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1. Introduction

In his recent review in Angewandte Chemie on the
perspectives of Chemistry, J. M. Lehn wrote: “…chemistry
builds the bridge between the laws of the universe and their
specific expressions in life and thoughts. The goal is to discover,
understand, and implement the processes that governs the
evolution of matter towards increasing complexity from
particles to thoughts…”.[1] Hence, the understanding of the
organization of individual molecules into supramolecular
structures with specific properties at nano- meso-, and
macroscopic length scales is an important area of current
science and represents an important contribution of chemistry
to the general understanding of the development of complex-
ity by self-organization and self-assembly.[2] There are numer-
ous different approaches to this problem involving supra-
molecular chemistry in isotropic solutions, periodically
ordered solid-state structures, such as coordination polymers
and metal–organic frameworks (MOFs), pattern formation
on surfaces, and self-assembly and compartmentalization in
soft matter, such as multiblock copolymers and liquid crystals
(LCs), on which the focus is herein. All of these areas require
the fundamental understanding of the development of
ordered structures from simple building blocks.[3, 4]

The unique feature of liquid crystals is that order develops
while a high degree of mobility is retained. This combination
leads to the self-healing, adaptive, and stimuli-responsive
behavior of these supramolecular systems, which made LCs
the quintessential self-assembling molecular materials of the
modern area.[5–8] LCs are the advanced technological material
found in low-power-consuming flat-panel displays (liquid-
crystal displays, LCDs), which in the last decades has allowed
the development of mobile data processing and communica-
tion tools with huge effects on the development of the human
societies today and in the future. Although LCDs might or
might not be replaced by other technologies in the future, the
fundamental knowledge gained with LCs can be used for the
directed self-assembly of a huge variety of other functional

materials. Moreover, research in this area is a key science for
the understanding of the development of order and complex-
ity in soft self-assembled systems in general.

In the most general sense, a condensed matter state can be
considered as LC if there is orientational or positional long-
range order in at least one direction and no fixed position for
individual molecules. Long-range order could be orienta-
tional and positional; orientational order means that the
molecules adopt a parallel alignment to minimize the
excluded volume and to maximize the attractive intermolec-
ular interactions. Figure 1 shows the simplest types of LC
phases. LC phases which have exclusively orientational order
are assigned as nematic (N) phases. Along with the orienta-
tional order, the mesogens can adopt a long-range or quasi
long-range periodicity of their preferred positions along one
direction (1D), leading to layers (smectic phases = Sm) or
along two different directions (2D phases); in the latter case
columns are formed and these LC phase are assigned as

Since the discovery of the liquid-crystalline state of matter
125 years ago, this field has developed into a scientific area with
many facets. This Review presents recent developments in the
molecular design and self-assembly of liquid crystals. The focus is
on new exciting soft-matter structures distinct from the usually
observed nematic, smectic, and columnar phases. These new
structures have enhanced complexity, including multicompartment
and cellular structures, periodic and quasiperiodic arrays of spheres,
and new emergent properties, such as ferroelctricity and sponta-
neous achiral symmetry-breaking. Comparisons are made with
developments in related fields, such as self-assembled monolayers,
multiblock copolymers, and nanoparticle arrays. Measures of
structural complexity used herein are the size of the lattice, the
number of distinct compartments, the dimensionality, and the logic
depth of the resulting supramolecular structures.
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columnar phases (Col). It should be pointed out that for the
formation of smectic and columnar phases it is not required
that orientational order is retained; that is, in these phases the
molecules can be orientational ordered or not. In all LC
phases the molecules or the supermolecular aggregates
forming the phase do not have fixed positions and can
rotate and move, which provides mobility.

Molecules, macromolecules, supermolecular aggregates,
or nanoparticles can act as building blocks of liquid-crystal-
line phases; the focus is here on low-molecular-weight
molecules. It should be noted that besides the LC phases of
solvent-free molecular or supramolecular systems (thermo-
tropic LC phases), LC phases can also be found in dilute
aqueous solutions of amphiphilic molecules (lyotropic LC
phases).[9, 10] These lyotropic LC phases are based on micellar
aggregates with a rod-like, disc-like, or spherical shape, which
form nematic, smectic, columnar, and cubic LC phases. Thus,
a basic requirement for the mobility of the LC-state is either
a solvent in mixed systems (lyotropic LC phases) or flexible
molecular building blocks in sovent-free systems (thermo-
tropic LC phases). As mobility is strongly temperature-
dependent, LC phases occur in certain temperature ranges
between the highly ordered solid crystalline state and the

disordered isotropic liquid state, and therefore LC phases are
also assigned as mesophases.

There are numerous subtypes of these smectic and
columnar phases in which the rotation of the molecules
around their long axis can be restricted or a tilt of the
molecules with respect to a major direction takes place. For
example, smectic phases in which the molecules have a uni-
form tilt direction in the layers are assigned as SmC and those
where the tilt is random or the orientation is on average
perpendicular to the layer planes are assigned as SmA. In
columnar phases, the columns could be arranged on a hex-
agonal, square, rectangular, or oblique 2D lattice, leading to
Colhex, Colsqu, Colrec, and Colobl phases, respectively, which can
be further classified according to their plane groups
(Figure 2). Furthermore, mesophases with periodicity in all
three dimensions (3D phases), often with cubic symmetry
(Cub), can also occur. These phases with more complex
structure will be described when they are first mentioned in
the text.

There are three major methods used for the investigations
and characterization of LC materials. Differential scanning
calorimetry (DSC) provides the phase-transition temper-
atures and associated enthalpy values, and polarizing micros-
copy (PM) and X-ray diffraction (XRD) experiments provide
information about the kind of order in the mesophase.
Dielectric investigations, solid-state NMR spectroscopy, neu-
tron scattering, electro-optical investigations, freeze-fracture
electron microscopy, and numerous other methods are used
for more detailed investigation of the structure, dynamics, and
other specific properties.[7]

Some arbitrarily chosen examples of PM and XRD
patterns of the fundamental major types of LC phases are
shown in Figure 3. The presence of birefringence leads to the
typical PM textures of LC between crossed polarizers,
indicating the presence of orientational or positional order;
only the cubic phases are optically isotropic and therefore
appear dark. The presence of sharp reflections in the small-
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Figure 1. LC phases of rod-like, board-like (sanidic), and disc-like
molecules.

Figure 2. The fundamental types of 2D lattices currently known for
columnar LC phases with their relevant plane groups.
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angle region of the XRD patterns indicates long range 1D,
2D, or 3D periodicity. In contrast to simple smectic and
columnar LC phases, the structural analysis of more complex
mesophases requires additional XRD methods, among them
synchrotron XRD, allowing detection of diffraction peaks
with very weak intensity and a precise determination of
diffraction intensities. This is required for the reconstruction
of electron-density maps, which visualize the organization of
ther moleules in the LC phases. The intensities are related to
the electron-density distribution E(x,y) by Fourier trans-
formation, for the case of 2D structures according to
Equation (1), where F(hk) is the structure factor of a diffrac-
tion peak with index (hk). The electron-density distribution is
related to the experimentally observed relative diffraction
intensity I(kh) through Equation (2).

EðxyÞ ¼ Shk FðhkÞ exp½i2 pðhxþ kyÞ� ð1Þ

EðxyÞ ¼ Shk sqrt½IðhkÞ� exp½i2 pðhxþ kyÞ þ fhk� ð2Þ

As the structure factor F(hk) is a complex number, the
phase angle cannot be determined directly. However, the
centrosymmetric structure of most LC phases simplifies the
problem by the fact that f can only take up the values of 0 or
p. This allows all possible phase combinations to be examined
based on the three or four most intense reflections. Combined
with additional knowledge (molecular shape, length, top-

ology, volume of each part, distribution of electron density
among the different parts, changes on varying size, or electron
density of a particular moiety), the choice of a combination
can be made on the merit of each reconstructed electron
density map, followed by further refinement including addi-
tional reflections.[11, 12b,13] Furthermore, grazing incidence
XRD (GISAXS) of aligned thin films allows recording of
2D-resolved XRD patterns of monodomains, which are often
required for proper indexation of the XRD patterns of
complex LC phases that usually have only a limited number of
small-angle reflections.[14] The diffuse scattering in the wide
angle range (ca. 0.45 nm) provides information about the
mean lateral distance between the individual molecules and is
considered as evidence for the local disorder in LC phases,
whereas crystalline phases have numerous sharp reflections in
this region. Confirmation of mobility is gained by shearing the
sample under the PM, where the typical birefringent textures
of LCs are changed and flow already by applying relatively
weak shearing forces, whereas the textures of crystalline
materials and LC glasses are retained without changes.

The field of LC research started 125 years ago with the
astonishing observation of birefringence and selective light
reflection in a chiral liquid formed by cholesteryl benzoate.
This was discovered and investigated by Friedrich Reinitzer
and Otto Lehmann and classified as a new state of matter
between the solid crystals and the disordered isotropic
liquids.[15,16] However, at that time there was no knowledge
about the connections between molecular structure and the
formation of LC phases; even the structure of cholesterol was
unknown.[17] Daniel Vorl�nder (1867–1941), who was Profes-
sor of Chemistry at the University Halle (Saale), Germany
between 1902 and 1935, was the first who investigated the
relations between molecular structure and LC self-assembly
in a systematic way. Before him there were about 35 LC
compounds; after his retirement there were more than two
thousand such compounds,[18,19] which even in the beginning
of the 1960s represented the majority of known LC materi-
als.[20–23] Starting with Vorl�nder in 1903, during the 125 years
of LC research, 110 years have been performed at the
Institute of Chemistry of the University Halle, and thus this
is that unique place in the world with the longest continuous
expertise in investigation of this state of matter, which was
only interrupted by the period around World War II. This
review gives a personal view of the recent development of the
field of liquid crystal self-assembly. Focus is on the design of
new exciting phase structures distinct from the usually
observed and well investigated nematic, smectic, and colum-
nar phases shown in Figure 1 and having enhanced complex-
ity. The measures of complexity used herein are the size of the
lattice, the number of distinct compartments, the dimension-
ality and the logic depth[24] of the resulting structures.[25]

2. The Early History: From Rods to Discs

Already in 1907, Vorl�nder recognized that “…the liquid-
crystalline state results from a molecular structure which is as
linear as possible….” and this was the guideline for LC design
for the next 70 years.[26] Vorl�nder introduced a number of

Figure 3. Typical textures (left) and representative 2D XRD patterns
(right) of nematic (N), smectic (SmA), and columnar (Colhex) LC
phases (aligned samples).
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building blocks, among them several heterocycles[27] and the
first metallomesogens (1 and 2 in Figure 4).[28, 29] He also
obtained first compounds with other than nematic phases and
with more than only one LC phase, synthesized the first chiral
smectic compounds, which later turned out to show ferroe-
lectricity,[30] and reported about “circular infection”, nowa-
days known and broadly used as the induction of helical
superstructures by chiral dopands. Vorl�nder prepared first
examples of mesogenic dimers (3) and already in 1919 he
asked the question if infinitely long molecules would be able
to form extraordinary stable LC phases[31] and he indeed
prepared the first LC main-chain polymers (4).[32] It is

interesting to note that Vorl�nder thought about LC polymers
at about the same time that Staudinger, who graduated at
Halle University under Vorl�nder, was starting polymer
science in Freiburg i. Br. around 1920.

Although Vorl�nder recognized the rigid and linear
molecular shape as the basic principle of LC phase design,
he kept always asking if there would be other molecular
shapes leading to LC self-assembly. He synthesized numerous
molecules with different shapes. Among them molecules with
a bent shape (9), for which much later, in 1996, the formation
of polar order and spontaneous achiral symmetry-breaking
was discovered (bent-core mesogens; see Section 10).[33] Star-
shaped molecules (8) were also considered, a concept which
was later developed by Eidenschink,[34] Malthete,[35]

Tschierske,[36] Lehmann,[37] and others. Most interestingly, he
also speculated that disc-like molecules could organize in LC
phases composed of stacks of these molecules, similar to
“Volta�s columns”. Although he investigated flat aromatic
compounds such as triphenylene (6) and perylene in this
respect, at that time he was unable to detect LC properties for
these compounds. However, without recognizing it, he indeed
discovered the first thermotropic columnar LC phase in a very
different ionic compound, sodium diphenylacetate (7).[38] He
described more than 150 other ionic liquid crystals, a field
which much later received significant attention in connection
with ionic liquids,[39] ionic liquid crystals,[40,41] and the concept
of ionic self-assembly.[42] Moreover, sodium diphenylacetate
(7) is the prototype of LC compounds without the usually
used flexible alkyl chains, which quite recently has been
rediscovered.[43] Besides ionic LC, he also described about
200 supramolecular hydrogen bonded LC (for example 5),
which are nowadays considered as the first examples of
supramolecular mesogens.[44]

The proposal of disc-like molecules forming columnar LC
phases has presumably been forgotten and for the next
decades research in LC was nearly exclusively focussed on
rod-like molecules, especially owing to the growing impor-
tance of these LC for application in displays. However, in
1977, Chandrasekhar, Sadashiva, and Suresh from the Raman
Research Institute Bangalore reported LC hexaalkanoates of
hexahydroxybenzene, which, based on XRD data, form
a columnar LC phase.[45, 46] Since that time, the field of
discotic mesogens and columnar LC phases has developed
into a broad field,[47] and presently columnar phases formed
by molecules with p-conjugated disc-like cores is a major
promising group of materials for organic semiconductors in
application as organic photoconductors, field-effect transis-
tors, and for photovoltaics.[48]

3. From Molecular Shape to Interfaces

3.1. Polycatenar Molecules and Bicontinuous Cubic Phases

A major effect of the discovery of disc-like mesogens was
that scientists started searching for alternative design con-
cepts for mesogenic materials, as Vorl�nder already did
several decades before. At first, attention was focused on the
transition between rod-like and disc-like molecular shapes by

Figure 4. Examples of LCs (1–5, 7, 9) and potentially LC materials (6,
8) investigated by Vorl�nder,[23] and a selection of his samples stored
in his famous cigar boxes (courtesy of W. Weissflog, University of
Halle).
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attaching more than only one alkyl chain to the ends of rod-
like molecules (Figure 5), pioneered by Malthete, Destrade,
Levelut, and Tinh.[49] These molecules were assigned as
phasmidic (having in total six chains) or polycatenar (any
number of chains more than two). Weissflog et al. extended
this concept to so-called swallow-tail compounds with
branched end chains, having two branches with approxi-
mately equal length (for example, compound 13 in
Figure 5).[50] Alternatively, the number of chains attached to

disc-like mesogens was decreased, leading to board-like
(sanidic) molecules.[51] This research has also been driven by
the search for biaxial nematic phases (Nb, see Figure 1), which
were expected to be formed by board-like molecules.[52]

Although the biaxial nematic phase has not yet been achieved
with polycatenar or sanidic compounds, this research lead to
the discovery of new LC phases and to a new concept of LC
design.

One type of these new mysterious phases was an optically
isotropic phase, for which XRD indicated a cubic lattice. For
polycatenar molecules, the phase sequences involving the
cubic phases in the sequence nematic–smectic–cubic–colum-
nar (N-SmC-Cub-Col) were often observed on increasing the
length and the number of alkyl chains attached to the rod-like
core,[49, 53] as shown in Figure 5b for compound 13.[50]

In this way these molecules provided a transition between
the smectic phases, typically formed by rod-like molecules,
and the columnar phases, typical for disc-like molecules. The
cubic phases, occurring at this transition, are a special mode of
molecular self-assembly of mesogenic molecules with a perio-
dicity in three dimensions instead of only in one (smectic) or
two (columnar). The same phase sequence lamellar–cubic–
columnar was previously known from lyotropic LC systems
formed by amphiphilic molecules in the presence of water,[9]

but also for anhydrous soaps, as shown by the work of Luzzati
and Skoulios.[40,54] Already before the work on polycatenar
mesogens, thermotropic cubic LC phases have been observed
for polar rod-like molecules incorporating hydrogen bonding
groups, as the dimers of 4’-alkoxy-3’-nitrobiphenyl-4-carbox-
ylic acids (compound 14 in Figure 6), first reported by Gray
et al.,[55] analogous 3’-cyano-biphenyl-4-carboxylic acids with
long chains (n> 15)[56–58] and 1,2-bis(4-alkoxybenzoyl)hydra-
zines discovered by Schubert and Demus et al.[58, 59] Formation
of cubic phases by these molecules was not in line with the
theories of LC self-assembly at that time based on the shape
anisometry of the molecules, and therefore not well under-
stood before cubic phases were discovered in polycatenar
mesogens.[60,61]

Figure 5. a) Examples of polycatenar mesogens (T/8C);[49, 85, 139]

b) phase diagram of the homologous series of double-swallow-tailed
compounds 13 depending on chain length[50] (Isore = re-entrant iso-
tropic liquid phase); c) molecular organization in the mesophases of
polycatenar compounds; the cubic range indicates the range in which
smectic or modulated smectic phases can coexist with or be replaced
by bicontinuous cubic phases. b) Courtesy of W. Weissflog, University
of Halle, to be published in ref. [7b], c) was reproduced with modifica-
tions from ref. [120b] with permission of The Royal Society of
Chemistry.

Figure 6. Cubic phases of compounds 14 depending on alkyl chain
length (the Colhex phase is observed as a metastable phase on cooling
of compound 14 with n = 26).[58] Reproduced from Ref. [58], copyright
2012, Wiley-VCH.
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The similarity of the phase sequences and morphologies of
anhydrous soaps, surfactant-water systems, and diblock
copolymers[62] with the smectic, columnar, and cubic ordering
in polycatenar liquid crystals became obvious, and amphi-
philic character and micro-segregation were recognized as
key features of mesomorphic self-assembly.[63–68] In principle,
almost all mesogenic molecules capable of forming positional
ordered mesophases (e.g.: Sm, Col, Cub) can be regarded as
amphiphiles; that is, these molecules are composed of at least
two distinct and to a certain degree incompatible segments,
either rigid cores and flexible chains, or polar and non-polar
groups, or combinations of both. Accordingly, their meso-
phases can be described by the shape of nanoscale segregated
compartments and the interfaces separating them.[65] In
smectic phases, the interfaces are flat layers, in columnar
phases they are honeycombs (Voronoi honeycombs;[69] see
Figure 7a,c), whereas in the cubic phases considered here,
two networks of branched columns are separated by infinite
minimal surfaces (Figure 7 b).[70] In analogy to self-assembling
amphiphiles, these cubic phases[58, 71] occurring at the Sm–Col
cross-over of polycatenar mesogens can be considered as
bicontinuous cubic phases, abbreviated as CubV.[72]

The understanding of mesophase formation has thus
turned from simply considering the molecular shape to
nanoscale segregations and the shape of the interfaces
resulting during self-assembly,[65] the curvature of which
increases in the order lamellar–bicontinuous cubic–columnar.
As this sequence is often observed by increasing the alkyl
chain volume or by an increase in the temperature (Fig-
ure 5b), it appears that in the CubV phases the aromatic units
are organized in the branched networks, whereas the alkyl
chains form the continuum and the infinite minimal surfaces
can be considered to separate the two interwoven labyrinths
and to be located between the ends of the alkyl chains.

As shown in Figure 8, there are three distinct types of
infinite minimal surfaces, related to the valence (v) of the
nodes in the interwoven networks of branched columns: v =

3: Schoen�s gyroid (Ia3̄d), v = 4: Schwarz�s d-surface (Pn3̄m);

v = 6: Schwarz�s P-surface (Im3̄m). The Ia3̄d cubic phase with
a valence of the branches of v = 3 (Figure 8a) is the most
often observed type. The gyroid infinite minimal surfaces,
introduced by Schoen[73] separates these two networks.
Recent studies by Kutsumizu et al. suggest that the threefold
nodes in the Ia3̄d phase of rod-like and polycatenar com-
pounds appear to dominate the structure and actually could
be considered as layer fragments with a twisted triangular
shape (Figure 9), representing the majority of the interwoven
networks.[74] It thus seems that the rod-like molecular shape
has a modifying effect on the structure of the Ia3̄d cubic phase
(compare Figure 8a and 9a).

The Pn3̄m phase (Figure 8b) involving tetrahedral
branches with v = 4 (double diamond) is often observed in
lyotropic systems, but rarely found for thermotropic LCs and
is less well-investigated in these systems. In thermotropic LC
systems it was first reported for a rod-like amphiphile[75] and

then found to be more often formed by disc-
like molecules (see Section 3.3.3).[76–78]

The Im3̄m phase is the second frequently
observed cubic phase, but for polycatenar and
other rod-like mesogens it does not have the
simple structure, known for this type of cubic
phases in lyotropic systems and shown in
Figure 8c. The lattice parameters are much
larger than expected for such a simple struc-
ture formed by two interwoven networks with
branchings having a valence of v = 6. Different
models were proposed for this type of cubic
phase (Figure 10). The first model, proposed
by Levelut et al.[79a] and then modified by
Kutsumizu et al. and Saito et al.[79b–d] has addi-
tional surfaces between the networks (A), i.e.
there are molecules in the networks as well as
between them. However, these structures are
not in line with experimental electron density
maps and therefore can be excluded. The other
two models B and C are backed up by electron

Figure 7. Interfaces in LC phases; the upper line shows the aggregate cores and the lower one
their interaggregate interfaces.[120d] Reproduced from Ref. [120d] copyright 2012, Wiley-VCH; the
gyroid was reproduced with permission from Ref. [58], copyright 2008, American Chemical
Society.

Figure 8. The three bicontinuous cubic phases with their labyrinths of
branched columns (top) and the infinite minimal surfaces separating
these labyrinths (bottom). D: see http://anusf.anu.edu.au/anusf_
visualization/viz_showcase/stephen_hyde/; G and P are reproduced
with permission from Ref. [58], copyright 2008, American Chemical
Society.
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density calculations using different methods for the choice of
phase combinations and differ in structural details. In the
model B, proposed by Ungar et al.,[80] there are three
networks, leading to an overall tricontinuous structure. In
model C, proposed by Kutsumizu et al. ,[58, 81] there are small
vesicles in the center and at the corners of the unit cell formed
by the rod-like aromatics cores and filled with alkyl chains.
These vesicles are separated by a network of branched
columns. Although model C is composed of regions with
different degree of curvature, this structure avoids any nodes
with valences v> 3. The complete absence of the classical
Im3̄m structure (Figure 8 c) with v = 6 and the rare occurrence
of the Pn3̄m lattice with n = 4 in thermotropic cubic phases of
rod-like molecules suggests that such high-valence nodes are
disfavored for these compounds, which is most likely due to
the unfavorable non-parallel arrangement of the rod-like
cores required by these high valence nodes. As such high
valence nodes are absent in model C and the formation of
vesicular spheroids has recently been reported for cubic
phases of other compounds (see Section 6),[82, 83] this structure
appears to be possible. This hybrid structure C, combining
a net formed by threefold branched columns separating
vesicles located on the Im3̄m cubic lattice, would have
increased complexity compared to all previously reported
bicontinuous cubic phases formed by flexible binary amphi-
philes, namely surfactants and diblock copolymers. It seems
that the rod-like segments provide restrictions which compete
with the interface curvature required by nano-segregation
and thus increase the complexity of molecular self-assemly in
these cubic phases. In the homologous series of 4’-alkoxy-3’-
nitrobiphenyl-4-carboxylic acids 14 (Figure 6) and also in
other homologous series the Im3̄m phase appears between
two Ia3̄d cubic phases with nearly identical lattice parameters
and similar structure, that is, in both Ia3̄d phases the rod-like
cores of the molecules form the networks and the alkyl chains
form the continuum.[74] A possible explanation for the
presence of two similar Ia3̄d phases could be, that for short
chains the influence of the rod-like core is large and the Ia3̄d
phase of the short chain compounds, occurring adjacent to the
smectic phases, has triangular layer sheets (Figure 9). With
growing chain length, the influence of the molecular shape
decreases and the Ia3̄d phase of the long chain compounds
(n = 22–26, occurring adjacent to the columnar phase) is,
especially at higher temperature, probably more similar to
a structure composed of branched columns (Figure 8 a); the
Im3̄m phase could therefore be an intermediate structure
occurring at the transition between these two modes of Ia3̄d
phases which is stable at a distinct rod/chain ratio, that is, at
a certain degree of molecular flexibility.

The rod-like shape of the rigid segments in polycatenar
compounds also influences the structure of the smectic and
columnar phases formed by these molecules. In contrast to
the columnar phases of disc-like molecules, for polycatenar
mesogens ribbons of parallel aligned rod-like molecules form
columns with a non-circular cross sectional shape (Figure 5b).
If orientational order of the molecules in adjacent ribbons is
long range, rectangular and oblique lattices are often found,
which are replaced by hexagonal columnar phases upon
further chain elongation or with rising temperature. In these

Figure 9. Model of the Ia3̄d phase as proposed for rod-like and
polycatenar molecules: a) unit cell with triangles forming the two
branched networks; b) shows the proposed tilted and twisted arrange-
ment of the molecules on these triangles.[74] Reprinted with permission
from Ref. [74], copyright 2012, the Physical Society of Japan.

Figure 10. Three distinct models A–C of the Im3̄m phase of rod-like
and polycatenar mesogens; in A the molecules are located between
the interfaces with the ends of the alkyl chains on these surfaces; the
inset in B shows the three labyrinths of branched columns involving
the aromatic cores; in C the aromatic cores are in the red areas.[79, 81]

A,C) Reprinted with permission from Ref. [58], copyright 2008, Ameri-
can Chemical Society; B) reproduced from Ref. [80] with permission of
The Royal Society of Chemistry.

Liquid Crystals
Angewandte

Chemie

8835Angew. Chem. Int. Ed. 2013, 52, 8828 – 8878 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


hexagonal columnar phases the ribbons of the rod layers are
thought to loose their close contact and adopt a time- and
space-averaged packing on a hexagonal lattice (Fig-
ure 5c).[77, 84]

Besides the significant insights into mesophase formation,
the work on polycatenar molecules also provided new
building blocks for molecular design of cubic and columnar
mesogens, namely the di- and trialkoxy benzoates and the
3,4,5-tris-(p-n-alkyloxybenzyloxy)benzoyloxy units
(DOBOB) introduced by Malthete[85] and Kok.[86] Nowadays
these units belong to the most often used building blocks for
the design of mesogenic materials. Percec et al. have further
extended this concept to even larger groups by dendritic
branching of benzyl ether-based structures.[87] Instead of
attaching three or more linear alkyl chains also bulky
groups as oligo(dimethylsiloxane) groups,[88] perfluorinated
chains,[89, 90] branched alkyl chains,[91] and strongly folded
flexible chains, such as oligo(ethylene oxide) or oligo(propy-
lene oxide),[92] can be used to change the phase structure from
lamellar to bicontinuous cubic and columnar.

3.2. From Supramolecular Mesogens to Self-Assembled
Polymolecular Aggregates

Self-assembly of mesogenic unit from smaller building
blocks leads to supramolecular LC, which is well-known for
hydrogen bonding in benzoic acids dimers, related complexes
between benzoic acids and pyridines[93, 94] and the more
recently introduced halogen bonding.[95] The hydrogen bond-
ing aggregates 11 (Figure 5) and 15 (Figure 11) are examples
of polycatenar and disc-like mesogens based on intermolec-
ular hydrogen bonding.[96] In this case LC phase formation can
be considered as a stepwise process, involving the formation
of discrete anisometric (disc-like) entities, which then self-
assemble in columns which arrange on a periodic 2D lattice.
The hydrogen bondings are in this case predominately
perpendicular to the column long axis. Disc-like molecules
incorporating amide groups (for example 16) form hydrogen

bonding along the long axis of the resulting column, in this
way stabilizing these columns, often with formation of
a helical superstructure owing to the mismatch of the
distances provided by C=O···H�N hydrogen bonding and p-
stacking between the aromatic cores.[97–99]

Self-assembly of taper-shaped molecules with hydrogen
bonding groups at the apex, like amides,[100] diols,[101, 102]

carbohydrates,[103–107] and other polyalcohols[94, 108, 109] provides
large aggregates, formed by cooperative and dynamic hydro-
gen bonding networks between these groups (Figure 11–13
for compounds 17–26 as selected examples).[110] In this case
there is no preferred direction of the hydrogen bondings and
self-assembly occurs simultaneously along the columns and
perpendicular to the columns. Thus the molecules immedi-
ately form columnar aggregates by nanoscale segregation of
polar and lipophilic units, that is, by endo recognition of the
hydrogen-bonding polar groups and exo-recognition of the
lipophilic chains, without the intermediate stage of disc-like
supramolecules. As no specific disc-like shape is provided by
any discrete supramolecular species, the mesophase type
easily changes and mainly depends on the number and length
of the alkyl chains, and therefore, these columnar phases
typically occur in phase sequences smectic–bicontinuous
cubic–columnar–micellar cubic (see the next Section) upon
changing the alkyl chain volume. This behavior is retained if
the hydrogen bonding groups at the apex are replaced by
ionic groups (compounds 27–29 in Figure 14).[111] Thus the
self-assembly of these molecules is dominated by amphiphi-
licity and nano-segregation and the mesophase type is
determined by the resulting interfaces, whereas the effects
of molecular shape are reduced compared to disc-like
mesogens. Therefore, these LC phases could be regarded as
thermotropic analogues of the corresponding lyotropic LC
phases in aqueous systems. However, until the middle of the
1990s, the micellar cubic phase with the largest interface
curvature was still missing for thermotropic LCs.

3.3. Micellar Cubic Phases
3.3.1. Micellar Cubic Phases of Flexible Amphiphiles

The micellar cubic phase (CubI), formed by spheroidic
aggregates, was first discovered for 3,4,5-trialkoxybenzamides
derived from N-methylglucamide (31) and was introduced as
a novel mode of thermotropic liquid crystal self-assembly in
solvent-free systems by Tschierske et al.[106,112] Figure 12 a
shows the original texture photo presented in the report from
1996[112] indicating a birefringent columnar phase with spher-
ulitic texture developing in the contact region between the
smectic phase (SmA) of the single chain glucamide 19 and the
optically isotropic micellar cubic phase (CubI) of the three-
chain glucamide 20, in complete agreement with the increase
of the interface curvature in the phase sequence SmA–Colhex–
CubI upon increasing the concentration of the three-chain
compound 20. This indicated a micellar structure of this cubic
phase, which was additionally confirmed by XRD indicating
a cubic Pm3̄n lattice[113] and by conductivity measurements of
related 1-amino-propane-2,3-diols 21.[101, 113] Electric conduc-
tivity is based here on proton conductivity by the hydrogen-Figure 11. Hydrogen bonding in columnar LC phases.
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bonding networks,[114] which drops by nearly an order of
magnitude at the transition from infinite columnar aggregates
in the Colhex phase to the isolated spheroidic aggregates in the
CubI phase (Figure 12 b).[113] This concept was later used by
Kato et al. for switching of ion conductivity.[115] Percec, Ungar
et al. have found this type of cubic phases for series of
dendritic molecules and further investigated the Pm3̄n cubic
phase by XRD and electron density reconstruction.[11]

In the series of compounds 22–26 shown in Figure 13, the
phase sequence SmA–CubV–Colhex–CubI even develops in
two opposite directions, either by increasing the size of the
lipophilic segments, leading to negative curvature (type 2
phases)[106,112] or by increasing the polar hydrogen-bonding
units, which leads to the normal type phases (positive
curvature, type 1 phases).[116–119] The SmA phase with zero
curvature divides the two sets of morphological equivalent
structures with opposite sign of the interface curvature and

reversed distribution of cohesive energy density (CED). This
series illustrates the similarity of self-assembly in thermo-
tropic and lyotropic LC systems, which are essentially based
on the same fundamental principles of nanoscale segregation
and curvature of interfaces.[120]

Since their discovery[112] the micellar cubic phases were
found in numerous self-assembled thermotropic LC systems
(Figure 14).[11, 71, 87,115, 120–135] In the series of LC carbohydrates,
for example, they were intensively investigated by Goodby
et al.[107] Most extensive investigations with a broad range of
structural variations have been carried out by Percec et al. for
dendritic molecules based on benzylether type dendritic units
(for example 32), which was recently extensively reviewed.[87]

Remarkably, the vast majority of these micellar cubic phases
have the space group Pm3̄n composed of 8 micelles per unit
cell.[11, 113,136] Possible reasons for the dominance of this

Figure 12. a) Contact region between the SmA phase of 19 and the
micellar cubic phase (CubI) of 20 at T =115 8C showing the develop-
ment of a Colhex phase[112] between these two LC phases with different
interface curvature and b) conductivity (k) versus inverse temperature
plot for the diol 21.[113] a) Reproduced from Ref. [112] with permission
of The Royal Society of Chemistry; b) reproduced from Ref. [113]
copyright 1997, Wiley-VCH.

Figure 13. Phase sequence observed for solvent-free compounds 22–26
depending on the volume fraction of the incompatible molecular
segments (polar parts: black, lipophilic parts: white) for 22 ; a Im3̄m
lattice is shown as a possible structure, but a full XRD analysis was
not possible in this case.[116] Reproduced with modifications from
Ref. [270], The Royal Society of Chemistry.
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relatively complicated packing over the simpler Fm3̄m and
Im3̄m lattices will be discussed in Section 4.1.

3.3.2. Micellar Phases of Rod-like Molecules

In contrast to the taper-shaped and dendritic amphiphiles,
the degree of interface curvature achievable with rod-like
molecules is more limited, which is due to the longitudinal
extension of the rod-like cores, and therefore the formation of
micellar cubic phases is much less likely for these rigid
compounds.[137] Coil–rod–coil molecules with oligo(ethylene
oxide) or oligo(propylene oxide) terminal chains (Figure 15),
and related compounds with branched or dendritic
chains[92, 138] form square or hexagonal mesh phases, replacing

the non-distorted lamellar (smectic) phases. These mesh
layers show a direct transition to distinct types of 3D packing
of disc-like aggregates with hexagonal, body-centered tetrag-
onal or monoclinic 3D lattice, replacing the micellar cubic
phases composed of spheroidic aggregates and formed by
flexible or conical molecules (Figure 15).

The sexithiophene-based hexacatenar compound 12 (see
Figure 5)[139] has flexible ethylene spacers between the
relatively rigid and nearly rod-like sexithiophene core and
the two branched end groups. The flexible spacers provide
sufficient flexibility to allow the formation of spherical
micellar aggregates, leading to a micellar cubic phase with
Pm3̄n space group. It appears that this is the first example of
a polycatenar compound forming a micellar cubic phase
(CubI) instead of the usually observed bicontinuous cubic
(CubV) and columnar phases (Col).

3.3.3. Cubic Phases of Disc-like Molecules

Most disc-like molecules apparently disfavor the forma-
tion of bicontinuous cubic phases at the smectic–columnar
transition, and isotropic liquid and nematic phases were found
instead.[140,141] There are only few disc-like molecules forming
cubic phases, and in many cases there is no knowledge about
their structure.[71a,142–144] Formation of bicontinuous cubic
phases was recently observed by Aida et al. for disc-like
triphenylenes with a periphery of imidazolium salt groups at

Figure 14. Examples of mesogens forming micellar cubic phases
(CubI1 = normal type; CubI2 = reversed type).[87, 107, 125a,c,132–135]

Figure 15. Transition from mesh layers to a tetragonal packing of discs
upon increasing the terminal chain size of coil–rod–coil molecules.[138b]

Reprinted with permission from Ref. [138b], copyright 2005, American
Chemical Society.
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the ends of the six alkyl chains (Compound 64a in Figure 31 a
in Section 7.1);[78] most of them are CubV/Ia3̄d phases and in
one case the rare CubV/Pn3̄m phase was observed.

More recently Ohta et al. reported several series of
phthalocyanines with different types of cubic phases (for
example 34).[145] Often the thermal phase sequence Colhex–
CubV/Pn3̄m–CubI/Pm3̄n–Colsqu–Iso is observed (arrows in
Figure 16).[146] The unusual features of this sequence are the

appearance of cubic phases between two columnar phases,
a hexagonal and a square, the direct transition between two
distinct cubic phase types, a bicontinuous (Pn3̄m) and
a micellar (Pm3̄n) without intermediate columnar phase,
and the formation of the rarely observed bicontinuous cubic
phases with Pn3̄m space group for nearly all investigated
compounds (Figure 8b). Thus it appears that disc-like mole-
cules have a higher ability than rod-like molecules to form this
lattice. Obviously the formation of nodes with a valence of n =

4, as required in the tetrahedral branchings in the Pn3̄m
phase, is favored by sliding of the disc-like units as shown in
Figure 16 c, whereas rod-like molecules can more easily form
lower valence nodes (n = 3 in the gyroid). The micellar cubic
Pm3̄n phases of compounds 34 are presumably formed by
short rotationally disordered rod segments. Micellar cubic
phases with a Pm3̄n lattice were also observed for other disc-
like molecules and supramolecular architectures, such as
hydrogen-bonded G-quartet supramolecules with sodium
salts,[147] flat triphenylenes, and conic cyclotriveratrylenes
with peripheries of dendritic groups.[148,149]

3.4. Star Mesogens and Spherical Mesogens

Until around 1995, the common opinion was that meso-
genic properties could only be achieved with molecules
incorporating either a sufficiently large (rod- or disc-like)
anisometric unit (classical shape anisometric mesogens), or
alternatively if polar groups with strong intermolecular
attractive forces, such as hydrogen bonding and ionic groups
were involved in amphiphilic mesogens. Therefore, it was
surprising at that time to find that also flexible molecules
having neither a specific shape nor containing any ionic or
hydrogen bonding site could show LC phases. Columnar
phases were for example found for molecules with linear
connected 3,4-dialkoxybenzoyl groups (compound 43 in
Figure 18)[150,151] and star-shaped pentaerythritol tetraben-
zoates (35–38)[36] shown in Figure 17 and Tables 1 and 2.[152]

The pentaerythitol tetrabenzoates 35a–e (Figure 17) with
star-like shape were the first examples of non-anisometric and
“non-amphiphilic” low-molecular-weight molecules forming
the whole sequence of LC phases from smectic via bicontin-

Figure 16. a) Phthtalocyanines showing bicontinuous cubic Pn3̄m and
micellar cubic Pm3̄n phases; b,c) chain-length-dependent mesophase
sequence of 34 (M = Lu; Colsqu = columnar phase with square latti-
ce);[146a] b) Reproduced with modification and permission from
Ref. [146a], copyright 2010 World Scientific Publishing Company.

Figure 17. Modes of self-assembly of the tetrahedral molecules 35
depending on the volume ratio of the two incompatible units: a) self-
assembly of the individual compounds depending on the number and
degree of fluorination of the non-polar chains (35a : R1 = (CH2)4C6F13,
R2,R3 = H; 35b : R1 = (CH2)6C4F9, R2,R3 = H; 35c : R1, R2 = (CH2)4C6F13,
R3 = H; 35e : R1–R3 = (CH2)4-C6F13) and b) phase diagram of a mixture
of compounds 35a and 35e with different chain number, depending
on composition and temperature.[155] a) Reproduced with modifications
from Ref. [120b] with permission of The Royal Society of Chemistry;
b) reproduced from Ref. [155] copyright 2000, Wiley-VCH.

Liquid Crystals
Angewandte

Chemie

8839Angew. Chem. Int. Ed. 2013, 52, 8828 – 8878 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


uous cubic and columnar[153] to micellar cubic by changing the
number, length, and degree of fluorination of the attached
chains.[154, 155] Despite the tetrahedral central unit, providing
a nearly isometric molecular shape, the molecules are
sufficiently flexible to adopt any other shape. The actual
average shape and the distribution of the distinct shapes of
the molecules is selected during the self-assembly process
driven by the optimization of the segregation of the polar
central units from the lipophilic periphery, as shown in
Figure 17 a.

If the cross-sectional area of the molecule (A) is
independent on the distance (r), that is, A(r) is constant as
in compound 35a with a single chain at each benzene ring,
then smectic phases are formed; if the cross-section area A
increases linearly with the distance r, that is, A(r)/ r, as in
compounds 35c,d with two chains at each ring, then the
compound prefers to form a columnar phase and if there is
a square relation A(r)/ r2 the micellar cubic phase is formed
for compound 35 e.[137,155]

For these pentaerythritol tetrabenzoates and related
molecules LC self-assembly occurs exclusively by nanoscale
segregation of the more polar benzoate units from the
nonpolar chains, that is neither rigid anisometric units nor
specific attractive forces as hydrogen bonding or ionic
interactions are involved.[156] The benzoate units form the
aggregate cores and the fluid alkyl or RF chains form the
continuum around them, and the resulting columnar aggre-
gates organize at constant distance on a hexagonal lattice. The
degree of incompatibility, that is, the difference in cohesive
energy density (CED)[157] between the two blocks forming the
amphiphile, determines the mesophase stability. For example,
replacing the polar COO groups in compound 37 successively
by the less polar CH2O groups (38 a–d) reduces the core
polarity and thus decreases the CED difference between the
core region and the aliphatic chains, leading to mesophase
destabilization (Colhex–Iso transition temperatures; see
Table 1).[158] On the other hand, increasing the CED differ-
ence by replacing COO by CONH (36) stabilizes the LC
phases.

It should be noted that it is the difference in CED between
the incompatible blocks that determines the stability of
a mesophase with respect to the disordered isotropic liquid
state and not the CEDs of the individual segments or the total
of the CED of the whole molecules.[154] Therefore, the CED
difference between polar core and periphery could also be
increased by reducing the CED of the chains by replacing RH

chains by RF chains with lower CED. Therefore, introducing
perfluorinated segments into alkyl chains in almost all cases
leads to increased mesophase stability, as shown in Table 2 for
the series of pentaerythitol tetrabenzoates 37, 35 c, and 35 d.
The fluorophobic effect is nowadays a well-established
concept used for mesogen design,[159,160] which has recently
been reviewed in detail[161, 162] and therefore is not discussed
herein.

Increasing the molecular size is an alternative way to
increase the mesophase stability, which for example is
achieved by increasing the number of interconnected ben-
zoate units.[36, 120] Similarly, for dendritic molecules, increasing
the generation number increases the mesophase stability as
well as it shifts the LC phase type from Colhex to CubI as A(r)
changes from A(r)/ r to A(r)/ r2.[87,11, 163, 164] These relation-
ships between molecular size, CED difference, mesophase
stability, and mesophase type are analogous to those observed
for the stability of morphologies in binary block copolymer
melts, where the order–disorder transition temperature (To�d)
according to (3) depends on the Flory-Huggins interaction
parametercA-B between the two polymer blocks A and B.

To-d � cA-B ¼ NVðdA�dBÞ2ðRTÞ�1 ð3Þ

Tcl � ccore-chain ¼ Vmolðdcore�dchainÞ2ðRTÞ�1 ð4Þ

The parameter cA-B depends on the CED difference
between the polymer blocks, which can be calculated from the
difference of the solubility parameters dA-dB of the two
segments,[165] the number of repeat units N, and the average
volume of the repeat units forming the polymer blocks V.

Table 1: Effect of modification of the core polarity on the phase transition
temperatures (T/8C).[36]

Comp. X1 X2 X3 X4 Cr Colhex Iso

36 CONH COO OOC OOC * 47 * 66 *

37 COOCH2 COO OOC OOC * 54 (* 47) *

38a CH2OCH2 COO OOC OOC * 7 * 32 *

38b CH2OCH2 CH2O OOC OOC * 10 * 24 *

38c CH2OCH2 CH2O OCH2 OOC * 11 * 23 *

38d CH2OCH2 CH2O OCH2 OCH2 * 14 * 21 *

Table 2: Effect of the degree of fluorination on the transition temper-
atures (T/8C).[154]

Comp. R Cr Colhex Iso

37 C10H21 * 54 (* 47) *

35c C4F9(CH2)6 * <20 * 100 *

35d C6F13(CH2)4 * 88 * 131 *
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Considering the core units of mesogenic molecules as A and
the peripheral chains as B, Equation (4) would be applicable
to liquid crystalline molecules composed of two blocks with
distinct cohesive energy density (binary block molecules) and
it has indeed been used to estimate mesophase formation
from interaction parameters.[36b, 165–168] However, caution is
required, as LCs incorporating rigid segments are more
complex systems where rigid/flexible incompatibility, molec-
ular shape, and topology have a significant influence on
mesophase type and mesophase stability.

Overall, investigation of the tetrahedral block molecules
has contributed to the general understanding of mesophase
formation in the framework of a uniform concept of soft
matter self-assembly involving lyotropic systems, thermo-
tropic LC phases of amphiphilic and anisometric molecules
and morphologies formed by binary block copolymers and
dendrimers, as outlined in recent reviews.[60, 66, 112,169] Even self-
assembly in solid crystals is nowadays discussed by consider-
ing nanoscale segregation effects and minimal surfaces.[170]

In Figure 18, additional examples of star-shaped, den-
dritic, and other nearly spherical molecules are collated.[35a,171]

Compound 44, reported by Lattermann et al., can be
regarded as a first example of flat three-star mesogens with
C3-symmetry.[172] Lehmann et al. extended the concept by
further linear extension of the aromatic units attached to the
trigonal center (compounds 45)[37] and a great number of
other trigonal star molecules with columnar LC phases was
synthesized meanwhile.[47] LC dendrimers have also devel-
oped to a broad research field, which has been well
reviewed.[87, 173]

3.5. Rod-like Units: Emergence of Tilt and Rugged Energy
Landscapes

As shown in Section 3.1, the increase of the curvature of
internal interfaces leads to a change of the phase type.
However, rigid rod-like units disfavor a splayed organization
and in this way disfavor formation of curved interfaces. Tilt of
rigid units with respect to the normal to these interfaces is
a powerful tool to increase their cross-sectional area and thus
it can adjust the interfacial area to that provided by the other

molecular segments. This can also
avoid or reduce the interface curva-
ture. In smectic phases, these effects
contribute to the often observed
transition from nontilted SmA
phases to uniformly tilted SmC
phases by increasing the alkyl chain
volume or upon reducing the tem-
perature, when a denser packing of
rod-like units takes place. Because
tilt and interface curvature are in
competition, bicontinuous cubic
phases (Ia3̄d) can occur at the
SmA–SmC transition, as shown in
the phase diagram in Figure 6 for
compound 14 with n = 15.[174] This
competition between interface cur-
vature and tilt of rigid units leads to
rugged energy landscapes[175] with
several close minimum structures
arising from the complex interac-
tions between molecular shape, tilt
of molecular segments, nanoscale
segregation, and curvature.[176, 177]

In a similar manner in columnar
phases, the tilt of rigid units with
respect to the normal to the column
long axes can release the frustration
arising from the mismatch of inter-
facial areas and can thus avoid
a transition to micellar cubic phases
with stronger curvature. For disc-like
molecules, the tilt of these units leads
to an elliptical cross-sectional area of
the columns, giving rise to transitions
from hexagonal Colhex phases to
columnar phases with reduced sym-
metry (Colrec, Colobl).[47] Also in col-

Figure 18. Examples of “non-anisometric” mesogens forming predeominately columnar LC phases
(T/8C).[35a, 37, 151, 163,171, 172, 180]
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umnar phases of non-discotic molecules, as polycatenar[178]

star-shaped, and dendritic molecules rigid segment play am
important role in their self-assembly. For example, replacing
the flexible alkyl chains of the dendron 46, forming a micellar
cubic phase (CubI/Pm3̄n) by more stiff semiperfluorinated
chains removes the micellar cubic phase, which is replaced by
a hexagonal columnar LC phase in the fluorinated dendron 47
(see Figure 19).[179] This is opposite to the usually observed

trend, where increasing the chain volume by fluorination
replaces columnar by micellar cubic phases.[122,155] For com-
pound 47, the rigid rod-like RF segments in the column
stratum disfavor interface curvature, thus avoiding the
increased curvature in the micellar aggregates and retaining
the columnar organization. A similar effect was observed for
the tetrahedral compounds 35a,b (Figure 17 a) where increas-
ing the length of the fluorinated segment in the alkyl chain
removes the bicontinuous cubic phase with curved interfaces
and replaces this by a SmA phase without curvature.

Star mesogens such as 45 a provide another example for
the mesophase modifying effects of rigid unit (Figure 18).
These molecules with identical length of all arms form
exclusively columnar phases, irrespectively of the rod-
length,[37] whereas micellar cubic phase are formed if the
rod-length becomes different as in compound 45b.[180] Inves-
tigations have shown that in the columnar phase of 45a the

molecules adopt an E-shaped conformation with parallel
aligned aromatics, which are arranged with a tilt with respect
to the normal of the column long axis.[37] This tilted packing of
the aromatics in the columns can reduce the mismatch of
interfacial areas provided by the parallel organization of three
aromatic rods with in total nine alkyl chains at their ends. In
this case, the tilt retains a close packing of the aromatics,
which stabilizes the columnar phase and inhibit the transition
to the micellar cubic phases, because formation of spherical
aggregate would distort the dense parallel organization of the
rod-like aromatics. However, if the length of the three legs
becomes different (compound 45 b), the mixing of rod-like
cores with different length disturbs the parallel organization
of the aromatics and thus reduces this additional stabilization
of the columnar aggregates. In this case, formation of
a micellar cubic phase is the preferred way to release the
frustration owing to the mismatch of interfacial areas. Similar
effects can be observed if rod-like aromatic units, like
biphenyls, are introduced into dendritic molecules.[87]

Along with the effects on interface curvature, the tilted
arrangement of rod-like aromatic units also allows a denser
packing of these units and above a certain packing density
helical superstructures can arise in the columnar aggregates.
Moreover, helical columns can register on a 3D lattice, and
the denser packing could lead to enhanced charge carrier
mobility along the columns.[37, 87,181]

4. Organizations of Spheroidic Aggregates

4.1. From Pm3̄n to Im3̄m Cubic and 3D Tetragonal Phases

As shown in Figure 7, mesophases can be described by the
geometry of the supramolecular aggregates, ranging from
layers to spheroids. The packing of the aggregate cores on
a spatial lattice takes place with constant distance between
them and minimized area of the resulting inter-aggregate
interfaces. Whereas it is clear that the hexagonal honeycomb
represents the minimum surface solution for the packing of
columns with circular cross-section (Figure 7c), leading to
a dominance of Colhex phases, the problem of optimized
packing of spheres in space is more complex. Only recently it
has been shown that the Weaire–Phelan foam composed of
two dodecahedra and six tetradecahedra per unit cell (Fig-
ure 7d)[182] is the optimized solution for the packing of soft
(easily deformable) spheroids with minimized interfacial
area, leading to the most common Pm3̄n cubic lattice
(Figure 20 e), whereas the Fm3̄m lattice (composed exclu-
sively of dodecahedra) provides the most dense packing for
hard spheres (Figure 20a).[183] The foam composed of tetra-
decahedra, which was previously assumed to be the minimal
interfacial area solution for foams (Kelvin�s problem), allows
a packing of spheres with minimized chain stretching and
favors the Im3̄m lattice for spheres with medium softness
(Figure 20 b).[137] There are at least two even more complex
solutions for the spatial packing of spheres, both reported by
Ungar et al. for the packing of spherical dendrimer aggre-
gates.[137] The tetragonal P42/mnm lattice[132, 184–186] has in total
30 spheroids at five nonequivalent crystallographic positions

Figure 19. Self-assembly of dendrons a) 46 with alkyl chains and b) 47
with semiperfluorinated chains.[179] Reproduced with permission,[179]

copyright 2003, Wiley-VCH.
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(Figure 20 d). The second is a quasiperiodic packing with 12-
fold symmetry, which is discussed in the next Section.[187]

The relatively complicated Pm3̄n lattice, allowing only
a low packing density for hard spheres (hard sphere packing
fraction: 0.524, which is the same as in the simple cubic
packing) is largely dominating among the micellar cubic
arrangements, whereas the simpler Im3̄m lattice with a much
denser packing (hard sphere packing fraction: 0.680) is
rare.[137] It is remarkable that a similar abundance is found
among the transition-metal alloys, which also can be consid-
ered as arrangements of soft spheres owing to the presence of
partly filled d- and f-orbitals, related to the soft corona
formed by the alkyl chains of the supramolecular spheres.[188]

These soft transition metals and the dendrimers avoid
interstices larger than tetrahedral, leading to the tetrahedral
closed packed structures (TCP, Frank–Kaspar phases),[189] for
example, Pm3̄n (A15 phases) and P42/mnm (s phases).
Larger interstices require a significant chain stretching to
reach the center of the interstices, which is energetically
costly.[190] Indeed, the closest-packing modes of hard spheres
in the face-centered Fm3̄m lattice and the 3D hexagonal
packing (HPC, both with hard sphere packing fractions:
0.7405) were never observed in thermotropic cubic LC phases
of organic compounds (but see Section 5.2 for gold nano-
particles). Aside from these general considerations, there is
presently no rule for the precise prediction of a distinct type
of micellar cubic phase from the molecular struc-
ture.[12, 87, 132,134, 180, 191–196] The broadest systematic study regard-
ing the phase sequence Pm3̄n–Im3̄m was performed with
alkali-metal 3,4,5-trialkoxybenzoates 27 (Figure 14), where
small alkali-metal ions (Li, Na) and short alkyl chains give the
temperature dependent phase sequence Colhex–CubI/Im3̄m–
Iso.[132] Increasing the sphere size either by increasing the
alkali metal ion size or by elongation of the alkyl chains is
favorable for replacing the Im3̄m phase by the Pm3̄n phase.
With increasing temperature, the phase sequence of these
compounds is Colhex–CubI/Pm3̄n–CubI/Im3̄m–Iso, that is, the

CubI/Pm3̄n phase is the cubic phase occurring
adjacent to the columnar phase.[132]

Considering the dominance of the Pm3̄n
lattice among the micellar cubic arrangements,
it should also be noted that the Pm3̄n lattice is not
restricted to the packing of spheroids (Fig-
ure 21 a); in fact, to achieve dense packing
a distortion of the shape is required for the
micelles located on the faces of the unit cell (in
the tetradecahedra).[87, 136] Therefore, this lattice
also allows a dense periodic packing of short rod-
like molecules, as for example two-atomic gases
in crystalline phases (g-O2, b-F2, and N2).[197] This
structure composed of short rods was also pro-
posed by Fontell et al.[198] for micellar cubic
phases of lyotropic systems.[199] We have consid-
ered this structure as an alternative model for the
Pm3̄n thermotropic micellar cubic phases of
small conical amphiphiles.[113] In this model (Fig-
ure 21 b), eight short rods, representing segments

of the infinite rod-like aggregates of the adjacent hexagonal
columnar phases, are located in the center, at the corners, and
pair-wise on each face of the unit cell. Those located in the
center and at the corners are isotropically disordered,
whereas those on the faces are only rotationally disordered
around their long axes. In another model it was suggested that
the micelles on the faces could have an oblate shape.[200] Such
oblate micelles could fit better into the tetradecahedra
located on the faces of the cubic unit cell and thus favor the
CubI/Pm3̄n structure. In contrast, spherical micelles allow
a better interdigitation of the alkyl chains of adjacent
micelles, which is favorable for the Im3̄m lattice.[190] These
models are difficult to distinguish, as XRD gives only a time-
and space-averaged picture and also the resolution of
electron-density maps is limited, and therefore these packing
modes should still be considered as possible alternatives,

Figure 21. Different models of the Pm3̄n type micellar cubic phases:
a) packing by two sets of different spheres; b) packing of eight
identical rods with different rotational disorder; c) Weaire Phelan foam
with oblate micelles in the tetradecahedra and arrows indicating the
potential growth direction of pinched columns; d) lattice of col-
umns.[136, 191]

Figure 20. Self-assembly of spherical aggregates and the resulting Voronoi polyhedra
forming minimal surfaces between the aggregates, depending on the softness of the
spheres; inspired by Refs. [137,183]. Reproduced from Ref. [120d] copyright 2012,
Wiley-VCH.
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especially for the Pm3̄n cubic phases formed by disc-like
mesogens.[145,147] Even a packing of undulated (pinched)
columns parallel to the (1,1,1) directions could in principle
be possible (Figure 21c,d).[191, 201, 202] This structure is known
for the packing in the cubic blue phase II, a highly chiral
nematic phase composed of double-twist cylinders.[203]

4.2. Liquid Quasicrystals

New non-cubic modes of sphere packings have been
discovered by Ungar and Percec et al., among them a 3D
tetragonal phase with P42/mnm lattice, and first examples of
liquid quasicrystals (LQC) with dodecagonal symmetry.[187] To
understand these mesophase structures the organization of
the spheres can be represented as 2D nets packed on top of
each other with the spheres located on the nodes of the net-
layers (Figure 22). In the 3D packing of spheres considered

here, differently populated nets alternate. One way to
represent these structures in a simplified way is to view
them as tilings of the sparsely populated layers (large cycles)
with the spheres in adjacent dense layers (small dots) being
considered as decorations of the basic tiling provided by the
sparse layers.[187]

Figure 22 a shows the tiling of the P42/mnm phase; the
arrangement of the spheres in the sparsely populated layer
can be described by a tiling pattern combining squares and
equilateral triangles in the ratio 1:2. There are numerous
additional possible tiling patterns formed by combinations of
squares and equilateral triangles in different ratios.[204] At
a certain ratio of square to triangles corresponding to
1:2.31[205, 206] the long-range positional order (translational
symmetry) of the spheres in this 2D net is lost while the
orientational order of the triangles and squares is retained
(Figure 22 b), leading to a “crystallographic forbidden”
dodecagonal symmetry. Shortly after Shechtman�s Nobel-
Prize-honored discovery of quasicrystals,[207] the first dodeca-
gonal quasicrystal was report in a metal alloy,[208] whereas the
LQC formed by the spherical aggregates of the dendron 48 a
(Figure 23) represents the first soft quasicrystal.[209, 210]

In the meanwhile LQC phases with dodecagonal symme-
try have been found for more than 20 dendritic compounds,
and some representative examples are shown in
Figure 23.[187, 194,211] Although there is presently no general
rule for the design of LQC it appears that sufficiently strong
cohesive forces at the apex of dendritic molecules (provided
by OH, COOH, or alkali-metal carboxylates; see compounds
48–51) are required to avoid expansion of the spheres or
formation of other modes of self-assembly (see Section 6).
Similarly, covalent connection of the dendrons by a multi-
valebt central unit seems to be also successful (triphenylene
52); moreover the 3,5-substitution pattern at the dendritic
branching points appears to be advantageous for LQC
formation, too.[187b, 211c]

Only recently, dodecagonal quasicrystals based on sphere
packing were also found for block copolymers,[212] in col-
loids,[213] and for lyotropic systems. In the latter case the
remaining mesoporous silica obtained by sol–gel process
based on lyotropic LQC templating[214] is a foam correspond-
ing to the Voronoi tessellation of the quasicrystalline micellar
packing. Dodecagonal quasicrystalline packing in only two
dimensional sheets, that is, in single layers of spheres, was
reported for nanoparticle monolayers.[215] For star polymers,
a quasiperiodic 2D packing of prismatic cells with square and
triangular cross-sectional area in a ratio 1:2.31 was reported
by Dotera et al.[206]

Figure 22. Packing of spheres a) in the tetragonal P42/mnm phase and
b) in the dodecagonal LQC; the sparingly populated nets (large cycles)
are decorated with the spheres in the dense nets above and below
(filled and open dots).[187b] Reproduced from Ref. [187b] copyright
2011, Wiley-VCH.

Figure 23. Examples of dendritic molecules forming LQC phases.[187b]
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5. Packing of Spherical Nano-objects in Liquid-
Crystal Templates

5.1. Silsesquioxanes, Fullerene, and Metal Clusters

The self-assembly forces provided by dendritic, rod-like,
and disc-like mesogenic or promesogenic units can also be
used to organize large spherical molecules, such as fullerenes,
silsesquioxanes, and polyoxometallates, or even larger nano-
objects, periodically in space. Polyoxometallates and other
metalloclusters have been integrated in lamellar phases,[216,217]

and lamellar and columnar arrangements have been reported
for fullerenes[218] and silsesquioxanes.[219,220] Typically, these
spherical objects tend to segregate into distinct domains
within the lamellar or columnar aggregates formed by LC
self-assembly of the mesogenic groups. This often leads to
a short-range and in some cases also to an additional long-
range correlation between these spherical units in the
aggregates.

In particular, side-on attachment of rod-like mesogens to
silsesquioxanes and other oligosiloxane-based scaffolds (for
example compound 52, Figure 24)[221] or fullerenes[218, 222] was
studied intensively. In most cases, nematic phases with
cybotactic clusters composed of columnar aggregates were
observed owing to the competition between the mesophase

stabilizing effect of molecular pre-organization and the
disturbance of parallel alignment of the rod-like units by
the bulky laterally attached moieties. At reduced temper-
ature, columnar phases were found in some cases for super-
molecules incorporating siloxane scaffolds (see Figure 24 b).
As a result of the incompatibility between the spheroidic
scaffolds with the attached rod-like mesogenic units, the
spherical moieties segregate and line up in columns, which are
embedded in a nematic-like continuum of the rod-like
units.[223–225] This organization of columnar aggregates in
a nematic continuum seems to be quite general, as it was
also observed for hexagonal columnar LC phases of gold
nanoparticles (discussed in the next Section) and for T-shaped
facial amphiphiles (Section 8.5.2).

5.2. Liquid-Crystalline Gold Nanoparticles

LC self-assembly is also a powerful method for tailoring
the spatial organization of nanoparticles;[226] the focus is here
on small (size around one to few nm) spherical gold nano-
particles (GNPs) for which an especially wide variety of
different LC arrangements was recently found by several
groups.[196, 227, 228] Two types of GNPs were reported: single-
shell and double-shell GNPs. Single-shell GNPs have a surface
shell composed of a mixture of mesogenic thiols (ligands) and
non-mesogenic n-alkanethiols (co-ligands); these particles
are usually obtained by exchange reactions.[229] In this case the
ligand/coligand ratio and the length of the alkyl chain of the
co-ligands have a strong effect on the mode of self-assembly.
A specific feature of thiol-covered GNPs is that ligands and
co-ligands can migrate along the gold surface and therefore
the precise shape of the GNP-mesogen complex can change
during self-assembly (see Figure 26a), which has a large
influence on the modes of self-assembly and can also cause
hysteresis effects if this reorganization is slow.

Double-shell GNPs are completely covered by COOH
terminated n-alkane thiols, and in a following step amine
terminated mesogenic ligands were attached by ionic self-
assembly. In most cases dendritic and rod-like units were used
as ligands, whereas disc-like and bent-core units were spar-
ingly used.[228, 230,231]

The spherical GNP decorated with dendrons often form
micellar cubic phases. However, the lattice types of these
cubic phases are in most cases different from those observed
for self-assembly of the dendrons themselves and also differ-
ent from the closest hard-sphere packed structures commonly
observed for non-modified monodisperse GNPs.[232] Thus it
seems that on the one hand the GNP surface is softened, that
is, minimization of the interfaces becomes more important,
but on the other hand the relatively large and hard gold
nanoparticles shift the self-assembly of the dendrons towards
the hard core-packing modes (Figure 20). For example, the
rarely occurring Im3̄m phase was observed for single shell
GNP with 53,[196] whereas the common soft sphere packing
mode with Pm3̄n lattice has not yet been observed (Fig-
ure 25a). The simple-cubic phase with Pm3̄m lattice was
found for double-shell GNP covered with dendrons 54
(Figure 25 b).[227] This kind of cubic lattice has previously

Figure 24. a) Supermolecular mesogen 52 with side-on attached rod-
like mesogenic units at a spherical central silsesquioxane scaffolds;
b) representation of the structures of the hexagonal and rectangular
columnar phases formed by 52. Reprinted from Ref. [223a], copyright
2008 Wiley-VCH.
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only been known for polonium as the only metal and for the
packing of colloids with a cubic shape.[233, 234] It seems that also
in this case the packing is dominated by the relatively hard
core of the gold nanoparticle covered with the first layer of
charged organic ligands, whereas the oppositely charged
dendritic units attached to this surface mainly fill the space in
the relatively large octahedral interstices of this lattice. Along
with this cubic lattice, a packing in columnar aggregates on
a hexagonal lattice was also observed (Figure 25 b). Remark-
ably, this hexagonal lattice is more complex than usual Colhex

phases, as it is formed by a mixture of dense and sparse GNP
strings; the sparse strings are located on the hexagonal lattice
and the dense GNP strings on the corners of the correspond-
ing Voronoi honeycomb.[227]

Rod-like thiols can be attached either end-on or side-on to
GNPs. The end-on topology is known to stabilize lamellar
organizations. Typically a short range ordering of the particles
in the layers without long range correlation of their positions
in adjacent layers is observed.[235–237] For GNP decorated with
n-alkanethiol and rod-like ligands carrying branched end-
chains at the rod-like units 55 (ca. 1:1 ratio, in total ca.
80 ligands/particle), transitions from a short-range to a long-
range order of the GNP were observed, which are connected
with a transition from simple lamellar phases to more
complex LC phases with 2D or 3D lattices.[237] These
transitions are mainly associated with a redistribution of the
mesogenic ligands on the gold surface, changing the overall
shape from spherical to cylindrical (Figure 26 b, from right to
left). In the smectic phase, the alkyl chains of the co-ligands
concentrate around the equator whereas the mesogens are
collated at the poles, providing an overall rod-like shape and
enabling an improved segregation of aromatic cores from the
aliphatic chains (end-chains, aliphatic spacers and alkyl chains
of the co-ligands). The chain length of the co-ligands has
a significant effect on the mesophase structure, as long chains
have a higher segregation tendency and also provide a stron-

ger steric frustration for layer formation, owing to the
“aliphatic” expansion around the equator of the GNPs. For
GNP with ligand 55, strong steric distortion of the layers by
long co-ligands leads to the disruption of the layers and
formation of a body-centered orthorhombic 3D phase as the
LC-GNP supermolecules line up in columns perpendicular to
the layer planes.[237a] In this R3̄m lattice, the staggered
arrangement of the GNP in adjacent columns maximizes
the mixing of the alkyl chains of the co-ligands around the
GNP equator with the aliphatic ends of the mesogenic units
and thus minimizes the steric distortion by these co-ligands.
For GNP with ligand 56, in an alternative mode a disruption
of the layers can take place upon an increase in temperature
in the other direction, along the layer planes, so that stings of
GNP form columns developing parallel to the previous
layers.[237b]

A quite general and unusual feature of the LC phases of
mesogen-coated gold nanoparticles is that the textures
observed between crossed polarizers often do not correspond
to the mesophase structure determined by XRD. These LC
phases appear optically isotropic, only weakly birefrin-
gent,[237] or with a nematic schlieren texture,[238] although
a well-developed lamellar, columnar, or 3D long-range order
is indicated by XRD. This means that the non-birefringent
nanoparticles provide the positional order and determine the
phase structure, whereas the birefringent mesogenic units
have no long range order or only orientational order.
Nevertheless, the presence of these mesogens strongly affects
the order of the NPs.

A series of distinct LC phase structures was also reported
for hybride structures of gold-nanoparticles attached laterally
to rod-like mesogens (Figure 27).[238, 239] Apart from hexagonal
(Colhex) and rectangular (Colrec/c2mm) columnar phases,
there are three distinct types of 3D structures. These are the
simple 3D hexagonal packing of spheres (P6/mmm), the face-
centered cubic packing of spheres (Fm3̄m, FCC), and
a rhombohedral phase (R3̄m). Typically the textures are
nematic-like, indicating a long-range orientational order of
the rod-like mesogens. The aliphatic co-ligands are preferen-
tially found at the poles of the GNP and the mesogens

Figure 25. Examples of dendritic ligands and the modes of self-
assembly of a) single-shell[196] and b) double-shell GNP derived from
these ligands.[227] Reproduced with modifications and permission from
Ref. [227], copyright 2012, American Chemical Society.

Figure 26. Rod-like mesogens used for terminal attachment to single-
shell GNP and b) reorganization of these mesogens on the GNP
surface.[237] Reproduced from Ref. [237] with permission of The Royal
Society of Chemistry.
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surround the equator; that is, their preferred position is
reversed with respect to the GNP with terminally attached
mesogens. In this way the lateral connection with the rod-like
units favors the stacking of the GNPs in strings along columns.
The mode of correlation between the columns, and hence the
mesophase type depends mainly on the length of the rod-like
mesogenic core, the ratio between ligand and alkyl co-ligand,
and also on the length of the alkyl chain of the co-ligands. At
intermediate ligand fraction, the strings of GNP form
columns that are packed on a hexagonal 2D lattice with the
mesogens surrounding these columns and being aligned
parallel to the column axis, which is very similar to the
Colhex phase found for the silsesquioxane-based supermolec-
ular mesogens 52 (Figure 24b). An additional periodicity of
the GNP along the columns was observed for Au57 with
a complete coverage of the GNP by the rod-like ligands 57
(Figure 27). The longitudinal register of these columns with-
out shift leads to a 3D hexagonal packing of spheres on a P6/
mmm lattice. In Au57C6 and Au58C6 with additional
C6H13SH (C6) co-ligands, usual hexagonal columnar phases
without long-range correlation of the GNP along the columns
were observed. Au58C12 with longer co-ligands forms
a rhombohedral 3D phase (R3̄m) with a longitudinal shift of
these columns by 1/3 of the intracolumnar periodicity

(Figure 27). Thus in this case, increasing the influence of the
co-ligand changes the mode of column correlation.

Only the complex Au57C12 shows a face centered cubic
phase (Fm3̄m). It is thought that this is due to the lower aspect
ratio of the ligand 57 combined with the longer C12 co-ligands
leading to a loss of long range orientational order of the
mesogens. As a result, the organization of the GNP in strings
is lost and the spheres organize in the isotropic environment
with the closest hard-sphere packing of the Fm3̄m-lattice.[238b]

Although this phase might be only surface-induced, it
completes the phase sequence of cubic phases formed by
spherical objects shown in Figure 20. Overall, LC self-
assembly is a powerful tool to organize nanoparticles into
well-defined spatial arrays of interest for application as
photonic materials and metamaterials.[239, 240]

6. Vesicular Liquid-Crystal Phases

Vesicular LC phases are a new kind of LC phase with
cellular structure that is formed by the spatial organization of
cylindrical, spherical, or polyhedral aggregates of curved
single layers, bilayers, or double layers, that is, formed by
hollow cylinders, spheres, or polyhedra. These are usually
filled by the same material as found in the continuum
surrounding these aggregates. Nevertheless, in special cases
interior and continuum can also be different, as will be shown
below. This type of mesophase, which can be considered as
a special kind of columnar or cubic LC phases with core–shell
morphology, was already in 1958 recognized by Luzzati and
Skoulios for lyotropic hexagonal columnar phases formed by
aqueous soaps. These Colhex phases, having a lattice parameter
much larger than usually expected for columnar phases, have
been assigned as “complex hexagonal phases”[241] and can be
considered as vesicular columnar phases (Figure 28a).

Percec et al. observed a transition from simple hexagonal
and micellar cubic phases to columnar and cubic phases with
unusual large lattice parameters in thermotropic phase
sequences of dendritic molecules.[83] Such conical amphiphilic
molecules usually form columnar or micellar cubic phases
owing to the segregation of the polar apex from the lipophilic
periphery (see Section 3.3 and Figure 28 b, structure A).
However, if the cone angle is reduced and therefore more
molecules are required in the cross section of the columns or
spheres, the aggregate diameter has to increase. With
decreasing cone angle, the truncation of the apex becomes
a problem, as the apex of real molecules cannot become
infinitely sharp. This leads to free space in the centers of the
aggregates that has to be filled. Relatively small spaces could
be easily filled by fluctuations, whereas larger spaces obvi-
ously require the inversion of the orientation of some
molecules which then provide their alkyl chains for space
filling (Figure 28b, structures B,C). Increasing the number of
inverted molecules leads to double layer type vesicular LC
phases as observed for compound 59 (Figure 28 c). Owing to
the bilayer-like organization of the molecules, the spheroidic
vesicular aggregates (ca. 100–1000 molecules) are much
larger than those of related “micellar aggregates” (< 100 mol-
ecules); similar results were found for the columnar phases.[83]

Figure 27. a,b) LC phases of GNP with laterally attached rod-like
mesogens[238] and c) 3D lattices based on hexagonal packing of the
GNP (HCP= hexagonal closest packing). b) Reproduced with modifi-
cations from Ref. [238b] with permission of The Royal Society of
Chemistry.
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Electron-density maps of these vesicular columnar and cubic
phases indicate a reduced electron density around the
minimal surfaces between the aggregates (Voronoi honey-
combs and Voronoi polyhedra, respectively) and also in the
centers of the cells.[83] This suggests that the alkyl chains are
organized around the minimal surfaces between the cylinders
and polyhedra, as well as in their interior. The aromatic
segments line the inside of the resulting polygonal/polyhedral
cells and separate the alkyl chains inside and outside the cells.
This provides an opposite sign of the curvature for the
aromatic–aliphatic interfaces inside and outside the aggre-
gates, which must be adjusted by chain folding, by intercala-
tion of the chains at the outside, and by an unequal number of
molecules forming the inner and outer layers of the cells.
Owing to the giant size of the aggregates, the space in the
interstices between them must be filled by significant
deformation of the cylindrical or spherical aggregates.[83]

Therefore, they adopt to the shape of the polyedra and
polygons of the corresponding Voronoi cells (Figure 28 c).

Alternatively, the cone-shaped molecules can form lamel-
lar phases with a more or less intercalated double-layer
structure by antiparallel packing (Figure 2b, structure D).
Formation of these lamellea instead of usual columnar and
micellar cubic aggregates is favored for molecules with
a reduced taper angle, a relatively small polarity difference
along the taper units (weakly polar apex), and by incorpo-
ration of smectogenic rod-like segments (1,4-benzene rings,
2,6-naphthalenes, 4,4’-biphenyl systems). However, the spon-
taneous curvature of these layers with formation of vesicular
LC phases is surprising: considering the shape of the
molecules and the ratio of the relative volumes of the
incompatible segments, formation of these structures instead
of simple double layer smectic phases would not be expected.
It appears that some mismatch between the distinct interfacial
areas, combined with packing constraints provided by the
molecular shape prevents a strict antiparallel molecular
packing, gives rise to layer distortion and favouring curvature.
The precise mechanism of formation of this kind of vesicular
LC phases is not yet clear.

Another type of vesicular columnar phases was reported
by Lee et al. for bent aromatic molecules with a bulky
branched lateral polyether chains at the apex on the convex
side of the bent oligophenylene 60 (Figure 29a).[242] In this
case self-assembly takes place with the main axis of the
oligophenylene cores being aligned perpendicular to the
column axis, favoring hexagonal cylinders. The resulting voids
in these cylinders are filled by turning the apex of some of the
molecules inward, which distorts the hexagonal shape, but
time- and space averaging retains a hexagonal lattice despite
of the local distortion.

For thermotropic LC systems, this inversion of the
orientation of some molecules appears to represent a general
possibility for the filling of the space arising in aggregates with
increased diameter (Figure 28b, structure B).[83] This requires
a reduced molecular amphiphilicity, and indeed it was shown
for dendritic molecules that replacing the weakly polar ester
groups at the apex by more polar and cohesive hydrogen
bonding groups, like CH2OH or COOH, leads to the
formation of the usual micellar aggregates with small
diameter or to a complete change of the mode of molecular
organization.[83,211c]

Besides these double-layer type vesicular LC phases there
are also monolayer type vesicular phases. An illustrative
example for formation of thermotropic monolayer type
vesicular columnar and cubic LC phases is provided by rod-
like imidazolium salts 62, reported by Cheng et al.
(Figure 30). These compounds have a short single alkyl
chain at the ionic end (N-terminal chain) and three long
alkyl chains at the non-ionic end (C-terminal chains).[82]

During self-assembly the short N-terminal chains form the
cores, the aromatic segments form the shells around these
cores and these core–shell columns are embedded in the
continuum formed by the long flexible C-terminal chains. In
this case, a self-sorting of short and long alkyl chains is
induced by the incompatibility and segregation of the ionic
ends of the rods, forming the inner surfaces of the aromatic
shells, from the nonionic ends forming the outer surfaces. In
this way, an antiparallel packing of these cores is avoided,

Figure 28. a) Hexagonal and “complex” hexagonal columnar phases of
simple amphiphiles; b) transition from micellar to vesicular and
double-layer lamellar phases by reducing the cone angle and increasing
truncation of the apex of the amphiphilic molecules (the alkyl chains
are only shown for some molecules); c) representative example of
a taper-shaped molecule forming hexagonal columnar and vesicular
cubic phases of the double-layer type; electron density map of the
vesicular cubic phase and models of the hexagonal columnar and
cubic phases (T/8C).[83] Parts adopted with permission from Ref. [83],
copyright 2010, American Chemical Society.
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which would lead to a lamellar organization. In a similar
manner, core–shell spheroids were also obtained for the
vesicular Pm3̄n-type cubic phases formed by molecules with
longer C-terminal or shorter N-terminal chains.[82] Owing to
the strong restriction of the space available for the N-terminal

chains inside the vesicular aggregates, only slight elongation
of these chains is sufficient to give dramatic effects. In this
way it was possible to achieve the phase sequence SmA–
Colhex–CubI/Pm3̄n for a series of only three directly neighbor-
ing homologues differing by only one single CH2 unit from
each other (Figure 30).[82]

Recently, LC phases with monolayer vesicular structure
were also reported by Watanabe et al. for giant Colhex and
Cub/Pm3̄n phases of bent aromatic molecules with terminally
attached alkyl chains (bent-core mesogens; see also Section
10) based on 1,7-substituted naphthalene cores (61 a ; Fig-
ure 29b).[243] For the soft crystalline Colhex phase of the
bromo-substituted bent-core molecule 61 b, a structure was
even proposed, which is formed by cylinders composed of two
concentrically enclosed layers of molecules, that is, combing
cylinders having different degree of curvature (Fig-
ure 29c).[244] It is thought that in these cases, the curvature
of the layers is due to the nonsymmetric structure of the bent
aromatic core (1,7-substitution of naphthalene in 61a and 4-
Br substituent at the resorcinol core in 61 b).[243, 244]

Alternatively, monolayer-type vesicular LC phases are
also favored if the molecular symmetry is reduced by
chemically different chains (for example RF/RH) with differ-
ent chain volumes attached at the opposite ends of the
molecule (Section 7.2). The segregation of these incompatible
chains, the smaller forming the interior of the vesicle-like
aggregates and the larger forming the continuum, leads to
a special type of vesicular phases having an interior which is
different from the continuum.[83] Here the chain incompati-
bility replaces the incompatibility of the distinct ends of the
aromatic cores in the imidazolium salts 62.

These examples show that for thermotropic LCs, besides
the well-known micellar columnar and cubic LC phase, also
vesicular LC structure can be formed, very similar to the self-
assembly of amphiphiles in dilute aqueous systems;[9] even
multi-lamellar vesicles appear to be possible. Also new phase
structures, resulting from the combination of different
aggregates can be expected. The Im3̄m-type bicontinuous
cubic phase with giant lattice parameters, found for the cubic
phases of polycatenar compounds and dibenzoylhydrazines
(see Figure 10, model C in Section 3.1), could probably be an
example.[58] If model C would be correct, it is composed of
spherical vesicles located in the center and at the corners of

Figure 29. Vesicular LC phases formed by bent-core molecules:
a) vesicular columns of compound 60 with snapshot after MD anneal-
ing;[242] b) vesicular columnar and spheroidic cubic phases of com-
pounds 61a ; and c) bilamellar cylinder structure formed by 61b ; the
electron density map at the right shows the hexagonal deformation of
the outer cylinders (red=high electron density, aromatic groups;
blue = low electron density, alkyl chains).[243,244] a) Reproduced with
permission from Ref. [242], copyright 2012, American Chemical Soci-
ety; c) reproduced from Ref. [244] with permission of The Royal Society
of Chemistry.

Figure 30. Self-assembly of polycatenar imidazolium salts 62 (n =14)
into vesicular columnar and cubic phases. Reproduced from Ref. [82],
copyright 2012, Wiley-VCH.
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the Im3̄m unit cell, combined with a net of branched columns
which separate these vesicles. These nets can probably
compensate the different packing density of the chains
inside and outside the vesicles.[80] Overall, it seems that
vesicular LC phases could pave the road to numerous new
and highly complex modes of self-assembly in LC phases and
other soft matter systems.

7. Polyphilic Liquid Crystals

As soon as amphiphilicity and nanoscale segregation were
recognized as the major basis of periodic order in LC phases,
the question arose as to whether combination of more than
only two incompatible units in polyphilic mesogens could lead
to even more complex LC phase structures,[120] similar to
those found for the morphologies of triblock copoly-
mers.[62, 245,246]

7.1. Rod-like and Disc-like Polyphilic Liquid Crystals

Combination of two different and incompatible chains or
groups at opposite ends of rod-like segments (for example,
combinations of RH, RF, oligosiloxanes, polyether chains, ionic
groups) often leads to a transition from monolayer to double-
layer and bilayer smectic phases, which are caused by the
segregation of the distinct and incompatible chains into
different layers.[247–250] However, as there is always a difference
in size between the distinct chains, there is also a tendency
towards curvature and layer modulation. This steric effect is
in competition with the effects of segregation, that is, to
remove interface curvature, the incompatible chains at both
ends are forced to mix, which could restore single-layer
structures. This was discussed in more detail in a recent review
for LC with fluorinated chains.[161]

Examples of polyphilic disc-like molecules are collated in
Figure 31 a–c. Depending on the ratio and the distribution of
incompatible units around a disc-like core, different phase
structures, including 2D super-lattices, lamello-columnar
phases, core–shell columns and multi-column structures can
be observed for polyphilic disc-like mesogens (Figure 32).
Superlattice formation is a typical feature of disc-like
molecules with one or two (adjacent) alkyl chains substituted
by incompatible chains or groups (for example compounds
63a and 63b). If nanoscale segregation is strong enough that
separation of these units takes place, this leads to well-defined
columnar domains incorporating these units, and these
columns are arranged on a 2D lattice, which is much larger
than the original lattice formed by the columns of the disc-like
units (Figure 32b).[123, 251–256]

Janus-type disc-like molecules, composed of two incom-
patible half-discs with similar size, such as a hydrocarbon
substituted and a fluorocarbon substituted half (for example,
compound 65), have a strong tendency to form distinct layers
for each of the chain types. Between these layers, the disc-like
cores are still organized in columns and retain a 2D periodic
lattice, which is however distorted, leading to lamello-
columnar phases with rectangular p2mg lattice (Fig-

ure 32c).[257] A lamello-columnar phase with p2mg lattice
was also found for star-shaped molecules derived from
compounds related to compound 45 (Figure 18), where the
RH chains at one arm were replaced by RF chains.[37, 258]

For disc-like molecules with strictly alternating chains (for
example, compound 66), there is the possibility of segregation
of these chains into separate columns, leading to columnar
phases composed of three distinct types of columns (Fig-
ure 32d).[259] Only recently, such a structure was observed for
the star polyphile 67 (Figure 31 d). In the lyotropic Colhex

phase of this compound, obtained after mixing with water, all
three different chains are separated, leading to a three-
compartment structure composed of hexagonally packed
polar channels involving the EO chains and the water
molecules (EO, gray) embedded in a hydrophobic matrix
which is split into lipophilic (RH, white) and fluorophilic (RF,

Figure 31. Selected examples of disc-like polyphiles a) with one incom-
patible chain (63), with a periphery of segmented chains
(64);[78, 251, 256,257, 259] b) Janus-type molecule 65 ; c) molecule with alter-
nating chains (66), and d) star-triphile 67 and model showing its
lyotropic self-assembly.[260]
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black) prismatic domains.[260] This compound could be
considered as a low-molecular-weight analogue of ternary
star copolymers, and indeed a similar morphology has
previously been reported for the related polymers.[246,261]

Self-assembly of 67 only occurs in water, as it enhances the
CED of the oligo(ethylene oxide) chains by providing
hydrogen bonding.

Disc-like molecules that are fully substituted by identical
chains composed of aliphatic spacers and incompatible end
groups (for example compounds 64a and 64b), have a ten-
dency to form core–shell columns where the aromatic cores
are arranged in the column cores, the alkylene spacers form
the shell around these columns, and the terminal units form
the continuum in which the core–shell columns are organized
(Figure 32 e).[77, 78, 123, 250,251]

7.2. Dendritic Janus Polyphiles

Selected examples of flexible Janus-type molecules with
different size of the two halves are shown in Figure 33a. The
hexasubstituted benzanilide 69, combining one half decorated
with bulky perfluorinated chains and the other half with alkyl
chains, forms a hexagonal columnar LC phase. In the columns,
the smaller alkyl chains form the centers of the columns, the
aromatic groups are arranged in cylindrical shells surrounding
the aliphatic columns, while the much bulkier fluorinated
chains are located in the fluorous continuum around the core–
shell columns (Figure 33c; B = RH, C = RF).[262] In this core–
shell structure, the aromatic cores form the shell instead of the
core part that is observed for usual core–shell organizations
(Figure 33 b). This phase could alternatively be regarded as
a special type of monolayer-type vesicular columnar LC
phases where the interior of the cylinders is different from the
continuum surrounding them (see Section 6). Compound
68[263] is an example for a Janus-type dendrimer, in this case

the two RF chains represent the smaller units compared to the
eight alkyl chains.[264] Such compounds form LC phases in
which the RF chains self-assemble into columns or spheroidic
domains which then arrange in different types of complex 2D
or 3D ordered LC phases.[265]

8. Complex Compartmentalization Patterns of T-
and X-Shaped Polyphiles

The effects of bulky lateral substituents in a lateral
position of rod-like molecules have been investigated by
Weissflog et al.[266] and others.[267,268] In most cases these
substituents lead to a loss of long-range positional order, and
smectic phases were replaced by nematic phases or LC
properties were lost completely. However, positionally
ordered LC phases can be retained if lateral and terminal
chains are incompatible.[268,269] This paves the way to the
combination of shape anisotropy and polyphilicity in a com-
petitive manner, which turned out to produce completely new
LC phase structures with enhanced complexity if terminal and
lateral chains at a rod-like core are incompatible and one of
them provides sufficient cohesive energy density, either by
forming hydrogen bondings or by being an ionic group. T-

Figure 32. Modes of self-assembly as found for LC phases of triphilic
disc-like molecules (cuts at right angle through the columns).

Figure 33. a) Examples of Janus-type molecules[262, 263] and b)–d) differ-
ent core–shell columnar phases; b) usual core–shell structure with
aromatic units in the core; and c),d) vesicular LC phases with
aromatic shells. In (c), the content of the inner columns is different
from the continuum, and in (d) it is the same (cuts perpendicular to
the columns).
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shaped polyphiles with only one lateral chain and X-shaped
polyphiles with two lateral chains can be distinguished, as
shown in Figure 34.[161, 270–272]

T-shaped polyphiles are composed of three incompatible
units and thus represent triphiles in most cases. For X-shaped
polyphiles, the two lateral chains could either be identical or
very similar (triphilic molecules, Figure 34 b) or different
(tetraphilic molecules, Figure 34c). There are two distinct
groups of T-shaped polyphilic mesogens. In one group the
lateral unit is a polar moiety, whereas the terminal chains are
lipophilic, such polyphiles are known as “facial polyphiles”
(see Figure 34d).[269, 273] The reversal of the position of polar
and lipophilic moieties leads to rod-like polyphiles with two
polar end groups and one or two lipophilic side groups,
designed as “bolapolyphiles” (Figure 34a–c). The term
“bola” indicates that a hydrophobic
unit is functionalized with hydro-
philic groups at both ends.[274] These
new types of mesogenic compounds
and their complex LC phases have
been discover in my group at Halle
University,[275, 276] that is, at the same
institute where about 100 years ear-
lier D. Vorl�nder has developed the
fundamental concepts of LC design.
The huge number of new LC phases
formed by these compounds was
investigated during the last decade
in close collaboration with the group
of G. Ungar at the University of
Sheffield.

8.1. T-Shaped Bolapolyphiles

Typical rod-like building blocks
for the design of T-shaped bolapoly-
philes are oligo(1,4-phenyl-
enes),[13,275–277] oligo(2,5-thio-
phenes),[278–283] or oligo(1,4-phenyl-
ene ethinylenes).[284, 285] In most
cases, glycerol units were used as
polar terminal groups; polar groups

incorporating amides[286, 287] or single OH groups were occa-
sionally also used.[288] For the lateral chains, a broad variety of
different groups is available, including linear and branched
alkyl chains (RH),[275] oligo(dimethyl siloxanes), carbosi-
lanes,[286] and numerous other bulky lipophilic groups.[289]

Often semiperfluorinated chains (RF) were used,[161, 276,290–292]

which have increased incompatibility with the polar groups
and the aromatic units, providing considerably enhanced
phase stabilities.[161] These chains also have a significantly
larger volume compared with alkyl chains of the same length,
thus having a stronger effect on the mesophase type. In
molecules with RF chains, the perfluorinated segments are
usually decoupled from the aromatic core units by flexible
alkyl spacers. This facilitates the synthesis and reduces the
melting points, leading to broader mesomorphic temperature
ranges. Moreover, the incompatibility between RF and RH

segments or between RF and RH chains can be used as an
additional source of intramolecular incompatibility (see
Section 8.6).

8.1.1. Liquid Crystals Composed of Polygonal Honeycombs

Bolaamphiphiles without lateral chain form monolayer
smectic phases (SmA) with high transition temperatures. In
these smectic phases, the rod-like units and the glycerol
groups are organized in alternating layers (Fig-
ure 35a).[108, 293,294] Relatively short lateral chains segregate
into distinct domains with only short range correlation,
indicated by a diffuse small-angle scattering in the XRD
patterns. This phase, assigned as SmA+, is composed of
random mesh layers with holes filled by the flexible lateral

Figure 34. Polyphilic T- and X-shaped bolapolyphiles and facial poly-
philes.

Figure 35. Sequence of LC phases formed by self-assembly of the T-shaped bolapolyphiles 70 as
observed on increasing the size of the lateral chain (counter-clockwise); for structures c) and o)
molecules with further extended aromatic cores are required.[272] Reproduced from Ref. [272], http://
rsfs.royalsocietypublishing.org/.
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chains (Figure 35b).[276] On further increasing the chain
length, the domains fuse to infinite columns, which develop
parallel to the layer planes and register on a long range
periodic 2D lattice. During formation of the 2D lattice, the
layers become broken, yielding honeycombs. The honeycomb
occurring adjacent to the SmA+ phase often has a rhombic
shape of the cells, leading to a centered rectangular lattice
with c2mm plane group (Colrec/c2mm^; Figure 35d).[276] On
further chain elongation, a series of different honeycombs
with different cross-sectional shape of the cylinders is formed
(Figure 35 e–j).

In all these LC phases, the p-conjugated rod-like cores of
the T-shaped molecules are arranged perpendicular to the
column long axes, forming cell walls connected at the seams
by the hydrogen-bonding glycerol groups. The resulting
honeycomb cells of polygonal cross-section and infinite
length are filled with the lateral chains. Depending on the
ratio of the volume of the chains to the length of the rod-like
core, cells ranging from rhombic or triangular via square and
pentagonal to hexagonal and so on were obtained (Fig-
ure 35d–g).[272,275, 276, 289]

These LC phases with 2D periodicity can be considered as
a special kind of columnar phase. In contrast to the columnar
phases formed by disc-like, polycatenar, dendritic, and star-
shaped molecules, where the more rigid aromatic cores form
the individual columns, which are then arranged on the 2D
lattice in the continuum of the fluid alkyl chains (see Figures 1
and 5c) the structure of the honeycomb phases is reversed
(see Figure 35c–g). In this case, the rigid aromatic cores form
a continuous framework of cylinders fused to a polygonal
honeycomb around the fluid columns of the alkyl chains,
which are arranged on a 2D lattice. Therefore, the space
available inside the prismatic cells is strictly limited and slight
changes of the size of the lateral chains or the length of the
aromatic cores have a strong impact on the mesophase
symmetry and morphology. The general trend is to undergo
a transition of the cross-sectional shape of the polygonal
cylinders from smaller to larger polygons with increasing size
of the lateral chain; that is, by moving anticlockwise in
Figure 35. Extension of the rod-like cores at constant volume
of the lateral chain has the opposite effect, as shown in
Figure 36. Because longer rods provide more space inside the

cylinders the number of walls in the cross section of the
cylinders must be reduced by moving clockwise in Figure 35.
Although the molecules in these honeycombs are intercon-
nected by relatively strong hydrogen bonding to infinite
honeycombs, there is still a high degree of dynamics with the
molecules adapting different conformations rapidly rotating
and exchanging their positions. Thus, these are true LC phases
with viscosities comparable with those of other columnar LC
phases formed by usual disc-like or polycatenar molecules.

The hydrogen bonds between the glycerol groups have
cooperative character, which favors large polymeric aggre-
gates over smaller dimers, trimers, and so on. Therefore, the
hydrogen bonds forms networks along the columns, which
connect the bolaamphiphilic cores not only to single nets but
also fuse these nets to infinite honeycombs. These hydrogen
bonds also have a high degree of dynamics,[295] and thus store
a significant amount of entropy. This provides an additional
entropy reservoir[296] besides that provided by the fluid lateral
chains inside the cylinder cells, thus favoring LC self-
assembly. The hydrogen bonding networks form polar
columns with a high tendency to segregate from the lipophilic
segments. Structural variations that increase the CED differ-
ence between these columns and their lipophilic surrounding
stabilize the honeycomb LC phases; the most important are
the increase of the number of hydrogen bonds and increasing
the lipophilic character of the lateral chains. Also elongation
of the rod-like cores stabilizes the LC phases owing to
increased rigid-flexible incompatibility and increased attrac-
tive p–p and dispersion interactions along the cylinder walls.

Projected on an Euclidian plane, these structures can be
considered as 2D nets,[298] with the hydrogen bonds located on
the nodes and the aromatic cores interconnecting these nodes
to the 2D net (see Figure 37). Alternatively, these nets can be

described as periodic tiling patterns by polygonal tiles[299] with
distinct 2D topologies vn, where n indicates the number of
vertices of the polygonal tile and v their valence.[270] For
example, the symbol 32.4.3.4 of the pentagon tiling indicates
a sequence of two three-fold, one four-fold, one three-fold,
and one four-fold vertex around each pentagon.[299] The easy
formation of honeycombs with a pentagonal cylinder cross-
section is an especially interesting and very unusual feature of
these liquid-crystalline honeycombs. Although regular penta-

Figure 36. Effect of core length on the mesophase types of T-shaped
bolapolyphiles and their transition temperatures (T/8C).[288, 276,297]

Figure 37. Tiling patterns formed by self-assembly of T-shaped bolapo-
lyphiphiles, their tiling-notations (Laves-tilig, top line) and plane
groups with highest symmetries (bottom line).
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gons cannot tile an Euclidian plane periodically, in the fluid
LC state the pentagonal cylinders can easy deform into non-
regular shapes for which numerous different monohedral
tiling patterns (all tiles have the same size and shape) exist.[299]

The most symmetric monohedral edge-to-edge tiling has
a p4gm square lattice. This lattice represents a herring-bone
like packing of pairs of pentagonal cylinders (Figure 37).
Often however the pentagonal cylinders are more distorted,
which leads to a rectangular p2gg lattice.[270,276, 300]

Simulations using coarse grained methods and dissipative
particle dynamics have successfully been used to reproduce
the experimentally observed development of the polygonal
honeycomb phases ranging form rhombic/triangular to hex-
agonal.[301, 302] An especially interesting aspect of Monte Carlo
simulations is that the phase structures can be considered as
mainly entropy driven, that is, the observed mesophases are
determined by maximizing the entropy.[303,304]

8.1.2. Giant Honeycomb Phases

Further extension of the lateral chains beyond the
hexagonal honeycombs requires the formation of cylinders
with a number of sides larger than six (Figure 35 h–j). If these
cylinders would have a regular cross-sectional shape, a peri-
odic edge-to-edge tiling would be impossible. However, again
the fluidity in the self-assembled LC systems allows them to
adjust their cross-sectional shape in such a way that they can
adopt to a periodic edge-to-edge tiling on a rectangular 2D
lattice.[270, 276,289] In these giant cylinder phases, some or all
cylinder walls have double lengths, being formed by two end-
to-end connected molecules instead of just one.[14, 305] In most
cases, expansion of hexagonal cylinders takes place along one
of the diagonals, which leads to (2-1-1) hexagons with
8 molecules in the circumference (Figure 35 h; compound
74). These elongated cylinders allow the chains to easily reach
the middle of the cylinders and provide an improved parallel
alignment for relatively long and linear lateral
chains.[14, 276, 286,289] If the lateral chains are even larger and
the chain flexibility is increased, (2-2-1) hexagons with 10

molecules in the circumference can then be formed (Fig-
ure 35 i, compound 75), resulting from the expansion of the
(1-1-1) hexagons perpendicular to two opposite sides.[14,305]

Giant pentagonal cylinders, where each side contains two
end-to-end molecules (see Figure 35 j) are another mode of
organization of ten molecules in the circumference.[276]

Remarkably, simulations failed to give uniform giant honey-
comb phases,[301–303] and therefore these structures could be
considered as being more complex than those of the simple
honeycombs.

Another special feature of giant honeycombs formed by
molecules with lateral alkyl chains having a perfluorinated
end groups is a nano-segregation inside the cylinders. This
intracellular segregation leads to honeycombs with “core–
shell-in-cylinder structure”, that is, the interior of the
cylinders is divided into a RF-rich core and a hydrocarbon-
rich shell (see Figure 35 i).

8.1.3. Laminated Liquid-Crystal Phases

Increasing the temperature or further enlargement of the
lateral chain volume causes the giant cylinders of the LC
honeycombs to burst; the side walls are removed leaving
layers (Figure 35k–m). In these layers, the polar rod-like
bolaamphiphilic cores (rod-like cores plus polar groups) are
separated by the layers formed by the disordered lateral
chains. Unlike the usual smectic phases, in the LamN and
LamSm phases the p-conjugated rod-like cores are oriented
parallel to the layer plane.[270, 276, 286, 288–291, 305, 306] In the layers,
these cores can adopt in-plane isotropic, nematic-like, and
smectic-like order, respectively, giving the three-dimensional
LamIso, LamN, and LamSm phases. In the LamSm (Figure 35k)
and LamN phases (Figure 35 l) there is orientational correla-
tion of the aromatic cores in adjacent layers, leading to biaxial
smectic phases, whereas the LamIso phase (Figure 35 m) is
optically uniaxial and can be regarded as a special kind of
SmA phase without preferred direction of the aromatic
cores.[306] The absence of a long-range positional correlation
of the in-plane periodicity of the layers in the LamSm phase
indicates an only weak positional coupling of these layers by
the layers of the fluid chains. However, for bolapolyphiles
with a branched lateral chain, consisting of an alkyl and
a perfluoroalkyl branch (for example compound 76), the
positional coupling between the layers becomes stronger and
in this case the occurrence of positional correlation between
adjacent layers leads to a long-range 2D lattice with p2mm
plane group symmetry normal to the layer planes.[292] As it will
be shown in Section 8.3 (Figure 40c), the RF segments can
form distinct columns within the non-polar sublayers of the
lateral chains, and these columns provide a stronger coupling
between adjacent layers, allowing long-range positional
correlation. All these “laminated” isotropic, nematic, and
smectic phases are of significant interest for condensed matter
physics in general, as they offer the possibility to investigate
phase transitions in quasi 2D systems.[307]
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8.1.4. Hexagonal Honeycombs and Lamellar Phases Formed by
Rod-like Polymers with Lateral Chains

Lam phases and honeycomb structures are also formed by
p-conjugated LC polymers with lateral chains, as used for
organic semiconductors.[48,308] For polymers with a certain
lateral chain density, lamellar LC phases are formed in which
the aromatic backbones are organized in layers and parallel to
the layer planes. These layers are segregated from layers
comprising the lateral aliphatic chains, similar to the LamN

phases.[309–312] If the rod-like polymer backbone is formed by
a regular sequence of different building blocks, noncorrelated
(LamSm) and correlated LamSm phases (Colrec phases) were
observed.[310, 313] Reduction of the number or length of lateral
chains leads to hexagonal honeycombs with walls formed by
the rod-like polymer backbones.[309, 314] In these honeycombs
the polymer backbones are arranged parallel to the column
long axis and not perpendicular as in the honeycombs of the
polyphiles. As the orientation of the aromatic cores is parallel
to the cylinder long axis, there is no restriction to the size of
the cylinder walls and the diameter of the hexagonal cells can
be changed continuously as required by the lateral chain size.
Because hexagonal cylinders maximize the volume to cylin-
der-surface ratio, no cylinders with other polygonal shapes
than hexagonal were observed. Upon increasing the alkyl
chain volume, the size of the hexagonal cells adjusts to the
lateral chain volume before a direct transition to the layer
structure takes place.

8.2. X-Shaped Polyphiles with Two Similar Lateral Chains:
Single-Wall Honeycomb Phases

Fixing two or more instead of only one lateral chain to
bolapolyphiles could provide other molecular shapes than just
the T-shape. Two chains can be fixed at opposite sides of the
same ring of the rod-like core which provides X-shaped
molecules with a fixed orientation of the two chains (for
example, compound 77).[315] If the chains are fixed to different
rings of the aromatic core, as in compounds 79 and 80, their
orientation with respect to each other is not fixed and can
change during self-assembly from the X-shaped to a P-
shaped conformation (both chains at the same side).[279,280]

The additional chain has a significant effect on the structure
of the honeycomb framework. T-shaped compounds with only
one lateral chain give rise to LC honeycomb phases where the
cross-section of the honeycomb walls contains two rods
arranged side-by-side, that is, the honeycombs have double
walls (Figure 38a).[270]

However, attaching two lateral chains to opposite sides of
the aromatic core in the X-shaped polyphiles generates
polygonal honeycombs with walls that are only one molecule
thick (Figure 38b).[279, 280, 315] The reason is that for the X-
shaped molecules the back-to-back alignment of the rod-like
units in the walls is distorted by the additional chain.[270] As
a consequence of the thinner walls the stability of the LC
phases is reduced (compare compounds 78 and 79 in
Figure 38) and effectively more space is left available for
the lateral chains inside the cells, which influences the shape

of the honeycomb cells. For example, the dithiophene 78, with
a single lateral dodecyl chain, forms a square honeycomb
(Colsqu/p4mm&), whereas compound 79, having two short
hexyl chains with the same or a slightly larger total size, has
a smaller triangular honeycomb instead (Colhex/p6mm~

phase; see Figure 38).[279]

A square columnar phase is also formed by the tetrathio-
phene 80a,[280] whereas the isomeric compound 80 b with
a changed position of the lateral chains forms a nematic

Figure 38. Comparison of selected X-shaped (77, 79) and T-shaped
(78) bolapolyphiles: a) double-wall square cylinders of T-shaped bola-
polyphiles; and b) single-wall cylinders as formed by X-shaped poly-
philes.[279,315]
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phases beside the Colsqu/p4mm& phase.[282] A cybotactic
structure composed of small square honeycomb clusters
(NCyb) is proposed for this nematic phase. This nematic
phase with negative birefringence is related to the columnar
nematic phases of disc-like molecules (NCol), but it has an
inverted structure, the aromatic units form the continuum
instead of the column cores and the alkyl chains form the
columns instead of the continuum. It is considered as
a disordered phase occurring at the discontinuous Colsqu/
p4mm&-to-Colhex/p6mm~ transition. At reduced tempera-
ture, this transition takes place in a more ordered way via
a p4gm square columnar phase composed of a mixture of
square and triangular cylinders with a ratio 1:2 (see Sec-
tion 8.5.1 for a more detailed discussion of this phase). For
this ordered mode of transition, numerous additional complex
tiling patterns composed of triangular and square cylinders
with other ratios could be expected,[204] eventually leading to
2D quasicrystalline arrangements if the square to triangle
ratio approaches the value 1:2.31.[206] Bolaamphiphiles with
sufficiently long rod-like cores, as for example the sexithio-
phene 81, retain the capability of forming polygonal honey-
combs, although even four lateral chains were attached in this
case.[283]

8.3. Bolamphiphiles with Branched Lateral Chains: Longitudinal
Rod-Bundle Phases and Crossed-Column Phases

Combining a p-terphenyl-based bolaamphiphilic core
with two branched chains with at least one branch in each
chain being fluorinated (for example compounds 82 and 83)
increases the volume of the lateral chains beyond the limits of
the Lam phases. For these compounds, the infinite layers of
the Lam phases break up into laterally isolated columns of
rod bundles.[316, 317] Along the bundles the molecules are
aligned parallel to the column long axis and these bundles are
rotationally disordered with respect to their long axes and
pack on a hexagonal lattice (Figure 39 a,b). This creates
a columnar LC phase in which rod-like aromatics are
arranged parallel to the column long axis, which are assigned
as a longitudinal rod-bundle phase (Figure 39a).[317] This
orientation of the aromatic cores contrasts the organization of
the rigid segments in the columnar phases of disc-like and
polycatenar compounds[178] and also in the honeycomb
cylinder phases of other T-shaped and X-shaped poly-
philes,[270] where the aromatic groups are always organized
perpendicular or slightly tilted to the column long axis. The
orientation of the p-conjugated units is also parallel to the
column long axis only in the columnar phases formed by
main-chain polymers (see Section 8.1.4). In this sense the
strings of bolaamphiphiles in the longitudinal bundle phases
could be regarded as bundles of supramolecular hydrogen-
bonded main-chain polymers. The formation of these rod
bundles requires the side-by-side organization of the rods
with the lateral chains pointing outwards; that is, the
preferred conformation should in this case be the P-shaped.
In the rod bundles, the aromatic cores and the polar glycerol
groups are segregated, leading to a periodicity along the
columns. These modulated columns can lock into register with

each other with defined longitudinal shift by a third of the
periodicity on a rhombohedral (R3̄m) lattice.[317]

In the rod-bundle-type LC phases, the RF chains can
partly segregate from the RH segments and form regions with
enhanced RF concentration. These regions have a different
shape depending on the size and distribution of the RF

segments (Figure 39c–e). For compounds with RF segments
at each chain end, the segregation of RH and RF chains takes
place only in the plane of the hexagonal lattice, leading to RF-
rich columns located at the vertices of the Voronoi honey-
comb (compound 82 a, Figure 39c) which fuse to a fluorous
honeycomb if the RF segments are elongated (compound 82 b,
Figure 39 d). For compounds such as 83 with only one
fluorinated branch in each lateral group, RF/RH segregation
along the c axis, that is, parallel to the column long axis,
provides the locking of the modulated columns into register,
which leads to the R3̄m lattice with a helical structure of the
RF-rich regions (Figure 39 e).[317]

Even more complex LC phases were found for the
biphenyl derivative 84 (Figure 40) with only one branched
lateral chain combining a RF chain with a carbosilane
chain.[318] In this case, the column register takes place without
longitudinal shift, leading to a P6/mmm lattice (Figure 40 a).
On decreasing the temperature, a transition to a Lam phase
takes place via a 3D orthorhombic intermediate phase

Figure 39. Bolapolyphiles with two branched lateral chains forming
longitudinal rod-bundle phases: a) Organization in the rod-bundle
phases; b) the local cross-section of the columns is thought to be
elliptical, but circular when averaged over time and space; c)–
e) structures resulting from the segregation of the RF chains; dark
gray= RF-rich regions; light gray= columns of the rod-bundles.[317]

Reprinted with permission from Ref. [317], copyright 2011 American
Chemical Society.

.Angewandte
Reviews

C. Tschierske

8856 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 8828 – 8878

http://www.angewandte.org


(Cmmm) for which the RF chains (blue) form RF rich columns
laying perpendicular to the main columns of the rod-bundles
(Figure 40 b). This organization of crossed columns is a new
mode of organization of columnar aggregates. On further
cooling, the rod-bundle columns fuse to form infinite sheets,
leading to a LamSm/p2mm phase (Figure 40c).[318] This is the
same kind of correlated LamSm phase as observed for
compound 76 (Section 8.1.3) having a branched chain com-
posed of RF and RH branches.[292]

As shown in Figure 35, the Lam phases with zero interface
curvature divide the columnar phases formed by the T-shaped
polyphiles into two inverted structures with opposite sign of
the curvature of the interface between the regions comprising
the rod-like cores and the regions formed by the flexible
chains. This is associated with a complete reorganization of
the rod-like moieties with respect to the column long axes,
which takes place in two steps; in the first step the polygonal
cylinders burst with formation of layers (Lam phases). In the
second step, the layers of these Lam phases split into infinite
ribbons, giving rise to the longitudinal rod-bundle phases.[317]

This is analogous to the change from normal type to reversed
type columnar phase as the volume of lipophilic chains of
simple amphiphilic mesogens increases (see Figure 13).
Bicontinuous cubic phases are often observed between
lamellar and columnar phases.[9] Preliminary results indeed

indicated the presence of such phases formed by branched
axial rod bundles (Figure 35n).[319, 320]

8.4. Polyphiles with Bent Cores: Hexagonal Honeycombs with
Hexagonal and Trigonal Lattices

A 1208 bend in the aromatic core of the bolapolyphiles
with a lipophilic lateral chain in the bay position at the
concave side of the bent core (anchor-shaped compounds
85)[321] promotes the formation of hexagonal honeycombs and
excludes other cylinder shapes. There are two different types
of hexagons, either with 3 or with 6 molecules in the
circumference (Figure 41a–c). Reducing the volume of the
lateral chains leads to a change from larger 6-hexagons to
smaller 3-hexagons (compounds 85a and 85 b). In a similar
way, reducing the length of the bent aromatic backbone (by
removing the acetylene units) at constant chain volume leads
to a change from smaller 3-hexagons to larger 6-hexagons. It
should be noted that in the 3-hexagon honeycomb, only every
second edge accommodates a hydrogen-bonding channel
(Figure 41 b); therefore it has the plane group p3m1 without
a center of inversion, and thus this is a rare trigonal columnar

Figure 40. Organization of compound 84 as illustrated by experimental
electron density maps (red = low density= bolamphiphilic moieties,
blue = high density= richest in RF chains); the space between is filled
by the carbosilanes (T/8C).[318] Reproduced from Ref. [318], copyright
2011, Wiley-VCH.

Figure 41. a) Anchor-shaped bolapolyphiles 85 and b,c) their hexagonal
honeycomb phases; b) 3-molecule hexagons with p3m1 symmetry; and
c) 6-molecule hexagons with p6mm symmetry (dark gray = fluorinated
cores, small light gray dots = glycerols);[321] d) bent oligophenylene
with a bulky polar group in the bay position (86); 2D-Chhex = hexagonal
mesh layers; and e) change of the size of the hexagonal cylinders by
sliding (T/8C).[322]

Liquid Crystals
Angewandte

Chemie

8857Angew. Chem. Int. Ed. 2013, 52, 8828 – 8878 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


liquid crystalline phase with non-centrosymmetric struc-
ture.[321] In the 6-hexagon honeycomb, the channels with the
hydrogen-bonding glycerol groups are located in the middle
of the cylinder walls instead of being at the edges as in the
honeycombs formed by T- and X-shaped bolaamphiphiles
with linear cores (Figure 41c).

Anchor-shaped facial amphiphiles 86 without distinct end
groups at the aromatic cores can slide over each other
(Figure 41 d,e).[322a] In this way the space available inside the
hexagonal cylinders can easily adopt to that required by the
lateral chains, although the hexagonal shape of the cylinders is
retained. However, as these cylinders are not stabilized by
hydrogen-bonding networks at the edges, these cylinders can
easily break into smaller segments, which laterally fuse to
hexagonal mesh layers (2D-Chhex phase). Bent molecules
having the flexible group at the convex side of the bent
aromatic core form vesicular columns, as discussed in
Section 6 (Figure 29 a).[242]

8.5. T-Shaped Facial Polyphiles
8.5.1. Liquid-Crystal Polygonal Honeycombs

Similar to the T-shaped bolapolyphiles discussed in the
previous sections, the T-shaped facial polyphiles[323–332] 87-89
also form polygonal honeycomb phases with cells, in this case
ranging from triangular to pentagonal.[300, 324,326, 327, 329,331]

Because the positions of the different groups in the molecules
are exchanged compared to those in the T-shaped bolapoly-
philes, the honeycomb LC structures formed by these
polyphiles are also reversed with respect to the position of
polar and lipophilic chains. In these polygonal honeycombs,
the lipophilic alkyl chains form the columns interconnecting
the walls at the edges and the polar groups fill the interior of
the resulting honeycomb cells. Because the alkyl chains at the
ends of the rod-like cores of the facial polyphiles provide
a much smaller CED difference to the aromatic cores
compared to the hydrogen bonding groups in the bolapoly-
philes, their segregation tendency is smaller and therefore
these chains have to be considerably longer than the relatively
short glycerol groups of the T-shaped bolapolyphiles. There-
fore, much more space is available inside the cylinders which
has to be filled by much larger lateral chains, and therfore
honeycombs comprising triangular and square cylinders are
dominating, whereas the larger pentagonal honeycombs are
rare and hexagonal honeycombs or giant cylinder honey-
combs have not yet been found.[324, 326, 327,329] The typical phase
sequence observed upon increasing the length of the lateral
chain (n) at constant alkyl chain length is SmA+-Colhex/
p6mm~ (triangles)–Colrec/p2ggtrapez (trapezoids)–Colsqu/
p4gm~/& (squares + triangles)–Colsqu/p4mm& (squares)–
Colsqu/p4gmpentagon (pentagons). The same sequence is
observed as the length of the terminal alkyl chains (m) is
reduced at constant volume of the lateral chain; compounds
87 and 88 in Figure 42 form a large part of this sequence.[329]

In the series of facial amphiphiles the triangular cylinder
phase (Figure 42a) is typically observed as the LC phase with
the smallest possible cylinders. The next phase, the trapezoi-
dal cylinder phase (Figure 42b), is a new special mode of

organization observed only for facial polyphiles.[329] This
structure can be regarded as a slightly distorted triangular
cylinder phase where the circular alkyl columns are deformed
elliptically, thus adding a fourth short wall to the triangular
cylinders (red regions in Figure 42b). This deformation is
attributed to the alkyl chains tending to become more
stretched and pack parallel to each other at reduced temper-
atures. Furthermore, trapezoidal cylinders provide more
space for the lateral chains than triangular ones do; thus
this phase appears on reducing temperature or by increasing
the side-chain size between the honeycombs composed of
triangular cylinders and the p4gm phase composed of
a mixture of triangular and square cylinders (see below).
The trapezoidal honeycomb phase is distinct from all other
honeycomb phases in that one of the cylinder walls is
composed of alkyl chains,[329] which is another way to increase
complexity of LC self-assembly.

The Colsqu/p4gm~/& phase is another exceptional LC
honeycomb phase as it is composed of two different types of
cylinders, triangular and square in the ratio 2:1 (snub square
tiling).[300, 327] From a topological point of view this tiling is the
dual of the tiling by pentagons. These two different phase
structures with p4gm lattice were achieved by reversing the
volume fractions of lateral and end-chains of facial polyphiles,
as shown for compounds 88 and 89 in Figure 43a,b. In the
tessilations of the two different LC honeycombs with p4gm
lattice (Colsqu/p4gmpentagon and Colsqu/p4gm~/&) the nodes
and tiles are exchanged (full and dotted lines in Figure 43c).

Figure 42. Sequence of polygonal honeycomb phases as observed for
T-shaped facial polyphiles depending on the lateral chain length
n (series 87/n) and the terminal chain length m (series 88/m); a–
d) 2D electron density maps (view along the column axis); dark lines
indicate the positions of the rod-like segments.[329] Reprinted with
permission from Ref. [329], copyright 2008 American Chemical Society.
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In the resulting tessellation there are
exclusively five-fold vertices exactly
at the positions of the pentagonal tiles
in the dual, and the triangles and
squares develop from the three-fold
and four-fold vertices, respectively.
The pentagonal tiling is composed of
identical tiles (Laves tiling), whereas
the tiling composed of squares and
triangles has identical nodes (Archi-
medean tiling).[300] In principle, topo-
logical duals can be constructed for
any periodic edge-to-edge tiling,
except for the 44-tiling by squares,
which is its own dual.[299] The hexag-
onal honeycomb structure, for exam-
ple, has its topological dual in the
tiling by equilateral triangles in the
triangular honeycomb phase.[324]

8.5.2. Non-honeycomb Hexagonal Columnar Phases

For facial polyphiles with relatively short terminal alkyl
chains (compounds 89/m with m = 4–6; see Figure 43 a),
a transition from the pentagonal LC honeycomb phase
(Colsqu/p4gmpentagon) to hexagonal columnar phases takes
place upon rising the temperature (Figure 44 h,i). In this type
of Colhex phases, the segregation of the aromatic cores from
the alkyl chains is strongly reduced and the aromatic cores
have no fixed positions around the polar columns formed by
the lateral chains (Figure 44 i). Therefore, the hexagonal
organization is not based on a polygonal honeycomb; rather
it is due to the optimized packing of the polar columns in
a continuum formed by the aromatic cores and the alkyl
chains. In this continuum, the rod-like cores retain an
alignment nearly perpendicular to the column long axis, as
indicated by the negative birefringence of this mesophase
(Colhex

(�) phase). This is probably due to the presence of
a kind of small clusters with local honeycomb organization
and only short-range correlation.[327]

In some cases, upon increasing the temperature the sign of
the birefringence becomes positive (Colhex

(+) phase, Fig-
ure 44k). At the Colhex

(�) to Colhex
(+) transition, a continuous

change of the orientation of the terphenyl groups from
tangential to an orientation parallel to the columns takes
place with zero birefringence if the maximum of the director
distribution function corresponds to the magic angle (54.78)
with respect to the column long axis. It thus seems that upon
heating, the cybotactic clusters decrease in size and the
excluded volume effect becomes dominating, giving rise to an
average alignment of the terphenyl groups closer to parallel to
the column axis, leading to positive birefringence (Colhex

(+)

phase).[327] This special kind of hexagonal columnar phases is
related to the Colhex phases formed by side-on polypeds based

Figure 43. Topological duality of LC phases formed by two different T-
shaped facial polyphiles depending on the volume fraction of the
terminal alkyl chains (fR) and polar lateral chains (fEO); a) and b) show
the experimental electron density maps for the two different honey-
comb phases with p4gm symmetry (blue/purple = highest electron
density = polar lateral groups, red/yellow= lowest electron density=
terminal alkyl chains; the positions of the rod-like cores are indicated
by black lines). In (c), the Laves tiling composed of pentagonal tiles
(left) is superimposed on the dual Archime-
dean tiling composed of squares and trian-
gles (right).[300] Reproduced with modifica-
tion from Ref. [272], http://rsfs.
royalsocietypublishing.org/.

Figure 44. Sequence of LC phases formed by T-shaped facial polyphiles; structures (l) and (m)
were only observed after addition of protic solvents; in (d) also the 3D electron density map of the
ChLhex phase is shown (blue = polar channels, purple= alkyl chains); for representations of the
R3̄m and P6mmm lattices, see also Figure 27c.[270, 327]
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on laterally attached oligosiloxane scaffolds (Figure 24),[221b]

hybrid structures of gold nanoparticles attached laterally to
rod-like mesogens (Figure 27),[238] and “columnar nematic”
phases of side-on polymers.[333] In all these LC phases,
incompatibility between lateral groups and the rod-like
mesogenic units leads to formation of columns that are
embedded in a continuum composed of orientationally
ordered rod-like units.

8.5.3. Complex 3D Phases and Hierarchical Liquid-Crystal Phases

Another specific feature of the T-shaped facial polyphi-
philes is a competition of the honeycombs incorporating
triangular to square cylinders with alternative modes of self-
assembly, leading to mesophases with 3D periodicity.[327] The
SmA+ phases of the facial polyphiles have aliphatic and
aromatic layers, and these layers are interrupted by domains
containing the polar lateral groups, which are mainly located
between the aromatic cores (Figure 44a,b). At reduced
temperature, these domains can adopt a long range positional
order on a hexagonal lattice in the layers, which leads to
a correlation of the layers in an ABC fashion, giving rise to
a 3D rhombohedral lattice (R3̄m ; Figure 44 c).[330] In this
lattice, the polar domains of adjacent layers are staggered.
However, if the length of the polar lateral chains is increased
further, or the length of the terminal alkyl chains is reduced,
then polar domains of adjacent layers can fuse to infinite
columns that penetrate the layers at right angle and organize
on a hexagonal lattice. This mesophase with a simple
hexagonal 3D lattice (P6/mmm) consists of alternating mesh
layers of aromatic cores and aliphatic chains penetrated at
right angle by columns (blue) containing the polar lateral
groups, and it is therefore assigned as a hexagonal-chanelled
layer phase (ChLhex phase; Figure 44 d). This mesophase is
unique as it combines two distinct types of LC organization,
smectic and columnar, in one common phase structure.[327,330]

In contrast to the polygonal honeycombs, the aromatic
cores are aligned parallel to the polar columns in the ChLhex

phases, and therefore this structure provides no restriction for
the lateral expansion of these columns. This is advantageous
for the self-assembly of molecules having highly polar lateral
chains that are strongly incompatible with the aromatic cores
(for example alkali-metal carboxylates, carbohydrates), thus
storing relatively high interfacial energies. Increasing the
column diameter by transition from honeycombs to chan-
neled layer phases can minimize the total of the interfacial
areas between the incompatible nanophases and favor the
ChLhex phase.

Because in triangular and trapezoid cylinders the diam-
eter of the polar columns is most strongly limited, honeycomb
phases incorporating such cylinders are easily replaced by the
ChLhex phase, whereas square or pentagonal cylinders,
providing larger cross-sectional areas, are retained.[324, 327,330]

A series of different LC phases was found for binary
systems of the facial polyphile 90 with COOH-terminated
oligo(ethylene oxide) side chains in combination with den-
dritic oligoamines (DAB dendrimers), forming supramolec-
ular ionic dendrimers (Figure 45).[331] With increasing dendri-
mer concentration, the volume of the lateral group is

increased and simultaneously the CED of the lateral groups
becomes weaker because the concentration of ion pairs
decreases by increasing dilution by excess DAB. As a result of
these two effects, a large section of the phase sequence of
facial polyphiles, ranging from a SmA+ phase for the pure
polyphile via ChLhex and Colsqu/p4gm~/& to the Colsqu/
p4mm& square cylinder phase for the highest dendrimer
concentration, was observed for this binary system by
increasing the dendrimer concentration.[331]

Figure 45. a) Textures of the LC phases occurring in the contact region
of the system 90+ DAB (DAB G2, crossed polarizers, the dark area is
the homeotropically aligned ChLhex phase) and b) binary phase dia-
gram.[331] Reproduced with modifications from Ref. [331] with permis-
sion of The Royal Society of Chemistry.
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The structure of the ChLhex phase is in some respect
reversed to the rod-bundle phases of some bolapolyphiles
(Figure 39). In both cases, the rod-like cores are aligned
parallel to the columns and provide a periodicity parallel to
the column long axis owing to the segregation of the end-
groups; in the longitudinal rod-bundle phase the periodicity
occurs inside the columns whereas in the ChLhex phases it is
outside. The periodicity inside the columns favors staggering
with formation of a R3̄m lattice, whereas the periodicity
outside the columns inhibits a staggering, leading to the P6/
mmm lattice.

Other examples of structures combining layers and
columns were found for polythiophenes with laterally
attached disc-like triphenylene units[334] and for comb-coil
diblock copolymers consisting of an amorphous polystyrene
(PS) coil-like block and a smectic supramolecular comb-like
LC block based on poly(4-vinylpyridine) (P4VP) where the
pyridines are hydrogen bonded with 3-pentadecylphenol
(PDP).[335] In the hierarchical structures of these LC-comb-
coil polymers, the LC lamellae, formed by the supramolecular
comb-like blocks, are penetrated at right angles by the PS
columns (Figure 46 a) or form columns in the PS matrix
(Figure 46 b). The first structure is similar to the ChLhex phase;

the latter is related to the longitudinal rod-bundle phases
(Figure 39). For these polymers, related hierarchical struc-
tures have also been reported for gyroid networks of
branched columns and spherical aggregates (Fig-
ure 46c,d).[335]

8.6. X-Shaped Bolapolyphiles with Different Arms: Liquid
Crystals with Complex Compartmentalization Patterns

X-shaped bolapolyphiles with two different and incom-
patible groups at opposite sides of the rod-like core are
quaternary block molecules and provide an opportunity to

create liquid crystalline honeycombs with cells of different
composition. If projected on a Euclidian plane, such struc-
tures can be described as tessellations by two or more
differently colored tiles (multicolor tilings).[285]

8.6.1. Trigonal and Hexagonal Two-Color Tiling Patterns

Compound 91 (Figure 47 a), combining a fluorinated
chain (RF-chain) and a carbosilane chain (RSi) at opposite
sides of a oligo(p-phenylene ethinylene) core, forms two
Colhex~ phases with a triangular honeycomb structure and
separated by a second-order phase transition with critical
behavior upon approaching the transition temperature. The
Colhex~/~ phase at low temperature is a periodic two-color
tiling composed of two types of triangular cylinders with ratio

Figure 46. Hierarchical structures formed by LC-PS diblock copolymers
depending on the block length: a) CYL-in-lam, b) lam-in-CYL; c) SPH-
in-lam; d) lam-in-SPH (CYL=cylinder, SPH =spherical aggregates,
lam = lamellae).[335] Reprinted with permission from Ref. [335], copy-
right 2006 American Chemical Society.

Figure 47. X-shaped bolapolyphiles with two incompatible lateral
chains a) forming triangular honeycomb phases with models show in
b,c), and d) forming hexagonal honeycombs with the models shown in
(e,f). (green = excess of RF-chains; yellow= RSi-chains; light green RF

and RSi mixed on space and time average) (T/8C); g,h) show AFM
phase images of the structures (e), (f), respectively;[285] b,c) Repro-
duced from Ref. [272], http://rsfs.royalsocietypublishing.org/; g,h) Re-
printed from Ref. [285] with permission from AAAS.
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1:1; one type is filled with the RF-chains, the other with the
RSi-chains (Figure 47 b). The long-range periodic packing of
these two types of cylinders reduces the symmetry of the
Colhex phase to trigonal (p3m1). At higher temperature, the
correlation of the triangular cylinders forming the honeycomb
is also long range, but the correlation of the “colors” of the
honeycomb cells becomes only short range, so that the p3m1
lattice is only local and on a larger scale it is averaged to
p6mm (Colhex/p6mm~ phase; Figure 47 c).[285]

Compound 92 with a shorter terphenyl rod-like core also
has two Colhex phases, formed by cylinders, but with a hex-
agonal cross-sectional area (Colhexhexagon phases; Fig-
ure 47d–h). In this case a complete segregation of the RF

chains from the RSi chains is impossible, as formation of
cylinders incorporating mixed chains cannot be avoided in
a hexagonal honeycomb. In this case, the low-temperature
Colhexhexagon phase is a two color tiling with a p6mm super-
lattice with three cylinders per unit cell (Figure 47e,g);[285] the
main columns on the hexagonal superlattice contain only RSi

chains and these are surrounded by hexagonal cylinders filled
with a mixture of RSi and RF chains. Similar to the case of the
triangular tiling, there is a second-order phase transition to
a high-temperature phase with only short-range correlation of
the positions of the colors, leading to a loss of the larger p6mm
super-lattice, and only the smaller p6mm lattice of the
fundamental hexagonal honeycomb (one cylinder per unit
cell) is retained (Figure 47 f,h).[285] The transition between
short-range and long-range segregated structures is consid-
ered to be closely related the Curie transition in frustrated
antiferromagnets on a Kagome lattice.[285]

8.6.2. Liquid Crystals with Complex Multicolor Tiling Patterns

The complexity of LC phase structures can be further
increased by introducing geometric frustration.[336] In the case
of the oligo(phenylene ethinylene) 93 shown in Figure 48, the
size of the RF chain was further increased, compared to
compound 91, so that an organization in a tiling pattern
formed exclusively by triangular cylinders is no more possible

and thus square cylinders are also formed. Because of the
large difference in area between equilateral triangles and
squares, the system experiences a frustration, the triangular
cylinders being too small and square cylinders being too large.
Further to this purely steric frustration, this compound must
simultaneously relieve the frustration owing to the incom-
patibility of the side chains and their tendency to segregate
into distinct cylinders, and all this has to fit into a periodic
tiling pattern. The two LC phases formed by this compound,
shown in Figure 48, are separated by a first-order phase
transition at which the phase structure completely changes.

In the low-temperature phase with plane group symmetry
p2mm (Figure 48a), three distinct types of cylinders are
combined, namely triangular, rhombic, and square shaped,
each having a different composition. The triangular cylinders
are filled only with the RSi chains, the rhombic with the RF-
chains, whereas the vertical lines of square cylinders contain
a 3:1 mixture of RF and RSi. The latter is because the
molecules located between adjacent square cylinders have
only the option to give their RSi chains into one of the
adjacent RF filled square cylinders.[285] The important point is
that the mixing of different chains leads to a number of
distinct compartments that is larger than the number of
distinct chains available.

Upon increasing the temperature, the lateral chains
expand and also the miscibility of the incompatible lateral
chains increases. This increases the number of square
cylinders slightly and leads to a phase transition to a Colrec/
c2mm phase with a larger lattice and an even more complex
tiling pattern composed of in total 18 cylinders per unit cell. In
this LC honeycomb, five distinct types of cylinders are found:
triangular cylinders filled exclusively with RSi chains, square
cylinders filled with the RF chains, and three additional types
of cylinders with different shape (triangular/quadrangular) in
which the RF and RSi chains are mixed in distinct proportions
(3:1, 2:2, and 1:2; Figure 48 b). This provides a LC structure
composed of even five types of cells, which are different in
shape and content, although there are only two types of
distinct chains. If the honeycomb frame, which is composed of
aromatic walls and hydrogen bonding columns at the edges, is
also considered, there are in total seven distinct compart-
ments. This impressively shows that with properly designed
polyphilic molecules, new LC phases with unprecedented
structural complexity can be created by combination of
conflicting constraints which are interconnected to regulatory
networks.

8.6.3. Liquid-Crystalline Honeycombs Involving Small and Large
Cylinders

In the honeycombs formed by compound 93, polygonal
cylinders with similar size were combined (triangles, rhom-
bohedra, and squares), but it is also possible to combine
cylinders of very different size and shape, as for example
triangles and hexagons in the Kagome pattern of compound
94. The large hexagonal cells are filled with RF chains and the
small triangular cells are filled with the relatively short alkyl
chains (Figure 49 a).[284]

Figure 48. a) Three-color tiling and b) five-color tiling of the LC phases
formed by the quaternary X-shaped polyphile 93 (dark green = RF-
chains; yellow= RSi-chains; different green/yellow scales = mixed cells
with different mixing ratios as indicated beside the models; black
rods = rod-like cores, blue dots =glycerols).[285] Reproduced with modi-
fications from Ref. [13]; http://rsfs.royalsocietypublishing.org/.
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Another even more complex example is provided by the
octagon square tiling found for the p-terphenyl 95 and shown
in Figure 49 b, bottom. This honeycomb phase is also formed
by two types of cylinders, in this case by square and octagonal
cylinders in a 1:1 ratio.[13] The alkyl chains are enclosed within
square-shaped cylinders with eight molecules in the circum-
ference with each side containing two bolapolyphiles in line
(giant 8-squares). The second type of cylinders has a cross-
section with the shape of elongated polygons with 12 mole-
cules linked end-to-end along the circumference. This poly-
gon is considered as a giant 12-octagon with two types of

alternating sides, four formed by two end-connected mole-
cules, and four formed by only one. Because 4 of the
12 molecules forming the octagons lie on the boundary
between two octagons their alkyl chains must be incorporated
into the fluorous giant octagons. These alkyl chains segregate
from the RF chains inside the octagonal cylinders and divide
the RF domains into two RF-rich pentagonal columns,
separated by two RH-rich columns (Figure 49 b). Thus, the
structure simultaneously combines intercellular with intra-
cellular segregation. Notably, the intracellular segregation in
the giant 12-octagons differs from the usually observed simple
core–shell structures. It divides the giant octagons into
prismatic cells, which are separated by interfaces but not by
any cylinder wall. This provides a further step towards
increasing the complexity of liquid crystal and soft matter
self-assembly.[337] These examples indicate the enormous
potential of the concept of competitive polyphilicity for
creating a huge variety of new LC phases with increased
complexity.

9. Tiling Patterns in Other Self-Assembled Systems

9.1. Compartmentalization in Block Copolymer Morphologies

The level of complexity achieved with the LC morphol-
ogies of polyphilic mesogens is unprecedented in other
synthetic soft self-assembled systems. Although there are
complex morphologies found for linear and star-shaped
triblock copolymers,[245,246] the number of distinct compart-
ments is in all cases limited to a maximum corresponding to
the number of incompatible units combined in the polymer, as
different polymers chains cannot easily mix.

A wide variety of polymer morphologies representing
Archimedean tiling patterns, which are very similar to those
described in Sections 8.1.1 and 8.5.1 for LC honeycombs
(Figure 35 c–g), has been reported for flexible star-shaped
triblock copolymers composed of three distinct polymer
chains, in this case on an one or two orders of magnitude
larger length scale (Figure 50).[62, 245, 246, 338,339] The 32.4.3.4 tiling
composed of square and triangular prismatic columns was
also reported in 2005[339] shortly after the discovery of this
morphology in the LC phases of T-shaped polyphiles
(Figure 43).[300] The dual tiling by pentagons was known
even earlier in LC systems formed by bolapolyphiles.[276]

However, owing to the significantly higher viscosity of
these polymers, the formation of the self-assembled structures
is slow and requires casting from dilute solutions, followed by
drying and annealing before the morphologies can be frozen
and studied in the glassy state. In contrast, the complex LC
structures are formed immediately in fast reversible phase
transitions from the isotropic liquid state or from other LC
phases on cooling with minimal hysteresis. An approach to
structures with further increased complexity would be
possible by hierarchical self-assembly combining the complex
self-assembly of polyphilic LC with polymer self-assembly.
Examples of hierarchical structures combining relatively
simple LC and polymer morphologies are shown in
Figure 46. The combination of the complex LC structures

Figure 49. Experimental electron density maps of complex LC phases
formed by the quaternary X-shaped polyphiphiles: a) Kagome of 94,
b) giant octagon-square tiling of 95[284,13] (black rods= rod-like cores,
blue dots = glycerols).[13] a) Reproduced from Ref. [284], copyright
2008, Wiley-VCH; b) reproduced with modifications from Ref. [13]
copyright 2012, Nature Publishing Group.
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described in Section 8 on a smaller length scale with the
morphologies of multiblock copolymers on a larger length
scale could provide a route to hierarchical structures with
further enhanced complexity.[335]

9.2. Self-Assembled Nets on Solid Surfaces and Channels in Solid-
State Structures

Parallel to the developments in the field of LC honey-
combs, periodic tiling patterns were found in self-assembled
monolayer (SAM) on surfaces.[340] Surface-supported trian-
gular, rhombic, square, or hexagonal tiling motifs have been
achieved in the recent years by hydrogen bonding[341] or
metal–ligand interactions at the nodes[342] and van der Waals
interactions between interdigitated alkyl chains.[343, 344] In
contrast to the fluid self-assembled LC systems, the tiling of
flat planes by pentagons is extremely rare for these 2D nets
and other solid-state structures, and it never occurs without
gaps, as the angles (and eventually also the side lengths)
cannot easily be adjusted to the extent required for the
organization in a periodic edge-to-edge tiling. Linear chains
of self-assembled pentagons have been found for the organ-
ization of water molecules in channels on Cu(110) surfa-
ces.[345] The same type of chains of pentagons has been
observed beside other motifs in self-assembled metal–organic
networks of 1,3,5-trispyridylbenzene with copper atoms on
Au(111) surfaces (Figure 51 a,b);[346] a similar structure was
observed for the pentagonal macrocycle 97 on Au(111)
(Figure 51 c).[347]

The most dense packing (packing density = 0.921) of
regular pentagons in a plane is the packing in an antiparallel
type of linear chain structure with p2mg symmetry (Fig-
ure 51d), which was recently observed for the crystalline
packing of a cyclic amide with pentagonal shape.[348] At only
slightly lower packing density, the pentagons would adopt

rotational disorder and organize on a hexagonal 2D lattice,
indicated by the hexagon in Figure 51 d.[348] For this reason,
attempts to produce pentagonal tilings in columnar LC phases
of pentagonal molecules have failed to date.[349] Nevertheless,
as shown in Figure 51e–i, interesting surface-stabilized peri-
odic 2D packing motifs were observed for macrocycles 98

Figure 50. Star-shaped triblock copolymer composed of polystyrene
(PS, light gray), polyisoprene (PI, black), and poly(2-vinylpyridine) (PV,
gray) and representative morphologies (TEM pictures).[338] Reprinted
with permission from Ref. [338], Mcmillan Publishers Ltd.: Polymer
Journal, copyright 2008.

Figure 51. 2D lattices formed by pentagons: a,b) chains formed by
1,3,5-trispyridylbenzene 96 with Cu;[346] c) surface coverage formed by
the macrocycle 97 (R = H) on Au(111) 1-octanoic acid surface;[347]

d) most dense pentagon packing in crystal structures;[348] e–i) tiling
patterns of 98 at the HOPG-TCB interface (HOPG= highly pyrolytic
graphite; TCB = 1,2,4-trichlorobenzene);[350] a,b) Reproduced with per-
mission from Ref. [346], copyright 2011, American Chemical Society;
c) reproduced from Ref. [347] with permission of The Royal Society of
Chemistry; d) reproduced from Ref. [348] copyright 2011, Wiley-VCH;
and e–i) reproduced with permission from Ref. [350], copyright 2011,
American Chemical Society.
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with appreciable size and pronounced pentagonal shape,
which self-assembled at the HOPG surface (Figure 51 e–i).[350]

These motifs are again based on a packing of ribbons of
pentagons and do not represent tiling patterns without gaps.

Although attempts to produce periodic edge-to-edge
pentagon tilings (without gaps) have failed to date on solid
surfaces, the topological dual, the semiregular tiling by
squares and triangles, was realized very recently.[351] The
softness and high valency of lanthanide nodes, combined with
p-oligophenylene dicarbonitrile linkers, allows the formation
of this tiling with the previously elusive five-vertex coordina-
tion motif.

The Kagome packing motif, formed by hexagons and
triangles, was recently found for purely organic nets by
solution depositions of hexaalkyl dehydrobenzo[12]annu-
lenes 99,[344] where the aromatic groups form the nodes and
the interdigitated alkyl chains form the net (Figure 52 a,b).
The Kagome motif was also observed for hydrogen
bonded[352] and metal–organic nets on solid surfaces.[353] The
Kagome formed by self-assembly of 99 can accommodate
different guest molecules in the distinct cells.[354, 355] As show in
Figure 52 c,d, the triphenylenes (TRI) fill the triangles and the
coronenes (COR), surrounded by a shell of six isophthalic

acid molecules (ISA) that fill the larger hexagons.[354] This
structure could be considered as a 2D analogue of the “two-
color Kagome honeycomb” shown in Figure 49a. The triphe-
nylenes (TRI) replace the alkyl chains in the triangular cells,
with the coronenes (COR) and isophthalic acids (ISA)
replacing the semiperfluorinated chains in the hexagonal
cells. Even the often observed core–shell structure of the
hexagonal cells with a fluorinated core surrounded by the
alkyl spacers is resembled in this surface pattern by the
coronenes surrounded with a ring of six ISA units.[356]

DNA nanotechnology[357] and programmed peptide self-
assembly[358] provide additional approaches to polygonal nets
and cellular structures. Among solid-state structures with
polygonal (mostly hexagonal and square) channels, metal–
organic frameworks (MOFs)[359] and more recently also
covalent organic frameworks (COFs) have received signifi-
cant attention.[360] Going to larger sizes, rod-like nanoparticles
having sticky ends and lateral tethers, similar to the T-shaped
polyphiles, received significant interest. The self-assembly of
such particles has been simulated by Glotzer et al. , and these
simulations indeed predicted Lam-like layers as well as
square and pentagonal honeycomb structures.[361] Figure 53

gives an overview over important current methods for
producing 2D tiling patterns, channels, and cellular structures
by molecular self-assembly.

10. Bent-Core Liquid Crystals: Chirality and Polar
Order

10.1. Ferroelectric and Antiferroelectric Liquid Crystals

Although smectic and nematic phases are the simplest
modes of LC self-assembly, their complexity can also be
increased by a relatively simple change of the molecular
structure by introducing a bend into rod-like molecules (bent-
core mesogens; for examples see Figure 54).[362–364] This gives
rise to a restriction of the molecular rotation around the long
axis, leading to a parallel alignment of the bend directions in
the layers, and thus the polar moments along this direction
(Figure 55 b).[214] In this way, polar order can arise parallel to
the layers of the smectic phases (SmAP and SmCP phases) as
a new emergent property; this was first reported 1996 by
Takezoe, Watanabe, and co-workers from TIT Tokyo.[365]

Figure 52. Kagome motifs by self-assembly on solid surfaces: a,b) Self-
assembled Kagome net of compound 99 on HOPG surfaces;[344a]

c,d) “two-color Kagome” formed by a mixture of compound 99 with
ISA, COR, and TRI; STM pictures at the left and packing models at the
right.[354] a,b) reproduced with permission from Ref. [344a], copyright
2009, American Chemical Society; c,d) reproduced from Ref. [354],
copyright 2009, Wiley-VCH.

Figure 53. Current bottom-up approaches leading to periodic 2D and
3D arrays with cellular structure.
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The polar order can be identified by switching experi-
ments under an electric triangular-wave field by the appear-
ance of one or two polarization current peaks. If there are two
peaks per half period of the applied triangular-wave voltage,

the switching is tri-stable (antiferroelectric, AF). In this case
the field-induced polar states (PF) are instable and the system
relaxes to the apolar ground state after switching off the
applied field (Figure 55 a,b). In the ground state, the polar
direction of the molecules in adjacent layers is opposite (PA).
It is assumed that this apolar state with opposite direction of
the molecular bend directions is favored by the dynamics in
LC systems. As shown in Figure 55b, in this non-polar
antiferroelectric state (PA) the molecular ends in adjacent
layers are aligned parallel at the interlayer interfaces, which is
favorable for interlayer fluctuations, whereas in the polar
states (PF) they are not parallel, which inhibits these fluctua-
tions, leading to an entropic penalty.[366] If these interlayer
fluctuations could be reduced, the influence of entropy is also
reduced and the synpolar PF state is less destabilized, leading
to (an in most cases surface stabilized) bistable (ferroelectric,
FE) switching, that is, a direct switching between the polar PF

states with opposite polar direction, but without relaxation at
0 V. This is indicated by the presence of only one current peak
per half period of the applied triangular-wave voltage (Fig-
ure 55b,c). This transition from AF switching to FE switching
can be achieved by molecular design (see Figure 54 for
examples), namely by engineering of the interfaces between
the layers by introducing bulky oligosiloxanes (101),[366]

carbosilanes (104),[367] and other groups[368] to one of the
chain-ends or by branching of the terminal alkyl chains (102,
103).[369, 370] Other possibilities involve the attachment of
fluorine atoms to the periphery of the bent-core units
(100),[371] and several other structural variations.[362]

It is obvious that the fluidity of these LC ferroelec-
trics[372, 373] provides advantageous additional options for the
application of these materials compared to solid state
inorganic or organic ferroelectrics. However, this fluidity
also allows an easier escape from macroscopic polar order by
a splay of the polarization direction. This distorts the
organization in flat layers, leading to numerous different
types of undulated (wavy deformed) and modulated (frag-
mented) layer structures (leading to LC phases with 2D
periodicity) occurring at different length scales; also non-
periodic and helical structures could be observed. On the
other hand, surface effects can stabilize the polar structures.
Combined with layer distortion owing to steric effects, this
polarization splay[374] gives rise to a huge number of different
LC phases.[375] It is outside the scope of this review to discuss
these complex relations in more detail.[362]

10.2. Chirality and Symmetry-Breaking

In the polar smectic phases, the molecules could be tilted
(SmCPA, SmCPF) or non-tilted (SmAPA, SmAPF, Figure 56b)
with respect to the layer normal. In fact, the majority of bent-
core LC phases are tilted phases with relatively large tilt
angles of around 30–408. This combination of tilt and polar
order in the layers reduces their symmetry to C2, that is, these
layers are inherently chiral although the molecules are
achiral. As shown in Figure 56a, the spatial combination of
tilt direction, polar direction, and layer normal define either
a right-handed or a left-handed chiral system.[376] Similar to

Figure 54. Examples of ferroelectric switching bent-core mesogens
(100–103: SmCPF, 104 : SmAPF).

[366, 369, 371,374]

Figure 55. Polar packing of bent-core molecules in layers and their
typical polarization current curves under an applied triangular wave
voltage: a) antiferroelectric switching; c) ferroelectric switching;
b) molecular packing and reorganization of the molecules during the
distinct switching processes. Reproduced with modifications from
Ref. [381b], copyright 2006, Wiley-VCH.
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the molecular chirality- which is determined by the spatial
organization of achiral atoms in a molecule, the combination
of tilt and polar order provides chirality for achiral molecules
on a supramolecular level. This provides a new source of
suprastructural chirality,[376] which is distinct from the usually
observed helical modes.[377, 378] The chirality sense is reversed
by either reversing the polar direction or by reversing the tilt
direction of the molecules in the layers.

As the bulk smectic phases are formed by quasi infinite
stacks of these chiral layers, different phase structures can
arise. In these bulk phases the polar correlation between
adjacent layers can be either “ferroelectric” (PF) or “anti-
ferroelectric” (PA), and the tilt correlation can be either
synclinic (Cs) or anticlinic (Ca), leading to the four structures
SmCsPA, SmCaPF, SmCsPA, and SmCaPF (Figure 56 b). In the
SmCsPA and SmCaPF structures, alternating layers with
opposite chirality sense are combined, and therefore these
structures are achiral. In the SmCaPA and SmCsPF structures,
layers with identical chirality are combined; these are
uniformly chiral and for each of them there are two
enantiomorphic states (Figure 56 b). As the polar and chiral
LC phases are fluid and can be switched with external electric
fields, this provides the unique possibility of electric-field-
induced chirality flipping.[362, 376] Inversion of the layer chir-
ality is possible if this switching occurs by a collective rotation
around the long molecular axis, which reverses only the polar
direction without changing the tilt direction (Fig-
ure 56 f).[379–381]

Figure 56 c–i illustrates this switching of layer chirality for
compound (S)-105.[382] This chiral compound was used in
enantiomerically pure form to identify the flipping of chirality
by changing the diastereomeric relationship between the
fixed molecular chirality and the floppy suprastructural
chirality.[362, 376] The ground state has an achiral SmCsPA

structure, but under an applied DC voltage of + 100 V
a uniformly chiral SmCsPF state is induced, which appears
bright between crossed polarizers (Figure 56 c). This field-
induced SmCsPF state has uniform (+)-layer chirality, and
together with the (S)-molecular chirality it is the diastereo-
meric state (+)-SmCsPF-(S)-105. Reversing the field direction
(�100 V) switches the molecules around their long axes,
which reverses the layer chirality to (�)-SmCsPF, but it does
not change the tilt direction and therefore the new switched
state (Figure 56 d) cannot be distinguished optically from the
initial state (Figure 56c). However, the resulting new diaste-
reomeric structure (�)-SmCsPF-(S)-105 is not the global
energy minimum. Therefore, it is instable and slowly relaxes
(Figure 56 d–f) to the more stable diastereomer (+)-SmCsPF-
(S)-105 by slow reorganization of the molecules with reversal
of the tilt director (note that the polar direction, which is fixed

by the applied field, does not
change). Through the tilt
reversal, the direction of the
optic axis changes such that it
now nearly coincides with the
direction of the polarizer,
resulting in a texture appear-
ing nearly dark (Figure 56 f).
If the field direction is

Figure 56. Self-assembly, chirality, and switching in the LC phases of bent-core mesogens: a) Layer chirality
arising from the combination of tilt and polar order; b) the four possible structures resulting from the
combination of chiral layers (red, blue); at the right the two non-tilted and therefore achiral phase types are
shown; the view is along the polar axis, dots indicate the view on the apex, crosses indicate the view from the
back; color indicates the chirality sense;[362b, 376] c–h) field-induced switching of the layer chirality of compound
(S)-105 (phase transitions on cooling, M2 = unknown mesophase) at T = 43 8C, in ITO cells with parallel
rubbing direction between crossed polarizers; the orientation of the molecules in the distinct states is shown
in the models; the orientation of polarizer and analyzer are shown in (c); i) shows the field induced
reorganization of the molecules around the long axis. For more explanations, see the text.[382] Reproduced with
modifications from Ref. [362b] and Ref. [382] with permission of The Royal Society of Chemistry.
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reversed again by applying a positive voltage (+ 100 V), the
molecules flip around the molecular long axis. The optical axis
is not affected, and the texture thus remains dark (Fig-
ure 56g), but the layer chirality is changed to (�)-SmCsPF,
giving the (�)-SmCsPF-(S)-105 state. Again being in a meta-
stable diastereomeric state, the system slowly transforms to
the stable and birefringent (+)-SmCsPF-(S)-105 state, the
same as at the beginning of this cycle, by slow reorganization
with reversal of the tilt director (Figure 56c,g,h). This experi-
ment confirms the chirality flipping under an applied electric
field. In an analogous way the switching between the achiral
racemic forms and homogeneously chiral structures is also
possible. This experiment also provides evidence for the
coupling between the fixed molecular chirality and the field-
dependent superstructural chirality, leading to energetically
distinct diastereomeric states.

As chirality is created by the spatial order of achiral
molecules, the formation of chiral superstructures as helical
filaments (Figure 57 d)[374, 383] is often observed. An especially

interesting and often-observed feature is spontaneous sym-
metry-breaking by formation of conglomerates of chiral
domains with opposite handedness (Figure 57a–
c).[181, 362b,c,384–386] These LC phases, assigned as dark-conglom-
erate phases (DC-phases), have strongly deformed layer
structures (sponge phases) and therefore appear optically
isotropic or only weakly birefringent. Thus, in these fluid
systems the spontaneous separation of the enantiomeric
domains can be observed under a polarizing microscope by
a slight deviation of the polarizers out of the 908 orientation
either in one or the other direction. This spontaneous chiral
domain formation can be considered as an LC analogue of
Pasteur�s historical experiment with tartaric acid salts[387] and
thus shows that spontaneous symmetry-breaking is not
restricted to crystalline solid-state materials, but is also
possible in ordered, but fluid, liquid-crystalline systems.

The order in the polar LC phases of bent-core mesogens
obviously allows a collective behavior of the molecules over
larger distances. This might be the result of the fixation and
pre-organization of the individual molecules in densely
packed polar layers, allowing a coupling between supra-
structural chirality (layer chirality) and helical conformers,[389]

leading to macroscopic chiral segregation. The higher the
order in the LC phase is, the stronger the effects are. The B4
phase is the phase of this type with highest order.[362, 363, 390,391]

In this so-called “helical filament phase” the aromatic cores
adopt a crystalline packing in helical filaments which are
organized between the disordered alkyl chains. It can even be
swollen by achiral nematic LC solvents to a high content
(> 98%) without reduction of chirality.[391] However, there
are also several examples of tilted polar smectic phases with
fluid layers (SmCPA/F),[366,392] forming the so-called dark
conglomerate phases (Figure 57a–c). Chiral domains have
even been observed under special conditions in SmC phases
(SmCPR)[393] and cybotactic nematic phases (NCybC)[394] of
bent-core mesogens.[364, 395] Recently, LC dimesogens com-
posed of two rod-like units and connected by an odd-
numbered (that is, bent) spacer were reported to show
indications of chirality owing to a twist of the molecules.[396]

With decreasing packing density of the aromatic cores, that is,
in the sequence B4> SmCPA/F> SmCPR>NCybC, the coupling
between layer chirality and molecular conformational chir-
ality becomes weaker and other effects, such as negative-bend
elastic constants (k33)

[397] and surface effects[398] in particular
become increasingly important for occurrence and stabiliza-
tion of chiral segregation. This spontaneous achiral symme-
try-breaking occurring on a supramolecular level in fluid
systems is one of the most fascinating feature of bent-core LC
systems, which has stimulated research for chirality phenom-
ena in other LC phases formed by rod-like molecules (SmB
and E phases),[399] in columnar,[400] and in cubic phases.[401]

Overall, research on bent-core LC has contributed signifi-
cantly to understanding of the emergence of chirality in fluid
nanoscale structures.[377]

11. Summary and Conclusions

LC self-assembly has developed into a scientific area with
many facets since its discovery 125 years ago.[7] This review
attempts to sketch the way that this development has gone
since then and focuses on some of the recent developments
under the aspect of increasing the complexity of soft matter
self-assembly. The unique dynamics in the ordered liquid-
crystal state provides a random force on the systems degrees
of freedom which plays a critical role for the emergence of
order in these soft self-assembled systems.[304] Owing to this
dynamic nature, LCs can easily adopt to the global minima on
rugged energy landscapes, providing the ability of self-healing
and adaption. Their ability to select the lowest energy state
can even be used to get best solutions for fundamental
mathematical problems under complex boundary conditions;
examples are complex 2D tiling patterns and 3D cellular
structures.

Figure 57. Examples of chiral superstructures in the LC phase of bent-
core mesogens: a)–c) chiral domains of an optically isotropic “dark
conglomerate” phase observable after uncrossing the polarizers by
a small angle in either a) one or c) the other direction; dark and bright
domains represent areas with opposite chirality; d) helical filaments
occurring during the growths of the texture of a birefringent LC
phase.[388] a)–c) Reproduced with modifications from Ref. [388] with
permission of The Royal Society of Chemistry.
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In LC structures the distinct molecular parameters are
interconnected to regulatory networks and by increasing the
number of conflicting constraints higher levels of structural
complexity of their self-assembled structures could be ach-
ieved,[402] as shown for the series ranging from binary
bolaamphiphiles by T-shaped bolatriphiles to X-shaped
bolatetraphiles in Section 8 and the transition from a linear
to a bent molecular shape mentioned in Section 10. Another
constraint is provided by molecular chirality, which was not
covered herein.[403]

As the structures become more complex, new phenomena
are emerging that make the LC structures indispensible in
numerous areas. For example, the LC state provides an
important method for the self-assembly of functional mole-
cules into ordered structures in an bottom-up approach,[404a] as
widely used for organic solar cells,[404b] organic semiconduc-
tors[48] and for the spatial ordering of nano-objects into
complex periodic arrays for metamaterials and other nano-
technological applications.[226,239, 405–407] It is also well-docu-
mented that LC states are essential in many parts of living
organisms.[408] Examples are the cell membranes representing
vesicular structures formed by single layers of smectic bilayer
phases;[409] transition of these membranes to bicontinuous
cubic structures[410, 411] are important for several membrane
processes (cell division, gene transfer), and the formation of
a hexagonal columnar phase allows the dense packing of
DNA in the nuclei.[412] Life itself might be considered as the
presently most complex known mode of soft self-assembly
and it appears that LC self-assembly has contributed to its
emergence.[402, 413–415] Whereas molecular biology and bio-
chemistry try to understand life in a top-down approach by
analyzing biological self-assembly and self-organization down
to the molecular level, LC science is complimentary and uses
the opposite approach. In a bottom-up approach it contrib-
utes to the fundamental understanding of molecular self-
assembly of simple molecules to soft matter structures with
ever-growing complexity, that is, “…the evolution of matter
from particles to thoughts….”.[1]

Overall, liquid crystals have developed to a fascinating
and prosperous field, reaching out into different areas of
actual science by providing basic knowledge of the funda-
mental rules governing self-assembly from simple to complex
modes.
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