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Beyond liquid crystals: new research trends for mesogenic 
molecules in liquids  
Martín Castillo-Vallés,¥ Alejandro Martínez-Bueno,¥ Raquel Giménez, Teresa Sierra and M. Blanca 
Ros* 

Looking to understand the supramolecular assemblies that bring together certain molecules to form innovative functional 
materials with high-potential applications, the present review focuses on recent examples of molecular structures that are 
susceptible of stablishing self-assemblies both in bulk and in solvents.   
This revision demonstrates that appropriate rod- and V-shaped, disc-like and star-shaped molecules as well as high-
molecular-weight compounds, either dendrimers or polymers, exhibit a dual ability. Intermolecular interactions that provide 
liquid crystalline order in bulk may also manifest in solution and this allows to attain nanomaterials in the form of 
nanoaggregates. Through bottom-up approaches that involve the self-assembly of molecules driven by hydrogen bonding, 
π–π stacking, electrostatic or hydrophilic-hydrophobic interactions, appropriate molecules are able to induce a variety of 
thermotropic mesophases in bulk as well as aggregates with morphologies such as nanoparticles, nanofibers, nanorods or 
nanotubes in liquid media; including systems in which solvents are immobilized and form gel materials.     
The aim of this work is to highlight the versatility of mesogenic molecules, that in turn opens the door to a wide number of 
possibilities, and therefore to help this topic to enter into a more mature period. 
 

Introduction 
There is growing interest in functional supramolecular 
materials, which are built through the self-assembly of 
molecules, and whose properties depend on their internal 
architecture.1, 2 Control of the properties ultimately arises from 
molecular information and a major issue in this research area is 
therefore the design of the constituent units. These building 
blocks must fulfil self-assembly criteria, which concern 
intermolecular interactions, and also display functional 
properties, which ought to be transferred to the 
supramolecular assembly. With the aim of understanding the 
intermolecular interactions that bring together certain 
molecules to form such functional assemblies, we have 
considered two types of supramolecular materials. 
Firstly, and given to our experience in this area, we have focused 
our attention on Liquid Crystals (LC) as a paradigmatic example 
of self-assembling systems.3 LCs provide outstanding examples 
of supramolecular assemblies that allow access to functional 
materials formed by molecules that self-arrange and orient into 
architectures that define the final properties of the material.4 
The advantage of LCs lies in the vast design possibilities of their 
constituent units, i.e. mesogens. Mesogenic molecules contain 

information about self-organizational abilities but they can also 
encode optical, electronic or magnetic properties of 
technological interest that can be transferred to a variety of 
thermotropic liquid crystalline organizations, e.g., nematic, 
smectic, columnar and bent-core LCs amongst others. 
Secondly, nanomaterials formed by the aggregation of 
molecular building blocks in liquid media have similar features 
such as a wide variety of chemical structures and tunable 
electronic and optical properties, which make them interesting 
for technological5 or biomedical applications.6 These materials 
are usually prepared by bottom-up approaches that involve the 
self-assembly of molecules driven by intermolecular 
interactions, such as hydrogen bonding, π–π stacking, 
electrostatic and hydrophilic-hydrophobic interactions, and 
they can exhibit different morphologies with low dimensionality 
such as nanoparticles, nanofibers, nanorods, nanotubes and 
others.  
There is a lack of systematic studies in which these systems have 
been compared, but the two types of supramolecular material 
outlined above are closely related. In fact, the intermolecular 
interactions between mesogens can transcend the liquid crystal 
state and direct the formation of assemblies in a liquid medium. 
It is increasingly common in the literature to find reports of 
molecules that show liquid crystalline behaviour in bulk but are 
also able to form nanomaterials in solution with an internal 
molecular order similar to that of the mesophase. Such dual 
behaviour allows us to evaluate versatile molecules that can Instituto de Ciencia de Materiales de Aragón (ICMA), Departamento de Química 
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self-assemble in different environments, and it provides 
functional systems with defined molecular arrangements. 
The present review focuses on recent examples of molecular 
structures that are capable of establishing intermolecular 
interactions both in bulk and in solvents, and therefore can give 
rise to thermotropic mesophases as well as nanoaggregates, 
respectively. The latter aggregates can also give rise to systems 
in which liquids are immobilized and form gels, a possibility that 
increases further their potential applications. 
The aim of the review is to demonstrate that intermolecular 
interactions that provide liquid crystalline order in bulk can also 
manifest themselves in solution and this can lead to 
nanomaterials in the form of nanoaggregates, opening the door 
to new applications, as well as to help this topic to enter into a 
more mature period. For this purpose, representative examples 
that belong to the different molecular geometries and usually 
found in liquid crystals have been selected (Figure 1a).  The 
literature reviewed span a decade, from the year 2009 to 2019, 
during which the following mesogenic structures have provided 
interesting examples that can illustrate the aforementioned 
dual behaviour. In this period of time, very few examples were 
found that concern the simplest rod-like or calamitic molecular 
structure. However, an increase in the number of terminal 
chains on a calamitic mesogens can provide, phasmids and 
polycatenary systems, which may yield a rich variety of 
mesophases that can be either calamitic, columnar or cubic. V-
shaped molecules constitute the basic structure that forms the 
special type of bent-core liquid crystal organization with 
compact and polar packing or recently discovered mesophases, 
such as nematic twist-bend. Disc-like mesogens and star-shaped 
molecules mainly self-organize into columnar mesophases by π-
stacking. Finally, high-molecular-weight mesogens, e.g. 
dendrimers or polymers, can give rise to liquid crystalline 
phases in which internal organization can be addressed by 
segregation of immiscible parts present in the molecules. A 
selection of packing models of the most representative liquid 
crystal phases of these mesogenic molecular designs are 
depicted in Figure 1b. The intermolecular interactions at play in 
these phases have been detected in solutions of these 
molecules in different solvents and thus nanoaggregates with 
defined internal structures have been described.  
The review is organized in sections, each of which deals with 
one of the molecular structures cited above. The last section is 
devoted to the future outlook for these types of supramolecular 
systems and their potential as functional materials. 

Calamitic molecules 
Rod-shaped compounds, known as calamitic molecules in the 
liquid crystal field,3 are composed of a rigid core and flexible 
alkyl side chains, and represent the first published and exploited 
family of molecules for a dual behaviour. However, few new 
reports are collected in the last ten years revised. 
 

 
Figure 1. a) Representation of molecular geometries usually found in liquid 
crystals. b) Selection of packing models of representative liquid crystal phases 
considered in this review. 

In this aim, cholesterol has been a commonly used building 
block in supramolecular chemistry thanks to its strong tendency 
to self-assemble via van der Waals forces. In fact, this 
biomolecule is very well-known in the field of liquid crystals 
since the oldest mesogen ever reported was a cholesterol 
derivative. With an appropriate molecular design, these 
molecules can also self-assemble in the presence of solvents. 
Actually, together with the van der Waals interactions, 
hydrogen-bonding has been proved to be an outstanding 
driving force for the formation of gels from cholesterol-
containing molecules. Amide (1, Chart 1)7, 8 and carbamate (2, 
Chart 1)9 derivatives were reported to self-assemble into 
nanostructures when mixed with different liquids while the 
pure compounds showed the characteristic mesophases of the 
cholesterol unit, i.e. N*, SmA and SmC*. Other examples of 
cholesterol dimers, either connected by an alkyl flexible chain10 
or forming supramolecular complexes11 also showed this dual 
performance.  
Apart from cholesterol derivatives, another classical structural 
feature of calamitic mesogens, the incorporation of fluorinated 
chains, has been recently essayed.12 in this respect, there are 
also few examples of molecules composed of a rigid aromatic 
core and fluorinated tails (3a and 3b, Chart 1) that can form 
both nematic and smectic liquid crystalline phases and fibrillar 
assemblies that form gels in solvents. π-stacking of the cores 
and the intermolecular interactions between the fluorinated 
substituents are main intermolecular forces involved in both 
processes.13, 14  
Recently, chiral rod-like mesogens in enantiomeric form as well 
as in mixtures (4, Chart 1) have been reported to self-assemble 
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Chart 1. Chemical structures of selected calamitic molecules. 
 
in appealing nanotubular morphologies when a concentrated 
solution was drop casted onto a substrate with a smectic 
crystalline order similar to that observed in the mesophase.15 
Finally, coumarin-based calamitic molecules (5, Chart 1) 
combined with the presence of a hydrazine group were 
described to self-assemble in the mesophase giving rise to 
smectic phases, while showing excellent gelation properties in 
many solvents of different polarities through strong hydrogen-
bonding interactions.16 

Phasmids and polycatenars 
Non-conventional molecular shapes known as phasmidic or 
polycatenar17 give rise not only to a broad variety of LC 
mesophases with high structural dependence, but to interesting 
self-assemblies in liquids. These compounds generally consist of 
a long aromatic rod-like core and multiple flexible chains at their 
ends. A selection of molecules with polycatenar and other 
similar shapes, such as swallow-tail, dumbbells, twin-tapered or 
related shapes, is covered in this chapter so as to reflect the 
varied molecular designs and functional groups found to endow 
these mesogens with added properties. With respect to LC 
behaviour, most of these compounds display columnar 
mesophases in which several molecules are arranged side-by-
side in a columnar slice with segregation of the aromatic rigid 
core from the flexible terminal chains. The need for aggregation 
to form the columnar organization is in part a consequence of 
the molecular shape, as one molecule alone is usually unable to 
adopt the disc-shape required in conventional columnar 
mesophases. This aggregation occurs through a range of 
supramolecular interactions and can be directly related to the 
high tendency of a given compound to aggregate in solvents. 
Typical polycatenar molecules with aliphatic chains and 
hydrazide groups18,19 (6, Chart 2) make use of multiple hydrogen 
bonds to form columnar mesophases and stable organogels 

with a very low critical gelation concentration (0.06 wt%) and 
fluorescence that is enhanced upon aggregation (AIE effect). 
Interestingly, the structures of the organogels can be controlled 
by the polarity of the gelling solvent, as the molecules are 
arranged in a lamellar structure in the xerogel fibres formed in 
dichloroethane, but in rectangular columnar (Colr) assemblies 
in fibres formed in ethanol.20 Amide groups21,22 also aid gelation 
in organic solvents by facilitating intermolecular H-bonding, 
with this process being particularly effective for 
‘hemiphasmidic’ tapered mesogens derived from tropone,23 
imidazole24 or pyrazole,25, 26 which also arrange in 
multimolecular aggregates in the columnar mesophases. In 
particular, the compounds that bear a terminal pyrazole unit (7, 
Chart 2) give luminescent supergels in dodecane that show AIE 

behaviour and they 
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Chart 2. Chemical structure of selected phasmids and polycatenars molecules 

polymerise by a cooperative mechanism, with molecular 
chirality transferred to the gel fibres.25  
Aggregation in solvents based exclusively on π- and van der 
Waals interactions was reported for dumbbell molecules 
bearing 3-hexen-1,5-diyne and dendritic wedges.27-29 A 
molecule with a total of 18 chains (8, Chart 2) shows a unique 
columnar mesophase with a half-molecule per columnar 
stratum, and this aggregates in cyclohexane to give luminescent 
gels. Multifunctional phospholes with polycatenar or dumbbell 
shapes (9, Chart 2) also arrange to form highly luminescent Colh 
mesophases and in polar organic solvents they can form gels 
whose photoluminescence can be tuned by variation of the 
solvent and the temperature.30 
In another interesting example, in oligo(phenylenethynylene) 
(OPE) derivatives the important role of metallophilic Pd–Pd 
interactions was demonstrated (10, Chart 2). These interactions 
work cooperatively with π-stacking to form fibre aggregates 
with a high degree of internal order and single-molecule 
width.31  
With the aim of obtaining nanostructured materials for 
optoelectronic applications, polycatenar structures containing 
electron-withdrawing units at the core were employed to 
obtain LC phases and luminescent organogels using only dipolar 

Figure 2. a) Chemical structure of the mesogen C/10. b) SEM images of the 
xerogels of mesogen C/10 obtained from acetone before irradiation (1) and 
after irradiation and standing in the dark (2), and xerogels obtained from n-
hexane before irradiation (3) and after irradiation and standing in the dark 
(4). c) Schematic illustration of the possible formation mechanism of gels in 
acetone (top) or n-hexane (bottom). Adapted from Ref. 58 with permission 
from The Royal Society of Chemistry. 

and π-interactions. This type of compound is exemplified by the 
twin-tapered bis-1,3,4-oxadiazoles,32-35 oxadiazoles or 
thiadiazoles,36 benzothiadiazole low bandgap compounds,37-39 

or fluorenones.40 In particular, bis-1,3,4-oxadiazoles give rise to 
LC and gels with a helical structure and strong fluorescence (11, 
Chart 2).32 Microbelt structures processed from an organogel 
have the optimum molecular arrangement to display 
fluorescent quantum yields close to unity and lasing properties 
with an ultralow amplified spontaneous emission (ASE) 
threshold.34 In the fluorenone compounds the length of the 
terminal chain determines the LC behaviour, i.e., columnar or 
cubic micellar, and the morphology of their xerogels, i.e., 
fibrous or spherical.40  
An important group of structures is those containing 
perylenebisimide (PBI). PBI dyes have excellent optical and n-
type semiconducting properties combined with a high chemical 
stability. The strong tendency of these compounds to π-stacking 
facilitates the assembly of H- or J-type aggregates. Recent 
reviews on the subject have highlighted the broad variety of 
molecular structures with LC behaviour41 and the relevant role 
of molecular and supramolecular engineering in PBI assemblies 
and functions.42-44 Some representative examples are outlined 
below (12, Chart 2). Polycatenar mesogens substituted at the 
imide position aggregate in apolar solvents or gels through co-
facial stacking.45-50 Nanoggregates with different morphologies, 
either nanoparticles or nanobelts, were obtained on using 
solution-based methods with linear or branched substituted 
PBIs.51 Remarkable efforts were focused on the study of the 
stability and dynamics of water-based PBI supramolecular 
systems52 by using oligoethylene glycol-derived side chains as a 
water-solubilising group. It was found that the polarity of the 
substituents dictates the size, morphology, and optical 
properties of the aggregates.47 Organisations similar to that 
observed in the helical columnar mesophases of dendronized 
PBIs53, 54 were found for PBI amphiphiles in water, as elucidated 
by TEM, cryo-SEM and AFM.55 With increasing concentration a 
fusion/fission process occurs in which nanorods composed of 
cofacially stacked molecules in a helical column merge to form 
nanoribbons in which the PBIs are arranged side-by-side. On 
using the same molecule and binary mixtures with a closely 
related compound, hydrogels with lower critical solution 
temperature (LCST) transitions and fibrillar morphology with 
internal columnar organization were obtained. At temperatures 
above the LCST water expulsion from the hydrogel occurs and 
this leads to a biphasic system with a columnar hexagonal 
mesophase, which triggers a colour change with fluorescence 
turn-on.56 A different molecular design consisting of a PBI with 
free NH imide groups substituted with dendritic oligo(ethylene) 
groups at the bay position gives rise to a range of behaviours: 
Small aggregates (< 5 wt%), hydrogels (5-40 wt%), lyotropic 
liquid crystals (> 50 %wt) and a bulk thermotropic liquid crystal 
phase are all formed on increasing the concentration.57 At low 
concentration the aggregates are amorphous and red-coloured, 
but on increasing the temperature they transform into blue-
coloured triple-stranded helical aggregates with an 
unprecedented strongly coupled J-aggregation in which the 
transition dipole moment of PBIs is oriented parallel to the 
columnar axis.  
Finally, additional functions were explored using 
photoresponsive moieties such as coumarin or azobenzene. A 
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group of coumarin hexacatenars with luminescent LC- and gel-
forming properties show different aggregation schemes and 
morphologies in polar (acetone) or apolar (n-hexane) solvents. 
Furthermore, these compounds photodimerise upon irradiation 
with UVA light in both the LC and gel states.58 The mesophase is 
retained but the gels transform into a solution, from which the 
gels reform with a different morphology upon standing in the 
dark (Figure 2). For some azobenzene polycatenars the 
photoisomerisation destroys the LC and gel properties in a 
reversible way59, 60 or it changes the morphology of the 
aggregate, with long thin fibres transformed into shorter rods.61 
The power of poly-alkyl tails to promote dual self-assembly 
abilities has been also attractively described by Takanishi et al. 
for non-conventional molecular designs based on C60. Thus, the 
authors have reported various functional materials derived 
from alkylated fullerenes, namely alkyloxyphensubstituted N-
methyl[60]fulleropyrrolidines (13, Chart 2), and they were able 
to obtain both SmC liquid crystalline phases and lamellar 
solvent-assisted aggregates with different morphologies.62, 63, 64 
Authors claimed that simple modifications in the substitution 
pattern of the alkyl tails, i.e. the degree of branching, length, 
number, and substitution position, as well as other 
experimental conditions, permitted to modulate the order and 
hardness/softness of the molecular assemblies, giving rise to 
many highly versatile series of disordered-to-ordered, rigid-to-
soft materials. 

V-shaped molecules 
Numerous different chemical structures can fit the V-shaped 
description. One can consider the flexibility of the central core, 
the presence of polycatenar substituents at the end of the bent 
moiety, the length of the wings, the use of alkyl spacers within 
the arms of the V-shaped molecule, etc.  
This variety of designs can be classified according to how the 
molecules are packed in the mesophase. Columnar 
arrangements are typically observed for V-shaped mesogens 
with polycatenar substituents either in the apex or at both ends 
of the V-structure. In these phases, several molecules interact 
to form a disc-like structure in which the aromatic V-structure is 
located in the core and the polycatenar coils are extended on 
the periphery. Consequently, π-π interactions and the 
segregation of the different parts of the molecule are 
responsible for the stacking of the discs to give rise to columns, 
in a similar way to the phasmids and polycatenars described in 
the previous section. Polycatenar bisphenylsulfone-based 
molecules represent one of the most widely explored families 
of columnar V-shaped mesogens. Yoshio, Kato and co-workers 
described the ability of these compounds to form columnar 
mesophases in bulk by π-π and dipole-dipole interactions (14a 
and 14b, Chart 3).65 A uniaxial orientation of the columns in the 
mesophase was achieved by applying an electric field. In 
addition, XRD studies confirmed that the organisation in the gel 
state was similar to that observed in the mesophase. Following 
Kato’s work, several modifications have been introduced into 
the chemical structure of the bisphenylsulfone-based V-shaped 

mesogens by click chemistry (14b, Chart 3).66-69 In most cases, 
these compounds present cubic and columnar phases in bulk 
and they act as good gelators in various solvents. The presence 
in the structure of triazole rings, which can act as N-donors, 
allowed the gels to be used as chemosensors and in water 
purification systems due to their ability to chelate transition 
metal ions and interact with other compounds. More simple 
and flexible dihydrazide derivatives also showed dual 
behaviour, with columnar arrangements both in the mesophase 
and in the gel state.70, 71 With the aim of obtaining 
nanostructures in aqueous solutions, the introduction of 
hydrophilic poly(ethylene glycol) (PEG) chains has proven to be 
a good approach. Lee and co-workers reported a family of bent 
structures decorated with a PEG dendron grafted to their apex 
(15, Chart 3).72-74 Six or more molecules formed macrocycles 
that stacked to form columnar mesophases. This arrangement 
was stabilised in water due to the presence of the hydrophilic 
dendrons and this system formed helical nanotubes in solution. 
In other attempts, PEG chains were directly linked to both ends  
of the V-structure.75-77 It was reported that chiral aggregates 
were formed when chiral hydrophilic coils were used. 
Luminescent gels can be obtained by the introduction of 
oxadiazole and thiadiazole units into the V-shaped mesogens.  

 
Chart 3. Chemical structures of selected V-shaped molecules.  
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which are responsible for the formation of columnar 
mesophases, aggregates in solution and very stable gels in non-
polar solvents.35 The introduction of stereogenic centres in the 
aliphatic chains led to helical ordering of the molecules both in 
the mesophase and in the aggregates in solution.78 A high-
performance organic light-emitting device was constructed 
with the latter compound, which exhibited bright green 
luminescence. In other work, polycatenar thiadiazole- and 
oxadiazole-based V-shaped mesogens were employed to obtain 
gels that showed an AIEE effect and were used as acid 
sensors.79, 80 
Apart from these columnar arrangements, in the so-called bent-
core liquid crystalline phases the bent molecules are forced to 
pack in a very compact manner, which precludes their rotation 
and leads to strong polar order along the bend direction. This 
packing is responsible for the very appealing properties of bent-
core mesophases, i.e., polar organizations, induction of 
supramolecular chirality from achiral molecules, non-linear 
optical response and ferroelectric/antiferroelectric 
behaviour.81, 82 Several attempts have been made to transfer 
the characteristic molecular order of bent-core mesophases 
(and therefore their properties) to other supramolecular 
systems. Ho, Hsu and co-workers described the ability of bent-
core molecules to self-assemble in THF/water solutions to give 
rise to helical ribbons and nanotubes, despite the fact that 
achiral molecules were used (16, Chart 3).83 It was 
demonstrated that the supramolecular chirality was induced by 
the bent structure of the molecule, since a linear analogue did 
not give a CD signal after aggregation. The stable packing of the 
bent molecules involves rotation of the carboxyl groups, and it 
induces a helical chain conformation that is responsible for the 
supramolecular chirality of the nanostructures in solution. As 
achiral molecules were used, both left- and right-handed helices 
were obtained. The introduction of chiral centres at the 
terminal alkyl chains (16, Chart 3) allowed the chirality to be 
controlled, as evidenced by mirror-imaged CD spectra when the 
R and S enantiomers were employed.84 With similar objectives, 
Ros and co-workers synthesised a series of compounds that 
consisted of a hydrophilic poly(propylene imine) dendrimer 
joined to four hydrophobic bent-core structures (17, Chart 3).85 
The amphiphilic nature of such a dendritic structure could 
favour segregation in bulk and in solvents. Columnar and 
smectic liquid crystal phases were reported and aggregates 
were obtained in THF/water solutions. The length of the inner 
spacer and the terminal aliphatic chain seemed to play a crucial 
role in the formation of both the mesophases and 
nanostructures in solution.  
The appropriate combination of short spacer and terminal alkyl 
chains allowed the formation of chiral superstructures, i.e., 
helical ribbons and nanotubes. SAXS of dried samples of the 
aggregates confirmed the smectic order of the molecules. 
Consequently, the authors proposed the formation of helical 
structures through local saddle-splay deformation of the 
lamellae, in a similar way to that observed in the B4 or helical 
nanofilaments (HNFs) phase.86 
Moving on from aggregates in solution, several examples of gels 
formed by bent-core molecules have been reported in the 

literature. The compounds that form the aforementioned HNF 
phase in bulk warrant special attention. This phase has 

attracted 
Figure 3. a) Chemical structure of the bent-core dimer. b) AFM image of 
the B4´ phase at room temperature (top) and SEM picture of xerogel in 
(–) menthone (bottom). c) X-ray pattern of the B4 and B4´phase, xerogel 
and gel in toluene. Adapted from Ref. 92 with permission from The 
Royal Society of Chemistry. 

a great deal of attention because of its chiral nature and strong 
optical activity, despite the fact that it is formed by achiral 
molecules.87 It has been reported that the helical nanofilaments 
that build this phase can host other mesogens while 
maintaining their morphology.88 The ability of host solvents 
within the entangled filament network was first described by 
Clark and co-workers.89 In addition to mixtures with small 
molecules and polymers, they also obtained stable gels of 1,3-
phenylene bis[4-(4,9-alkoxyphenyliminonethyl)benzoate] 
(NOBOW) and hexadecane. The helical nanofilament 
morphology was preserved for mixtures with up to 98% 
hexadecane. This work proved that the B4 network can absorb 
a large amount of solvent. The layer spacing in the filaments was 
slightly increased in the gel state due to partial intercalation of 
hexadecane within the aliphatic chains of NOBOW. Gorecka and 
co-workers reported that the optical activity of the HNFs of 
these materials is not related to the helical conformation of the 
filaments but to the internal layer structure (layer optical 
activity).90 The value of this parameter strongly depends on the 
number of stacked layers. The bent-core molecules exhibited 
both B4 phases and gels. SEM pictures of xerogels revealed the 
formation of helical ribbons made of mono- and bilayers, 
whereas up to 5–6 layers were stacked in the mesophase. 
Consequently, only bulk samples showed a clear Cotton effect 
in circular dichroism measurements.  
Bent-core dimers are also suitable for gel formation. These 
molecular designs have been mainly explored with the aim of 
obtaining twist-bend nematic phases.91 Gorecka’s group 
described a series of dimers that formed HNF phases in bulk and 
also acted as excellent gelators in many solvents.92 SEM pictures 
of xerogels revealed that the gels were formed by helical 
tubules of both handedness that resembled the morphologies 
of B4 mesophases in bulk observed by AFM (Figure 3b). 
Moreover, the X-ray pattern of the xerogel was similar to that 
of the mesophase, with seven periodic reflections related to a 

b)
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robust lamellar order at the small angle region and several 
peaks at the wide angle region (Figure 3c). The authors 
therefore concluded that the fibres that formed the gel state 
had the structure of the bulk B4 phase. Moreover, the 
introduction of azo moieties into the wings of the dimers 
allowed light-responsive mesophases and gels to be obtained.93 
Monika et al. described another family of bent-core azo-dimers 
that were able to form gels in various organic solvents and 
cybotactic nematic phases in bulk.94 

Star-shaped molecules 
Star-shaped molecules are formed by a central core and three 
or more arms symmetrically attached by different types of 
linkers.95 The nature of the core, the arms and the linker are 
important in the design since they control both the macroscopic 
and the microscopic properties. A vast number of star-shaped 
liquid crystalline molecules are formed by a rigid central core 
and three arms that can range from alkyl chains to conjugated 
rigid systems with aliphatic substituents at the periphery. Due 
to their form and their tuneable molecular design, star-shaped 
molecules can give rise to different types of mesophases, i.e., 
nematic, columnar or cubic, with columnar mesophases being 
the most common. These types of molecules are also capable of 
self-assembling in solution to give aggregates whose 
morphology and size can be controlled through molecule-
molecule and molecule-solvent interactions. 
Benzene-1,3,5-tricarboxamide (BTA) is one of the simplest star 
shaped cores and it has been extensively studied both in bulk 
and in solvents. The interest in BTAs is due to their well-defined 
helical 1D aggregates caused by the strong threefold α-helix-

type intermolecular hydrogen bonding between amide groups. 
Chart 4. Chemical structures of selected star-shaped molecules 
In recent years, Meijer, Palmans and co-workers have 
introduced several modifications to the structure of BTAs to 
determine how they affect the intermolecular hydrogen 
bonding responsible for the bulk and solution properties. They 
altered the amide connectivity,96 replaced the amide group by 
a thioamide,97 changed peripheral alkyl chains by oligo(ethylene 
glycol)98 or polydimethylsiloxane99 in different ratios or 
separated the amide from the central benzene by introducing a 
methylene group.100 Most of these compounds show liquid 
crystalline behaviour with hexagonal columnar mesophases and 
they form helical aggregates in organic solvents. 
In the same way, Desmarchelier et al. generated a library of 
BTAs derived from dodecyl esters of amino acids.101 The amino 
acid residue dictates the nature of the self-assembly in bulk, 
with hexagonal Colh phases formed, and also in 
methylcyclohexane. The self-assembly process of BTAs can also 
be controlled by the introduction of stimulus-responsive units. 
Among the stimuli employed, light has attracted great interest 
because it can be applied in a localized way without modifying 
the chemical environment and it can produce reversible 
changes in the materials. Choi et al. designed a BTA molecule 
with peripheral light-responsive azobenzene units102 (BTA-
3AZO) with LC and gelation properties. This molecule shows a 
low-ordered Colh LC phase, a highly ordered lamella-columnar, 
ColL, LC phase and a lamello-columnar crystal phase. XRD 
patterns of the xerogel revealed the formation of lamellar 
superstructures with hexagonal columnar packing. Due to the 
presence of azo groups, organogels underwent sol-gel 
transitions when irradiated with UV light.  
Electric fields have also been used to externally control the self-
assembly process in columnar mesophases. Aida and co-
workers designed a series of star-shaped molecules with a bowl-
shaped chiral peptidic macrocycle as a central core attached to 
peripheral akyl chains with flexible amide spacers.103 (18, Chart 
4) These molecules were able to self-assemble into a 
nanoporous hexagonal columnar mesophase and homeotropic 
alignment was obtained when an electric field was applied. In 
addition, GPC and CD studies confirmed the ability of these 
macrocycles to self-assemble in cicolhexane104. 
Five-membered heterocyclic moieties can be employed as 
connectors instead of amide linkages and this change provides 
one-dimensional aggregates with electronic and luminescent 
properties in which π-π interactions are predominant. In this 
respect, oxadiazoles, thiadiazoles and triazoles have been the 
most widely explored groups. Das and co-workers designed and 
synthesised star-shaped molecules containing 3,4,5-
oxadiazoles with alkoxy-substituted phenylenevinylene 
groups105 and alkoxy-substituted phenyleneethynylenes106 with 
different chain lengths (19, Chart 4). All of the compounds 
showed mesomorphic behaviour (columnar mesophases) and 
they formed gels in non-polar solvents. Depending on the 
concentration, phenylenevinylene compounds showed a 
hierarchical self-assembly in solution from spheres to fibres. 
Achalkumar and co-workers studied the different properties 
shown by 1,2,4-oxadiazole107 and 3,4,5-thiadiazole108 moieties 
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with respect to 1,3,4-oxadiazole. The number, length and 
position of the peripheral alkyl chains determined the  

Figure 4. a) MOP texture and proposed superlattice of the hexagonal 
columnar mesophase. b) CD spectrum of the organogel in hexane. 
Adapted Ref. 99 with permission from Wiley-VCH. 
 
mesomorphic properties of these compounds. Likewise, the 
gelification process showed a strong dependence on the 
number of alkyl chains at the periphery. 
Triphenylamine, an electron-donor moiety with great potential 
in organic electronics,109 has been used as a star-shaped unit to 
construct materials that show dual behaviour, namely as LCs in 
bulk and aggregates in solvents. Giusseppone and co-workers 
described star-shaped mesogenic molecules with a TPA core 
(20, Chart 4).110 The presence of an amide linkage in one of the 
arms allowed the formation of columnar mesophases, the 
symmetry of which depended on the number and nature of the 
peripheral tails (Figure 4). These molecules undergo light-
triggered supramolecular polymerisation in chlorinated 
solvents, a process common in other triphenylamine derivatives 
with an amide group.111 The morphology of the resulting 
supramolecular polymers was studied by AFM and their form 
also depended on the number and nature of peripheral tails. 
Three-fold amide linkages between polycatenar benzoic acid 
and tris(aminophenyl)amine led to LC molecules that showed 
Colh mesophases for molecules with six or more peripheral tails. 
The same molecules self-assembled in a variety of organic 
solvents to give gels with a wide range of minimum gelation 
concentrations, which depended on the solvent.112 
 

Discotic molecules 
Disc-shaped molecules are formed by a rigid aromatic core 
surrounded by flexible chains, which are commonly aliphatic in 
nature. The conjugated nature of the disc favours stacking of 
the molecules through π-π interactions to form columns in LC 
phases.113 Among the wide variety of disc-like mesogens 
described in the literature, triphenylene is the most widely 
studied discotic core. The electron-donor character of 
triphenylene means that this planar polycyclic aromatic 
hydrocarbon has been extensively employed as a p-type 
semiconductor in columnar liquid crystals to obtain one-
dimensional conductive materials with high hole mobilities.114 

Interestingly, this mesogenic core also shows a high tendency 
to self-aggregate in solvents.115 This dual behaviour was first 
described for a very simple asymmetrical hexasubstituted 
triphenylene with a terminal hydroxy group in one of the 
peripheral chains (21, Chart 5). The compound self-assembled 
to form Colh mesophases in bulk and it formed two different 
kinds of fibrillar aggregates that gelled in ethanol depending on 
the temperature. As a consequence, other hexakisalkyl-
substituted triphenylene derivatives have been explored. 
Despite its structural simplicity, some applications have been 
claimed for these materials both in solution and bulk. 
Commercial hexakishexyloxytriphenylene (HAT6) forms gels in 
an acetonitrile-based I–/I3– redox solution as the solvent to 
fabricate a solid electrolyte for dye-sensitised solar cells 
(DSSCs).116 The HAT6 network prevented the evaporation of 
acetonitrile and also protected the device from the corrosive 
nature of the liquid electrolyte, thus increasing the lifetime of 
the photovoltaic system. The order provided by the 
triphenylene core has also been exploited for the orientation of 
gold117 and CdS nanowires in ethanol aggregates.118 Whereas 
doping with metallic nanostructures did not disrupt 
mesomorphism, the conductivity was increased by 3–4 times in 
the mesomorphic composite when compared to pure CdS. 

 
Chart 5. Chemical structures of selected discotic examples. 
 
Modifications of the periphery surrounding the triphenylene 
may improve its aggregation capacity and open the door to new 
applications. Triazole-modified triphenylene LCs can form gels 
in cyclohexane, which has been successfully employed for 
sensing Cd2+ and nitroaromatic compounds.119 On the other 
hand, triphenylene dimers linked by a crown ether (22, Chart 5) 
also proved to self-assemble in bulk and in solvents to form a 
gel state when doped with potassium counterions.120 Large π-
conjugated discotic cores of triphenylene-fused triazatruxenes 
(23, Chart 5) self-assembled to form columnar mesophases121 
and high hole mobilities were measured for these systems by 
the space-charge limited-current (SCLC) technique. Moreover, 
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the 
strong 
π-π 

interactions between discs also served as a driving force for the 
formation of shrunken layer-like  

  

Figure 5. Self-assemblies of aminoacid-based dendrimers: POM micrograph of the mesophase of G2S8G2 and schematic representations of the aggregates of 
the dendrimers in chloroform, from molecular packing to physical gels. Adapted with permission from Ref. 123 with permission from the American Chemical 
Society. 

microstructures that led to gels in nonpolar hydrocarbon 
solvents and some aliphatic alcohols and esters.  
Besides triphenylene, other discotic cores have been reported 
to combine mesomorphic behaviour and self-aggregation in 
solvents. For example, single dibenzo[a,c]phenazine derivatives 
(24, Chart 5)122 and their dimers123 show such dual behaviour as 
they form fluorescent columnar mesophases and gels. Discotic 
mesogens based on pyrene, a π-conjugated motif widely used 
in photonics and optoelectronics, allowed the formation of 
fluorescent mesophases and gels.124 The photoluminescence 
wavelength of the pyrene core depended on the state of matter 
of the material, i.e., solid, liquid crystal or gel state. Remarkably, 
fibrillar gels from DMF were employed for the construction of 
OLED devices owing to their bulk electrical conductivity and 
emission properties. 

Dendrimers 
Dendrimers and dendrons are nearly monodisperse 
macromolecules characterised by a regular and highly branched 
structure with numerous available functional groups at their 
surface.125 The controlled structure and multivalence of 
dendrons and dendrimers facilitates the tuning of their 
chemical structure, and this has been exploited to prepare 
materials that combine LC behaviour and self-aggregation in 
solvents.  
Wedge-shaped dendrons based on amino acids have been 
reported to show such dual behaviour.126, 127 As demonstrated 
by IR spectroscopy and pyrene inclusion experiments, H-bonds 
between amide linkages reinforced by π-interactions due to 
peripheral benzyl groups favour their gelating ability in 
numerous different solvents, with critical gel concentrations 
between 4 and 20 mg/mL. Thermotropic LC behaviour and gel-
forming ability are observed for the second generation 
dendrons with an acrylate group at the focal point, which seems 
to reinforce π-interactions.126 Changes in the amino acid 
composition have an influence on the mesophase 
arrangement.127 Acrylic-G2gly−asp (Figure 5) shows a 

thermotropic Colh phase and it is able to form gels in a variety 
of polar and non-polar solvents. The nanostructure of the 
xerogel maintains the Colh arrangement of the thermotropic 
and this adopts a lamellar arrangement for Acrylic-G2ala−asp. 
However, in the presence of solvents, the aggregation into 
fibres that form gels is barely affected and the Colh 
arrangement is observed. Dimeric molecules in which two 
glycine-aspartic acid dendrons are linked together through a 
flexible spacer retain the thermotropic LC properties of the 
dendrons and they can also form fibres in solvents, thus 
providing gels in chloroform at low concentrations, i.e., 3.5 
mg/mL.128 The length of the flexible spacer influences the inner 
molecular architecture of the fibres, which have a Colh 
arrangement for shorter spacers (n = 6, 8, 10) and a lamellar 
arrangement for longer spacers (n = 15). For n = 10 and 15, the 
lamellar order is also present in bulk, whereas for n = 8, a cubic 
LC phase was identified. For n = 6, the mesophase arrangement 
could not be characterized.  
Nanosegregation processes caused by the presence of moieties 
of different natures in the dendritic structure give rise to Janus 
dendrimers, which are useful to promote thermotropic LC 
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organisations and to self-assemble into nanostructures that are 
Chart 6. Chemical structures of selected dendrimeric molecules. 

 

Figure 6. Left: Schematic Illustrations of packing structures for self-assembled aggregates formed by the brush-like LC block copolymers PChEMAm-b–
POEGMAn with different solvents. Adapted from Ref. 161 with permission of the American Chemical Society. Right: Self-assemblies of linear-dendritic diblock 
copolymers: POM micrograph of the mesophase of PEG114-AZO16 at 110 °C and schematic representations of the aggregates of PEG45-AZO2 (A) and PEG45-
AZO16 (B) in water, together with the proposed models for the packing of the BCs in the polymeric self-assemblies. Adapted from Ref. 172 with permission 
from the American Chemical Society. 

stable in solution or can gel a solvent. In particular, the 
combination of a polar dendron with an apolar dendron 
terminated with long hydrocarbon tails, provides a means to 
obtain lamellar mesophases along with the possibility of 
inducing self-aggregation into micelles, with the morphology 
depending on the nature of the solvent. In this respect, 
polybenzylether dendrons (25, Chart 6) with polar benzamide 
and trifluoromethyl groups combined with polycatenar 
dendrons have shown dual behaviour under certain conditions 
favoured by intermolecular H-bonding, van der Waals and π-
interactions.129 In particular, the dendrimer formed by first 
generation dendrons, G1-G1, which shows thermotropic LC 
behaviour, displays the most organized lamellar disposition 
within the xerogel fibres formed with a variety of solvents (e.g., 
hexane, toluene and 1-butanol, amongst others).  
Amphiphilic Janus dendrimers built from 2,2-
bis(hydroxylmethyloxy)propionic acid, bis-MPA (26, Chart 6), 
have also been shown to form thermotropic lamellar 
mesophases and micellar aggregates in water.130 The 
elimination of intermolecular π-interactions still permits LC 
behaviour driven by segregation phenomena associated with 
the amphiphilic nature. The results of XRD studies showed a 
bilayer structure formed by interdigitation of long hydrocarbon 
tails, and this bilayer structure is also proposed to be present in 
the aggregates formed in water. Depending on the relative size 
difference between the hydrophilic and the lipophilic parts, the 
bilayer structure can bend and roll-up to form aggregates with 
different morphologies ranging from cylindrical micelles to 
vesicles or packed nanospheres.  
A different approach to nanosegregation based on Janus 
dendrimers employed calamitic mesogenic units in one 
dendron and carbazole groups in the other Dendron (27, Chart 
6).131 In this case, π-interactions are mainly responsible for a 
lamellar organization that gives rise to SmC mesophases in the 
bulk. Apolar solvents such as cyclohexane promote aggregation 
into fibres at very low CGC, i.e., 0.25–1.00 wt%, and the layered 
nanostructure is maintained. Interestingly, this arrangement 
allows the electropolymerisation of the xerogel through 

carbazole groups and interesting optical effects related with 
aggregation-induced emission enhancement (AIEE) effects are 
observed. 
Ionic interactions have also been employed to design 
amphiphilic dendrimers and this enables self-assembly in water. 
Depending on the structure of the counterions, these materials 
can also show thermotropic LC behaviour. PAMAM and PPI 
dendrimers contain a large number of protonatable inner and 
outer amino groups that can interact with negatively charged 
groups. PAMAM dendrimers can form ionic complexes with 
fatty acids (29, Chart 6) and these materials show SmA and 
columnar mesophases depending on the length of the acid and 
the number of protonated amine groups.132,133 A lamellar 
arrangement in which the hydrophilic ionic region of the 
dendrimers wraps around a lipophilic region consisting of the 
long alkyl tails of the carboxylic acids seems to be the origin of 
the formation of nanoaggregates at concentrations of 5 mM. 
The resulting nanoobjects adopt different morphologies in 
aqueous media and can even encapsulate lipophilic molecules. 
The same type of behaviour in both the bulk and aqueous media 
was reported for HYPAM, a hyperbranched analogue of 
PAMAM, with dodecylsulfate as the counterion (28, Chart 6).134 
The possibility of using this type of nanoobject as a carrier for 
lipophilic drugs makes it interesting to explore their 
biocompatibility depending on their composition. Thus, ionic  
complexes of PAMAM and a combination of myristic acid (a 
lipophilic tail) and 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (a 
hydrophilic tail) in different ratios were prepared (30, Chart 
6).135 This combination led to a SmA arrangement in the LC 
phase for the derivatives with a lipophilic/hydrophilic ratio 
above 10:20. Furthermore, the combination of both types of 
acid allowed modulation of the morphology of the 
nanoaggregates in water. Finally, it was observed that 
decreases in the content of myristic acid led to an increase in 
the biocompatibility of these nanoobjects, thus making them 
interesting as potential nanocarriers for lipophilic drugs. 
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Polymers 
From high molecular weight compounds, polymers are probably 
the pioneers and the most widely studied compounds to date in 
terms of the versatile self-assembly potential of thermotropic 
liquid crystals in the presence of fluid media. Studies have 
mainly concerned block-copolymers (BCP) but a few 
homopolymers have also been reported that combine 
supramolecular abilities in bulk and in liquids (Chart 7). Among 
the homopolymers, different polymeric structures can show 
such dual behaviour. For example, the homopolypeptide poly-
L-EG2-Glu forms a thermotropic LC phase and aggregates in 
water, although neither has been fully characterised. The 
morphology of the aggregates is either worm-like or fibre 
micelles depending on the molecular weight (31, Chart 7).136 
The amphiphilic mesogen-jacketed LC polymer POBP-7C 
promotes the formation of vesicles in water137 and a mesogeniC   
(32, Chart 7) poly-biphenyl-methacrylate (PM6BiC18) is able to 
gel organic solvents (33, Chart 7)138  
However, propelled by the synthetic advances in controlled 
polymerisations (ATRP, ROP, RAFT, etc), block-copolymers (BCP) 
have provided the most successful and versatile strategy in this 

Chart 7. Chemical structures of selected polymers. 

area. For example, rod-coil copolymers that form flexible coil-
like and rigid rod-like blocks, or amphiphilic block copolymers  
have been the first choice in investigating self-assembly 
behaviours. The differences between the segments – which 
mainly concern amphiphilic balance, π-π and dipolar 
interactions – drive anisotropic contacts between blocks to 
form liquid crystalline organization in bulk and solvent-
mediated aggregation. Interestingly, it has been reported that 
the critical aggregation concentration (CAC) for BCPs is much 
lower than those for low molecular weight compounds. 
Additionally, aggregates from either liquid crystalline block-
polymers or those including mesogenic blocks, both known as 
liquid crystalline block copolymers (LCBCPs), have been 
reported to be very stable, thus suggesting that the liquid 
crystal order arises from a kind of physical crosslinking that acts 
as a driving force for the generation of diverse morphologies 
and as a mechanism for moulding architectural materials from 
block polymers.139 
Several promesogenic structures have been considered for the 
design of LCBCPs. For example, the liquid crystalline 
poly(perfluorooctylethyl methacrylate) blocks proposed by Liu 
and co-workers140 paved the way for the formation of core–
shell cylindrical micelles.141 Nevertheless, from the chemical 
design point of view, rod–coil block co-polymers are the most 
common systems and these are mainly built with flexible coil 
hydrophilic blocks based on polyethylene glycol (PEG or PEO), 
but also with poly(acrylic acid)142-145 or poly(acrylamide)142, 143, 

146 segments. As far as the rod-blocks are concerned, well 
known mesogenic cores have been selected as a working guide 
and these range from cholesterol moieties, to ensure bio-
applications, to azobenzene-based units when photo-responses 
were required. Furthermore, this methodology has inspired 
many approaches towards attractive nanoscale objects such as 
those described in focused reviews147-150 or recent articles.151  
Cholesterol is of interest in highly interdisciplinary research 
fields, as described in the first section of this work. The self-
assembly of macromolecules bearing cholesteryl groups into LC 
phases (smectic, nematic, cholesteric or blue mesophases) has 
proven to be valuable in nanotechnology and related industries. 
However, at a biological level the role of cholesterol is also 
significant and well-studied and this offers broad possibilities 
and bio-applications for assemblies of amphiphilic cholesterol-
based polymers, as discussed in recent reviews.152-154 
A variety of amphiphilic block-copolymers with hydrophobic 
segments containing cholesterol-units have been reported in 
the last decade. These blocks are mainly responsible for 
promoting essentially nematic or smectic-like organizations in 
bulk as well as self-assemblies in solvents. For example, block 
copolymers based on PEG fragments, both as linear or brush-
like structures derived from ethyleneoxide-acrylate or 
methacrylate monomers, have been explored by different 
authors. Li and co-workers carried out interesting research 
aimed at controlling the morphology of aggregates155-160 (34-36, 
Chart 7) and they used cholesterol-based side-chain blocks. 
Depending on the weight fraction, the nature of both the 
hydrophobic and hydrophilic blocks and the solvents used161 
(Figure 6a), nanoribbons, nanofibres, nanotubes and spherical, 
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ellipsoidal and uncommon faceted vesicles were prepared for 
the first time from polymer vesicles162 in aqueous solutions. 
Interestingly, rod-blocks formed the inner core of aggregates 
through the lamellar organization of cholesterol-units, generally 
in an interdigitated smectic A (SmAd) structure in which, 
remarkably, the liquid-crystalline organization of the 
hydrophobic block in bulk is retained. Even though 
polybutadiene155 or cyclopropane-1,1-dicarboxylates157 (34, 
Chart 7) have been used as backbones, the majority of LCBCPs 
reported to date are based on acrylate or methacrylate 
backbones. However, as these backbones are not 
biodegradable, alternative backbone structures such as 
dextran163 or polycarbonates145, 164 (37, Chart 7) have recently 
been proposed and these have a notable effect on micellar 
morphologies and properties. In addition, tri-block copolymers 
have been employed to incorporate further hydrophilic 
portions to give brush-like copolymers, e.g., pH-sensitive 
polyacid-fragments, and this opens alternatives for controlled 
drug delivery systems.142, 165 
When compared to changes in pH, solvent or temperature, light 
is a valuable stimulus because it can be applied locally and the 
response is rapid and does not require any modification in the 
chemical environment. In this respect, the azobenzene moiety 
has been incorporated in cases where photoresponsive 
materials were targeted. The azobenzene structure undergoes 
isomerisation between the trans and cis states upon 
appropriate irradiation and this causes polarity, size and shape 
changes that modify significantly the structures and properties 
of azobenzene-containing polymer blocks and hence the 
architectures of them. 
Different azo-BCPs have been reported in the last decade and 
most of these contain flexible PEG-coils as hydrophilic blocks. 
Following most common AB2 rod–coil designs, Li and co-
workers reported polymersomes composed of LC rod-like 
azopolymers in layered membranes.166-168 Interestingly, in 
addition to light, some of these membranes responded to 
various external stimuli – such as magnetic fields, electric fields 
and temperature – and this allowed controlled release induced 
by temperature variation.168 Alternatively, the gelation abilities 
of various organic liquids have been reported for side-chain 
polyurethanes, which form amorphous fibrous aggregates that 
provide thermo- and photoreversible gels.169 With respect to 
photoresponsive triblock-based polymers, it is worth 
highlighting spherical micelles from a poly(ethyleneoxide)-
polystyrene-azocopolymer [PEO-b-PS-b–PMMAZO]170 or 
vesicles prepared with copolymers PDMA-b-P(BiPA-co-Azo) and 
PAA-b-P(BiPA-co-Azo)143 (38 and 39, Chart 7). 
The minimization of the interfacial energy, which is controlled 
by the balance of the hydrophilic/azo-hydrophobic block 
interaction, is the crucial driving force for the aggregation of 
these LCBCPs. Additionally, however, the preorganized 
branched architecture of the dendritic block has also been 
successfully evaluated for some new azo-based designs. It is 
worth highlighting different amphiphilic linear-dendritic block-
copolymers,171 particularly the mesogenic PEGm-AZOn series 
reported by Oriol and co-workers,172, 173 which combine PEG 
chains of different molecular weights as hydrophilic segments 

and the first to fourth generations of azobenzene-containing 
dendrons based on bis-MPA as hydrophobic blocks (Figure 6b). 
The authors claimed that in comparison to other types of 
amphiphiles, for linear-dendritic BCs with a hydrophobic rigid 
dendritic block the aliphatic dendritic matrix was flexible 
enough to enable the reorganization of the mesogenic 
azobenzene moieties during aggregation. This is a key point for 
obtaining self-assemblies with different morphologies. Thus, 
depending on the generation of the dendritic moieties, 
aggregation in aqueous solutions gave rise to cylindrical 
micelles (nanofibres), sheet-like aggregates, tubular micelles, or 
photoresponsive polymersomes.172 Alternatively, star-block 
copolymers 3PEOm-b-PMAAzn that combine a three-armed 
poly(ethylene oxide) segment and a side chain azobenzene- 
poly(methacrylate) block (40, Chart 7) have recently been 
reported. These materials form stable spherical micelles with 
clear lamellar stripes and the size is influenced by the self-
assembly conditions and the lengths of two blocks.174 
Interestingly, according to the authors´ comments, the 
mesogenic character (SmA) of the block-copolymers occurs on 
aggregation regardless of the number of arms, from one to 
three, in the hydrophilic block. 

Conclusions and outlook 
The recent investigations highlighted in this review have 
demonstrated that there is growing interest in the study of 
mesogenic molecules in liquids and their potential applications 
of these systems.  
A wide variety of thermotropic LCs with almost any kind of 
molecular shape (rod-like, polycatenar, V-shaped, disc-like, 
star-shaped; as well as high-molecular-weight LCs, i.e., 
dendrimers or polymers) have been reported to aggregate in 
liquids. This process occurs through the self-assembly of 
molecules driven by hydrogen bonding, π-π stacking, 
electrostatic interactions or hydrophilic-hydrophobic 
interactions. Appropriate molecules are able to provide liquid 
crystalline order in bulk, and may also self-assemble in liquids 
to form nanoaggregates with varied morphologies such as 
nanoparticles, micelles, vesicles, nanofibers, nanorods, 
nanotubes, etc. In addition, a great variety of examples rely on 
the ability to form gel materials.  
Regardless of the molecular shape and resulting properties, 
interesting trends in research are worth highlighting, such as 
the study of the aggregation of mesogens with fluorescent 
units. This type of molecule give rise to photoluminescent gels 
or nanoaggregates whose emission can be tuned by 
aggregation, temperature or other stimuli. Poly(ethylene 
glycol)-substituents are a common motif for mesogens with 
interesting aggregation phenomena in water-based solvents. It 
is also worth noting that photoresponsive azobenzene-
containing LCs were shown to form switchable morphologies 
upon irradiation. Finally, chiral aggregates with well-organised 
helical columns or a lamellar structure in the form of nanofibers 
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or nanotubes can be obtained, the last ones from achiral bent-
core molecules. 
Despite the number of reports, some of which relato to with 
significant achievements – such as those outlined above –, 
many examples are merely descriptive of the dual behaviour 
and this highlights the lack of systematic studies to correlate the 
self-organization in bulk or solvents. Nevertheless, this gap can 
be addressed in the future by developing standardized 
procedures and using available experimental techniques that 
would allow detailed characterization. This approach would 
offer the possibility of studying the relationships between the 
molecular structure, the self-assembly and their optical, 
electrical, magnetic and mechanical properties.  
In spite of the many unknown aspects, this is a field with great 
potential in nanoscience research. The final goal should be to 
translate in a controlled way the molecular order of LC phases 
to the nanoaggregates in solvents as an alternative to process 
in the thermotropic LC phases. Moreover, the molecules can be 
modified with functional units to obtain complex and highly 
functional systems with structure at the nanoscopic scale. A 
wide variety of solvents can be used for such processing, 
including the as-yet unexplored ionic liquids or LC phases as the 
fluid media.  
It is clear that the acquired knowledge from the LC field and the 
potential to develop a new generation of functional materials175 
could be further exploited in other varieties of supramolecular 
materials using the same molecules in liquids This could open 
up new processing alternatives and applications for 
supramolecular functional materials. 
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