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Liquid Crystalline Crown Ethers

Martin Kaller and Sabine Laschat

Abstract In this chapter, a comprehensive review over the entire reserarch on liquid
crystalline crown ethers since their discovery will be given. Monomeric and poly-
meric molecules containing crown ethers as well as aza crown ethers, thia crown
ethers and crown ethers with several different heteroatoms will be presented. Liquid
crystallinity is, in most cases, caused by the substituents attached to the crown ethers.
The respective macrocycle can be surrounded by multiple substituents or attachment
can take place terminally or laterally. Within the substituents, a variety of geometries,
such as rods, discs or tapers have been reported, resulting in different types of
mesophases. The effects of complexation will be discussed in detail as complexation
has a varying influence on the properties, ranging from the induction or stabilization
of a mesophase to the destabilization or even the complete loss of the mesophase,
depending on the crown, the salt or the counterion of the salt. For selected examples,
the synthesis of the materials will be discussed. Possible applications in sensor or
membrane technology as well as in chromatography will be shown.

Keywords Crown compounds - Liquid crystals - Mesophases - Metallomesogens -
Polymers - Salt effects - Self-assembly - Substituent effects - Supramolecular
chemistry - Phthalocyanines - Cyclophanes
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1 Introduction

Since the discovery of crown ethers, cryptands, and other macrocyclic ligands by
Cram, Lehn, and Pedersen, who were awarded the 1987 Nobel Prize in chemistry
“for their development and use of molecules with structure-specific interactions of
high selectivity” [1], a completely new research field was opened: supramolecular
chemistry [2—4]. Since then, this research field has been extended in many fields
such as molecular recognition, organic sensing, and liquid crystals.

The combination of crown ethers with mesogenic groups is interesting because
the resulting hybrid materials possess the properties of both constructive subunits,
i.e., liquid crystalline order in the mesophase and the ability to complex specific
cations selectively according to the crown ether cavity size.

Since the first description of substituted aza crown ethers 1 (Scheme 1) by Lehn
in 1985 [5], showing columnar hexagonal phases, many groups have entered the
field and extended the knowledge on structure-property relations in these versatile
hybrid systems.

Matsuda presented the first examples of liquid crystalline crown ethers
2 (Scheme 2) in 1987 [6]. In all subsequent studies, he wanted to answer two
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questions [7]: (1) what is the influence of a crown ether on the thermal properties of
the liquid crystalline substituent and (2) how do complexed salts alter the thermal
behavior? These fundamental questions must always be investigated when dealing
with liquid crystalline crown ethers. This review discusses all substances with
respect to these questions.

Until now, i.e., in 25 years of research, only two reviews on liquid crystalline
crown ethers have been published [8, 9]. As both reviews cover the field only
partially and, e.g., the fascinating polymeric crown ethers as well as taper-shaped
liquid crystalline crown ethers are not discussed, we decided to give the first
comprehensive review. The present chapter will be structured according to the
molecular structure of the mesogens. The discussion of each type of crown ether
mesogen will start with small molecules, continue with polymeric compounds, and
conclude with possible applications (where applicable).

The present chapter will not deal with general topics of liquid crystals or crown
ethers as this exceeds the scope of this volume. Interesting reviews and monographs
on liquid crystals and their properties can be found in the literature [10—13]. The
synthesis of crown ethers can be challenging. Most commonly, the synthetic routes
are based on procedures established by Pedersen [14—17]. A review by Bradshaw
[18] and a monograph edited by Patai [19] also cover the synthesis and properties of
crown ethers. More recent reviews deal with the use of crown ethers as
chemosensors [20, 21], potential antitumor agents [22], molecular wires [23], or
carriers for the separation of metal ions in liquid membrane processes [24].

2 Mesogenic Crown Ethers

The schematic representations used to describe the molecular design of the
discussed mesogens are depicted in Table 1.
For the mesophase ranges, we will use the following nomenclature:

Phase; xx °C Phase, yy °C 1 Phase transitions upon heating

1yy °C (Phase, xx °C Phase;) Phase transitions upon cooling (mostly used in the case of
monotropic phases)

Phase; yy °C (Phase, xx °C) I Monotropic phase upon cooling

All phase transition enthalpies will be omitted for reasons of clarity.

2.1 Terminally Attached Crown Ethers with Rod-Like
Substituents

The general design of the following crown ether mesogens is a terminal crown ether
connected to a calamitic unit carrying flexible side chains and optional functional
groups (Fig. 1).
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Table 1 Schematic representation of the building blocks of the discussed mesogens

Symbol Explanation

crown ether

disk-like unit

flexible chain

functional or polymerizable group

phthalocyanine

rod-like unit

o

spacer

Fig. 1 Rod-like mesogen with terminal crown ether

2.1.1 Monomeric Compounds

Matsuda [6, 7] was the first to synthesize liquid crystalline crown ethers of this type.
Benzo[15]crown-5 and benzo[18]crown-6 were attached to a cyanobiphenyl moi-
ety via an ester (2a,b) or an ethynylene (3a,b) linker group (Scheme 3). The
synthesis was straightforward starting from the respective crown ethers carrying
carboxylic acid chlorides (4a,b) or ethynylene (5a,b) functional groups. Linkage
was achieved by esterification with hydroxy cyanobiphenyl 6 or by Sonogashira
coupling with iodo-cyanobiphenyl 7.
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Matsuda and coworkers investigated (1) the effect of a crown unit on the
mesomorphic properties and (2) the behavior after complexation with suitable
salts. These issues are still relevant today in current investigations.

Upon addition of a terminal crown ether to the calamitic core unit, nematic
phases were observed for 2, 3 in agreement with previous studies on substituted
cyano biphenyls [25, 26].

Ester-linked crown ether 2a with a 15C5 substituent showed a nematic phase
width of 56 K (Scheme 3). For the homolog with an 18C6 unit (2b) it could be noted
that the transitions generally occurred at lower temperatures and the phases were
less stable (a range of 34 K). Ethynylene-linked crowns 3 showed a similar behavior
as their ester-linked homologs 2. For 15C5 (3a), melting into the nematic phase was
observed at 165 °C and clearing at 202 °C while 3b with the larger 18C6 showed
melting at and clearing at significantly lower temperatures (122 °C and 162 °C,
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Scheme 3 Retrosynthesis of liquid crystalline crown ethers 2, 3
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respectively). This behavior was attributed to the larger and more flexible crown in
18C6 derivatives leading to disorder and lower transition temperatures.

The complexation of ester-linked 2 with picrate salts was monitored by absorp-
tion and fluorescence spectroscopy [7, 27]. Sodium picrate doping of 2a with a 15C5
moiety led to a red shift in UV measurements (in the mesophase) while potassium
and tetramethylammonium picrate did not show this effect. This result was taken as
evidence for the selective complexation of sodium cations by the crown mesogen.
The uptake of sodium picrate had drastic effects on the nematic-isotropic transition
which was lowered from 186 °C (without sodium picrate) to 120 °C upon complex-
ation with 0.5 equiv. of sodium picrate. It was suggested that this result originates
from the decreased anisotropy and polarizability of 2a that leads to steric effects
hindering molecular packing and thus lowering the clearing temperatures.

It is also possible to attach chiral peripheral groups to benzo[l15]crown-5 as
demonstrated by Shinkai [28]. In 8 (Scheme 4), a cholesteryl subunit was attached
using an ester group as linker and a chiral nematic phase was observed.

For the liquid crystalline behavior, the position of the ester group was crucial.
Introduction of an ethyl spacer in 9 led to the complete loss of the mesophase and

8 Cr125N* 1651

o0 o)
9Cri121 \\/O

Scheme 4 Liquid crystalline crown ethers 8, 9 with cholesteryl subunits
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only melting to the isotropic phase was observed. Most interestingly, a 1:1 mixture
of 8 and 9 exhibits a liquid crystalline phase between <0 and 108 °C. The 8/9 1:1
mixture was used to produce an ion-permeable membrane[28]. Perylene®, 8 and 9
were dissolved in CHCl;, spread on a glass plate, dried in high vacuum, and
tempered at 140 °C. The resulting membrane was 70 um thick and used for ion
transport studies. It was shown that both NaSCN and KSCN could be transported
across the membrane. Sodium cations were transported faster than potassium
cations, which is due to the perfect recognition of Na* by 15C5. The activation
energy for the permeation of Na* is £, = 43.4 kJ mol ', indicating an ion translo-
cation process through the ion channels consisting of stacked crown moieties.

Subsequent studies on the chiral nematic phase of 8 and 10 showed the
influence of complexed salts on the liquid crystalline properties. In the complexes
(Scheme 5), the helical pitch was strongly affected by the complexed cation and the
counterions [29].

For MSCN'8, the pitch increased with increasing radius of the cation in the order of
Li* < Na* < Cs* < K* while the order changed for MSCN-10 with Li* < Na* < K*
< Cs™. On investigation of the helical pitch in complexes KX-10 it was found that the
pitch increased with the size of the anion CI” < SCN™ < ClO, < B(p-Cl-C¢Hs)4 .
The authors proposed the use of 8, 10 as promising host-guest sensory systems.

In a subsequent study [30], cholesteryl-substituted 18C6 derivative 11 and diaza
[18]crown-6 12 (Scheme 6) were used to create solid-supported bilayer lipids. The
liquid crystalline crown derivatives 11, 12 were dissolved in chloroform and mixed
with squalene or squalene saturated with cholesterol. The solid-supported bilayers
were prepared in freshly cut stainless steel wires. A 10~* to 10~' mol L ™" solution
of MCl (M = Li, Na, K, Rb, Cs) or MgCl, was used as aqueous phase. Measure-
ment of the membrane potential revealed a Nernst response to the concentration of
M in solution. It was possible to differentiate between the different cations which
might be used for the preparation of new ion sensors. For the detection of K* and
Rb", aza crown derivative 12 proved to be the most selective. A problem was the
presence of traces of Fe**** that made the measurements difficult. It was also not

O
Scheme 5 Complexation of MX* 8 (n = 1), MX+10 (n = 2) \\Q/ %

. M = Li, Na, K, Cs
chiral liquid crystals 8 and 10 ST
with alkaline metal salts X = Cl, ClO4, SCN, B(p-Cl-CgHy)4
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Scheme 6 Cholesteryl-substituted [18]crown-6 11, 12 and diaza[18]crown-6

possible to detect Li* and Mg?* due to their low binding constants resulting from
their small diameters, high charge density, and high hydration energy.

Jiang and co-workers presented a series of substituted crown ethers (Scheme 7)
with the macrocycle being attached via an ester (13a), amide (13b), imine (13c), or
aza (13d) spacer [31]. All compounds exhibit liquid crystalline phases (Fig. 2). The
clearing points decrease in the order -N=CH- > -N=N- > —-C(0)O- > —C(O)
NH-. While 13a,b with ester or amide linkers possess only nematic phases, smectic
and nematic phases were observed for 13c,d with imine or aza bridges. The reason
why compounds 13c¢,d with imine and aza spacers exhibit additional smectic phases
and high clearing points is the presence of an additional double bond in the spacer. The
electrons in this particular bond are delocalized into the two adjacent benzene rings
leading to a large flat and conjugated system. The intermolecular attraction between
13c.d is therefore higher than for 13a,b where the conjugation is interrupted by the
C=0 bond. Thus, 13a,b show nematic phases only with low clearing points (Fig. 2).

Judeinstein found that crown ethers 14 (Scheme 8) with a nematogenic unit
linked via an imine bond showed monotropic mesophases upon cooling that were
stable until room temperature [32]. When the aromatic core was extended by an
additional benzene ring in 15a, the melting temperatures to the nematic phase were
raised to ~150 °C and the clearing temperatures to ~200 °C. Lateral substitution of
the additional ring in 15b decreased the clearing temperatures to ~90 °C. The
complexation of 15a with NaOTf and LiBF, was also investigated [32]. It was
found that the phase width of the nematic phase decreased with increasing amounts
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Scheme 8 Liquid crystalline crown ethers with imine 14 and aza 15 spacers
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of salt, having a minimum at 0.5 equiv. of added salt due to the formation of
sandwich complexes. Upon further addition of salt, a smectic phase was induced
that had the maximum phase width at 1.0 equiv. of added salt. Thus, the phase type
and the phase stability could be tuned by an external stimulus.

Most of the above liquid crystalline crown ethers contained a benzo[15]crown-5
unit or common [18]crown-6 as well as some aza derivatives. It was also possible to
obtain liquid crystals 16 (Scheme 9) containing more unusual crown ethers such as
1,4-dithia-7-azacyclononane [33].

The dithiaazacrown was modified with a variety of rod- and disc-like
substituents. With the shortest rod-like substituent carrying one terminal octyl
chain (16a), direct melting into the isotropic state was observed. By adding an
additional p-salicylic acid group (16b), a monotropic nematic phase was observed
upon cooling. Attaching a second octyl chain gave 16¢ but destroyed the
mesomorphism and the only visible transition was isotropic melting. However,
adding a third terminal alkyl chain in 16d gave a material that exhibits a columnar
hexagonal mesophase. There is a subtle relation between the molecular structure and
the observed phases: clearly rod-like substituents as in 16b exhibit a nematic phase
and clearly discotic substituents as in 16d give columnar phases. Molecules with a
morphology in between (16¢ with two terminal chains) give no mesophase.

2.1.2 Polymeric Compounds

A variety of polymers containing liquid crystalline crown ethers of the molecular
shape discussed in this section is known throughout the literature, most of which
originate from Percec’s laboratory.

One of the first published examples (Scheme 10) was the modified poly-
methacrylate poly(17) obtained from monomer 17 containing a benzo[15]
crown-5 unit and a biphenyl linked via an ester group [34]. The synthesis was

S50 |

R1
6]
B In OCgH¢7

R2
16a n=0 R'=R2=H Cr108 |
16b n=1 R'=R2=H 1114 N 96 Cr
16c n=1 R'=CgH;;R?=H Crool
16d n=1 R'=R?=CgH;s Cr 37 Col, 48 |

Scheme 9 Liquid crystals 16 bearing thiaaza crown ethers
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Scheme 10 Liquid crystalline polymer poly(17) and its precursors

straightforward starting from 4,4’-dihydroxybiphenyl 18 and 11-bromoundecan-1-
ol 19. Addition of a methacrylic acid moiety gave monomer 17. Living radical
polymerization was initiated with AIBN and carried out in toluene to give poly(17).
Monomer 17 and poly(17) display mesophases. Monomer 17 displays a monotropic
nematic phase upon cooling which is stable for 15 K while poly(17) displays
enantiotropic smectic and nematic mesophases stable for 111 K. Detailed X-ray
scattering experiments [35] revealed the presence of SmA and SmC phases for poly
(17). It is remarkable that polymerization could turn a monotropic phase into an
enantiotropic phase with a higher range of stable mesophases. The reason why the
transition temperatures for the polymers are higher than for the monomers is a loss
of degrees of freedom due to the limited free volume within the polymer.

When one of the phenyl groups in poly(17) was changed to a trans-1,3-dioxane
ring (Scheme 11), the mesophase of the resulting poly(22) became smaller and
the clearing transition was lowered by 33 K due to the loss of rigidity in the
molecule [36].
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Scheme 11 Liquid
crystalline crown ether
polymer poly(22)
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Percec and co-workers not only developed monomers suitable for radical poly-
merization but also presented systems suitable for the introduction into poly
(methylsiloxane)s [34] via hydrosilylation (Scheme 12). Monomer 23 with a
terminal double bond was added to the poly(methylsiloxane) using Cp,PtCl, as
a catalyst to give ‘poly’(23). The trends observed for ‘poly’(23) were also found for
poly(17) as polymerization improves the mesophase stability significantly.

Another mechanism to obtain polymers is cationic polymerization. Monomeric
24 which already displays a broad nematic phase could be polymerized to poly(24)
(Scheme 13) which displays an even broader phase [37]. Neither the triple bond nor
the crown ether moiety in 24 was affected by the harsh conditions for polymeriza-
tion (EtAICl,, SMe,).

A variety of other liquid crystalline crown ether containing polymers were
synthesized, all possessing the same mesophase-stabilizing effect of polymerization
(polymer effect) [38, 39].

Most interesting are the effects of salt complexation on the mesomorphic
behavior of liquid crystalline crown ethers and liquid crystalline crown ether
polymers. Sodium triflate was added to poly(17) [34] and poly(25) (Scheme 14)
[39]. The enantiotropic nematic and smectic phases of poly(17) were changed
dramatically [40]. With increasing amounts of salt, the clearing temperatures are
shifted to higher values while the melting transition increases only slightly.
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Scheme 12 Synthesis of crown-containing liquid crystalline polysiloxane ‘poly’(23)

Additionally, the smectic phase is lost and only nematic phases are being observed.
One of the reasons for the increase in the mesophase stabilities upon complexation
is the increased polarity of the crown moiety leading to stronger microsegregation.
Also, the complexed crown is more rigid than the neat crown. The more polar the
crown ether fragment, the higher the isotropization temperature. Uncomplexed
poly(25) with a triple bond instead of a biphenyl group is crystalline. Complexation
induced a smectic phase. Further experiments on similar polymers could confirm
the observations and also revealed the stabilizing effect of complexation [41].
Bobrowsky prepared copolyacrylates 26-28 (Scheme 15) containing the
nematogenic phenylmethoxybenzoate group as well as different crown ether
substituted fragments [42]. The aim of the study was to obtain multifunctional
materials. It is known that the incorporation of azobenzene groups into polymers
leads to light-controllable films that might have uses in data recording and storage.
In previous studies on crown ethers containing azobenzene groups, it could be
shown that only the Z-isomer of the azobenzene group was able to form complexes
with alkali metals whereas the E-isomer was unable to form complexes [43, 44].
Combination of both properties could yield novel polyfunctional materials. Unfor-
tunately, the study revealed that the crown ether substituents are too bulky and
prevent photoorientation of the azobenzene groups diminishing the photoinduced
order. Another observation was the decrease in phase stability upon uptake of
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potassium perchlorate. This was attributed to the reduction of the side group
anisotropy, mainly due to the presence of the perchlorate anion. Taking Percec’s
results from complexation experiments using sodium triflate [40] into account, it
would be interesting for further investigations how 26-28 behave upon complexa-
tion of other salts with smaller anions.

2.1.3 Applications

Crown ethers of the type discussed in this section have been used as sensors,
membranes, or materials for chromatography. Shinkai used cholesterol-substituted
crown ether 10 as a sensor for chirality in chiral ammonium compounds
(Scheme 16). It was found that the pitch of the cholesteric phase exhibited by 10
was changed upon addition of the chiral salt. As the wavelength of reflection for
incident light depends on the pitch, a color change was observed that was visible to
the naked eye [45, 46]. Such chirality sensing systems were known before but
chromophores had to be bound to the crown ether in order to observe color changes
[47]. This problem could be overcome by 10, which uses intrinsic properties of the
chiral nematic phase.
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Scheme 14 Complexation of liquid crystalline crown ether polymers poly(17, 25)

Kimura used the cholesterol-substituted [15]crown-5 8 in ion sensing
membranes. It was found that the addition of the crown ether affects the sensor
properties, especially the ion specificity, and it was possible to obtain sensors with
extremely high sensitivities [48]. The performance could be further increased by
using perfluoroalkyl side chains instead of cholesterol [49].

Zeng used a silica monolith modified with the liquid crystalline crown ether 29
as a column material in capillary electrochromatography (Scheme 17) [50]. Poly-
cyclic aromatic compounds, benzenediols, pesticides, and steroids were success-
fully separated on the column. Introduction of the liquid crystalline crown ether led
to a significant improve of the electrochromatographic performance.

2.14 Summary

In most cases, the addition of a rod-shaped molecule to a crown ether leads to the
formation of a nematic phase. In the case of addition of a chiral unit, such as
cholesterol, chiral nematic phases can be observed. Some molecules can also show
smectic phases when the attached rod shaped unit is long and inflexible.

Polymerization of liquid crystalline crown ethers leads to an increase in phase
transition temperatures due to the loss of degrees of freedom.

Complexation can have different effects. In some cases, the phase widths were
decreased upon complexation while stabilizing effects were observed in complexed
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Scheme 16 Liquid crystalline crown 10 as chiral sensor

polymeric crown ethers. An exception to this behavior was found when perchlorate
was used as the counterion — due to the size, the anisotropy of the complexes was
decreased and the phase width decreased, too.
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Scheme 17 Novel

material 29 for capillary
electrophoresis o
CRY
13

Fig. 3 Rod-like molecules with laterally attached crown ethers

2.2 Rod-Like Molecules with Laterally Attached Crown Ethers

The general design concept for liquid crystalline crown ethers discussed in this
section consists of a rigid core with terminal chains and a laterally attached crown
ether unit (Fig. 3).

2.2.1 Monomeric Compounds

Tschierske developed a variety of molecules containing a p-terphenyl unit as back-
bone equipped with two terminal decyloxy chains and laterally attached crown ethers
of different sizes [51-53]. The synthesis was straightforward starting from methyl-2,5-
dibromobenzoate 30 that was coupled with [4-(decyloxy)phenyl]boronic acid 31 in
a subsequent Pd"-catalyzed Suzuki reaction. The 2-hydroxymethyl crown ethers
32 were attached in the last step (Scheme 18) to yield mesogenic 33.

In the crown ether derivatives 33, only monotropic phases were observed. All
compounds exhibited a very small nematic phase with a relatively broad smectic
phase. Decreasing the size of the crown ether unit resulted in higher clearing points
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Scheme 18 Synthesis and OH
mesogenic properties of C10H21O—Q B + Br Br
crown ethers 33 with a lateral \OH
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33a n=0 Cr75(SmA 43N 44)l|
33b n=1Cr45(SmA 18N 19) |
33c n=2 Cr45(SmA 13N 15)1

and stability of the smectic phase. The bulky crown ether groups are normally prone
to suppress smectic phases and induce nematic phases. It is likely that the crown
ether units force micro-segregation between the rigid p-terphenyls and the alkyl
chains. In conclusion, steric disturbance caused by the crown ether competes with
layer-stabilizing micro-segregation and causes the observed phase behavior [54]. It
is worth mentioning that crown ethers 33 form Langmuir films at the air-water
interface. The properties of these films are strongly dependent on the nature of
dissolved salt in the aqueous phase [53]. The most surprising and interesting effects
of complexation on the mesophase behavior were observed in the system 33c
(n = 2)/water/MX [51]. First, it was observed that the lyotropic system MX/
water/33c¢ exhibits a columnar rectangular mesophase instead of a smectic phase
for neat 33c. Complexation with a salt can change the phase type. A ribbon-type
model was proposed for the mesophase with the p-terphenyl units packed parallel to
each other and separated by the complexed crown ether moiety with the solvent
molecules. The space between the ribbons should be filled with the molten alkyl
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Scheme 19 Liquid crystalline properties of 34

chains. The clearing points of the lyotropic columnar mesophases vary with the size
of the cation. For cations which are smaller than the diameter of the [18]crown-6
unit (Li*, Na*), low clearing points are exhibited (Fig. 4). The same issue arises for
Rb" and Cs*, which are larger than the cavity. The highest clearing points were
observed for K*, which fills the crown perfectly. Another observation was the
dependence of the clearing point on the anion of the complexed salt. For potassium
halides, T, increases with increasing size of the counterion with I~ > Br~ >
CI™ (Fig. 4). Ion pairing could be a reason for the increase in thermostability [55].

Bayle presented liquid crystal 34 (Scheme 19) bearing four aromatic units linked
by ester and azo functional groups [56]. Two butyloxy groups are attached at the
ends of the molecule and the crown ether is bound at the side of the molecule. The
nematic phase exhibited by 34 is quite broad (AT = 96 K). Upon complexation
with LiBF,, the nematic range diminishes with increasing amounts of added salt
and disappears completely at 0.5 equiv. of added LiBF, which is most likely due to
the formation of a 2:1 crown:lithium complex. From 0.2 equiv. of salt, a smectic
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Scheme 20 Symmetric (\o/w
substitution on benzo[15] o
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phase appears which gains in stability upon further addition of LiBF,4. Upon further
(>0.5 equiv.) addition of salt, the smectic range stays almost constant. This is
another example of molecular recognition that can change the type of mesophases.

The symmetric derivatives 35a—g with lateral crown ethers prepared by the
same group (Scheme 20) were used for three purposes: (1) to find out about the
geometry of the lateral ring in the mesophase, (2) to examine the effect of different
side groups, e.g., poly(ethylene glycol) chains, and (3) the further elucidation of the
effects of LiBF, complexation [57]. The molecules prepared possess a mirror plane
in the molecule to ease the assignment of the NMR signals observed in the '*C 2D-
SLF method used to elucidate the structure of the ring. The NMR experiments
revealed that the crown ether moiety is far from being flat and the conformation
changes significantly upon temperature changes. The most stable nematic phases
were observed for 35f,g with alkyloxy chains. When ethylene glycol fragments are
included (35a—e) in the side chains, the clearing temperatures and nematic ranges
decrease. If the number of -OCH,CH,— fragments is too high, the nematic phase is
lost (35c,e). Most surprising and in contrast to what was observed for LiBF,-34
[56], the mesophase was lost in LiBF4-35a—g. A possible reason for this behavior
could be the presence of the two ester groups that might form a peculiar cavity
together with the crown macrocycle that is unsuitable for the uptake of Li*. Another
reason might be the presence of only three aromatic rings. This mesogenic unit is
probably not powerful enough to overrule the geometry change upon complexation.

Ziessel and co-workers presented the “three block™ crown ethers 36 (Scheme 21)
[58] consisting of the aromatic part, the crown ether fragment, and the alkyl chains.
Columnar rectangular mesophases were observed in X-ray experiments. The geom-
etry of the phases is always p2mm and the columnar range is very broad (47 = 120K
for 36a) but decreases with increasing chain length as the melting points increase
and the clearing points decrease. In the mesophase, microsegregation can be
observed as the alkyl chains form a continuum while the molecules are disposed
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Scheme 21 Liquid /- \
crystalline crown ethers 36 (0] O\>

o O 0
H2n+1CnO OCnH2n+1

H2n+1CnO OCnH2n+1
OCnH2n+1 OCnH2n+1

36a n=8 Cr 89 Col, 209 |
36b n=12  Cr109 Col, 177 |
36¢ n=16  Cr131Col 1751

alternately within the p2mm phase. In the third dimension, microsegregation will be
maintained and the molecules are stacked over each other — probably in an
alternating manner — allowing hydrogen bonds to stabilize the structure.

2.2.2 Polymeric Compounds

There is only one example that fits into this section and it uses a spectacular way to
form the crown ether in the polymer that is worth noting (Scheme 22). In contrast to
all other procedures that use crown ethers pre-formed in the monomers, this
example by Percec forms the crown ether [13]crown-4 during the polymerization
reaction [59]. Cationic cyclocopolymerization of 1,2-bis(2-ethenyloxyethoxy)ben-
zene 37 with the mesogenic cyano biphenyl unit 38 gave copolymer 39 with a 1:1
ratio of 37:38 displaying a smectic phase.

2.2.3 Summary

There have been only a few reports on crown ethers laterally attached to rod-like
molecules in the last few years. Nevertheless, very interesting compounds have
been synthesized in the past. The general problem of this compound class is
the flexible crown ether itself that can destroy the mesomorphic properties when
attached laterally. Making the rigid rod longer can circumvent this problem.
Another way to obtain stable mesophases is the complexation with suitable salts.
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Scheme 22 Crown formation during polymerization

Examples were presented where the uptake of the salt led to a change of the
mesophase geometry.

Future research in this field should concentrate on the effect of ion complexation
and possible applications.

2.3 Central Crown Ethers with Terminally Attached Rod-Like
Substituents

In this section, molecules will be discussed that have a crown ether in the center of
the molecule which is substituted by two rigid rod substituents equipped with
terminal flexible chains (Fig. 5). Attaching functional groups is also feasible.

2.3.1 Monomeric Compounds

Most of the liquid crystals discussed in this section bear a diaza[18]crown-6 40, a
4,4'-diaminodibenzo[18]crown-6 41, or a thia crown ether 42 in their center
(Scheme 23). Substitution in 40 and 41 is conveniently feasible on the nitrogen
atoms by formation of a Schiff base or an aza compound (in the case of 41) or by
N-alkylation or -acylation (in the case of 41). O-Alkylation and -acylation of 42,
which are difficult to obtain, open a path to thia crown centered liquid crystals.
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Fig. 5 Schematic representation of crown ethers with two rod-like substituents
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Scheme 23 Common precursors 40—42 for terminal attachment of mesogenic groups

Schiff Bases and Azo Compounds

The Schiff base (43¢,d) and azo (43a,b) linked liquid crystalline crown ethers were
synthesized (Scheme 24) by Xie [60] starting from dibenzo[18]crown-6 44 which
was nitrated with 68% nitric acid. Subsequent reduction with hydrazine and cata-
lytic amounts of palladium gave 4,4’-diaminodibenzo[18]crown-6 40. The amino
groups are either cis or trans and the products can be obtained separately according
to literature procedures [61]. The Schiff bases 43c,d were obtained by coupling 40a,b
with aldehyde 45. In order to obtain the azo-linked compounds 43a,b, 40a,b
(cis and trans refer to the positions relative to the crown ether, not to the geometry
of the —N=N— double bond) was diazotizated followed by azo coupling with
phenol and intermediate 46a,b was finally esterified with acid chloride 47.

The liquid crystalline properties of 43a—d were interesting as all derivatives
showed very stable mesophases with phase widths of 57-109 K. It is remarkable
that Schiff bases 43c,d are stable at temperatures above 300 °C. It also strikes that,
in contrast to conventional calamitic liquid crystals, the Schiff bases 43¢,d possess
significantly higher phase transition temperatures compared to azo linked 43a.b.
Additionally, the trans compounds tend to possess higher clearing temperatures due
to the elongated shape of the molecules.
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Scheme 24 Synthesis and properties of Schiff base and azo-linked liquid crystals 43

Li and co-workers investigated derivatives of 43¢,d [62]. Instead of the terminal
heptyl chains, chiral (S)-2-methylbutyl or dodecyl chains were used. For the
methylbutane side chain, a chiral smectic and a chiral nematic phase were observed
and the clearing points were higher than in 43c,d due to the shorter chain while they
were lower for the longer dodecyl side chains. It was also observed that the trans-
compounds possess higher clearing temperatures compared to their cis-derivatives.

Menon presented a set of interesting liquid crystals 48 (Scheme 25) based
on dibenzo[18]crown-6 modified with 2-hydroxy-3-methoxybenzene (48a), 3,4,5-
trimethoxybenzene (48b), thiophene (48c), and pyrrole (48d) linked via a Schiff
base [63]. All compounds are lacking long alkyl chains in the periphery. Nonethe-
less, broad mesophases with different geometries (SmC, SmA, N) were observed.
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48a Cr 123 SmC 153 SmA 225 N 244 |
48b Cr92 SmA 132 N 300 |

48c Cr155SmC 196 |

48d Cr171N 2101
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48b R-= 48d R-= D
H.CO OCHj
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Scheme 25 Liquid crystals 48 devoid of peripheral chains
Diazacrowns

The first azacrowns with two mesogenic 4-[(4-(heptyloxy)benzyl)oxy]benzoic acid
side groups bound to the crown ether N-atoms were presented by Xie [64]
(Scheme 26). Neat 49 exhibits a nematic phase with a small (AT = 16 K) range.
Upon complexation with KCI, KI, and KClO,, the nematic phase is lost while the
clearing temperature is almost constant. Upon complexation with potassium picrate,
the clearing point is lowered while the melting point is increased, resulting in a smaller
mesophase. Complexation with thiocyanates also results in smaller mesophases as
the melting points are increased while the clearing points remain virtually unchanged.
Once more, complexation decreases the tendency to form mesophases.

Heiney [65] investigated Langmuir films formed by Xie’s liquid crystalline
crown ether 49 and improved the synthesis towards higher purity of the final
product. It was found that 49 self-assembles at the air-water interface as depicted
in Scheme 27. The crown ether part of the molecule is located at the aqueous side
while the arms of the molecule are bent by the angle ¢, which is small but different
from zero, and point into the air.

Xie [66] also investigated derivatives of diaza[12]crown-4 (50a) and diaza[18]
crown-6 (50b—d) with terminal cholesterol moieties (Scheme 28). While 50a with
the smaller ring is not liquid crystalline, the derivatives 50b—d with the larger diaza
[18]crown-6 center show remarkably stable smectic phases as observed under
the POM. Comparing 50b—d with each other, no specific tendency is observed.
Derivative 50b with the side groups added via a urethane group has a smectic range



134 M. Kaller and S. Laschat

OC,Hq5

O

/ \ O
O 0]
o (/T
N N
(W) °
(o] 0]
o /
o)

49 « free Cr113N 1291

49 « MX = KCI Cr1281

49 « MX =KI Cri1251

C/Hys0 49 « MX = KCIO, Cri1271
49 » MX = K-picrate Cr115N 1251
49 « MX = KSCN Cr120N 1291
49 « MX = NH,SCN Cr119N 1301
49 « MX = NaSCN Cr119N 1301

Scheme 26 Effect of complexation on 49
C7H150 OC7His
o) o
o) 0}

Scheme 27 Geometry of 49 at the air-water interface

of 66 K while derivative 50c with a CH, spacer between the ester and the amino
group has a much broader phase (133 K) and 50d with an ethyl spacer has the
smallest phase (31 K).

Goodby presented a series of substituted diaza crown ethers 51-53 (Scheme 29,
Table 2) containing three aromatic rings on each attached arm and studied the
effects of different central ring sizes (6-, 12- and 18-membered rings), different
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substitution patterns at the termini (dicatenar, tetracatenar, and hexacatenar),
and different heteroatoms in the crown ether macrocycles (oxygen and sulfur)
[67, 68].

First, the effects of different sized central rings and different heteroatoms in
the crown ether of dicatenar compounds 51 with octyloxy chains in the periphery
were investigated [67]. It was found that the mesomorphic behavior is strongly
dependent on the size of the central ring (Table 3). While compound S1a with a
piperazine central unit possesses a clearing point at 322 °C (accompanied by
decomposition), S1b possessing a diaza[12]crown-4 central unit exhibits a clearing
point which is 150 K lower. For S1¢, with the largest examinated central unit (diaza
[18]crown-6), the isotropization temperature is on a par with 51b. The reason for
the huge differences in the phase transition temperatures is the flexibility of the
crown ethers: small rings behave like a rigid core while larger rings behave like a
flexible linker of the two mesogenic side groups. Concerning the phase types, it was
found that the larger the crown, the less probable is the occurrence of smectic
phases. On replacing the oxygen atoms by sulfur (51d) the mesogenity is almost
lost, which is surprising as one would expect the opposite effect due to increased
van-der-Waals interaction between the S-containing molecules.

For S1c, temperature-dependent NMR experiments were carried out [67] that
suggest the presence of a variety of conformers in solution. It was assumed that the
same conformers will be present in the mesophase, too. The U- and zigzag-shaped
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Scheme 29 Diaza crown ethers 51-53 of different sizes and with different terminal substituents

Table 2 Ring sizes and terminal substituents in 51-53

Compound X n R R’ R”
51a 0 0 OCgH, H H
51b 0 1 OCgH, H H
Slc (0] 2 OCgH,; H H
51d S 2 OCgH,, H H
52a (0] 2 OC10H21 OC]()HQ] H
52b (0] 2 OC 4Hy9 OC,4H,o H
52¢ 0 2 OC 6Hss OC,¢Ha H
52d 0 2 OC,5Ha, 0C,sHs7 H
53 (0] 2 OC,oHy, OC,oH,, OC,oHy,

conformers were discussed to be the most stable ones and were used to explain
packing within the smectic layers (Fig. 6). Folding of this type of molecules was
also observed by Heiney [65].
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Table 3 Mesomorphic

; Compound Transition temperatures (°C)
properties of 51-53

Sla Cr 205 SmX 211 N 322 I decomp
51b Cr 156 N 157 SmA 1751
Slc Cr170 N 1841
51d Cr172N 1731
52a Cr 138 (SmC ~ 88) 1
52b Cr 134 (SmC 130) 1
52¢ Cr 120 (Col, 90) 1
52d Cr 79 Col,, 86 1
53 G —6Col, 461

Layered Smectic Structure Mesogenic Units Interacting

Fig. 6 Proposed layered structure of 51c. Reproduced by permission of The Royal Society of
Chemistry from [67]

Further investigations revealed the dependence of the mesomorphic properties
on the number of terminal alkyloxy substituents [68]. While 51 and 52 are not
directly comparable due to the different lengths of the terminal chains, the trend is
clear: with increasing number of alkyl chains, the clearing temperatures are shifted
to lower temperatures. This becomes more obvious on comparing 52a with four
decyloxy chains that clears at 138 °C with 53 carrying six decyloxy chains which
clears at 46 °C. Overall, all examined compounds do not possess broad mesophases.
Interestingly, tetracatenar derivatives 52c¢,d possess columnar phases instead of
smectic phases in the case of 52a,b. Compound 53 also possesses a columnar phase
as deduced from POM (Fig. 7) which can be explained by the presence of the
terminal gallic acid group.
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Fig. 7 Texture of 53 as observed under POM. Reproduced by permission of The Royal Society of
Chemistry from [68]

The columnar order in 52a,b was explained by molecular folding: the molecules
are assumed to be in their U- (or wedge-) shaped conformation and six molecules
self-assemble to a supramolecular disc. These discs are stacked in columns and
arranged within a columnar hexagonal lattice (Fig. 8). Folding of similar mesogens
was also seen by Heiney [65].

It has to be emphasized that all assumptions on the mesophase geometries and
packing models made by Goodby are based on observations made under the POM,;
X-ray experiments were not carried out. Thus, the observations still have prelimi-
nary character [67, 68]. Similar compounds were also studied by Neve, also with
respect to complexation. Copper [69] and palladium [70] complexes of derivatives
of 51d were found to form mesophases.

Lanthanide-containing mesophases are known with phthalocyanines and
porphyrins [71-77] and possess interesting properties for bio-analyses and materials
science due to their photochemical properties and the magnetic anisotropy of the
complexed cations. It could be possible to obtain materials with properties that can
be tuned by magnetic fields [78]. Biinzli investigated the first liquid crystalline
crown ether complexes of lanthanide salts. The liquid crystalline and photolumi-
nescence properties of 54 and its complexes with Eu(NO3); and Tb(NO3)3 [79, 80]
(Scheme 30) were studied in detail. It was found that a broad Col;, mesophase
(AT =~ 115 K) could be induced by complexation of Ln(NOs3); (Ln = Eu, Tb)
with the non-mesomorphic host 54. This is surprising as, up to now, mesophase
induction and stabilization by complexation was only known for liquid crystalline
polymers — not for low mass materials. The columnar hexagonal arrangement
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Fig. 8 Schematic representation of the formation of supramolecular discs from six molecules of
52 and their assembly into columnar phases. Reproduced by permission of The Royal Society of
Chemistry from [68]

(as demonstrated by SAXS) is made possible through the increased
microsegregation between the aliphatic chains and the polar crown upon complexa-
tion. The presence of the anions also disturbs the structure leading to mesomorphic
behavior.

The complex with Eu®* contained 0.25 equiv. of water while 1 equiv. of THF
was included in the Tb** complex as deduced by elemental analyses. The >Dy—'F,
emission for Eu** and the 5D4—>7F5 emission for Tb>* were monitored. At the
Cr—Col,, transition, both the lifetime and the intensity of both transitions were
changed. Thus, it was possible to determine the melting point with a high level of
accuracy using photoluminescence. The melting points observed in this way agree
with the values obtained by conventional methods (DSC, POM), which further
demonstrates the usefulness of this method.

In a further study, the effects of side chain length and lanthanide salt were
investigated [78]. It was found that the chain length only plays a minor role and
that the phase transition temperatures to the Coly, and the isotropic phase remain
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Scheme 31 Synthesis of crown thioether 42a

fairly unchanged. Moreover, the anion of the lanthanide salt is not very important.
The complexes with LnClj are slightly less stable compared to the corresponding
nitrates, which possess the most stable mesophases. When comparing Ln(NO3)3-54
(Ln = La, Nd, Eu, Tb) it was found that uptake of La(NOs3); gives the most
stable columnar phase (AT = 147 K) while Eu(NO3); as well as Tb(NOj3);
(both AT = 115 K) and Nd(NO3); (AT = 90 K) give smaller phases. Summarizing,
these systems could be exploited for the design of new luminescent (in the case of
Eu’*, Tb**) liquid crystalline materials. Yet the antenna effect must be optimized
and the transition temperatures should be lowered in order to obtain materials that
work at room temperature.
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Crown Thioethers

The first examples of homoleptic thio crown ether liquid crystals (55, 56) were
presented by Bruce and Schroder [81] (Scheme 32). The synthesis and especially
the separation of cis-(42a) and trans-(42b) forms of the macroheterocyclic diol
were challenging. Reaction of (%)-epichlorohydrin 57 with 1,2-ethanedithiol 58
gave intermediate dichloride 59 that was finally reacted with 1,2-ethanedithiol 58 to
give the cis/trans mixture of 42a (Scheme 31). Separation of cis- and trans- and 42a
was carried out by flash chromatography followed by several recrystallization and
fractional crystallization steps.

After DMAP-catalyzed esterification of 42a with tri-benzoate esters, liquid
crystals 55, 56 (Scheme 32) were obtained, which both displayed narrow nematic
phases as identified by their typical Schlieren texture. The melting and clearing
points are high and, in the case of 55, accompanied by decomposition. Compounds
with shorter arms were also synthesized but found to be crystalline.

In a subsequent study, the influence of complexes with Pd** was examined in
detail (Scheme 33) [82]. All uncomplexed crown ethers 60—62 only show a
transition to the isotropic melt. For longer side arms (n = 1), transition
temperatures are higher than for the related compounds with shorter (n = 0)
substituents. Complexation changes this situation dramatically: upon uptake of
Pd(BF,),, all cis-complexes Pd(BF,),-60a,b still showed isotropic melting as the
only transition, while Pd(BF,),-61a,b and Pd(BF,),-62a,b showed monotropic
smectic C (n = 0) phases or nematic (n = 1) phases. All phase transition
temperatures were shifted to significantly higher temperatures. Still, longer
substituents lead to higher phase transition temperatures.
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Scheme 33 Effect of Pd(BF,), uptake by 60—62

Mesophase induction by complexation was explained with the help of single
crystal X-ray diffraction (Fig. 9). In the crystalline state, Pd(BF,4),:61 and
Pd(BF,),-62 adopt a zigzag conformation with the Pd?* jon located in the inversion
center of the molecule and hence in the exact center of the S, plane. Hereby, the
crown ether loses some flexibility. It can now be considered as rigid core that
interlocks the two attached substituents which promotes mesogenity. Crystal
structures of the corresponding Pd(BF,),-60 suggest the presence of a U-shaped
conformation with the Pd** slightly out of the S, plane. This arrangement seems to
disfavor the existence of liquid crystalline phases.

2.3.2 Polymeric Compounds

Percec and Rodenhouse presented the first main-chain liquid crystalline polymer
with a crown ether moiety in the backbone of the polymer [83]. Liquid crystalline
polyethers 63 were obtained by phase transfer catalyzed polyetherification of
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Fig.9 Zigzag conformation of Pd(BF,),-61a in the crystalline state. Reproduced by permission of
The Royal Society of Chemistry from [82]

bis(8-bromooctyl)dibenzo[18]crown-6 64 with 1,11-dibromoundecane 65 and the
mesogenic unit 4,4'-dihydroxy-o-methylstilbene 66 (Scheme 34). The copolyethers
63 with ratios of 64/65 exhibit monotropic nematic phases for compositions
between 80/20 to 40/60. The I—N transition upon cooling was influenced by the
amount of crown ether: for a molar ratio of 80/20, T;_n was at 95 °C and decreased
to 65 °C for a 40/60 ratio.

2.3.3 Summary

Liquid crystals with a central crown ether and lateral rod-like substituents are very
versatile compounds. Plenty of possibilities for variation of the structure were
presented. All materials exhibit a multitude of phase geometries, including nematic,
smectic, and columnar. The mesomorphic properties can be tuned by complexation.
Thia- and aza crown ethers offer the interesting possibility to complex transition or
f-block metal salts. Due to their interesting magnetic or luminescence properties,
novel light emitting or magneto-responsive liquid crystalline materials for analytics
or material science could be obtained.
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Scheme 34 Main chain liquid crystalline polymer 63

2.4 Terminal Crown Ethers with One Taper-Shaped Substituent

In this section, crown ethers will be discussed which are equipped with one
taper-shaped substituent (Fig. 10). Columnar hexagonal mesophases are the most
commonly observed phases in this kind of molecule.

2.4.1 Monomeric Compounds

Percec studied taper-shaped molecules like 67 and 68 (Scheme 35) and investigated
their liquid crystalline properties upon complexation with NaOTf and KOTf
[84, 85]. It was found that the neat materials exhibit only crystalline phases with
67 melting at 60 °C and 68 melting at 94 °C. The increased melting point in the
latter system can be explained by the presence of an additional aromatic ring.
Both 67 and 68 consist of an endo-receptor (the [15]crown-5 macrocycle) and an
exo-receptor (the taper-shaped 3,4,5-tris(p-dodecyloxybenzoate)).

Upon addition of NaOTf, columnar hexagonal mesophases could be induced.
For 68, 0.4 equiv. of salt were needed while for 67, only 0.2 equiv. of NaOTf were
needed for mesophase induction. Upon complexation, the complexed crown
ether moieties and the anions self-assemble within a supramolecular tube and the
taper-shaped side groups stack over each other in the periphery. X-Ray scattering
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Fig. 10 General design of
liquid crystalline crown
ethers with a taper-shaped
substituent

experiments were carried out to elucidate the structure of the mesophase. It was
found that a supramolecular disc within the columns consists of approximately six
molecules (Fig. 11). The interesting mechanism of this molecular recognition-
mediated self-assembly is related to that observed in the tobacco mosaic virus [85].

Another finding was that, in contrast to the observations made for most crown
ether modified rod-like molecules, the uptake of a salt led to an increase in the
mesophase stability (Fig. 12). While neat crown ether 67 recrystallized at 12 °C, a
transition from the isotropic melt to a columnar hexagonal phase was observed at
39 °C for 0.4 equiv. of NaOTf-67. At higher concentrations of salts, the clearing
point was shifted to higher temperatures and reached its maximum at 2.0 equiv. of
salt. Interestingly, the Col,, phases were stable far below room temperature upon
cooling and maintained the columnar order even in the subsequently observed
glassy or crystalline phases (Fig. 12).

The DC conductivity of NaOTf-68 was measured to be in a range of 107 to
1077 S cm ™', a value typical for ionic conductors [84]. The authors proposed that
the crown ethers stack over each other to form six parallel ion channels within
the tube.

The electric conductivity was also measured for complexes of taper-shaped
mesogens with oligo(ethylene oxide) central groups. The DC conductivity is in a
range of 10~%to 107°S cm ™' and shows a step-like increase at the crystal-columnar
phase transition [86]. It was also shown that taper-shaped molecules adjacent to
different endo-receptors such as crown ethers or oligo(ethylene oxide) chains were
miscible with a poly(methacrylate) matrix and formed isomorphic phases [87].
Applications as columnar reaction media for polymerizations were foreseen. Com-
prehensive summaries of Percec’s taper-shaped molecules can be found in the
literature [88, 89].
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Scheme 35 Taper-shaped OC;,5Hos5

crown ethers 67, 68 ;

68 Cro4l

The effects of fluorinated side chains were also investigated [90]. Replacing the
dodecyloxy chains from 67 and 68 with heptadecafluorododecyloxy chains resulted
in taper-shaped 69 and 70 (Scheme 36). While 69 exhibited an enantiotropic
columnar hexagonal phase, 70 showed a cubic phase solely upon cooling. This
shows impressively that fluorination enhanced the self-assembly of the materials as
the corresponding alkyl-substituted derivatives 67 and 68 are non-mesomorphic.
The geometry of the columnar hexagonal phase is the same as discussed above with
the crown ethers side by side in the center of the column and the melted taper-shaped
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Fig. 11 Molecular recognition directed self-assembly of NaOTf-67, NaOTf-68 to supramolecular
discs which further self-assemble to supramolecular tubes. Reproduced by permission of The
Royal Society of Chemistry from [85]

groups in the periphery. The fluorinated segments are microsegregated via the
fluorophobic effect from the hydrogenated and aromatic units. More interestingly,
the mesophase range and stability are higher for neat fluorinated 69 than for
complexed hydrogenated NaOTf-69. This means that the fluorophobic effect
overrules the ion-mediated self-assembly.

A detailed study on the elastic behavior of 69 based on the POM textures and
observations under the TEM were carried out by Jung [91].

Percec published a detailed and elaborated study about monodendritic crown
ethers based on benzo[15]crown-5 modified with parallelepiped (71), tapered (72),
conic (73), and half-disc (74) shaped substituents [92] (Scheme 37) and the effects
of complexation of NaOTTf by these crown ethers (Scheme 38). Some general trends
of NaOTf complexation were found. First, SmA phases formed by parallelepiped
monodendrons (71) are stabilized upon complexation. While neat 71 exhibits an
SmA phase range of only 7 K, 0.8 equiv. NaOTf-71 leads to a smectic phase which
is stable for 101 K (Table 4). This was explained by the interdigitated bilayer
structure derived from X-ray measurements. The crown ether moieties are located
in the middle of the bilayer and uptake of a salt leads to ionic interactions stabilizing
the bilayer and hence increasing the clearing point and mesophase range.
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Fig. 12 DSC traces of T T
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Second, the mesophase behavior observed for taper shaped monodendrons (72) is
also significantly influenced by the complexation with NaOTf. While neat 72 is
crystalline, the complex 1.0 equiv. NaOTf-72 exhibits a columnar hexagonal phase
which is stable for 67 K (Table 4). The possible reason for the induction of a
mesophase and the mechanism of self-assembly of taper-shaped molecules has
already been discussed above for 67, 68 and is shown in Scheme 38. Third, cubic
phases as observed in spherical monodendrons 73 are also stabilized by the pres-
ence of NaOTf. Uncomplexed 73 exhibits a cubic phase as broad as 39 K while
0.4 equiv. NaOTf-73 possesses a cubic phase range of 141 K and is stable until
—26 °C (Table 4). Conic monodendrons self-assemble to spheric dendrons that
organize in cubic lattices (Scheme 38). As the crown ether is located at the center of
the spheres, the uptake of NaOTf and the associated ionic interactions lead to the
drastic improvement of the liquid crystalline properties. Fourth, the columnar
hexagonal mesophases observed for half disc-shaped molecules 74 are being
destabilized upon complexation. Neat 74 has a columnar phase range of 131 K.
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Scheme 36 Liquid crystalline crowns 69, 70 with fluorinated side chains

In contrast, complexation of 74 with 0.4 equiv. NaOTf yielded a phase which is
only 110 K stable (Table 4). As complexation leads to a side by side arrangement of
the crown ethers, induction of columnar phases is most effective for taper-shaped
molecules that do not disturb each other when being placed close to each other.
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Scheme 37 Monodendritic crown ethers 71-74 with differently shaped substituents

Molecules possessing a half disc shape cannot be placed side by side to form
a supramolecular disc as the half disc molecules disturb each other, which ulti-

mately leads to smaller mesophase ranges.

Gitsov presented a series of poly(benzyl ether) monodendrimers capable of cation
complexation lacking alkyloxy side chains which were non-mesomorphic [93].

Laschat followed a different route to obtain disk-like liquid crystals equipped
with crown ether moieties. The crown ether was not attached to the mesogenic
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¢, : pEmm Cub: Pm3n Cub: Im3m

Scheme 38 (a) Self-assembly of taper- and half disc-shaped molecules to form tubes that self-
organize into Coly, (®y,) phases; (b) self-assembly of monodendrons of conic shape into spherical
dendrimers that self-organize in Cub phases. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission from [92]

Table 4 Mesomorphic properties of 71-74

Phase transition temperatures (°C) of 71-74 and their complexes with NaOTf upon first cooling

71 150 SmA 43 G
0.8 equiv. NaOTf-71 1117 SmA 16 G
72 134 Cr

1.0 equiv. NaOTf-72 198 Col, 31 G

73 178 Cub 40 Cr
0.4 equiv. NaOTf-73 1115 Cub —26 Cr
74 1107 Col, —24 Cr
0.4 equiv. NaOT{-74 185 Col, —25 Cr

group by a methylene linking group but was directly attached to the o-terphenyl
side group [94-96]. The effects of different substituents adjacent to the o-terphenyl
substituent (alkyloxy 75, acyloxy 76, or gallic esters 77, Scheme 39) as well as the
influence of Nal complexation were studied.
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Fig. 13 Liquid crystalline properties of 75-77

While alkyloxy-substituted 75 exhibits a smectic phase from 40-71 °C
(Fig. 13), Nal induces a change in the phase geometry as complex Nal-75 exhibits
a columnar rectangular phase which is significantly more stable than the smectic
phase of 75 [94, 96]. As deduced from single crystal X-ray analysis, ion channels
form in the liquid crystalline state with the molecules being aligned antiparallel.
The introduction of acyloxy groups in 76 changes the behavior [95, 96]. Neat
compounds 76 are crystalline. Introduction of Nal leads to the presence of
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a columnar phase, which is smaller compared to Nal-75. The introduction of gallic
esters in 77 finally results in disappearance of the liquid crystalline properties.
Neither 77 nor Nal-77 show any mesophases. Nevertheless, complexation still
leads to a drastic increase in the clearing point. The reason for the loss of
mesomorphism might be the large number of alkyl chains. The tendency to
nanosegregate is much lower for 77 because the polar crown ether plays a
minor role as compared to the number of alkyl chains.

2.4.2 Polymeric Compounds and Possible Applications

Beginn developed Percec-type dendrimers, which are known to form supramolecu-
lar channels, with polymerizable acrylate groups in order to obtain ion-permeable
membranes [97-99]. First, the dendron 78 (Scheme 40) was dissolved in a
polymerizable acrylate mixture that does not shrink on polymerization. The second
step was the thermo-reversible gelation of the acrylate mixture, which was followed
by the last step, polymerization to fix the supramolecular channel structure
(Scheme 40). In the first experiments, compounds with only one polymerizable
group were used but it turned out that the gelating properties were not sufficient
[100, 101] so threefold modified 78 had to be developed.

receptor groups

CHz=C{CH3)-CO0-{CHz)1 Q)

G polymerizable shell =—————=p> N———

[+
CHe=C(CHs)Co0-(CHl0—(_-CHz-0 o
ond T Ol S

CHZ=C{CH3)-COO-{CHzln O

78
gelation
isotropic thermo- meiirébranbe g‘ datgx
solution reversible gel WIth eImpecds
transport channals

Scheme 40 Formation of membrane-fixed supramolecular channels from 78. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [98]



154 M. Kaller and S. Laschat

0. O Cl
~ 1. /\MBr
go "° 0
2. LiAIH, 1. HO o~
3.S0Cl,
OH OW\ HO
9 OH 82
79 81 2.9-BBN
3. NaOH/H,0,
(0] OH
o} e}
o}
HO(H,C){,0
O(CH,)110OH
O(CH,){{OH
83

Scheme 41 Synthesis of precursor 83 for monodendritic crown ether 78

The synthesis of 78 [97] started from methyl-4-hydroxbenzoate 79 that was
alkylated with 11-bromoundec-1-ene 80. The ester group was reduced with LiAlH,
and the resulting alcohol was reacted to chloride 81 using SOCI,. Coupling with
82 followed by hydroboration of the terminal double bonds and oxidation
accompanied by ester cleavage yielded monodendron 83 with three alcohol units
(Scheme 41).

Reaction of 83 with methacryloyl chloride 84, followed by cleavage of the
intermediate acid anhydride with pyridine and subsequent coupling with crown
fragment 85, gave the desired final product 78 [97] (Scheme 42).

Compound 78 as well as the complex NaOTf-78 (Scheme 42) forms columnar
hexagonal disordered mesophases [97]. While neat 78 exhibits a columnar phase
range of 11 K, NaOTf-78 increases the clearing temperature and stabilizes the
mesophase resulting in a phase range of 20 K. Furthermore, it was shown that
the columnar phase of 78 accepts up to 10 wt% of polymerizable methacrylates
while leading to gelation of the added methacrylates.

The properties of the gels were investigated in detail [102] and it was found that
well-defined cylinders built up from 78 are present in the transparent gels offering
the possibility of ion transport. Closer investigation of the membranes [98, 99]
revealed that MNO3, MCI, and MClIO4 (M = Li, Na, K) can pass the membranes.
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Scheme 42 Synthesis of polymerizable liquid crystalline crown ether 78

The transport velocity of Li* is faster than that of Na* and K* due to the size of the
cation. The data are consistent with a hopping transport mechanism of the cations
accompanied by a non-specific co-transport of the anions. The transport rates for
NO;~ > ClI” > ClO,4  are related to the adjacent hydrate shell and not yet fully
understood. Anyway, a path in the center of the supramolecular tubes, where the
crown ethers assemble, must exist and allow for the co-transport of the anions.
By forming the membranes in the pores of track-etched membranes, the transport
rates could be improved by an order of magnitude due to the orientation of the
channels perpendicular to the membrane surface.
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2.4.3 Summary

Terminal crown ethers with taper-shaped substituents often possess columnar
phases. Sometimes, the columnar order is only observed after the complexation
of specific salts. The uptake of salts often results in the crown ethers assembling
side by side forming supramolecular cylinders with the crown moieties on the
inside and the alkyl chains on the outside leading to possible ion-conducting
arrangements within an insulating jacket. Indeed, it was shown that matrix-fixed
tubular arrangements are ion conductors.

2.5 Central Crown Ethers with More than One Peripheral
Substituent

Crown ethers discussed in this section possess rod-like substituents all around them
or flat substituents at either end (Fig. 14). The former was the structure of the first
liquid crystalline crown-like molecules and will be discussed first. The latter one
comprises molecules with taper- or disk-shaped terminal groups.

O

Fig. 14 Schematic representation of crown ethers with several taper- or disc-shaped
substituents
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2.5.1 Polysubstituted Macrocyclic Polyamines

Lehn presented the first crown-like liquid crystals (Scheme 43) in 1985 [5]. The
core was built up from several polyamines, e.g., hexacyclen in 1 (termed [18]-Ng
due to the similarity to [18]crown-6). The larger [24]-N¢O, in 86 and [27]-N¢O3 in
87 were also investigated. Substitution with p-dodecyloxybenzoyl (R) moieties was
performed at all nitrogen atoms. All substances display columnar hexagonal
mesophases as deduced from X-ray scattering, which were also termed “tubular”
due to the hollow channels formed by the crown molecules upon stacking. While 1
exhibits an enantiotropic Coly, phase with a phase width of 20 K, 86 and 87 exhibit
small (< 5 K) monotropic columnar phase widths. The reason for the reduced
clearing points and phase stabilities for the larger macrocycles is probably due to
the increased flexibility of the ring. For the 24- and 27-membered rings, the
conformation is too far away from a disc-like arrangement to form stable
mesophases.
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Table 5 Phase transition temperatures (°C) of [14]-N, and [18]-Ng¢ derivatives 88, 89
R
N
Y al N g
N N °N N
R R R R

88 89

R =

a ") CisHa Crl141 Cr 1071
o)
b /}—@001&'29 Cr196 1 Cr 106 Colyg
3 136 1
s OC14Ha0 Cr 217 Colyy
¢ )JI@ Cr 168 1 31

O
NN—@ 0C1oHy1
d O)/_Q - Cr 237 Col 2451
OCgHyg
e i OCqgHyg glassy glassy
OCgHyg

Also, 86 forms monolayers at the air-water interface as deduced from surface
pressure vs surface concentration measurements [103]. It was observed that the
macrocycles and the amide linkage touch the water surface while the aromatic and
aliphatic substituents are tilted upright and point towards the air.

Ringsdorf also investigated derivatives of [14]-N,4 and [18]-Ng 88 and 89 with
aliphatic (a), rod-like aromatic (b—d) or taper-shaped aromatic (e) substituents
[104] (Table 5). While none of the smaller macroheterocycles 88 were found to
be liquid crystalline, most of 89 exhibit enantiotropic columnar hexagonal
mesophases as deduced from X-ray measurements' and optical textures. Exceptions
are the hexadecanoic acid substituted 89a as well as the gallic acid substituted 89%e.
The observed mesophases of derivatives 89c,d occur at far higher temperatures as
compared to 89b which might be due to the extended aromatic core in 89c,d
resulting in increased interactions between neighboring molecules. It was
concluded that the sixfold symmetry and the presence of a rod-like substituent
attached via an sp>-carbon are essential for the formation of stable columnar phases.

't has to be noted that only the (001) reflection accompanied by a wide-angle halo was observed
which would also account for a smectic phase. Yet, the textures indicate a columnar order.
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Scheme 44 The first OCqgH21 OC,oH21

liquid crystalline [14]-Ny4
derivative 90 CioH210 OC1Hoq

CyoH1O OCyoH21
OCqoH21  OCyoH21

90

Lattermann found that the sixfold symmetry is not important for the presence of
columnar mesophases in [14]-N, when appropriate peripheral groups are chosen
[105]. As substituents with one terminal alkyl (88a—d) chain and with three
terminal alkyl chains (88e) are not able to induce liquid crystalline behavior in 88
(Table 5) [104], a substituent with two alkyl chains, namely 3,4-bis(alkyloxy)
benzoyl, was chosen since it has been known to induce liquid crystalline phases
in other systems. A mesophase (most likely Col;, due to the texture) was observed
between 96 and 132 °C for 90 (Scheme 44).

Based on the observations by Lehn that large polyamine rings do not exhibit
stable mesophases [104] and the previous finding that 3,4-bis(alkyloxy)benzoyl
substituted [14]-Ny 90 shows columnar mesomorphism [105], Lattermann
synthesized [18]-Ng, [12]-N3, [9]-N3 [106], and piperazine ([6]-N,) [107]
derivatives 91-94 with 3,4-bis(decyloxy)benzoyl substituents (Scheme 45). It was
found that compounds 91-93 exhibit columnar mesophases while 94 exhibits a
monotropic smectic phase. Derivatives 92, 93 with 12- and 9-membered rings do
not crystallize from the first cooling cycle onwards. The columnar phases (deduced
from their POM textures) supercool and are stable even below room temperature.
Interestingly, the clearing points decrease with decreasing ring size (with the
exception of 94).

Lattermann [106] and Ford [108] showed that the presence of water can change
the properties of liquid crystalline polyamines like 91 and explained the different
phase transition temperatures obtained by different groups by the presence of one to
four water molecules in derivatives of [18]-Ng as deduced from elemental analysis.

As all cyclic polyamines presented up to now were assigned to be columnar
hexagonal based on their high viscosity, the typical texture or X-ray measurements
devoid of the (110) or any higher reflection, Heiney and Smith [109] reinvestigated
Lehn’s [5] polyamine 1. Scattering experiments were carried out using laboratory
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and synchrotron X-ray sources and were found to show only the (001) reflection
accompanied by a broad wide-angle halo accounting for a smectic A or C phase.
There are arguments for columnar as well as for smectic structures and neither of
them could be ruled out. In a later study, Lehn [110] probed the columnar hexagonal
structure of the mesophase based on X-ray and miscibility (with other Coly
mesogens) experiments.

Mori [111] removed one alkyl chain from derivative 92 to obtain 95
(Scheme 46). Removal of one side chain changed the mesophase type from
columnar to smectic A with an interdigitated jellyfish-like arrangement of 95.
The addition of tropolone side arms in 96 led to the formation of cubic Pn3m
phases as suggested by X-ray diffraction. In the cubic phase, the molecules are
arranged in a disk-like conformation with overlapping cores. The columns are
branched and undulated leading to the three-dimensional skeleton of the cubic
phase with the alkyl chains arranged around the skeleton. It was interesting to
observe that in 95 the mesophase stability increases with increasing chain length
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Table 6 Liquid crystalline properties of 95, 96

n Phase transitions n Phase transitions
95a 12 Cr98 Cub 1181 96a 12 Cr631
95b 14 Cr94 Cub 1111 96b 14 Cr64 SmA 791
95¢ 16 Cr92 Cub 1071 96¢ 16 Cr 70 SmA 811
95d 18 Cr88 Cub 981 96d 18 Cr 69 SmA 87 1
OC4,H
Scheme 47 Non- 127725 OC5Hos
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97

while for 96 the mesophase stability decreases with increasing chain length
(Table 6). The authors concluded that, for longer alkyl chains, a more efficient
space filling is possible, destabilizing the cubic phase. It was proposed that for even
longer chains, 96 should also exhibit smectic phases.

Heiney and Smith removed the carbonyl groups from Lehn’s system 1 by
reduction with LiAlH, in order to find out about the necessity of amide links for
the presence of mesophases [109]. Compound 97 (Scheme 47) with amine instead
of amide links show no mesomorphism.
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Scheme 48 Complexation of transition metal nitrated by 98, 99

Table 7 Mesomorphic properties of complexes 98, 99

Complex Ratio host/guest Phase transition temperatures (°C)
Co(NOs),-98 2:1 Cr30Np 601

Ni(NO5),-98 1:1 Cr29 Mx 951

Cu(NO3),-99 1:1 Cr 18 Mx 160 decomp

Ringsdorf investigated the complexation of Co(NO3),, Ni(NO3),, and Cu(NO3),
on the mesomorphic behavior of amine-linked 98 and 99 [112] (Scheme 48).
Complexation induced mesomorphism in both substrates (Table 7).

Cobalt(II) nitrate induces a columnar nematic phase in the 1:2 complex with 98
(Table 7) as deduced from X-ray scattering which is stable for 30 K. Also, nickel(II)
nitrate turned 98 into a liquid crystal with an unknown phase. The complex between
99 and copper(Il) nitrate showed the same unknown mesophase. The phase range
was ~140 K but the samples decompose before clearing. A possible reason for the
induction of a mesophase by complexation is the stiffening of the crown and the
adjacent flexibly linked groups [112].

By reduction of 93 [106] with BH3-THF, Lattermann was able to obtain
tridentate [9]-Nj3 derivative 100 [113] (Scheme 49). While the host system 100 is
only crystalline, complexation with Ni(NOs3), induced a columnar rectangular
phase as confirmed by X-ray scattering experiments.

Complexation of 100 with carbonyl complexes of chromium, molybdenum,
and tungsten yielded liquid crystalline complexes 101a—c [114] (Scheme 50). All
derivatives 101 melted at similar temperatures into the columnar rectangular
mesophase (deduced from WAXS and SAXS measurements). However, the clearing
points were strongly dependent on the metal center and increased with increasing
atom number. Upon complexation, the aza crown macrocycle loses its flexibility,
with the metal carbonyl fragment located above the crown leading to a cone-shaped
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Scheme 50 Uptake of group six metal carbonyl complexes by 100

molecule. The molecular cones can be stacked over each other and the resulting
columns are comfortably accommodated within a rectangular phase.

Interesting effects were not only found upon complexation of amine substituted
aza crowns, but also upon protonation. Lattermann reduced piperazine amide
derivative 94 which showed a monotropic smectic phase to obtain crystalline
102 (Scheme 51). Subsequent protonation with various acids gave 103 [107]
showing mesophases with broken focal-conic textures suggesting columnar phases
(Scheme 51). Under the conditions of SAXS measurements, the compounds
decomposed so that a clear assignment of the mesophase was not possible.
Interestingly, with increasing size of the anion, the melting and clearing points
decreased.

Ringsdorf investigated the photochemical properties of 89c¢ carrying six
cinnamoyl substituents around the [18]-Ng core [115]. Upon irradiation of E-89¢
in its liquid crystalline state with UV light, the mesomorphism was lost after a short
time due to isomerization of the double bond (way A in Scheme 52). This showed
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that the Z-isomer of the side chain suppresses mesomorphism. Upon irradiation
of E-89c in cyclohexane solution, E/Z-isomerization (way A in Scheme 52) was
observed until a steady state was reached. Upon further irradiation, [2+2]
photocycloaddition (way B in Scheme 52) was observed. GPC analysis showed
the presence of dimers, trimers, and higher aggregates (up to 20-mer) of 89c¢ in a
tube-like array. The cycloaddition reaction is strongly dependent on the solvent — in
chloroform various unidentified side-reactions took place. The cycloaddition is
another way to lock the columnar alignment of the molecules and feasible only in
non-polar solvents.

2.5.2 Crown Ethers with Several Taper- or Disc-Shaped Substituents

Hirose studied liquid crystal 105 consisting of a central dibenzo[18]crown-6
macrocycle and Percec-type side group dendrons (Scheme 53) [116].
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Scheme 52 Possible reaction pathways of E-89¢ upon UV irradiation. A: E/Z isomerization,
B: [2+2] cycloaddition

Scheme 53 Dibenzo[18] (\0/\
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/
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The mesophase of 105 could not be clearly identified due to missing X-ray
experiments but it was considered to be a columnar phase as deduced from
polarizing optical microscopy. It was found that complexation with LiClO, and
NaClO, leads to a decrease of the melting and clearing point but increasing the
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Table 8 Phase transition

Compound Phase transition temperatures (°C)
temperatures of 105 and
MCIO,-105 105 Cr 125 My, 135 Mx;, 1451
LiClO4-105 Cr 95 Mx; 102 Mx, 112 Mx3 1171
NaClO4105 Cr 109 MXI 121 MX2 1371
KCl04-105 Cr 124 My, 129 My, 134 My 144 1

Scheme 54 Dibenzo[30]
crown-10 derivative 106
carrying four Percec-type
dendrons
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phase range slightly. Complexation with KCIO4 did not change the transition
temperatures or the phase range (Table 8). The ionic conductivity of 105 and
KCl104-105 was measured and it was found that complexation increases the ionic
conductivity by ~1.5 orders of magnitude to be ~10~7 S m™".

Very recently, Chen published dibenzo[30]crown-10 fourfold substituted with
first generation Percec-type dendrons 106 (Scheme 54) [117]. Liquid crystalline
properties were not described for dry 106 but it was demonstrated that 106 is a
powerful gelator of n-dodecane. For concentrations of 106 >0.1% (w/v), a gel with
columnar rectangular lattice (¢2mm) was formed upon cooling from the isotropic
solution. The authors gained a deeper understanding of the mechanism of gelation:
in the first step, the molecules self-assemble into cylindrical micelles. Upon further
cooling, the micelles grow and form fibers which entangle and lead to a solid-like
gel. Furthermore, the authors accomplished the solubilization of the cationic dye
rhodamine B in n-dodecane. The solvent, the dye, and 106 were heated until all
constituents were dissolved. Upon cooling, a gel was formed with rhodamine
B included in the crown ether cavities. Possible practical applications of such
functional gels were seen in drug delivery, filtration, or separation.
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Akopova synthesized enamine ketone derivative 107 of dibenzo[18]crown-6
(Scheme 55) which exhibits columnar mesomorphism [8]. An interesting feature
of compound 107 is the hydrogen-bond mediated stabilization within the side
group.

Laschat developed a method by which a variety of liquid crystalline crown
ethers of different ring sizes with two o-terphenyl or triphenylene substituents are
conveniently accessible. Derivatives with o-terpenyl substituents of [12]crown-4
108a [118], [18]crown-6 108b [55, 119], and [24]crown-8 108c [118] were
synthesized from the respective 4,4',5,5'-tetrabromodibenzo[18]crown-6 109a—c
and boronic acid 110 in a Suzuki coupling reaction (Scheme 56). Oxidative
cyclization using FeCl; as oxidant gave the corresponding triphenylene-substituted
crown ethers 111a [118], 111b [120], and 111c [118] (Scheme 56). Compounds 108
and 111 were studied with respect to their liquid crystalline properties.

An essential part of the studies was also to gain insight into the effects of
complexation of salts on liquid crystalline phases. Crown ethers 108a, 111a with
ring sizes of 12 atoms were complexed with Lil [118] (Scheme 57). The homologs
108b, 111b with central [18]crown-6 cores were complexed with a variety of
potassium salts (e.g., KCl, KI, KSCN) [55, 120] in order to obtain information
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about the influence of the different counterions (Scheme 57). Crown ethers 108c,
111c with a 24-membered macrocycle were complexed with CsI (Scheme 57)
[118].

Several interesting trends were observed comparing the different compounds
(Fig. 157). First, triphenylene-substituted crown ethers 111 generally possess higher
clearing temperatures compared with o-terphenyl-substituted 108. The reason can
be seen in m—n-stacking, which is stronger in 111 than in 108. Second, the clearing
temperatures and phase widths are dependent on the size of the macrocycle,
especially for the series 111a—c. While 111a possesses a columnar hexagonal
phase with a range of 93 K clearing at 170 °C, 111b clears at 129 °C possessing
a columnar rectangular range of 6 K. Finally, 111c¢ clears at 91 °C and is devoid of a
mesophase. Third, complexation with salts possessing hard counterions (e.g., KCl)
leaves the mesomorphic properties virtually unchanged (KCI-108b possesses a
columnar rectangular phase range of 4 K compared with 7 K observed for 108b)
while salts with soft counterions (e.g., Lil, KI, and KSCN) lead to a significant
increase in the mesophase range (51 K for KI-108b, 133 K for KSCN-111b). It was
concluded from NMR experiments that tight ion pairs are present in these
complexes and are responsible for the increase of the clearing points [55, 120].

ZA variety of phase geometries (pbmm, p2mg, p2gg, c2mm) was observed depending on lateral
substituent and complexed salt. Details can be found in [55, 118-120].
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Scheme 58 Dibenzo[18]crown-6 112 modified with four gallic acid groups

In the case of KSCN-108b, the interactions are too strong, leading to a plastic phase.
In the case of Lil-111a, columnar hexagonal ordered phases were observed.

Summarizing, it can be stated that for the neat compounds, broad mesophases
can be observed for small rings with rigid substituents (111a). If the ring is too large
(111c), mesophases are absent. For complexation, a different picture emerges: as
complexation can lead to the formation of ion pairs, the crown ether should be of
medium size (108b, 111b) in order to obtain broad mesophases. For smaller
crowns, complexation rigidifies the crown too much leading to ordered phases
(Lil-111a). If the crown is too large and flexible (108c, 111¢), complexation cannot
induce mesophases.

When the lateral substituents were changed from ether to gallic ester groups, a
columnar hexagonal phase was observed for 112, while complexation with KI
destroyed the mesomorphic behavior [121] (Scheme 58). The presence of ion
pairs in the complex presumably leads to unfavorable interactions between neigh-
boring molecules leading to non-mesogenity.

He and Cammidge prepared liquid crystal 113 (Scheme 59) with a central [27]
crown-9 moiety, three attached triphenylene units carrying a total of 12 hexyloxy
chains and exhibiting a columnar hexagonal mesophase [122].

2.5.3 Summary

The compounds presented in this section possess, in most cases, columnar phases as
expected from their molecular shape. Aza crown ethers and conventional crowns
offer a multitude of possibilities to add functional groups. Possible applications can
be seen in the field of sensors or functional channels. Unfortunately, no applications
have been reported yet. Addition of polymerizable groups might lead to functional
membranes as shown in Scheme 40.
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Scheme 59 [27]crown-9 113 with three triphenylene substituents

2.6 Crown Ethers with a Central Phthalocyanine

Possessing a flat shape, phthalocyanines are predestined to form columnar
mesophases. The addition of crown ethers (Fig. 16) can yield interesting materials
that can complex two different salts (one in the crown, one in the phthalocyanine)
leading to interesting columnar channel structures.

Nolte synthesized the first liquid crystalline phthalocyanine 114a bearing
crown ether moieties in the periphery (Scheme 60). In total, eight decyloxy chains
were present in the molecule [123]. The phthalocyanine was also equipped
with a dihydroxy silicon group in the center in order to obtain polymerizable
114b [124].

Compound 114a showed a columnar hexagonal mesophase that was confirmed
by X-ray scattering experiments [123]. The mesophase appeared at 170 °C while
the isotropic phase could not be observed as 114a decomposed above 320 °C.
Despite the high number of alkyl chains, 114a was insoluble in most organic
solvents. Only boiling chloroform and toluene could dissolve it. Chloroform
solutions of 114a with a minimum concentration of 7 mg mL ™' turned into a gel
upon cooling. TEM photographs showed the presence of a network of fibers. The
fibers were several micrometers in lengths and consist of bundles of strands.
The strands themselves are of molecular thickness (~50-60 A). Within one fiber,
the surprisingly high number of approximately 10* molecules is accommodated
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Fig. 16 Schematic
representation of liquid
crystalline crown ethers with
a central phthalocyanine core

[123]. Compound 114b can be regarded as multifunctional molecular cable with the
central electron conducting phthalocyanine surrounded by the ion channels formed
by the crown ethers and isolated by the alkyl chains.

For 114b, a completely different behavior was found [124]. This compound is
crystalline, polymerizing at 178 °C. The axial hydroxy groups prevented stacking
of the molecules within a columnar phase. The behavior of 114b at the air-water
interface was examined and it was found that monolayers are formed. The phthalo-
cyanine entity is lying flat on the water while the crown ethers and the alkyl chains
point into the air. Addition of KCI changed the shape of the molecule leading to the
crown ethers also lying flat on the water. It was possible to join the monolayers onto
a glass substrate in order to obtain a Langmuir-Blodgett film [124].

Copper complex 114c¢ also shows columnar hexagonal phases [125]. Copper
leads to an increase in the columnar phase range. The melting point is lowered to
94 °C while the decomposition does not occur before 345 °C.

Compound 114d possesses significantly lower transition temperatures
(Scheme 60) due to the branched side chains [126]. A columnar phase is present
even below room temperature. At 14 °C, a new chiral columnar phase was observed
while above 111 °C, an achiral columnar rectangular phase was observed. The
spiral-pattern texture of 114d in the chiral Col* mesophase is shown in Fig. 17.

Three possible arrangements of 114d leading to the Col* phase are shown in
Fig. 18. The molecules are either in a spiral staircase arrangement (left), staggered
against each other at constant staggering angles (middle), or tilted and gradually
rotated (right) as the most likely arrangement.

Interesting aggregation behavior was found for 114d [128]. In chloroform, gel
formation was also observed. The gel consists of long, left-handedly twisted fibers
of nanometer diameter and micrometer lengths (Fig. 19a, b). These fibers
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Scheme 60 Crown ether phthalocyanines 114 with different substituents in the central core

themselves consist of up to 25 fibers possessing the diameter of a single 114d
(~60 A) (Fig. 19a, b).

Addition of potassium ions to the fibers leaves the fibrous structure intact but
destroys the helicity [128]. Sandwich complexes between the cation and 114d are
observed. With higher concentrations of potassium, the sandwich complexes break
down and isolated 4K*-114d are observed (Scheme 61). In both complexed forms
the salt blocks the chirality transfer from the side chains to the supramolecular
assemblies. Such fibers with controllable chirality can be interesting materials for
molecular switches or in sensors devices.

At the gel-graphite interface, 114d forms hexagonal (side-on arrangement of
114d on the surface) and lamellar (edge-on arrangement) phases [129]. It could also
be shown that 114a can be oriented in high magnetic fields [130].

Ahsen synthesized liquid crystalline phthalocyanine complexes 115 equipped
with four monoaza[15]crown-5 moieties substituted with substituted gallic acids
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Fig. 17 Spiral-pattern
texture of 114d in the Col*
phase. Reproduced by
permission of Taylor &
Francis (www.informaworld.
com) from [127]

Fig. 18 Spiral staircase (left), staggered (middle), or tilted and rotated (right) arrangement of
114d in the Col* phase. Reproduced by permission of AAAS from [128]

via amide linkages [131] (Scheme 62). From ~110 °C, both the zinc (115a) and the
nickel complex (115b) exhibit a columnar hexagonal mesophase. Transition to the
isotropic phase could not be observed as decomposition started at temperatures
exceeding 320 °C.

Akopova reported liquid crystalline phthalocyanines 116a—c¢ (Scheme 63) with
eight peripheral crown ethers devoid of alkyl chains [132]. Nonetheless, discotic
nematic phases could be observed as derived from miscibility experiments with
the discotic nematogen hexa(cyclohexanebenzoyloxy)triphenylene and optical
textures. In the case of metal-free 116a, a phase width of 43 K was found.
Complexation with Zn(II) (116b) decreased the phase range to 35 K and with
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Fig. 19 TEM micrographs of
gels of 114d in chloroform
showing left-handed coiled-
coil aggregates (a) and
schematic representation
thereof (b). (¢) Calculated
model of the coiled coils.
Reproduced by permission of
AAAS from [128]
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Scheme 61 Schematic representation of the formation and breakdown of sandwich complexes
between K* and 114d. Reproduced by permission of AAAS from [128]

Ni(II) (116c¢) displayed a mesophase for only 5 K. Complexation of the phthalocy-
anine seems to increase the interaction between the molecules leading to higher
ordered systems with high melting points into the subsequently small mesophases.

The combination of a phthalocyanine ring with crown ether moieties and redox-
active tetrathiafulvalenes gave compound 117 (Scheme 64) and was described by
Zou as a good candidate for a redox-active Na* sensor [133].

Crown ether-phthalocyanines 118 (n = 0, 1, 2) (Scheme 65) were used as gas
sensors for NO,. They were found to be superior to the previously used materials
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Scheme 62 Zn(II) and Ni(Il) complexes of crown ether-modified phthalocyanine 115

based on phthalocyanines without crown ethers. They offer faster responses and
reversal times and can sense NO, even at ppb levels [134].

In summary, phthalocyanines modified with crown ethers are interesting syn-
thetic targets as they are prone to form columnar phases. Their electron conductiv-
ity and complexation properties make them interesting candidates for the design of
sensor materials or supramolecular switches.

2.7 Crown-Like Cyclophanes

Stoddart synthesized biphenylophane derivatives 119 depicted in Scheme 66 [135].
Compared with conventional biphenyl derivatives, the series of 119a—e exhibits
high melting and clearing temperatures. The incorporation of two mesogenic units
into a macrocycle seems to be a powerful approach towards mesophase induction



Liquid Crystalline Crown Ethers 177

116a  M=2H Cr 255 Np 298 |
116b M=2Zn(ll)  Cr254 Np 289 |
116c  M=Ni(ll)  Cr293 Np 298 |

Scheme 63 Liquid crystalline crown ether phthalocyanine 116 without peripheral alkyl chains

and stabilization. Shortening one bridging chain (119b) increases the melting and
clearing temperature. Lengthening of the linking chain (119¢) lowers the phase
transition temperatures. Compound 119¢, a constitutional isomer of 119a, contains
one longer and one shorter polyether chain. As expected, this “desymmetrization”
leads to a depression of the melting and clearing point and the smectic phase range.
The mesophase type, namely smectic E and smectic A [136], remains unchanged
upon variation of the spacer chains.

Tschierske anticipated that the mesophase type and range is not only dependent
on the spacer chains but also on the mesogenic units within the macrocycle.
Cyclophane derivatives 120a—d (Scheme 67) were synthesized and examined
[136]. Indeed, the calamitic units have a strong impact on the mesomorphic
properties. Phenyl benzoates 120a,b exhibit nematic phases with significantly
lower phase transition temperatures as compared with biphenylophane derivatives
119. Compared with open-chain analogs, the mesophase stabilizing effect of
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Scheme 67 Liquid crystalline cyclophane derivatives 120

cyclization could also be observed. The replacement of the carboxylic acid groups
by the flexible oxymethylene group in 120c¢ lead to the loss of mesogenity.
Introducing a thiadiazole group can be a powerful tool for the induction of smectic
C phases. As expected, 120d exhibits a smectic C phase, followed by a nematic
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phase at 221 °C. Clearing could not be observed due to decomposition above
330 °C.

The introduction of suitable mesogenic building blocks into macrocycles will
generally have an enormous effect on the stability of mesophases. The reason
results from the restricted flexibility of the linked calamitic units.

Tschierske also investigated derivatives 121 (Scheme 68) with different aro-
matic units in the macrocycle [137]. Besides the conventional thermotropic
mesogens p-terphenyl or 2,5-diphenyl-1,3,4-thiadiazole, the non-mesomorphic
naphthalene ring was included. The thiadiazoles are interesting compounds for
electron-transfer interaction and for the templated synthesis of rotaxanes and
catenanes. Despite the presence of the non-mesogenic naphthalenes, 121a—d
exhibit nematic phases with high clearing temperatures. The stability of the phases
is dependent on the substitution pattern of the naphthalene unit. The 2,6-derivatives
121a,c display higher mesophase stabilities than the corresponding 1,5-substituted
derivatives 121b,d. The nematic phases of 121a,c can be supercooled and freeze in
a nematic glassy state at 22 and 12 °C, respectively. For 121b,d monotropic phases
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were found that did not show the nematic glassy state. Therefore, 121a,c were the
first glass-forming liquid crystalline cyclophanes.

Due to the electron-donating ability of naphthalene, compound 121a was mixed
with the electron acceptor 2,4,7-trinitrofluorenone 122 (TNF, Scheme 69) [137].
Upon mixing, a deep red color was observed. Under the POM, focal conic fan
textures were observed, indicating a smectic A phase. While small amounts of TNF
destabilize the nematic phase, larger amounts of it (~20 mol%) induce the smectic
A phase. The attractive electron-acceptor/electron-donor interactions force the
individual molecules to adopt a positional order which results in smectic A layers.
Mixing of 121b—d with TNF resulted in the same color but no smectic phases
were induced. The reason can be seen in the twisted p-terphenyl structure and the
1,5-substitution pattern on the naphthalene ring.

Comparison of macrocyclic liquid crystals 123 based on triethylene glycol and
1-(4-hydroxy-4'-biphenylyl)-2-(4-hydroxyphenyl)butane with varied degree of
polymerization with their open-chain analogs 124 (Scheme 70) showed that
macrocyclization overrides the established polymer effect in the formation and
stabilization of liquid crystalline phases [138]. Contrary to what was thought in the
past, the cyclic — and not the linear — architecture is the most powerful way to design
molecular and macromolecular liquid crystals. It was found that for higher numbers
of z, the anti conformer is found more often than the gauche counterpart. First, on
increasing z, the cyclic 123 evolve from amorphous to liquid crystalline and back to
amorphous. Second, an odd-even dependence of the isotropization temperature as a
function of the ring size (i.e., the degree of polymerization) is observed. This is
surprising because one would expect an odd-even effect with respect to the spacer
chain length — not to the degree of polymerization. The main difference between the
odd and even series of z in 123 is that in the odd series there is permanently one unit
of 125 in the fold of the ring, resulting in a lower rigidity. The presence of the 125
unit in the fold is responsible for the odd-even effect which is not encountered in the
linear liquid crystalline polymers 124. This unusual behavior can lead to a design of
nematic crown ethers with a predetermined placement of binding sites.

Crown ether binaphthyl derivatives 128—131 (Scheme 71) were synthesized and
investigated by Akagi [139]. Compounds 128-131 were used to induce chiral
nematic phases (N*) in liquid crystals. It was found that the helical twisting
power increased with decreasing ring size. Helical polyacetylenes were synthesized
in the N* phases. It was found that the interdistance between the fibril bundles of
the helical polyacetylene was equal to the half-helical pitch of the N* liquid
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Scheme 70 Cyclic (123) vs linear (124) liquid crystalline polymers

crystal and the screw direction of the fibrils was opposite to that of the N*
liquid crystal. Chiral dopants are promising in gaining control over the screwed
structure of polyacetylenes.

2.8 Metallomesogens

The term “metallomesogen” is often used when a (transition) metal is complexed
(by coordinative bonds between the crown heteroatoms and the metal center) by a
crown ether. These compounds were discussed in the previous sections as
“complexed crown ethers” (instead of “metallomesogens”) together with their
uncomplexed precursors. In this section, mesogens with a covalent bond between
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the metal and a carbon atom that is not part of the crown ether macrocycle will be
discussed.

Tschierske synthesized the “butterfly”” mesogens 132-134 (Scheme 72, Table 9).
These compounds are based on a macrocyclic crown-like para-cyclophane ring
containing two 2-phenylpyrimidine units. Ortho-palladation and subsequent treat-
ment with substituted half-disks like B-diketones gave the desired dinuclear palla-
dium complexes with 4 (132), 8 (133), and 12 (134) peripheral alkyl chains [127].

All uncomplexed para-cyclophanes show monotropic nematic phases upon
cooling. For complex 132 with four alkyl chains, a fan-like texture was observed
which corresponds to a smectic A phase (Table 9). Compound 134b shows a
mosaic-like texture (Fig. 20) typical for columnar mesophases. The columnar
hexagonal phase could be unambiguously confirmed by temperature-dependent
X-ray experiments as in the small angle regime of an aligned sample of 134b a
regular hexagon could be detected (Fig. 21).

Surprisingly, 133 with eight alkyl chains was not liquid crystalline (Table 9).
With increasing number of alkyl chains a transition from a lamellar to a columnar
organization of the molecules takes place. Due to the planar geometry around the
Pd(II) centers linked by the macrocycle it is reasonable to assume that the
molecules self-assemble in columnar phases. However, a certain number of chains
are necessary to surround the molecules completely and to obtain columnar phases.
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Scheme 72 Ortho-palladated “butterfly” mesogens 132-134

Table 9 Mesomorphic properties of 132-134

Compound m n R' R? Phase transitions
132 3 1 H H Cr 197 SmA 207 I
133 3 1 OC;0Hy; H Cr1371

134a 3 1 OC;oHy; OC;oHy,; Cr 110 Col, 178 1
134b 1 2 OCoH;, OCoHy, Cr 108 Col,, 2111
134c 1 3 OC;oHy,; OC;oH,,; Cr 110 Col;, 208 I

Fig. 20 Polarized light
optical micrograph of the
Col;, phase of 134b at 103 °C.
Reproduced by permission of
The Royal Society of
Chemistry from [127]
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Fig. 21 Small-angle X-ray
diffraction pattern of an
aligned sample of 134b at
110 °C. Reproduced by
permission of The Royal
Society of Chemistry from
[127]

If this is not possible, the columnar order gets lost (133) or smectic layers are
favored (132).

With an increasing number of linking polyether chains, the melting and clearing
points increase (Table 9) as expected due to the increased rigidity of the molecules.
Compounds 132, 134 are interesting for further research and might open new
possibilities to build well-defined structures containing transition metals and ion
channels in close proximity to each other embedded in insulating surroundings.

Espinet synthesized imine-substituted benzo[15]crown-5 ethers which were not
liquid crystalline. After orthopalladation and anion exchange, dinuclear chloride-
bridged complexes 135 (Scheme 73) were obtained [140]. The dinuclear complexes
exhibit enantiotropic smectic A phases. The smectic phase ranges of the series
increase with increasing chain length in a range of 3 K (135a) to 62 K (135b).
A problem of 135 is the high clearing temperature; the compounds start to decom-
pose after three heating cycles.

In order to obtain mesophases with lower clearing temperatures and broader
phases, the number of side chains was increased and the symmetry decreased by
exchanging one ligand with a substituted B-diketone carrying two dodecyl chains
[140]. The desired effect could be observed: the isotropization temperatures were
significantly broadened and the mesophases gained in stability (37 K for 136a, 65 K
for 136b, Scheme 74).

The mesogenic behavior of KC1O4 complexes was also studied, but none of the
complexes KClO4135 and KClO4136 were liquid crystalline and melted
accompanied by decomposition [140].
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Similar ortho-palladated complexes 137, 138 (Scheme 75) were presented by
Espinet and Coco [141].

All the Pd complexes show mesomorphic behavior. Although one might expect a
columnar arrangement, due to the presence of the high number of alkyl chains in the
periphery, enantiotropic smectic C phases were observed for 137a and 138a
(Table 10) as deduced from POM and X-ray results. Complexes 137b and 138b,
in contrast, show monotropic behavior (Table 10). The present phase could not be
identified unambiguously. Complexation with KClO, produces an important
change in the mesomorphic properties. Compared with the parent complexes, the
potassium adducts have increased clearing temperatures and mesophase ranges
(Table 10). Also, all potassium complexes are enantiotropic liquid crystals.
Complexation makes the molecules more polar, the crown ethers become more
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Scheme 75 Palladated OCoHa4
complex 137, 138 containing C1oH210

two dibenzo[18]crown-6

units

(0]
Lo ©
(0]
CioH210 N=
/
R X- IIDd
/
pd X R
/
=N
OC1oHz;
(6]
(0]
o
0 )
(o ©
O
OC4H
C10H21O 107121
137,138
Table 10 Mesomorphic properties of 137, 138
Compound R X Phase transitions
137a H OAc Cr 108 SmC 1221
KCl104-137a H OAc G 82SmC 1931
137b OC|0H21 OAc 177 MX 44 G
KCl104:137b OC,oH,; OAc Cr94 My 1471
138a H Cl Cr 109 SmC 200 I
KCl04-138a H Cl G85SmC 1791
138b OC,oH,; Cl 1139 Mx 90 Cr
KCl104-138b OC,oH,, Cl G 110 My 207 1

rigid and, probably, the molecule gains in width. Combined with the improved
microsegregation, the increased transition temperatures and phase stability ranges
were explained.

Espinet also investigated liquid crystalline gold(I) complexes (Scheme 76) of
crown ether isocyanides 139 [142].
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Scheme 76 Liquid crystalline Au(I) isocyanide complexes 139

Table 11 Liquid crystalline properties of xx

Compound X Z Phase transitions
139a H OC;oHy; I137SmC2 G
139b H OC,H,s 142 SmC

139¢ OC;oHy; OC;0Hy; 155 SmC

139d OC;,Hs OC;,H;s 117 Mx 15 Cr

Complexes 139 exhibit monotropic liquid crystalline phases upon cooling from
the isotropic phase (Table 11). Complexation with KClO, destroys the liquid
crystalline properties. In the solid state as well as in the mesophase, and even in
the isotropic liquid at moderate temperatures, the complexes show luminescence
(which is surprising and has been rarely observed) which is visible with the naked
eye for 139b,d under a UV-vis chromatography lamp at 298 K. The luminescence
properties make 139 interesting for use as sensors or light-emitting diodes.

In summary, metallomesogens of crown ethers are interesting compounds that
combine a variety of properties: (1) appropriate metal centers can show lumines-
cence, (2) all properties can be tuned by the addition of alkaline metal salts to the
crown ether, and (3) ordered, liquid crystalline phases are possible. With these
hybrid materials, interesting applications can be foreseen in the near future.

3 Concluding Remarks

In the last few sections we have shown that liquid crystalline crown ethers are very
versatile compounds. In this relatively young field of research, a huge variety of
compounds has already been synthesized and studied.

When synthesizing a liquid crystalline crown ether, one has many building
blocks readily at hand. The type of crown ether can be chosen from a variety of
commercially available or simple to synthesize structures and many mesogenic side
groups ranging from rod- to taper- and disc-shaped moieties are accessible. It is
possible to create molecules with more than one crown or more than one mesogenic
group. Other functionalities, such as dyes or phthalocyanines, can also be part of the
mesogen. The final products can be complexed with a variety of main group,
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transition, or rare earth metal salts leading to a change of the mesogenic properties.
According to the mesogen and the chosen salt, mesophases can be induced,
stabilized, or disfavoured. This gives the possibility of fine-tuning liquid crystalline
properties “on demand” by an external stimulus (salt complexation) while leaving
the molecular structure itself unchanged.

Interesting properties and applications have been reported so far. Liquid crystal-
line crowns can be used as sensors for salts or even chirality. Luminescence can be
observed when choosing appropriate metals for complexation. Supramolecular
structures such as channels and wires are readily available. Combined with
polymerizable side groups, matrix- or membrane-bound supramolecular structures
can be obtained.

The huge versatility of the molecular structures combined with the unique
properties makes liquid crystalline crowns interesting compounds for future
research. Combination of selective ion complexation, ion conductivity, or even
electric conductivity within the substituents gives rise to materials for use in
biological or electronic devices. However, much has to be done to develop such
systems and to understand fully the properties of liquid crystalline crowns.
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