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Abstract: The topic of this review is the physical gelling of liquid crystalline (LC) phases. It allows
the combination of order and mobility of the LC-phase with macroscopic stability, which makes
it a soft material. Thus, the gelled LCs acquire properties of LC-elastomers without the need for
complicated chemistry to allow polymerization and crosslinking. But, instead, an LC-material (either
a pure compound or a mixture) can be mixed with a few percent of a gel-forming agent, which
self-assembles into long fibers that span the volume of the gel and make it a soft-solid. The use of
azo-containing gel-forming agents thereby allows us to make gelation not only thermo-responsive,
but also photo-responsive (trans-cis isomerization). This review discusses the micro-morphology
of the gelled LCs and their influence on the mechanical properties and the switching in external
electric fields. In addition, the potential of reversibility is discussed, which is not only interesting
for recycling purposes, but also offers a route to inscribe a complex director pattern into the gelled
liquid crystal.
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1. Introduction

Gelation is a well-known phenomenon [1-4], by which a liquid-like compound is
transferred into a soft solid by a small amount of a gelling agent, which spans the volume
and thereby creates the possibility to withstand some mechanical forces (i.e. to achieve
some elastic mechanical modulus). A typical example for this is the self-assembly of
small molecules [1] into 1D (one-dimensional) fibers in a liquid solvent. Thereafter, these
fibers can pick up the mechanical load to solidify the sample macroscopically, whereas
the majority of the compound is still in a liquid state. Gelation is thereby often reversible
and can be reversed, e.g., by a temperature increase, if the 3D aggregate can dissolve,
disentangle, etc., again.

Gelation is, however, not only possible in classical (isotropic) liquids. It can also be
conducted in liquid crystalline phases (see Figure 1), whereby the liquid crystalline phase
is transferred into a soft solid with an elastic modulus, while the local order and mobility of
the LC-phase are retained [5-10]. These gelled liquid crystalline materials were introduced
by Kato et al. and Zentel et al. Their structure, their properties, and their potential will be
the topic of this review.

Liquid crystalline (LC) phases—often also called mesophases—are thermodynamically
stable phases existing in a temperature interval between typical crystals (as solids) and
the typical isotropic liquid [11]. These phases combine, therefore, some (long-range) order
(they are birefringent) with mobility. Their internal structure is schematically presented
in Figure 1. Nematic phases are typically the high-temperature phase and possess a low
viscosity, while the smectic phases are more viscous.
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Figure 1. Schematic representation of various thermotropic LC-phases, which are formed by form-
anisotropic constituents (the so-called “mesogens”) and exist in a temperature interval between the
crystalline phase and the isotropic liquid. They are separated from each other and the other phases by
phase transitions, which are usually accompanied by a transition enthalpy. Thus, the phase transitions
can be detected by DSC-measurements (below). Picture modified and redrawn from ref. [11] with
allowance of Wiley-VCH.

2. Specialties during Gelling in LC-Phases

While it is obvious that the formation of long 1D fibers in isotropic liquids and in
an LC (liquid crystalline)-phase will change their mechanical (elastic) properties, there
is an additional effect in LC-phases, which is due to the order in the LC-phase and its
interaction with surfaces (the LC-director will preferably orient parallel or perpendicular
to the surface [12]). Now, during gelation a large amount of new surface will be created at
the fiber structure formed and this surface and its influence on the LC-director field will
add to gelation. And this effect is already valid for sphere-like nanoparticles dispersed in
an LC-Phase [12].

In general, the presence of lots of nanoparticles leads to a very complex pattern of
the LC-director (an LC-director pattern very different from a monodomain) and it dis-
turbs the LC-order of the mesogens [13-15] (this may be different for lyotropic LC-phases
formed from anisotropic nanoparticles themselves [16]). And this increases the energy of
the corresponding LC-phase. Thus, the LC-phase tries to exclude the nanoparticles. As a
consequence, a phase separation into the pure LC-phase and small mixed phases at the in-
terface occurs [12], which is very rich in nanoparticles. This two-phase structure leads to an
increase in the viscosity. In addition, the director configuration around nanoparticles leads
to long-range interactions between them, which have an additional effect on the viscosity.

The accumulation of nanoparticles from the pure LC-phase is especially prominent
in smectic phases, where they have been detected [13,17,18] to concentrate at defect sides
within the smectic texture.

Altogether, this additional effect can already lead to a gelation of nematic and cholesteric
phases just by adding small amounts of spherical colloids [12,19,20]. The effects of long
fibers are much more dramatic. Therefore, generally, the incorporation of nanoparticles into
LC-phases offers a method for their gelation [5,21] and will lead to the formation of soft
materials with LC-phases, which are similar to LC-elastomers [22-27]. And this gelation
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can be made reversible if the formation of the nanoparticles can be made reversible (by
temperature change or irradiation).

3. General Concepts for the Preparation of LC-Elastomers

Elastomers—in general—are defined by their macroscopic mechanical properties,
i.e., they are materials which act macroscopically as soft solids; this means that they
can withstand stress without a macroscopic flow. But at the same time, they can be
deformed quickly and easily to a larger extent. And this requires a sufficient local, liquid-
like mobility. To combine the properties of liquids and solids in one material, elastomers
are—in some way—composed of two subsystems (see Figure 2a). There has to be a structure,
which expands into the macroscopic volume, to achieve solid-like properties like an elastic
modulus and a liquid-like component to contribute the local mobility. In typical elastomers,
the liquid-like component is attributed by liquid-like polymer chains or a typical isotropic
liquid, with which the network is swollen.

(a) Liquid crystals and networks

Figure 2. Schematic presentation of the generation of LC-materials, in which liquid crystalline
order and mobility are coupled to a macroscopic solid-like behavior. (a) Very general idea to couple
a macroscopically crosslinked network (red) and a liquid crystal (black), just by putting them in
the same place. (b) LC-elastomers, in which the mesogens (black) are linked to liquid crystalline
polymers (red), which are then covalently crosslinked to create a macroscopic network. (c) Nanophase
separated systems, in which a three-dimensional percolated fiber structure (red, the fibers are thicker
than the mesogens) is filled with a low molar mass liquid crystal (black). This situation is realized in
gelled liquid crystals.

In this picture, to obtain an LC-elastomer the isotropic liquid has to be exchanged with
a liquid crystalline material (see Figure 1), in which the mesogens self-organize in liquid
crystalline phases at given temperature intervals [22-25]. In the typical LC-elastomers this
is achieved by linking the mesogens covalently to the polymer network, which expands into
the volume and adds elasticity (see Figure 2b) [22,24,28,29]. However, the properties of an
LC-elastomer can also be obtained by filling a liquid crystalline phase with long nano-sized
fibers, which percolate to achieve the macroscopic stability (see Figure 2c). These systems
will be described here.
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Now, soft elastic materials with an LC-phase (usually LC-elastomers) possess many
properties, which make them very special and fascinating materials [11,22-27,29-31]. They
stem from the interplay [11] between the liquid crystalline director and the deformation of
the network (change in its shape). Thus, in such systems it is possible to change the director
pattern by a mechanical deformation and—vice versa—to change the shape of the sample
by changing the director pattern (see Scheme 1). Most fascinating (and mostly studied at
present) are their properties as stimuli-responsive mechanical actuators [26,27,31-33], which
change their size and shape during the variation in temperature or during illumination. But,
in combination with the switching of liquid crystalline materials (e.g., in electric fields, in
LC-displays) they also offer the possibility to stabilize a director pattern against unwanted
variations or to facilitate the return of the director field to the ground state, after the electric
field is removed [14,34,35]. Important for these applications is therefore the strength of the
coupling between the orientation of the mesogenic groups (described by the LC-director)
and the macroscopic mechanical properties of the LC-elastomer, which depend on the
macroscopic network. To prepare good mechanical actuators, which change their size
strongly at the transition between the LC and the isotropic phase and are able to supply
mechanical work, systems with a strong coupling are desired [11,22,31]. For systems which
shall be applied during switching in electric fields and where it is the goal only to stabilize
one state, a weak coupling is desired [14,22,34-36].

For LC-elastomers with chiral LC-phases, like cholesteric and chiral smectic C* phases,
additional fascinating properties emerge [11] (see Scheme 1). Cholesteric phases show
selective reflection of light of a special wavelength. Here, it becomes possible to change the
wavelength of the reflected light by mechanical deformations [37] or to untwist the chiral
superstructure of the cholesteric phase [11]. This could be used to tune mirrorless lasing in
cholesteric elastomers [37].

Chiral smectic C* phases are fascinating because they possess ferroelectric proper-
ties [22,38,39]. This makes their incorporation into LC-elastomers very interesting because
the coupling between the LC-director and the macroscopic network transforms a defor-
mation of such LC-elastomers into strong piezo effects [22,38,39]. On the other hand, the
application of electric fields leads directly to size variations of the elastomers [22]. In this
context, a good coupling to change the director field by a mechanical deformation is desir-
able [11,35]. During studies on cholesteric LC-elastomers, it was observed that they also
show piezo effects [38,40]. The fascinating materials effects (Scheme 1) mentioned above
have been known for many years. Recent work focuses on their practical applications (see
e.g., ref. [31,41]).

Coupling of the macroscopic elasticity of a network and
the anisotropic order of the LC-phase

Limit of strong coupling:

» Change of the shape of the sample while varying the LC-order => mechanical actuators

as response to temperature variation or illumination

» Change of the director pattern by deformation of the sample

Limit of weak coupling :

+ Stabilization of the director pattern, while electrical switching is still possible

Combining mechanical orientability with more special LC-properties:

* Cholesteric phases => variation of the optical reflection
* Chiral smectic C* phases => piezo-effects

Scheme 1. Materials properties resulting from the coupling of elasticity and LC-phases. Refs. for
strong coupling [11,22,23,25,27,29,30,32,33]; refs. for weal coupling [34]; cholesterics [37]; chiral
smectic C* [36,39].
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4. Gelation to Prepare LC-Elastomers

As already pointed out in the introduction, defects caused by sphere-like nanoparticles
(colloids) lead already to a long-range interaction between the nanoparticles [12,42]. And
this can already lead to a gelling of the low molar mass LC-matrix [12,19,20], transforming,
e.g., low molar mass cholesterics into elastomeric materials [19]. In order to stabilize a di-
rector pattern in these elastomeric materials, the in situ formation of nanofibers/nanofibrils
in the liquid phase showed itself, however, to be advantageous [5-9,21,43,44]. In this case,
“gel forming agents” known from the gelling of (isotropic) liquids are added to the liquid
crystalline material at higher temperatures. And during cooling they crystallize from the
matrix, forming nanofibers/nanofibrils by self-assembly [6,8,45]. In the cases studied, the
“gel forming agents” work in the liquid crystalline phase [5-10,21,43,46—48] as well as in
isotropic liquids (Figure 2c). And the fiber structures obtained resemble that observed and
studied in “polymer stabilized LC-phases” [14,34,49-51], in which the fibers are formed
by polymerization of monomers in an LC-phase. Thereby, the (newly created) isotropic
polymers phase-separate from the LC-matrix. Gelling is, however, reversible upon heating.
Forming the nanofibers in the liquid crystalline phase thereby allows the nano-objects to
adjust to the liquid crystalline director field and reduces the creation of defects in unwanted
places, just because some nano-objects, e.g., colloids, are there [12,19].

Besides experiments for the reversible gelling of hydrogels [44,52], mostly two types
of gel-forming agents were used to gel thermotropic LC-phases (see Figure 1). They are pre-
sented in Figure 3. They are trans-(1R,2R)-bis-(dodecanoylamino)cyclohexane [5,8,9,43,48]
(commercially available) and various semicarbazides [6,7,21,45]. The semicarbazides were
also designed to be photo-switchable [7,21] and they find interest in the context of a path-
way complexity [53] because they can self-assemble in different ways. These compounds
were studied for the gelling of isotropic liquids [6], for nematic phases [8,9,21,48] and
for ferroelectric sc*-phases [5-7,21,43,46,47]. The chemical structure of the LC-materials
to be gelled was quite different. For nematic materials, phenyl-bezoates, biphenyls, and
“Schiff-bases” as well as commercial mixtures were used [8,9,21,48]. Concerning the possi-
bility to gel quite different LC-materials, it is noteworthy that for ferroelectric sc*-phases
“Felix mixtures” from the former Hoechst AG could also be gelled, which use hetero-atom
(pyrimidine-)containing mesogens [21], whose lone electron pairs on the nitrogen atoms
may compete with the H-bonding of the gelling agent and weaken its activity.

)

HN)I\/\/\/\/\/\
/H
.”Hj\/\/\/\/\/\
NH

2: R, = CgHys
3:R,= C/Hys

Figure 3. Chemical structures of gelling compounds used to gel liquid crystalline phases [5,6,21]. These
are trans-(1R,2R)-bis-(dodeca-noylamino)cyclohexane (upper part) and various semicarbazides without
and with azo-groups [6,21]. On the right (b) pictures of a nematic mixture (left) and the same mixture
gelled with the azo-semicarbazide 2 from (a) are shown. Part of the figure is taken from ref. [21].
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Trans-(1R,2R)-bis-(dodeca-noylamino)cyclohexane [5,8,9,43] is thereby a very strong
gelling compound. Thus, it is possible to gel liquid matrices with a small amount of it
(1 weight % or above). Since its gel-structure (see Figure 4) melts, however, at about 70 °C,
only LC-phases with a clearing temperature well above 70 °C can be gelled in the phase.
The semicarbazide based gel-forming agents show lower melting temperatures (about
55 °C) [6,7,21,45] (see Figure 4 for their packing motive) and are thus more flexible for the
gelling of various LC-materials. Some of them can also be switched photochemically [7,21]
from the trans state (leading to gelation) to the cis state (not gel-forming). They allow it
thus to destroy (and reform) the gel within the LC-phase at a constant temperature. Their
gel structure, which consists of fibers dispersed in the liquid crystalline matrix, can be
visualized by SEM. It is presented in Figure 4, and it corresponds to structures described
for “polymer stabilized liquid crystals” [34,49-51].

(b)

7

/
f

IAccV SpotMagn Det WD ———=——" 10 m

5.00kV 1.0 5785x >F 416 Gel4

Figure 4. Packing motive (a) of semicarbazides (see Figure 3a) in the fibers, which form by self-
assembly [6]. The oxygen atoms are marked in blue and the nitrogen atoms in red. In this way,
each semicarbazide is connected to four neighbors and a ribbon is formed. (b) SEM-picture of a
LC-phase gelled with trans-(1R,2R)-bis-(dodeca-noylamino)cyclohexane [5]. Pictures reproduced
with permission of the Royal Society of Chemistry (a) and of Wiley-VCH (b).

Gelling of the samples can be measured easily on thick samples with low viscosity
isotropic and nematic phases by detecting the increase in viscosity. A result from dynamic
mechanical measurements is presented in Figure 5. It shows that the elastic modulus in
the gel (below 55 °C) is larger than the imaginary part, describing the viscosity. Thus, the
gel is a soft solid. Above the melting point of the gel, the viscosity is strongly decreased,
but—at the same time—is now larger than the elastic component. By such measurements
(heating and cooling), a reversible gelling can be detected [6]. For smectic phases, the
detection of the gel point is not so easy, because of the high viscosity of the smectic phases
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by themselves. And this problem becomes magnified for thin samples, as they are needed
to study ferroelectric switching in sc*-phases. It is, therefore, very helpful that the addition
of tiny magnetic particles [7] offers a way to detect gelling and its reversibility also for thin
samples of highly viscose LC-phases. Such magnetic particles can be moved (accompanied
be their orientation in lines) with an external magnetic field, if the sample “is Not” gelled.
But they cannot be moved if gelling has happened. In this way, the reversible destruction
of the gel by UV-irradiation and its reformation by irradiation with visible light can be
studied [7].
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Figure 5. Measurement of the rheology of a liquid (1,2-dichlorobenzen) gelled with an azo-containing
semicarbazide [6]. Below the melting point of the self-assembled gel-fibers (56 °C), the elastic
properties dominate (G’ larger than G”). Above it, the viscose properties dominate and decrease
continuously. Picture reproduced from ref. [6].

Switching experiments on samples gelled within pre-oriented LC-samples [5,6,8,9,21]
shows that the fiber network of the gel stabilizes the director pattern present during gelling.
It is, however, interesting that a switching/reorientation of the LC-director in an external
field is well possible. This corresponds to the situation in “polymer stabilized liquid
crystals” [34], which have a comparable morphology (see Figure 4). So, the coupling
between the macroscopic network and the LC-director is weak. This is completely different
from the situation in LC-elastomers, for which a switching /reorientation of the nematic
phase in external fields was never possible [54], except for very highly swollen systems. In
LC-elastomers, switching in electric fields could only be realized in ferroelectric sc*-phases
with a nano-phase separation between mesogens and polysiloxane chains [22,35,36].

The comparison with “Polymer Stabilized Liquid Crystals” (PSLCs) is thereby instruc-
tive. PSLCs describe systems, in which a polymer network is formed within an anisotropic
liquid crystalline matrix [14,34]. Thereby, a bi-continuous system is formed during the
polymerization process, in which a continuous polymer network permeates a continuous
liquid crystal phase. During the nano-phase separation order and structure of the liquid
crystal phase are transferred onto the polymer network. It stabilizes mechanically the phase
it was formed in. Such systems have attracted increasing interest [14,34], as they are serious
candidates in the development of electronic paper, but also for the mechanical stabilization
of smectic ferroelectric liquid crystals.

It is thus not surprising that switching experiments with gelled nematic and chiral
sc*-phases were studied extensively, for nematics by Kato et al. [8,9,48] and for chiral
sc*-phases mostly by Zentel et al. [5-7,21,43]. Overall, the gelled systems behaved thereby
very similarly to “polymer stabilized liquid crystals” [34].

Detailed studies on the gelled systems were thereby conducted mostly in the form of
freestanding smectic films (see Figure 6) [21,43].
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/3

Figure 6. Optical microscopy of gelled freestanding smectic films [43]. The white and black arrows

indicate the direction of the LC-director in different parts of the thin film; Picture reproduced from
ref. [43].

In films cooled quickly below the gelling temperature, often a macroscopic two-phasic
morphology consisting of highly gelled and a free liquid crystalline phase is observed [43].
However, slowly cooled samples look rather homogeneous (see Figure 6). Their films con-
sist of different domains (many mm in size), which possess a different director orientation
and sharp transition zones between the domains [21]. But these domains (with different
director orientations) are again two-phasic, but are now on a smaller scale. They consist of
a thin, fiber-like structure (dark), which cannot be switched and the majority of the sample,
which can be switched/reoriented by the application of an electric film (applied in the
plane of the film) [21]. So, clearly, the majority of the film consists of “free” LC-material,
whose director pattern is stabilized by a fibrous structure. Considering the structure of
the dark fibers, which stabilize the director-field, they cannot consist only of the pure “gel
forming compound” because their volume is much too great for this (from the composition
of the mixture the “gel forming compound” can contribute only to a few volume percent).
So, in fact the fibers consist of the “gel forming compound” swollen with the LC-material.

Measurements to determine the equilibrium elasticity of the gel were prepared in the
form of inflated bubbles [43,55]. These experiments showed, however, that the elasticity of
the gel against inflation is not very large and larger forces can easily stretch/deform the gel
irreversibly. This is opposite to the properties of covalently crosslinked LC-elastomers [55],
which can withstand long-time mechanical stress. But it should be considered that gels—in
general—are easily damaged by greater stress. On the other hand, dynamic mechanical
measurements (Figure 5) show the effect of gelation clearly. In addition, the absence of
movement of tiny magnetic particles in external fields proves the gelation (solidification) of
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LC-phases [7]. Therefore, the gelled LC-phases have some mechanical stability, but they
can be easily damaged by larger forces. This is in line with the observation that the elastic
stabilization of the LC-phases by the gel is large enough to suppress electro-convection
(manifested by flow /convection) [21], which gets induced by increasing electric dc-fields
in the thin films (see Figure 7). Both rheology (Figure 5) and the onset of electro-convection
(Figure 7) happen at the same temperature, but while rheology detects a change of several
orders of magnitude, the change in the onset of electro-convection is much smaller (a factor
of 2 to 3). But, obviously, each method measures something different. Rheology determines
the macroscopic flow, which is directly determined by the percolated fiber structures of the
“self-assembled gel-forming agent”. The onset of electro-convection determines movements
in the director field, and they are determined mostly between the dark fiber structure rich in
gel-fibers discussed above. In addition, the concentration of gel-fibers in the free-standing
gelled smectic films may be smaller than calculated, because gel-fibers might concentrate
in the meniscus, where the sample is thicker and less oriented.

20
| m LC-gel
18 - A LC-gel after UV irradiation
i 1 4 LC-gel (~24h after UV irradiation)
14 - 4 <«
= 1]
% ] [ < <
= 104 = a o n
L 1
.3 8- « =
2 |
[}
6 A N a a
49 8 A & s A *
2 -
0 . . ; . : - : - I )
40 45 50 55 60
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Figure 7. Temperature dependence of the onset-voltage of electro-convection [21] of smectic lig-
uid crystals gelled with an azo-semicarbazide in the trans state, its modification after trans cis-
isomerization and the situation after reisomerization to the trans state (reformation of the gel). Picture
reproduced from ref. [21].

The onset of electro-conversion (threshold field) depends on the amount of ionic
impurities in the sample and on the film’s thickness. So, it cannot be compared between
different smectic hosts (differences in ionic impurity concentrations), or between different
films of the same smectic host, if the thicknesses of the films are different [21]. If, however,
all external parameters are kept constant during the experiment, as in a photoisomerization
experiment, changes in the convection parameters can be detected with great sensitivity. By
this method it was thus possible to detect the photochemical removal of gelation (trans to cis
isomerization) and its reversion (see Figure 7) [21]. For non-gelled samples (cis isomer, UV
irradiation)) the electro-convection starts at 4 to 5 V [21] independent of the temperature.
For gelled samples it requires, however, more than 10 V to initiate electro-convection
below the melting point of the gel (55 °C). It is thus possible to reverse gelling either by a
temperature increase (melting of the gel) or by trans-cis isomerization (UV-irradiation).

Electric switching of the gelled LC-phases shows a modification to the switching
process. Thereby—on one hand—the switching (reorientation of the LC-director) of nematic
and chiral smectic C* phases is slowed down [5,21,48] (this happens always for larger
amounts (above 1 wt.%) of the gel-forming agent). This is reasonable as it corresponds to
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the suppression of electro-convection discussed above. For very small amounts of some
“gel forming agents”, however, sometimes an increase in the switching times has also been
reported [5,48]. It may be that thin fibers in these gels disturb the director field at their
surface and thereby facilitate the “on-set” of switching.

In addition, the director pattern present during network formation becomes sta-
bilized. This is accompanied by the fact that the dark fibers in the medium (they are
rich in the gel-forming agent, see Figure 6) do not switch [43], while the majority of the
phase switches. This is well detectable for thin, free-standing films of gelled chiral sc*-
phases [21,43]. It leads to the observation that (1) the ferro-electric hysteresis becomes
unsymmetrical and two switching times (out of the stabilized state and back, into it) can
be determined (see Figure 8) [21,43]. Thus, these gelled chiral sc*-phases behave like
covalently crosslinked LC-elastomer with chiral sc*-phases [35,36] for which a stabilization
of the director pattern—present during crosslinking—also gets stabilized. The use of photo-
isomerizable “gel forming semicarbazides” allows it thereby to shift reversible—at constant
temperature—between a gelled and a non-gelled system [21] in which one switching state
is stabilized or not.

(a)

(b) (c)

—0.00s 2008/ £3 RUN
7\ : \

10.0V__ 2 S00%
="

voltage

optical signal

optical signal

>

time

Figure 8. Asymmetric switching of gelled sc*-phases [5]. Above (a): schematic presentation of one
switching state and the direction of the electric dipole (out of the plane); below: the electro-optic
response (lower part) on variable external driving voltages (upper part) (b) and the ferro-electric
hysteresis (c), which becomes asymmetric (compare refs. [5,35,36]). The orange arrows indicate the
final switching state with the ferroelectric polarization pointing upward or inward in the display.
Picture reproduced with permission of Wiley-VCH [5].

5. Further Perspectives including: Reversible Crosslinking

Now, what are the future perspectives of LC-materials, which combine elasticity
and liquid crystalline ordering? LC-elastomers (as one class of such materials) are—even
40 years after their invention [28,33]—very popular, and recent reviews [22,25-27,30,31]
focus on their use as mechanical actuators. They discuss, thereby, the different aspects for
a “real world application” very critically [30] and highlight the importance of (i) a direct
interaction with the surrounding medium [27] and (ii) the targeted incorporation of heating
devices [31].

Gelled liquid crystals combine elasticity and liquid crystalline ordering too. However,
they are mechanically not so strong and can easily be damaged by larger forces [21,43].
Therefore, they are not the prime candidates to prepare mechanical actuators. In addi-
tion, the direct contact with the surrounding medium might damage their structure, as
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the gel-forming agents might dissolve and thus the structure might disappear. Since the
interaction between the network structure and the LC-director is “weak” in “gelled lig-
uid crystals” [34,49], their potential application should be more in the area to modify the
switching of nematic and chiral smectic C* phases. In addition, the combination of me-
chanical sensitivity and LC-properties can be useful in combination with cholesteric phases
(mechanical modification of the selective reflection [37], lasing [37]) and in combination
with ferroelectric chiral smectic C* phases, where a mechanical deformation leads to piezo
effects [36,39].

Another aspect, which will add a future perspective to gelled liquid crystals, is the
reversibility of their crosslinking process. Recently, the general topic of reversible crosslink-
ing has found a lot of interest in polymer chemistry. It is driven by the idea of the recycling
of polymeric materials. In this context, all types of crosslinked polymer are problematic
because they cannot be easily reprocessed. Now, materials like LC-elastomers are very
special materials and used in tiny quantities. This makes their recycling less urgent than
the recycling of commodities used in huge amounts. But, on the other hand, possibilities
for a local rearrangement of the director field can be very advantageous for achieving
and controlling a complex director pattern in LC-elastomers. And this is desirable for
complex displays and is needed for obtaining complex shape variations in LC-actuators.
Thus, crosslinking processes, which can be reverted or rearranged, find a lot of interest in
LC-elastomers today [41,56-58]. The gelled LC-materials described above fall naturally
into this category.

This is important because the natural equilibrium configuration of LC-elastomer
networks is a polydomain state with a characteristic domain size of ~1 um, unless special
precautions are taken to cross-link the sample in an aligned configuration. However, such
polydomain LC-elastomers cannot produce a macroscopic uniform actuation due to their
lack of overall anisotropy. Therefore, LC-elastomers with uniform equilibrium molecular
alignment, i.e., the monodomain or “single crystal” LC-elastomers [33], are needed to
achieve a uniform (controlled) actuation. The primary achieved molecular alignment
must be fixed afterwards permanently by network cross-linking. This is most commonly
achieved through mechanical stretching during a two-step cross-linking process (a method
introduced by Finkelmann [33]), because in this way large, but unidirectional, LC-elastomer
samples were obtained at first. In addition, surface alignment on a substrate or cross-linking
after shear extrusion can be applied. These methods can produce large, but unidirectional,
LC-elastomer samples.

It is important to point out that all these approaches to produce permanently aligned
monodomain LC-elastomers can be difficult to use in practice, especially if it is the goal to
produce complex geometries and shapes of the elastomer. This is so because the required
molecular alignment must occur before the final cross-linking reaction is completed. This is
a natural result of the unavoidable competition between the alignment step (which needs
low cross-linking /low viscosity to avoid quenched disorder effects) and the cross-linking
step (this is needed to give the material mechanical stability but prevent further alignment).

Such reworkable LC-elastomers, in which the network structure can be rearranged, can
be made by different concepts. Recently, mostly the use of reversible chemical bond forma-
tion has been under investigation [41,56-58] in so-called-“exchangeable liquid crystalline
elastomers”. These LC-elastomer materials utilize dynamically cross-linked networks
capable of reprocessing, reprogramming, and recycling. The chemistry used for this pur-
pose and the specific reaction mechanisms that enable the dynamic, but covalent bond
exchange are (1) trans-esterifications based on (1) hydroxyl- or (2) boronic-acids, as well as
(chemically reversible) (3) polyurethane transcarbamoylation, (4) siloxane exchange reac-
tions, (5) Diels-Alder dynamic networks, (6) disulfide exchange reactions, and (7) various
cycloadditions.

In addition to these systems, which are based on covalent, but chemically reversible
reactions, networks with nano-separated crosslinking points, which are held together
by weak, reversible interactions, are also available. Such systems include LC-polymers,
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solidified by netpoints held together by H-bonding [41]. The reversibly gelled LC-systems,
described here, are very close to this last system.
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