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Liquid crystal design and synthesis are being driven towards always more complexity.
The self-assembly of poly- and shape-amphiphiles allow tailoring the soft material
structures with double and even triple nanosegregation of functional building blocks.
Alignment of the anisotropic liquid crystal is crucial, in order to generate a full control
over the material's function and performance. This procedure often needs an
isotropic phase at accessible temperatures without decomposition. The impact of
thermodynamic factors, such as cohesive energy density difference and entropy
contributions, is discussed in this perspective paper using selected examples. In the
process of molecular design such considerations can help to adjust transition
temperatures and subsequently, to achieve aligned, complex liquid crystalline
matter. This will allow access to new fields of liquid crystal applications.

KEYWORDS

complex mesogens, thermotropic liquid crystals, spacer, cohesive energy density,
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1 Introduction

Liquid Crystals combine molecular mobility along with the self-assembly of functional
building blocks in either anisotropic materials (lamellar and columnar phases) or in ordered
isotropic (cubic micellar or cubic bi- or tricontinuous) mesophases. Lamellar, columnar and
cubic network phases provide continuous transport, conducting or guiding pathways for light,
quasiparticles such as excitons or polarons and for ionic species (Sergeyev et al., 2007; Lee et al.,
2016; Kato et al, 2018; Hecht et al, 2019). Owing to the advancement of synthesis and
purification procedures, the design of increasingly complex systems is possible, in which various
functions are combined, for example donor-acceptor dyads (Lee et al., 2016; Hecht et al., 2019;
Lehmann and Hugel, 2015), or even donor-acceptor combined with light harvesting systems
(Lehmann et al., 2019a; Dechant et al., 2021). Such materials can segregate their individual
building blocks in different nanospaces. Regarding only the functional building blocks of the
liquid crystal, this is called double or triple nanosegregation. Many rather large complex
molecular systems further reveal either glassy phases at low temperature or slowly transform to
more ordered soft crystals or crystals (Paraschiv et al., 2006; Xiao et al., 2016; Maier et al., 2017).
The latter may even improve their performance as quasiparticle transport systems, since in a
soft crystal templated by a liquid crystal phase, the overall morphology can be retained but the
interaction of functional building blocks are optimized (Ivanov et al., 2006). Thus, in the ideal
case, in which two electrodes of a device have to be contacted, a liquid crystal should flow into
the contact gap and a monodomain should bridge the contacts where slow cooling provides
optimized device performance by a templated transformation to a defect-free soft crystalline
material with a number of tailored functions. This is an idealized vision for the complete self-
assembly control and possible optimization of devices like organic transistors, organic light
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emitting diodes, electrochromic or organic photovoltaic cells. The
actual functional layer is not necessarily liquid crystalline, but for the
generation process, the liquid crystal state is of crucial importance
(Sun et al, 2015). The growth of monodomains and the correct
alignment of the anisotropic mesophases, however, require either
low viscosity and application of external fields or the suitable
surface interactions and the cooling from the isotropic state of
matter (Grelet and Bock, 2006; Brunet et al., 2011). The latter is
crucial for tailor-made complex molecules, which often consist of large
aromatic building blocks contributing to inherent high viscosities and
high clearing temperatures in the mesophases. Thus annealing alone,
demonstrated to align some mesogens by surface interaction, will not
deliver generally the expected results in the bulk material (Dechant
et al,, 2021). Temperatures at which lower viscosities are achieved are
often above 250°C, at which undesired slow decomposition of the
organic material sets in. Generally, it is known that monodomains and
surface aligned materials can be obtained from the isotropic liquid by
slow cooling (Grelet and Bock, 2006). Consequently, when complex
mesogens are designed, clearing temperatures below 200°C will be
favorable for the device engineering. This perspective article will
discuss some design strategies for selected examples in order to
obtain lower clearing temperatures for complex soft matter based
on thermodynamic considerations.

2 Discussion

2.1 Nanosegregation, cohesive energy density
difference, nanosegregation and phase
transition temperatures

In order to take the challenge of phase engineering, it is important to
understand the concepts behind the formation and the stability of
columnar, lamellar and cubic network liquid crystals. The basis of their
self-assembly is the nanosegregation (Tschierske, 1998; T'schierske et al,,
2014). In a simple case, an aromatic building block is decorated with
flexible aliphatic chains. These two building blocks segregate in so-called
nanophases in higher ordered liquid crystal self-assemblies — these are
no phases in the sense of thermodynamics, but rather nanospaces, in
which one of the building blocks is located. It is now extremely
important to note that it is not the cohesive energy density effective
in one nanophase, i.e., the strong and favorable interaction between
identical building blocks (enthalpy), that keeps the nanosegregated
structure together in a certain temperature range. Instead, it is the
cohesive energy density difference (CED) between the different building
blocks, which determines the temperature at which the building blocks
mix to generate either nematic or isotropic liquid phases. The larger the
CED or its corresponding measure, i.e., the difference of the solubility
parameters A0 = Ocore - Ochain» the more difficult it is to mix the
nanophases, which is necessary to generate more disordered phases.
Thus, nanosegregated liquid crystalline phases generated by mesogens
corresponding to larger Ad values reveal higher stabilities and higher
transition temperatures. In principle, both nanophases may be highly
fluid low viscous liquids at high temperature, thus the thermal energy
overcomes already the individual cohesive energies between the
identical nanosegregated building blocks, but the cohesive energy
density difference (CED) does not permit the mixing of both
components, which are still nanosegregated in either lamellae,
columns or cubic networks. Consequently, one method to tailor the
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transition temperatures of a system with a predefined functional
building block is the exchange of the flexible peripheral chains.
Tschierske presented some show cases in the Handbook of Liquid
Crystals based on a pentaerythritol core with a defined cohesive energy
density Score> Which he calculated according to D.D. Lawson (Barton,
1991; Tschierske et al., 2014). This §core Value is always higher than that
of peripheral flexible chains 8., By exchanging the original eight
decyl chains by semiperfluorinated chains (C;HgC4F;3), the much
smaller cohesive energy density of the perfluorinated units
significantly increases the CED between chains and the core and
thus the clearing temperature increases by more than 80°C.
According to calculated values, the cohesive energy density increases
from RF < RSi < RH < RO [RF = perfluorinated carbon chains; RSi =
oligo (siloxanes) with methyl substituents, RH = alkyl chains, RO = oligo
(ethyleneoxy) chains] (see Supplementary Information). It is expected
that RF and RSi increase CED and thus the nanosegregation tendency
increases relative to mesogens with alkyl chains, while oligo
(ethyleneoxy) chains, decrease this tendency and should therefore
lower the transition temperatures relative to alkyl derivatives. This
concept works well with smaller n-systems like triphenylene
(Figure 1) (Boden et al., 1986; Terasawa et al., 2003; Terasawa et al.,
2007; Zelcer et al., 2007). While the oligo (ethyleneoxy) derivatives 1a, b
melt at low temperature or even produce only an isotropic oil (Boden
et al,, 1986), alkyl derivatives 2a, b form stable liquid crystal phases,
which are even more stabilized when semiperfluorinated chains are
attached (compounds 4a, b) (Terasawa et al., 2003; Terasawa et al.,
2007). This clearly highlights the power of the CED concept for
molecular designing and phase engineering. In contrast, siloxane
derivatives should produce more stable mesophases than alkyl chain
derivatives. The unexpected low transition temperature for compound
3b originates from an entropy effect which is discussed in Sections 2.3,
2.4 (Zelcer et al., 2007).

For larger and stronger segregating zinc phthalocyanine star
mesogens 5 this concept does apparently no longer work because
even for oligo(ethyleneoxy) chain derivatives no clearing is observed
before the decomposition of the molecules (Lehmann et al., 2019a).
From structural investigations it is evident, that the flat core aggregates
strongly with m-m-distances of only 3.4 A. A strong decrease in the
clearing temperature was observed when the molecular topology was
changed from flat zinc phthalocyanines 6 to a cone-shaped boron
subphthalocyanines 7, from over 350°C-146°C, although the
magnitude of CED is almost identical [A8 (6) = 21.0 MPa'’? versus
A8 (7) = 20.2 MPa'?] (Lehmann et al., 2021) (see Supplementary
Information). One important parameter for this enormous decrease in
clearing temperature might be the different molecular size, which
impact on the Flory-Huggins interaction parameter (Tschierske et al.,
2014) showing a 30% lower value for the boron subphthalocyanine 7.
Indeed, at constant CED the increase of molecular size impacts
significantly on the nanosegregation tendency as emphasized by
Tschierske (Tschierske, 1998; Tschierske et al., 2014)—the larger
the size of the molecule, the smaller can be the CED between
different building blocks in order to find nanosegregated LC
materials. In this special example, however, the cone-shape and the
fluorine tip prevents a strong regular stacking in close m-stacks,
evidenced by X-ray scattering (Lehmann et al, 2021). Although
these cone-shaped mesogens possess extremely large dipole
moments of approximately 14 D, which should increase dipole-
dipole intermolecular interactions, the van der Waals interactions
are tremendously reduced. The latter are the sum of interactions over
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Transition temperature control by cohesive energy density difference (CED) and the number of peripheral chains.

the complete 1t -surface and scale with intermolecular distance d-°. The
increase in distance and simultaneous reduction of the m -surface in
the boron subphthalocyanine example outranges the interaction of
large dipole moments and consequently results in reduced clearing
temperatures by more than 200°C.

2.2 Flexible chains — a reservoir of entropy

Sorai and Saito emphasized that “The alkyl chain can acquire a
large amount of entropy [ca. 10JK™" (mol of CH,) '] upon disordering,
which modulates the relative thermodynamic stability of aggregated
states.” (Sorai and Saito, 2003) In liquid crystals these chains are highly
mobile and serve as a kind of solvent. Further, they detailed that the
degree of order of aliphatic chains depends on the type of phase. For
example, in lamellar phases the chains tend to be more ordered than in
cubic bicontinuous phases, while the mesogen cores are more
disordered in the lamellar phase and more ordered in the cubic
phase. Thus in the case, in which cubic bicontinuous phases
transform to a lamellar phase, entropy from the chain reservoir
can be transferred to the core.

In general the large entropy change derived when more ordered
chains sequentially increase entropy until they achieve their complete
degree of freedom in the isotropic phase may be used to engineer phase
transition temperatures. For example, this was shown by a mesogenic
ligand tailored to form room temperature lanthanide-containing
mesogens such as compound 8 (Figure 1). (Escande et al, 2007)
The large entropy changes at the crystal-liquid crystal transitions of
these types of mesogens guaranteed low melting temperatures as low
as —43°C. For most of the complexes the clearing temperatures were
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still above 200°C, at which the materials decomposed. There are other
examples of phthalocyanines for which the increase in the number of
chains decrease also the temperature of the clearing transition
(Ishikawa et al.,
certain phase structures are needed. In the general phase diagram

2018). However, this strategy is limited, when

lamellar phases exist for molecules, in which the volume of flexible
chains and functional conjugate building blocks possess a ratio of
approximately 1 : 1. The increase in the volume fraction of the flexible
chains either by temperature increase or by design (chain lengths or
chain number) affords a change in the structure at defined volume
fractions from smectic to cubic bicontinuous, columnar and eventually
cubic micellar mesophases (Tschierske, 1998; Tschierske et al., 2014).
Moreover, the addition of chains increases the molecular size, which
impacts on the nanosegregation and, thus, on the stability of the liquid
crystal. Consequently, such a strategy is only of limited suitability for
the phase transition engineering of large complex systems.

2.3 Entropy as unique parameter for phase
transition temperatures — The concept

As outlined in Section 2.2, entropy is an important parameter, which
has to be considered for the engineering of phase transition temperatures.
Therefore, it is necessary to focus more on the thermodynamic aspects to
develop other strategies to bring melting and clearing temperatures to an
accessible range for complex mesogens. Phase transitions are generally
order-disorder transitions for which AH = TAS, since AG = 0. It follows
that the experimental transition enthalpies measured by differential
scanning calorimetry also provide the transition entropies. These are
obviously generated by the attenuation of interaction energy.
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FIGURE 2

The transition entropy strategy—double nanosegregated structures linked by flexible spacers.

Consequently, in an ideal case, in which in a complex system the phase
structure and the intermolecular interaction can be kept constant,
ie, AH = const, but the transition entropy AS can be increased, the
transition temperature T must decrease. For example, if a phase transition
for material A; occurs at 100°C (373 K), then a 10% increase in the
transition entropy of the related material A, with an identical phase
structure and interaction energy, will lower the transition temperature by
34 K. Accordingly, if the original transition of material A, is at 200°C
(473 K) then the decrease in transition temperature for material A, will be
43 K. Eventually, we can conclude that if a strategy for molecular design
can be envisioned which increases the transition entropy at a roughly
constant interaction energy then the phase transition temperatures can be
tailored to fit the required temperature range for a defined application.
Indeed, there is a strategy, which is widely used to connect two
incompatible building blocks to each other - the flexible spacers
(Janietz, 1996; Lee et al, 2016). The flexible spacers are usually
adjusted to the length of the peripheral chains in order to be
commensurate with the aliphatic nanophase, but to the best of the
authors knowledge, it has never been considered as a main factor to
control phase transition temperatures, although there are numerous
examples showing the effectiveness of this concept, which is
highlighted with some examples in Section 2.4.

2.4 Selected examples of complex systems

When the
mesogen 9a was

star-shaped, shape-persistent donor-acceptor

designed, the strongly nanosegregating
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fullerene unit had to be attached via an aliphatic spacer in order
to prevent macroscopic separation of the system (Figure 2).
(Lehmann and Hugel, 2015) The design originates from the idea
to fill the intrinsic free space between the conjugated arm scaffold
with fullerene guests (Lehmann et al., 2019b). The short spacer
keeps the fullerene clearly close to the center of the mesogen and as
predicted, a columnar mesophase with an isolated fullerene triple
helix could be confirmed by X-ray scattering and modelling. Here
the spacer is only a connector, folded in the cavity of the star
mesogen. The special double nanosegregation of fullerenes side-by-
side with oligo (phenyleneethenylenes) additionally increases the
transition temperature by more than 75°C, compared to the parent
system without spacer and fullerene. This clearly showed the
increasing intermolecular interaction energy within this donor-
acceptor structure. In order to investigate the change in structure
by elongating the spacer, the molecules with C8 and C14 spacers
(9b, 9¢) were prepared. (Lehmann et al., 2019c¢). Interestingly, it
has been found that the structure remains similar—i) the columnar
diameters are demonstrated to be almost identical in the series of
compounds 9 and are controlled by the identical size of the shape-
persistent conjugated scaffold and ii) the fullerenes still form triple
helices. The unique difference is the spacers, which cannot
nanosegregate together with the aliphatic nanophase and result
in variations of helical pitches and diameters of the triple helices as
a function of spacer lengths. With increasing spacer lengths the
clearing temperatures for the transition from columnar phases to
the isotropic liquid decreases considerably from 281°C to
240°C-205°C. Taking account the data of

into original
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compound 9a and the idealized calculation assuming a constant
transition enthalpy, the experimental transition temperatures of
9b, 9c are obtained, assuming a 8% and 16% increase of transition
entropy. Thus, in this model, the elongation of the spacer by six
CH, groups each equally contributes to the transition entropy (see
Supplementary Information) and consequently, as expected, to the
decrease of the transition temperatures. These results can be only
understood if the position of the fullerene is rather defined
relatively to the molecule’s center in the columnar liquid crystal
phase. Consequently, the spacers are partially frozen in specific
conformations. After the transition to the isotropic phase the
spacer gains its complete conformational freedom and thus,
longer spacers generate larger transition entropies than shorter
ones. This can be rationalized considering a single C-C bond of an
aliphatic chain frozen in one of the three possible staggered
conformations. If the single bond can rotate, it populates all
three staggered conformations equally. Thus, the transition from
maximum conformational freedom to the completely frozen state
leads to an entropy loss of RIn3 = 9.13 JK 'mol ™' per single bond
and 54.8 JK 'mol™" for six bonds (R being the gas constant). This
value is much larger than the transition entropy for compound 9a
(5.2JK 'mol™") (see Supplementary Information) and hence, the
aliphatic spacers lose only a fraction of their mobility. However,
this is only a qualitative calculation with the transition at 281°C
transition as a reference point. Although the real system seems to
behave almost ideal, it deviates for example from the perfect picture
in the different energy values of the transition enthalpy of
compounds 9b, 9c. They should not change in that model. The
diverging enthalpies from a constant value can be rationalized by
interactions of fullerenes of different columns, since the spacer
lengths are sufficiently large to allow for such contacts forming
helical fullerene networks. As a result, the interaction energy
between the mesogens and the transition enthalpy is slightly
modified by additional fullerene aggregation.

There are many phthalocyanine mesogens similar to structure
10b, in which the fullerenes are attached via spacers to the core
(Felder-Flesch et al., 2014; Ishikawa et al., 2014). In contrast to the
star mesogens, the spacers in 10a, 10b are part of the aliphatic
nanophase, nevertheless, the clearing temperature decrease for the
fullerene derivative 10b by more than 150°C compared with 10a.
This reveals that the entropy effect becomes effective when the
fullerene is nanosegregated from the column and consequently the
spacer conformations are restricted in the LC phase. Originally
such phases are described to possess similar helical fullerene
structures than the star mesogens (Ishikawa et al., 2014). Recent
reinvestigations of these systems, however, suggest instead that the
phase is a lamellar columnar phase, in which fullerenes
nanosegregate in layers (Lehmann et al., 2019d).

The most impressive example has been published by Hu et al. with
a hexabenzocoronene (HBC) 11b. (Hu et al, 2014). The parent
mesogens such as 11a typically clear at temperatures above 400°C.
However, the hybrid structure 11b with six oligo (thiophenes)
attached via spacers to the HBC core reveals an incredible low
clearing temperature at 106°C. This can only be explained by the
entropy effect based on the double nanosegregation of the HBC in the
center and the oligo (thiophenes) in the periphery (double cables),
while the spacers are restricted to certain conformations in the LC
phase. Interestingly, this huge effect was not further discussed in that
report.
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Eventually, siloxane decorated mesogens are an interesting class of
compounds. Siloxanes are prepared by hydrosilylation of olefin
terminated aliphatic chains. Although the CED predicts that
compounds should be even more strongly nanosegregated the
triphenylene example (compound 3b, Figure 1) reveals an opposite
effect (Zelcer et al, 2007). Thus, it can be regarded as a double
nanosegegated system in which triphenylenes and siloxane units are
nanosegregated and are held together by conformationally restricted
aliphatic spacers. Thus, the entropy-gain upon clearing decreases
considerably the clearing temperature. One of the most impressive
examples are the perylenebisimide systems of Funahashi et al. with
cyclic siloxanes 12b, ¢ attached to a swallow-tailed spacer (Funahashi
et al,, 2013). Here the longer spacer leads to a clearing temperature as
low as 80°C, which is a 50 K decrease compared with the parent system
12a (Sergeyev et al., 2007). Perylenebisimides are often found to possess
high clearing temperatures owing to the strong m-stacking interactions.
The decoration with cyclic siloxanes attached by spacers is therefore a
smart strategy to control transition temperatures.

Finally, it should be noted that this strategy has been discussed
from a qualitative point of view. Although the total entropy changes of
a material transforming from the solid to the isotropic liquid can be
computed with acceptable accuracy (Acree and Chickos, 2006), for
liquid crystals, these values are usually overestimated. The reason for
this is, that in complex systems, often, not all phase transitions,
changes in heat capacity and the possible aggregations in the
isotropic liquid are known. Moreover, since the structure of a
spacer is not accessible before and after a transition, its
quantitative contribution to the transition entropy will remain
unclear. It is certainly not the maximum possible entropy, since
the spacer would then needed to be completely frozen in a fluid phase.

3 Conclusion

Functional thermotropic liquid-crystals with high complexity,
such as donor-acceptor systems, frequently possess a high cohesive
energy density. A high cohesive energy density difference (CED)
results when these building blocks are combined with flexible
chains of low cohesive energy density. The substantial CED
together with a large size of the system lead to high clearing
temperatures at which decomposition of the material is likely to
occur. The first strategy to lower the clearing temperature will be
the tuning of an enthalpy factor by increasing the cohesive energy of
the flexible periphery of the mesogens by the choice of the nature of
chains. Chains with a higher cohesive energy density lower the clearing
temperatures, because of the decreasing CED. An entropy factor which
mainly effects the transition from a crystalline state to the liquid crystal
is the number of the flexible chains attached to the system. But this
strategy expands the molecular volume and thus, the nanosegregation
tendency and the clearing temperature increase, too. Eventually, it
may shift the volume fraction of incompatible building blocks towards
values for which unwanted LC morphologies are anticipated. A highly
effective strategy to lower the clearing temperature is demonstrated to
be a variable spacer linkage with long aliphatic chains between two
incompatible building blocks. The spacer possesses a limited degree of
freedom in the liquid crystal phase when the building blocks are
located at defined positions (double or triple nanosegregation). The
mixing of the incompatible units at the clearing temperature produces
an additional entropy gain which consequently lowers the transition
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temperature. Since the spacer typically contributes minimally to the
transition enthalpy this strategy is highly promising when the clearing
temperature has to be adjusted with unchanged phase morphology.
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