the versatility of this method,
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Fig. 5 The three-step process of “nanocasting”. First, a condensed LLC phase is formed,
with the inorganic precursors occupying the liquid (aqueous) phase. Second, the inor-
ganic molecules are solidified by some chemical or electrochemical means. Third, the LLC
template is removed, leaving a mesoporous structure. Partially reproduced with permis-
sion from [32]. © 2002 by the Royal Society of Chemistry

it has since been applied to other inorganic materials with functional proper-
ties, including metals and semiconductors, using a variety of surfactants and
LLC phases, including polymerized LLC phases [34–48].

Bulk semiconductor nanostructured networks of CdS have been prepared
in L and HI phases [33, 34]. The L phase was formed by a polyol amphiphile
shown in Fig. 6. This LLC phase was doped with Cd2+ ions and then CdS was
precipitated by diffusion of H2S into the gel. This nanocomposite was found
to incorporate the amphiphile and metal in alternating layers (Fig. 6), closely
resembling the structure of biominerals (e.g., mother of pearl). Similarly, HI
phases were prepared from an oligo(ethylene oxide) oleyl ether amphiphile
(Fig. 7) mixed with a solution of Cd2+. Again, H2S was added to precipitate
CdS and the resulting composite preserved the hexagonal symmetry (Fig. 7).

Thin films of nanostructured metals and semiconductors (e.g., Pt, Sn,
CdTe) can be prepared by electrodeposition of the metal ions doped into
the HI LLC phase [40, 47, 48]. Similar to the precipitation of CdS, these films
can retain the symmetry of the LLC template during the deposition. These
materials allow one to combine well-defined porous nanostructures, high
specific surface areas, electrical connectivity, fast electrolyte diffusion, and
good mechanical and electrochemical stability. With this approach, hexago-
nally structured semiconductor films of uniform thickness can be prepared.
Nanostructured thin films of this type are proposed to have relevance in catal-
ysis, batteries, fuel cells, capacitors, and sensors.

A recent example of a templated thin film is shown in Fig. 8 [48]. Ini-
tial experiments showed that the templated CdTe film generated a higher
closed-circuit current and open-circuit voltage than the non-templated film,
although the reasons for this were not entirely clear. Also, the role of the
surfactant, beyond simply aiding in organization, is not clear. However, the
surfactant used in templating the semiconductor is of special interest (Fig. 8),
given the phase stability required to retain the nanoscale features and orien-
tation of the replica. While oligo(ethylene oxide)-based surfactants undergo
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Fig. 6 TEM image showing the nanocomposite L phase of a polyol amphiphile (inset)
and CdS precipitated by diffusion H2S into the LLC doped with Cd2+ ions. Partially
reproduced with permission from [36]. © 1996 by Wiley-VCH

an isotropic phase transition at ∼ 60 ◦C, the hexagonal phase formed by this
hydrogen-bonded oligo(vinyl alcohol) is stable up to the boiling point of
water. As a result, surfactants of this type are likely broadly applicable as tem-
plating agents.

In some cases, it can be useful to leave the LLC phase template incorpo-
rated into the lattice. Often, the resulting organic/inorganic nanocomposite
materials can have properties that neither the template nor the inorganic lat-
tice have separately. For example, the incorporation of organic molecules into
an inorganic lattice can strengthen an otherwise fragile material, increase
thermal stability, enhance the separation or catalytic properties, or be used
to tune the electronic properties [38]. From this standpoint, the technique is
used not only to pattern, but also to anchor organic molecules in inorganic
materials for improved functionality.
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Fig. 7 TEM image showing the CdS replica of the HI phase of an oligo(ethylene oxide)
oleyl ether amphiphile (inset). Reproduced with permission from [34]. © 1996 by the
Nature Publishing Group

The possibility of enhancing the properties of the composites by function-
alizing the organic component has been proposed, but to our knowledge this
has yet to be realized [43]. In our opinion, this is an important area for future
work, given the promise of enhanced functionality and materials properties
that they hold.

2.2
Templated Nanowire Synthesis

In addition to porous nanostructures and nanocomposites, nanowires can
also be formed by templating with LLCs [49–51]. As opposed to HI phases,
which compartmentalize the LLCs into the “channels”, these nanowires are
generally formed from HII phases. Here, the metal ions are confined to the
channels, and the confinement can be preserved when electrodeposition takes
place. As an example, the surfactant, sodium bis(2-ethylhexyl)sulfosuccinate
(AOT), which forms a HII mesophase, has been used to template Ag+ ions
which were electrodeposited to form Ag nanowires tens of nanometers long
and 20–30 nm in diameter (Fig. 9). Interestingly, the wires also had orien-
tational order, being organized perpendicular to the cathode surface. This
suggests that the high electric field during electrodeposition may enhance
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Fig. 8 Oligo(vinyl alcohol)-based surfactant (top) used in templating CdTe semiconduct-
ing films (TEM, bottom) by electrodeposition from an HI LLC phase. Reproduced with
permission from [48]. © 2005 by Wiley-VCH

the alignment of the LLC template. In the absence of AOT, only micrometer-
sized Ag particles were observed. Similarly, AOT in the reverse hexagonal
phase was used to template Cu2+ ions from which Cu2O nanowires were elec-
trodeposited [51]. In both cases, there is some question as to the templating
mechanism, since the rods are larger than the aqueous domains formed by
the LLC phase.

2.3
Templated Nanoparticle Synthesis

Similarly, LLCs can aid in the control of nanoparticle synthesis. The major-
ity of this literature involves dilute, microemulsion surfactant conditions (see
review, [52]). However, there are still numerous examples of these particles
synthesized in the condensed phases of LLCs. When LLCs are employed,
analogous to the formation of metal nanowires and lattices, the inorganic pre-
cursors (e.g., Mn+ ions) are reduced and solidified. The LLC network provides
nano-confinement and nano-control over the diffusion of ions. There are two
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Fig. 9 TEM image of Ag nanowires electrodeposited from the HII mesophase of AOT.
Reproduced with permission from [50]. © 2002 by Wiley-VCH

general methods used to synthesize nanoparticles: using intrinsic or extrinsic
reducing agents [53–57].

Using intrinsic reducing agents, where the LLC has the reactant incorpo-
rated into its structure, Pd and Ag nanoparticles have been synthesized in
Q and L phases, respectively [53, 54]. When the Q phase was employed, Pd
nanoparticles that matched the diameter of the aqueous domains were pro-
duced. Increasing the water content (i.e., swelling the LLC phase) produced
correspondingly larger particles.

Extrinsic reducing agents (e.g., H2, H2S) have been diffused into the LLC
matrix with similar results [55–57]. Pd nanoparticle/polymer composites
have been synthesized by diffusing H2 gas into an initial cross-linked HII
phase with Pd2+ in the water channels [55]. The QII phase of AOT contain-
ing Pb(NO3)2 was used to synthesize semiconducting PbS nanoparticles of
very narrow size distribution by three-dimensional diffusion of Na2S [56]. An
oligo(ethylene oxide) oleyl ether amphiphile capable of forming HI, L, and HII
mesophases was used to synthesize Bi and PbS nanoparticles. The size of the
nanoparticles had a clear dependence on the morphology of the LLC phase,
showing the trend: HI > L > HII [57].

2.4
Templated Polymerization

While the templating of inorganic materials in LLC mesophases has been
very successful, replicating the template by polymerizing organic monomers
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within these phases presents some additional challenges. These difficulties
revolve around preserving the order of the surfactant molecules during poly-
merization. The enthalpic penalties associated with the polymer trying to stay
solvated within the surfactant, and the entropic penalties due to loss of con-
formational freedom within the confinement of the mesophase most often
result in phase separation [58]. In these cases the replica (polymer) does not
copy the template (LLC phase) perfectly, but interestingly the replica often
still possesses a degree of order [59–64]. Instead of nanometer-sized features,
however, they are often orders of magnitude larger. In one example, AOT is
used to form the HII and L phases [61]. Polymerization of styrene and di-
vinylbenzene is carried out in the hydrophobic domains. In the case of the HII
phase, strings of polymer beads ∼ 100 nm in diameter resulted after the re-

Fig. 10 a PLM image of thiophene conducting polymer after template is removed
(scale bar = 100 µm). b Methodology for creating polymer “molecular wires”. Repro-
duced with permission from [69]. © 2003 by Wiley-VCH
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moval of the template. Polymerization in the L phase yielded beads with no
long-range order. Even when the LLC template is not preserved, it still has an
influence on the polymer replica.

In exceptional cases, the order of the LLC phase is reported to be templated
directly during polymerization [62, 63]. When the L, HII, and Q phases of
AOT are mixed with acrylamide and methylenebis(acrylamide), the resulting
polymer composite had nearly identical order. However, the order (and lattice
shrinkage) shown by XRD could have been due to only the LLC component
of mixture, since the polymer was characterized with the template remain-
ing. Also, the robustness of the replica was questionable, since once it was
washed in acetone, it dissolved readily in water [62]. Similarly, cetyltrimethy-
lammonium bromide (CTAB) can be used to form L and H mesophases which
dissolve a mixture of phenol and aqueous formaldehyde in the hydrophilic
regions. After polymerization, XRD measurements showed an increase in dis-
order. However, TEM images showed that while some long-range order was
lost, the H and L phases (disordered) were still preserved as long as the tem-
plate was not removed. Most importantly, the scale of the features was nearly
identical to what a perfect replica should be. Unfortunately, the replica lost
the nanostructure upon removal of the template [63].

An interesting application of templated growth of polymers, is in using
LLC phases to control the ordering of conducting polymers [64–69]. A prob-
lem in conducting polymer synthesis is that with some conducting polymers,
disorder decreases the bulk conductivity. Using an HII phase to template the
growth of “nanowires” has been demonstrated by several groups [64–69].
A recent example involves using the hexagonal phase of a poly(oxyethylene)-
alkyl mixed with a thiophene monomer and supporting electrolyte [69]. The
thiophene monomer segregates to the hydrophobic domains of the liquid
crystal, where it can then be electropolymerized. The template can be re-
moved to yield a replica that closely matches its structure (Fig. 10).

2.5
Carbon Nanotube Disaggregation and Alignment

It has recently been reported that surfactant molecules can associate with car-
bon nanotubes (CNTs) to form supramolecular assemblies [70, 71]. In the two
models that have been proposed, the hydrophobic portion of the surfactants
associate with the nanotube to form either a uniformly covered cylindrical
supermolecule, or a “beads-on-a-string” assembly of disks encapsulating the
nanotube (Fig. 11). As such, amphiphiles are frequently used in the disaggre-
gation of CNTs into discreet nanotubes in aqueous solution [72].

When concentrated surfactants are used, single-wall carbon nanotubes
(SWNTs) are thought to be partitioned into the hydrophobic domains. Thus,
in lyotropic mesophases, the possibility of dispersion combined with align-
ment exists [73, 74]. In this effort, the HI phase of Triton X-100 has been used
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Fig. 11 Two proposed models for the supramolecular assembly of surfactants with CNTs:
a cylindrical assembly, and b beads-on-a-string assembly. Reproduced with permission
from [74]. © 2007 by Wiley-VCH

to disperse SWNTs. These nanotubes are believed to line up in the hydropho-
bic channels [73]. This was supported by a change in macroscopic properties
(viscosity), as well as X-ray diffraction (XRD) measurements (d-spacing in-
crease with addition of SWNTs). Therefore, the LLC matrix seems to impose
a certain degree of alignment upon the SWNTs along the director. Another
example involves the lyotropic nematic phase of SDS, which was used to
disperse SWNTs (Fig. 11). In this case, alignment along the director was
achieved by application of a magnetic field, and unambiguously proved by
Raman spectroscopy [74]. Given the unique materials properties that CNTs
possess (e.g. tensile strength, thermal and electrical conductivity), these
ordered, composite materials hold great promise in expanding the function
of LLCs.

3
LLC-based Conducting Materials

LLC systems have also recently been investigated as conductive materials. LLC
research in this area addresses the growing need for new ion-conductive [75],
proton-conductive [76], and electrically conductive materials [77] for gen-
erating and storing energy to help offset fossil fuel consumption for energy
production. As alternative sources of energy and method for storing energy
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are scrutinized for potential replacement of fossil fuels, new conductive ma-
terials have come to the forefront of this research area.

Solid-state materials with high conductivity for ions such as Li+ are essen-
tial for the development of more efficient Li ion batteries with higher energy
densities. The solid electrolytes [e.g., poly(ethylene oxide), (PEO)] that trans-
port Li+ in the current generation of Li batteries arguably play the most crucial
role in dictating overall battery performance. In a similar vane, materials with
high proton conductivity are essential for the development of high efficiency
fuel cells for electrical power generation [76]. Additionally, the development of
more efficient electrical storage devices with higher energy density, lower over-
all mass, and higher amperage output is the current focus of ion-conductive
materials research [75]. Furthermore, the miniaturization of electronic devices
to smaller and smaller dimensions requires specialized electrically conductive
materials to meet new high performance requirements.

Nanostructured LLC systems offer potential advantages over conventional
non-ordered, ion-conducting materials such as amorphous non-charged PEO
polymers, and non-coordinating charged polymers such as Nafion. LLC sys-
tems made from surfactant molecules containing the same types of ion-
transporting units, as found in PEO and Nafion, have uniform nanoscale
domains that run through the bulk materials which can be interconnected or
continuous in 1, 2, or 3 dimensions depending on the LLC phase. This unique
feature of LLC phases can potentially afford superior transport of ions and
better bulk ionic conductivity, compared to amorphous polymers, so long as
the solvent, used in LLC formation, is conducive to good ion transport and
stability. Similarly, if the ordered LLC domains contain electrically conduct-
ing materials such as metals, semiconductors, or conjugated polymers, then
new composite materials, with anisotropic and perhaps enhanced bulk elec-
trical conductivity may be obtained. Functional LLC systems have already
made an impact in the design of new ion- and electrically conductive organic
materials.

3.1
LLC Phases as Ion Conductors

Although a substantial number of functionalized thermotropic LC systems
have been designed and investigated as anisotropic ion-conducting materi-
als [18, 19, 21, 78–80], interest in solvent-based LLC systems as ion conductors
has only recently emerged. The bulk of the research into the ionic conduc-
tivity of LLC materials has only been investigated within the last decade.
Somewhat unique approaches to testing the bulk conductivity of these ma-
terials are required due to the concentration dependent ordering of the LLC
systems as well as the solvent(s) utilized (water, methanol, etc.) in phase
formation. Methods have recently been developed to measure the ionic con-
ductivity of these materials in their respective LLC phases.
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Utilizing these methods, the ionic conductivity of a number of aqueous
LLC systems based on commercially available amphiphiles has been meas-
ured. For example, the “inverse” L phase of the sodium dodecylsulfate/
pentanol/water system has been studied under shear conditions and found to
exhibit anisotropic conductivity, resulting in a material with a conductivity
range of approximately 1 to 2.5×10–3 S cm–1 [81]. The ionic conductivities of
the L and micellar phases of the potassium laurate/decanol/D2O system [82],
and the lithium triflate-loaded regular HI phase of an oligo(EO) surfactant-
templated silicate nanocomposite have also been measured [83] resulting in
conductivities that range from 3 to 6×10–2 S cm–1 and 10–4 to 10–7 S cm–1,
respectively. It has also been determined that the ionic conductivity of an
L phase is dependent on its thickness [82, 84].

Recently, non-water-based LLC materials have taken the forefront of LLC-
based ion conducting materials. Instead of using water as the polar solvent
to form ordered LLC phases, room-temperature ionic liquids (RTILs) have
emerged as the solvent of choice for improved composition stability in form-
ing LLC assemblies (i.e., no evaporative solvent loss), and also for improving
ion conductivity in the LLC polar domains. RTILs are polar, molten organic
salts under ambient conditions that are typically based on substituted imi-
dazolium, phosphonium, ammonium, and related organic cations, which are
complemented by a relatively non-basic and non-nucleophilic large anion [85].
RTILs possess negligible vapor pressures; and as such, offer a new non-volatile
solvent medium for organization of LLCs. As RTILs are very different from
solvents like water, fundamental work has been concerned with understand-
ing how small-molecule surfactants organize around and in RTILs [86, 87].
A number of RTIL-based LLC systems have already been specifically designed
to serve as anisotropic, ion-conducting nanocomposite materials. For example,

Fig. 12 Examples of ion-conductive LLC systems that form L phases with imidazolium-
based RTILs as the polar liquid phase [89, 90]
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L phase materials formed by combining a conventional RTIL with an am-
phiphilic LC mesogen has been found to have ca. three orders of magnitude
higher ionic conductivity parallel vs. perpendicular to the lamellae [88]. Simi-
lar anisotropic ion conductivity results have also been obtained with L phases
of imidazolium-based amphiphiles and also hydroxyl-terminated fluorinated
surfactants formed by mixing with imidazolium-based RTILs (Fig. 12) [89, 90].

3.2
Electrically Conducting LLC Materials

LLC systems incorporating materials that conduct electrons instead of salt ions
or protons have been investigated for electrically conducting materials. As de-
scribed previously in Sect. 2 of this review, LLC phases in non-polymerized
and polymerized form have been used as nanostructured organic templates
to define the growth of electrically conducting materials such as metals,
semiconductors, and conducting organic polymers in the hydrophilic do-
mains [40–51, 64–69]. This approach affords both structural replicas and LLC
nanocomposites containing electrically conductive nanowires and nanopar-
ticles as functional fillers. However, although functional properties such as
optical and catalytic properties have been measured for these materials, the
bulk electrical conductivity of only a few of these materials has been measured.

In addition to templated electrical conductor formation, LLCs have been
used in another way to make nanostructured electrically conductive mater-
ials. Several acidic surfactant molecules have been used to dope, encapsu-
late, and order the conducting polymer, polyaniline, to form nanostructured
LLC-conducting polymer nanocomposites. Recently, a bicontinuous cubic
phase was utilized as a templated scaffolding for the in situ polymeriza-
tion of an acidified, monomeric solution of aniline [91]. The cubic phase
was comprised of 55% surfactant of (EO)10 nonyl phenol ether, 22% oc-
tane, and 23% of aqueous solution with monomer and initiator. The material
was successfully polymerized and formed the emeraldine salt, although no
conductivity testing was completed. Furthermore, materials such as dodecyl-
benzenesulfonic acid (DBSA) [92, 93], 1,2-benzenedicarboxylic acid, 4-sulfo,
1,2-di(2-ethylhexyl)ester [94], n-octyl- and n-hexyl phosphonic acid [95],
3-pentadecylphenylphophonic acid [96], and 3,4,5-tris(dodecyloxy)phenyl-
methylphosphonic acid [97] have all been used to protonate polyaniline into
its electrically conducting form and simultaneously generate L phases via
the resulting LLC-polyaniline salt complexes (Fig. 13). In these systems, only
DBSA and 3,4,5-tris(dodecyloxy)phenylmethylphosphonic acid have intrin-
sic LLC properties on their own. The rest of the systems could only form
LLC phases after salt formation with polyaniline. The measured bulk elec-
trical conductivities of these LLC-polyaniline complexes were found to range
from 101 S cm–1 for the DBSA complexes to ca. 10–5 S cm–1 for the 3,4,5-
tris(dodecyloxy)phenylmethylphosphonic acid complex.
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Fig. 13 Example of an electrically conducting LLC acid-doped polyaniline salt complex that
forms an L phase. Reproduced with permission from [97]. © 2002 by Taylor and Francis

4
LLC Materials for Catalysis

In addition to forming functional nanocomposites and optical materials, LLC
systems also have value in the area of catalysis. LLC phases have a num-
ber of features that make them amenable for accelerating chemical reaction
rates. For example, LLC phases have regular nanometer-scale water- or po-
lar solvent-filled cavities and hydrophobic domains of uniform size that are
close in size to typical small molecule substrates. These domains can afford
confined environments to encapsulate reactants and catalytic entities, thereby
increasing their local concentration and the probability of productive colli-



Functional Lyotropic Liquid Crystal Materials 201

sions. In addition, the hydrophilic polar headgroups of the LLC mesogens
are localized exclusively and densely in the walls of LLC cavities via the am-
phiphilic self-assembly process. This arrangement can lead to electrostatic,
hydrophobic, electrophilic, and/or nucleophilic interactions that can cause
a change in free energy activation for the overall process and affect reaction
rate. This is similar to what is believed to occur during catalysis in micelle
systems [98–100]. The open domains in LLC phases may impose dimensional
constraints that allow reactants with certain sizes or shapes to enter more
easily than others, or favor the formation of certain transition state configu-
rations over others, to give rise to enhanced reaction selectivity. These effects
would be similar to how inorganic zeolites and molecular sieves operate as
selective heterogeneous catalysts [101]. If the hydrophilic headgroups in the
LLC pore domains were made to be catalytically active, the resulting LLC
phases could afford a much higher local density of catalytic groups in the
pores for reactions to occur than is typically possible in normal solution or
heterogeneous catalysis environments.

The past 10–15 years have seen major advances in the development and
realization of LLC materials for catalytic applications. These advances range
from the use of non-catalytically functionalized LLC phases as a means of
accelerating reactions via confinement, to the design of polymerized LLC ma-
terials containing discrete catalytic groups that act like organic analogues to
catalytic molecular sieves.

4.1
LLC Phases as Reaction Media

The earliest examples demonstrating the promise of LLC materials for accel-
erating chemical reactions involved the use of LLC phases of commercially
available ionic or non-charged surfactants in water as nanoscale reaction
media. In these systems, the surfactants and resulting LLC phases were not
functionalized with any catalytic or reactive groups. All the reactants and
catalytic entities were from external sources and solubilized in the LLC do-
mains during reaction. Consequently, the rate acceleration effects observed in
these systems can be attributed to the same types of confinement, solubiliza-
tion, and electronic interactions found in micellar catalysis systems [98–100].

4.1.1
Catalysis of Small Molecule Transformations

One of the first examples of catalysis inside non-functionalized LLC phases
involved the type I LLC phases of the cationic surfactant, cetyl trimethylam-
monium bromide (CTAB), and its longer analogs [102]. These LLC phases
were able to accelerate the deprotonation of (p-nitrophenoxy)propiophenone
by n-decyl-N(O–)-Bz acting as a base. The rate of this base-catalyzed reac-
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Fig. 14 Location of L-cysteine during electrochemical oxidation in the LLC phases of the
dodecylsulfate/benzyl alcohol/water (SDS/BA/H2O) system: a L phase and b HI phase.
Reproduced with permission from [106]. © 2004 by Springer

tion was enhanced 100–4000-fold in the hydrophobic domains of the LLC
phases compared to that in solution [101]. Similarly, the lyotropic nematic
and HI phases of myrystyltrimethylammonium bromide in 1-decanol, am-
monium bromide, and water have been found to be able to increase the rate
of o-iodosobenzoic acid-catalyzed hydrolysis of two organophosphinate es-
ters by a factor of over 100 compared to a simple micelle system [103, 104].
Similarly, the micellar and L phases of commercial n-decylammonium chlo-
ride in n-decylamine and water were found to accelerate the dealkylation
of p-nitrophenyl dimethyl thiophosphate, with the L phase having a much
more pronounced effect than the micellar phase [105]. More recently, the
L and HI phases of the ternary sodium dodecylsulfate/benzyl alcohol/water
system have been found to increase the rate of electrochemical oxidation of
l-cysteine, with increasing benzyl alcohol content in the LLC system causing
the largest increase in reaction rate (Fig. 14) [106].

4.1.2
Biocatalysis

LLC phases as reaction media have also been explored for biocatalysis. The
LLC phases of commercial surfactants have been used to successfully stabilize
enzymes and cofactors for reaction in non-aqueous solvent environments. In
addition to significant stabilization of the enzyme biocatalyst in the bipha-
sic LLC system, product recovery has also been found to be facilitated [107].
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Examples of LLC phases for enzyme stabilization and biocatalysis include
the micellar and LLC phases water (or glucose in water)/octanol/octyl-β-
d-glucoside LLC system for accelerating β-d-glucosidase-catalyzed hydro-
lysis of octyl-β-d-glucoside to form glucose and octanol [108]; and the
use of LLC phases of numerous commercial surfactants to accelerate the
(S)-hydroxynitrile lyase-catalyzed synthesis of (S)-mandelonitrile [109].

4.1.3
Catalysis of Polymerization Reactions

In addition to catalysis of small molecule transformations and biocatalysis,
non-functionalized LLC phases used as reaction media have also been found
to accelerate polymerization reactions as well. For example, the L and HI
phases of the sodium dodecylsulfate/n-pentanol/sulfuric acid system have
been found to lower the electric potential needed to electropolymerize aniline
to form the conducting polymer, polyaniline [110]. In this system, it was also
found that the catalytic efficiency of the L phase was superior to that of the
HI phase. In addition to this work, the II, HI, QI, and L phases of non-charged
Brij surfactants (i.e., oligo(ethylene oxide)-alkyl ether surfactants) have been
observed to accelerate the rate of photo-initiated radical polymerization of
acrylate monomers dissolved in the hydrophobic domains [111, 112]. The ex-
tent of polymerization rate acceleration was found to depend on the geometry
of the LLC phase in these systems. Collectively, this body of work on catalysis
with non-functionalized LLC phases indicates that LLC phase geometry and
system composition have a large influence on reaction rate.

4.2
Cross-linked LLC Phases as Heterogeneous Catalysts

Cross-linked or polymerized LLC phases containing catalytic headgroups
have recently been explored as robust, heterogeneous catalyst systems. By
chemically cross-linking these functionalized LLC systems, rigid, solid-state,
nanoporous materials containing a high local density of catalytic groups in
the LLC pores are produced. These LLC networks can be considered organic
“analogues” to inorganic molecular and mesoporous sieve catalysts [113].

The first example of a catalytic LLC polymer network involved the cross-
linked HII phase of a styrene-substituted sodium carboxylate LLC monomer
and added divinylbenzene cross-linker (Fig. 15).

This material was able to act as a solid Brønsted base catalyst and acceler-
ated the Knoevenagel condensation of ethyl cyanoacetate with benzaldehyde
better than basic forms of mesoporous sieves and zeolite catalysts. It was
found that this carboxylate-functionalized LLC material exhibited enhanced
basicity due to the ordered nanostructure, and that the LLC pores were capa-
ble of substrate molecular size exclusion [114].
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Fig. 15 Heterogeneous Brønsted base catalysis of the Knoevenagel condensation of ethyl
cyanoacetate with benzaldehyde using a cross-linked HII assembly

LLC networks containing catalytic headgroups have also been shown to be
useful for heterogeneous Lewis acid catalysis. The Sc(III)-exchanged cross-
linked HII phase of a taper-shaped sulfonate-functionalized LLC monomer
has been shown to be able to catalyze the Mukaiyama aldol and Mannich re-
actions [115] with enhanced diastereoselectivity. This Sc(III)-functionalized
HII network affords condensation products with syn-to-anti diastereoselect-
ivity ratios of 2-to-1, whereas Sc(III) catalysts in solution or supported on
amorphous polymers show no reaction diastereoselectivity at all.

More recently, cross-linked LLC phases containing strong Brønsted acid
groups have been shown to catalyze heterogeneous esterification reactions
with higher product selectivity than non-ordered acid resins containing the
same catalytic acid groups. The cross-linked HII phase of a 5 : 1 (mol/mol)
blend of a sulfonic acid-functionalized LLC monomer and an l-analine-
functionalized LLC monomer was found to catalyze the esterification of
1-hexanoic acid and benzyl alcohol with higher product selectivity than com-
mercial, non-ordered sulfonic acid resin catalysts (e.g., Amberlyst, Nafion)
under the same conditions (Fig. 16) [116].

This LLC acid resin displayed more than an order of magnitude higher
selectivity for the desired ester product over dibenzyl ether side-product
compared to amorphous Amberlyst-15, Nafion NR-50, and also an isotropic
analog of the LLC acid resin. Control experiments revealed that a large
component of the enhanced selectivity is due to the regular nanostructure
present in the LLC acid resin, which is believed to afford a much more uni-
form local acid microenvironment for reactions to occur. This same LLC
acid resin was subsequently found to catalyze the synthesis of dioctyl phtha-
late (DOP) from phthalic anhydride and 2-ethyl-1-hexanol in toluene with
a slightly higher overall yield of DOP than amorphous Amberlyst-15 [117].
Experiments revealed that the LLC acid resin is a much better catalyst for the
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Fig. 16 Heterogeneous catalysis of the esterification of benzyl alcohol with 1-hexanoic acid
using a cross-linked HII-phase sulfonic acid resin formed by amide H-bond-assisted LLC
phase formation

formation of DOP from the mono-octyl phthalate (MOP) reaction interme-
diate than Amberlyst-15, resulting in a ca. 38% increase in the initial rate of
DOP production from MOP [117].

One of the unique chemical aspects of this LLC acid catalyst work is the
use of an LLC structure-directing agent (the l-analine-functionalized LLC
monomer) to induce HII-phase formation of the sulfonic acid-functionalized
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LLC monomer via complementary shape-packing and amide H-bonding near
the pore interface (Fig. 16). The sulfonic acid monomer is only able to form
a mixture of L and HII phases on its own because the sulfonic acid headgroup
is not conducive to good HII-phase formation [118]. This LLC blending/H-
bond templating approach may be a general method for inducing highly
functionalized LLC mesogens that do not exhibit good LLC behavior, into
well-defined LLC phases [119].

Enantioselective catalysis with cross-linked LLC materials has also re-
cently been demonstrated. The crossed-linked HII phase of a taper-shaped
LLC monomer containing a chiral imidazolinone headgroup has been shown

Fig. 17 Brønsted acid-induced LLC phase formation of a chiral imidazolinone monomer
as means of generating nanoporous, solid-state, chiral Diels–Alder catalysts. Partially
reproduced with permission from [120]. © 2005 by the American Chemical Society
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to catalyze the enantioselective Diels–Alder reaction of cyclopentadiene and
crotonaldehyde (Fig. 17), with ee and de values identical to those of the parent
chiral imiazolinone catalyst in solution [120]. In this system, the initial chiral
imidazolinone monomer did not display any LLC properties; but upon pro-
tonation to the active catalyst salt form, different LLC phases were obtained
depending on the nature and amount of acid used. Transient salt forma-
tion via protonation with Brønsted acids may be another general method for
inducing highly functionalized monomers with weak or no mesogenic prop-
erties in their pristine state, to form well-defined LLC phases [119].

5
LLC-based Drug Delivery Systems

The use of delivery systems for the sustained release of drugs at optimum
therapeutic ranges is extremely important not only for maintaining drug ef-
ficacy, but also for reducing the number of applications or injections needed
for therapy [121]. Matrices for drug delivery for intravenous, oral, or der-
mal application must meet certain criteria, such as non-toxicity, compatibility
with the drug to be delivered, good chemical stability under physiologi-
cal conditions, and eventual biodegradability/excretion from the body [122].
A number of hydrophilic polymer systems and surfactant systems that form
vesicles and micelles meet these above criteria, and have been employed as
drug delivery vehicles [123, 124].

Over the last two decades, it has been recognized in the drug delivery com-
munity that water-based LLC phases can also be used as viable matrices for
the sustained and controlled release of drugs. The fact that many LLC phases
have periodic nanometer-scale pores allows for a high and uniform loading
of drugs, as well as good controlled diffusion out of the pores [121]. In add-
ition, the ability of unpolymerized LLC assemblies to be dispersed by eventual
or purposely triggered changes in solvent concentration or temperature, al-
lows for easy removal of the delivery matrix at a desired point in time after
its job has been accomplished. For the most part, only certain LLC phases
containing open water channels or pores (i.e., the L and inverted (type II)
LLC phases) have been explored for drug delivery because most drugs are hy-
drophilic or water-soluble molecules [121]. As such, LLC phases containing
water compartments are required for initially encapsulating these drugs and
then performing controlled and sustained release.

Only a few surfactant systems and their derivatives have been explored as
LLC-based drug delivery systems because of the chemical and physiological
compatibility requirements listed above, and because of cost and availability
issues. These LLCs include commercially available non-ionic surfactants such
as esters of oleic acid and related fatty acids [e.g., glyceryl monooleate (GMO)
(aka, monoolein)], and oligo(ethylene oxide)-alkyl ether surfactants (e.g.,
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Brij surfactants) (Fig. 18). Additionally, LLC phases of commercially available
ionic surfactants such as metal salts of alkylsulfonic and alkylcarboxylic acids
[e.g., dioctyl sodium sulfosuccinate (aka, Aerosol OT)] and long-chain am-
monium salts have also been explored (Fig. 19). Some of these surfactants are
even U.S. Food and Drug Administration (FDA)-approved because of their
prior utility in other food or medication-related formulations.

Fig. 18 Structures of some neutral LLCs commonly used for drug delivery

Fig. 19 Structures of some ionic LLCs used for drug delivery
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The earliest reports describing the use of LLC phases as matrices for drug
delivery appeared in ca. 1988 [125, 126]. These initial reports focused on ex-
ploring the basic concept and viability of using LLC phases for controlled
release of drugs. Since that time, work in the field can be categorized accord-
ing to the type of LLC molecule or type of LLC matrix formulation used for
drug delivery studies.

5.1
Drug Delivery Using LLC Phases Based on GMO

The bulk of the work in the LLC-based drug delivery area over the last
15 years has been focused on exploring the LLC phases formed from GMO
(aka, monoolein) (Fig. 18) in water [127–129]. GMO is an FDA-approved
food additive that is known to form sequential L, QII, and HII LLC phases in
the presence of water (Fig. 20) [130]. This system is also able to incorporate
water-soluble molecules without disruption of the LLC phase microstruc-
ture. GMO or monoolein can be obtained commercially as a mixture of
the glyceride esters of oleic and other fatty acids (consisting mainly of the
monooleate) under the tradenames Myverol™ and Rylo™.

The release characteristics of the L, QII, and HII LLC phases of GMO
and water have been studied for the controlled release of large numbers of
drug molecules. These drugs include common analgesics (aspirin [129, 130]);
vitamins (vitamin E [133]); antiviral drugs (1-aminoadamantane hydrochlo-
ride [132], acyclovir [134]); anionic drugs (sodium diclofenac [133, 135]); met-

Fig. 20 Phase diagram of GMO in water. Reproduced with permission from [130]. © 2004
by Elsevier
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alloenzymes (serratiopeptidase [136]); prodrugs for photodynamic therapy
(5-aminolevulinic acid derivatives, meso-tetra(hydroxyphenyl)chlorin [137]);
peptides ([d-Ala2, d-Leu5]enkephalin [138–141]); and even antimuscarinic
drugs (propanetheline bromide and oxybutynin hydrochloride [142]). Other
bioactive molecules such as nicotine [143], caffeine [12], salbutamol sul-
fate [143], chlorpheniramine, and diazapam [130] have also been studied as
substrates for delivery from GMO-water LLC phases. The release conditions
for these drugs have varied from oral ingestion to dermal application to in
vitro cavity insertion. In addition to these drug molecules, the various water-
based LLC phases of GMO have also been studied for the controlled release
of a number of model hydrophobic and hydrophilic drugs, such as paclitaxel,
irinotecan, glucose, histidine, octreotide [120], and furosemide [144].

In the area of GMO-based LLC phase drug delivery, there have been sev-
eral innovative research directions of note: One new direction has been the
incorporation of co-surfactants with molecular recognition units into the LLC
matrices as a means of directing or targeting drug delivery to specific areas
of the body [133]. Another new direction has been the use of hydropho-
bic inorganic additives such as magnesium trisilicate as a means of more
quickly inducing GMO LLC phase formation and controlling pH microenvi-
ronment for the drug during delivery into gastric environments [136]. A third
new direction has been the incorporation of amphiphilic permeation en-
hancers such as poly(ethylene glycol)s (i.e., PEGs) in combination with fatty
acids [130, 141] or modified glycerol lipids [132] to aid in the transport and
release of small-molecule drugs and large peptide drugs from LLC phases.
Finally, new derivatives of oleic acid and other fatty acids with structures
similar to GMO have recently been synthesized that show excellent promise
for LLC phase-based drug release [122].

5.2
Drug Delivery Using LLC Phases
Based on Oligo(ethylene oxide)-Alkyl Ether Surfactants

Drug delivery from LLC phases of oligo(ethylene oxide)-alkyl ether (i.e.,
(EO)n-O-alkyl) surfactants have also been explored but to a much lesser
extent than GMO. For example, the L, QII, and HII phases of commercial
Brij-96 surfactant (i.e., (EO)10-O-oleyl) (Fig. 18) formed with water and other
additives, have been explored for release of ephedrine hydrochloride, tenoxi-
cam [145], and topical dermal delivery of benzocaine [146]. Work in this
area has found that the amount of water swelling the hydrophilic domains
of the LLC phase increases drug diffusion and release [145]. In addition to
this work, the L phase of the (EO)21-O-stearyl/oil/water system has been ex-
plored for dermal delivery of itraconazole [147]; and the L and HI phases of
the (EO)7-O-C13–15 (i.e., Symperonic A7)/water system have been explored for
the release of the model drug chlorhexidine diacetate [148].
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5.3
Drug Delivery Using LLC Phases Based on Ionic Surfactants

In contrast to the LLC phases of GMO and (EO)n-O-alkyl surfactants, only
a handful of reports on the study of LLC phases of ionic surfactants for drug
delivery are available. For example, the L, QII, and HII phases of the wa-
ter/octanol/dioctyl sodium sulfosuccinate system have been studied for the
transport of water and glucose across human skin [149]. Also, QII phases of
mixed ionic and uncharged phospholipids in water have been explored for
the sustained in vitro release of timolol maleate, a drug for treatment of glau-
coma [150].

5.4
Drug Delivery via LLC Nanoparticles

There is also a large body of work in the LLC-based drug delivery area that is
based on the use of specific preparation forms or formulations of LLC phases,
rather than on a specific chemical type of surfactant molecule. That is, there
has been a great deal of research into the use of LLC nanoparticles (LLCNPs).
LLCNPs are dispersed submicron-sized particles of LLC phases suspended in
a solvent, that allow for extremely convenient drug delivery applications upon
dispersion or solubilization. Typically, LLCNPs are formed by introducing a li-
quid formulation of the LLC, cosurfactants, and solvent into water to form the
dispersion. However, LLCNPs often have difficulties with respect to fabrica-
tion, formulation, and stabilization with current methods, so a great deal of
research has been devoted to these areas. The majority of drug delivery re-
search with LLCNPs has been focused on the use of LLCNPs of QII phases,
commonly called “cubosomes” [151–154]. This is because QII phases have the
potential for high drug loading and good release of hydrophilic drug molecules
as a result of their 3-D interconnected water nanopore structures. The major-
ity of the cubosome systems studied have been based on GMO because of the
prevalence of a QII phase in its phase diagram. One of the newest innovations
in the LLCNP drug delivery area involves preparation of dry powder precur-
sors of cubosomes [136, 155]. Q-phase LLCNPs have been studied for a wide
range of drug molecules [151–154], including the drug propofol, an anesthetic
currently used in clinical practice in the form of a stable emulsion [156].

5.5
New Directions for LLC Phases in Drug Delivery and Medical Therapy

One very new direction for potential drug or medical therapy with LLC
phases is using them to aid in antibody recognition and binding to func-
tionalized surfaces. A number of commercially available non-charged and
charged surfactants have recently been explored for this purpose [157]. An-
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other new direction for LLC phases that might generate new avenues for
medical therapies, is the use of cationic amphiphiles or lipids to complex
with DNA to form surfactant-DNA complexes that exhibit LLC phases [158].
L and HII-type phases have been observed in such systems. It is believed that
understanding the aggregation and LLC phase formation of these cationic
surfactant-DNA complexes may lead to the development of better gene deliv-
ery therapies.

6
LLC Materials for Membrane Separations

Membrane separations are of rapidly growing importance as world energy
demands are projected to continually increase and more stringent guidelines
are placed on the cleanup of waste streams [159]. Membranes potentially
offer many less energy intensive alternatives to traditional separation tech-
nologies [159]. Proper design considerations are needed to engineer high-
performance membranes that selectively segregate specific components from
mixtures based on affinity, shape, size, charge or other chemical and physical
properties [159]. However, a great deal of research is still needed in order for
membranes to be economically viable and displace older technologies [159].

Traditional membranes are either porous or dense materials. Porous mem-
branes operate via size discrimination and dense membranes by the solution-
diffusion mechanism [160]. Porous membranes can be highly ordered
materials such as zeolites [161] or materials such as polymers, processed to
create specific types of voids within their structure. Dense membranes are
typically rubbery or glassy polymers that lack voids and pinholes. Each class
of material lends itself to different applications yet has its own limitations.
Zeolites are capable of molecular sieving of gases and other small molecules,
but are difficult to process into uniform films of large surface area [161].
Porous polymers can be used in applications such as aqueous nanofiltration
(NF), but the processes that produce them result in the lack of a uniform
structure within the film [162]. These materials are thus unable to perform
precise molecular sieving [162]. Dense polymers are easily processed and
can be used for a variety of applications, such as reverse osmosis (RO) for
water desalination [163], gas separations [164], and barrier films [165], but
the solution-diffusion mechanism dictates that all solutes will penetrate the
membrane, making complete molecular sieving virtually impossible [160].

The need to overcome the disadvantages of each class of membrane
drives research for novel, composite materials that combine the advanta-
geous properties of each class [159]. LLCs have potential to offer desirable
hybrids of these two types of materials, as they allow for the incorpora-
tion of a porous, ordered nanostructure within an otherwise dense film.
LLC membranes capable of performing several different applications, such as
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aqueous NF [119, 166], gas separations [167, 168], and selective vapor rejec-
tion [169, 170], have recently been realized.

6.1
Aqueous Nanofiltration

The first example of a functional LLC membrane separation was reported
in 2005 [166]. A three-tailed, wedge-shaped, photopolymerizable LLC ex-
hibiting the HII structure was employed to selectively filter anionic dye
molecules from aqueous solution when supported as a thin film on a com-
mercial ultraporous polysulfone (PSf) membrane support (Fig. 21). For in-
creasingly larger solutes, the rejection of the dyes through the LLC pores
became quantitative as the molecular diameter approached that of the cylin-
drical nanochannels. Furthermore, neutral, monodisperse PEG chains could
be filtered with the same trends in rejection. These LLC membranes outper-
formed a commercially available NF membrane in rejection of the charged
dyes, and significantly outperformed the same NF membrane in rejection

Fig. 21 Molecular size-selective aqueous NF using a supported LLC membrane with
a cross-linked HII phase top-layer. Partially reproduced with permission from [166].
© 2005 by Wiley-VCH
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of the neutral solutes [119]. However, these HII-phase LLC membranes suf-
fered from markedly lower water flux than the commercially available NF
membrane [166]. The limitations on water throughput appear to be related to
the processing of the films, and not as a material shortcoming. Only a small
percentage of the aqueous channels were oriented normal to the membrane
surface and were accessible for filtration [166]. Nonetheless, this work repre-
sents a shift in the rationale of polymer membrane design.

Expanding upon the successes of aqueous NF with an LLC membrane,
promising preliminary results were obtained with the same HII networks
of the three-tailed LLC monomer (Fig. 21) in water desalination applica-
tions [119]. These systems were only capable of removing a small percentage
of metal ions from aqueous solution because the effective nanopore size
was significantly larger than the diameter of the hydrated small metal salt
ions [119]. As the hydrated ionic diameters of the metal ions increased (Rb+,
Na+, Mg2+, and Nd3+), the amount rejected also increased. The HII mem-
branes were unable to compete with the current commercially available RO
membranes in either rejection or water flux. However, preliminary results
showed that these polymerized LLC membranes have superior hypochlorite
(ClO–) resistance properties when compared to polymers typically used in
RO [119]. ClO– degradation is a significant problem for current RO mem-
branes. Research in this field will proceed further. LLC systems with smaller
pores as well as those exhibiting more hydrophilic Q phases have been specu-
lated to be better candidates for RO applications than HII materials.

6.2
Gas Separations

The cross-linked HII phase of the triacrylate LLC monomer shown in Fig. 21
has also been studied as a gas separation membrane material [167, 168].
In the first report of the fabrication and use of large area, freestanding,
photo-cross-linked LLC film for gas separations [167], the transport prop-
erties of five light gases (CO2, N2, O2, CH4 and H2) were determined in
both polymerized HII membranes and disordered films with the same chem-
ical composition. The presence of an HII-phase nanostructure was found to
have significant effects on CO2 transport when compared to an isotropic
analogue. The periodic, aqueous nanochannels in the HII membrane im-
peded diffusion of all gases, and as such, higher fluxes for all gases were
observed in the disordered material. It was proposed that “non-interacting”
gases (N2, O2, CH4, and H2) must circumvent the open, polar nanochan-
nels, as they are repelled from those regions. Thus, a longer path length
through the membrane must be taken (Fig. 22). The behavior of CO2 in the
HII system is exceptionally different. CO2 exhibited strong non-covalent in-
teractions with the ordered, ionic nanochannels present in the membrane,
and its diffusion was slowed more than the other four gases tested. However,
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Fig. 22 Model for light gas separations in HII-phase LLC polymer membranes. Repro-
duced with permission from [167]. © 2007 by Elsevier

the localized polarity in the HII nanochannels served to increase solubility
of CO2 in the material by ∼ 35%. Such interactions were not as prevalent
in the isotropic analogue. This is because the polar headgroups are rear-
ranged and hidden inside of closed micelles, which were much less accessible
to CO2. As a result, HII membranes could achieve enhanced CO2/N2 and
CO2/CH4 ideal separation factors than disordered membranes of the same
composition. Other separations relevant to industry not involving CO2, such
as O2/N2, are largely unaffected by the presence of nanostructure. These first-
generation LLC membranes fall close to the “upper bound” of the Robeson
Plot for CO2/N2 separation. Thus, further research into LLCs as materials for
gas separations appears warranted.

6.3
Selective Vapor Barrier Materials

Among its many uses, cross-linked butyl rubber (BR) is widely used as a pro-
tective garment against harmful chemical vapors. However, as it is largely
impermeable to all vapors, those wearing BR suits often experience discom-
fort, as their perspiration cannot escape. In a major step to overcome this
issue, selectively “breathable” composites can be made by copolymerizing
LLC monomers with BR. Initial work focused on incorporating the HII phase
formed by the aforementioned LLC monomer into BR [169]. The addition
of HII domains into BR was found to increase the water vapor transport
through the composite by over four orders of magnitude compared to pure
cross-linked BR. In contrast, the permeability of a chemical warfare simu-
lant, chloroethyl ethyl sulfide (CEES), increased only by a factor of 75%. Pure
cross-linked BR was observed to have a water/CEES molar transport selec-
tivity of 0.25, while the composite material exhibited a selectivity of 23. The
inclusion of hydrophilic, nanostructured water channels through the polymer
allowed water vapor to readily pass through the material and resulted in an
drastic improvement in selectivity between pure BR and the composite.
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Fig. 23 Selective vapor transport with a cross-linked QI-phase LLC-BR membrane (gray
areas = hydrophobic organic domains; white areas = aqueous domains). Reproduced with
permission from [170]. © 2006 by Wiley-VCH

A follow-up study demonstrated that QI phases further enhance the per-
formance of LLC-BR composite membranes in both water transport and
harmful chemical vapor rejection [170]. A cross-linkable, gemini phospho-
nium amphiphile (Fig. 23) was blended with BR and cross-linked to form
films exhibiting a QI-phase nanostructure. Materials with a QI-phase showed
300 times greater water vapor permeability and 500 times greater permea-
bility selectivity for water/CEES than pure cross-linked BR. Furthermore,
these QI-phase composite films were far superior to their HII and L ana-
logues in both water vapor permeability and water/CEES transport selectivity.
Further studies were planned to process thinner films as well as test their
rejection properties against other types of chemical agents.

The use of LLC-based membrane systems is still in its infancy. Promising
early results indicate that research in this field will be expanded. The appli-
cations outlined here are just a few where functional LLC materials might
be implemented. More challenging separation materials, such as water de-
salination membranes, selective proton-conducting membranes for fuel cells,
catalytic membranes, chromatography, and chiral separation media are per-
haps future candidates for new LLC membrane materials.

7
Summary and Future Directions

Functional LLC systems offer great promise to revolutionize materials sci-
ence. The applications outlined herein have thus far received the most atten-
tion from researchers. The future of LLCs and LLC-based materials will not be
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limited solely to these functions [119, 171]. New ideas for the use of LLCs are
being conceived regularly, necessitating a need for a “bottom-up” approach
to materials design. Novel materials and chemistry are needed for LLCs to
meet application-specific demands. In particular, three areas of opportunity
have presented themselves, which may drastically alter and expand the func-
tional capabilities of LLC materials. These include (i) the further development
of Q phase LLC materials; (ii) the incorporation of functional groups into LLC
mesogens other than catalytic moieties; and (iii) the use of RTILs to form
LLC phases instead of water. These three areas of research offer gateways for
radically new designs and applications for LLC-based materials

Q phases are already one of the most promising, research-intensive LLC-
based drug delivery systems because of the superior diffusion and access
characteristics afforded by their 3-D interconnected nanopore systems [129,
151–154]. Initial results have also shown that Q-phase LLC materials also
possess superior transport and access properties in membrane applications
compared to L and HII phases [170]. This phenomenon could translate into
the design of superior LLC-based heterogeneous catalysts or bulk sorbents, as
the interconnected nanochannels may provide more open pathways for better
accessibility and selective molecular and/or ion diffusion. However, design-
ing functional amphiphiles that can readily form useful Q-phase materials is
not a straightforward task. To date, less than a handful of LLC monomers are
known in the literature that can be polymerized in Q phases [172–175].

The ability to design LLC mesogens containing functional units other than
catalytic moieties has the potential for extending the use of functionalized
LLC phases and LLC polymer materials beyond catalysis. For example, the
incorporation of other types of functional, task-specific chemical units onto
LLC starting materials could lead to NF membranes that could perform mo-
lecular level separations using mechanisms other than simple size exclusion.
Similarly, such materials could broaden the use of nanoporous LLC systems
into as of yet unimagined application areas.

Ion conduction has been the only application examined thus far for RTIL-
based LLC materials. However, given the seemingly exponential expansion of
research into RTILs as new reaction solvents, new gas sorption media, and new
ion-conductive materials [85, 88–90], it appears to be only a matter of time be-
fore RTILs make a significant impact on the design of functional LLC materials.
RTILs promise to open the door to new applications for LLC materials.
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