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Abstract: This paper discusses recent results from our laboratory on the molecular design of two 
novel classes of liquid crystals with complex architecture, i.e., supramolecular quasi-rigid-rods 
generated from collapsed macrocyclics and dendrimers based on flexible AB2 monomers which 
exhibit conformational isomerism. 

Supramolecular Quasi-Rigid-Rods from Collapsed Macrocyclics 

Soon after the discovery of liquid crystals (1) it was recognized that rigid rod-like and disc-like 
compounds provide the most suitable molecular architectures which lead to liquid crystalline mesophases 
(2a). One hundred years later, the discussion on the molecular structure-properties relationship in the field 
of liquid crystals is still focused on the same two architectures and on a few less conventional variants of 
them (2b-e). The same statement is valid for the field of macromolecular and supramolecular liquid crystals 
in which both linear main chain and side-chain liquid crystalline polymers containing single rod-like and 
disc-like or various combinations of dissimilar mesogens were elaborated (3). Liquid crystals based on 
cyclic oligosiloxanes containing mesogenic side groups were reported both from our and other laboratories 
(4). 
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Fig. 1: 
The theoretical and experimental dependence 
of the isotropization temperature (Ti) of cyclic 
and linear main-chain liquid crystalline polymers 
on their degree of polymerization (DP). Both 
Ti and DP are in arbitrary units. 
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The membranes of archaebacteria, i.e., extremophile microorganisms which proliferate in extreme 
environments such as high temperature, acid, alkali or high salt concentration, are formed from macrocyclic 
oligoether lipids since these lipids are more stable than the corresponding linear ones (5a). In 1992 it has 
been demonstrated that macrocyclic lipids display a thermotropic mesophase (5b,c) and very recently that 
they generate highly stable liposomes (5d). 

Independently, in 1992, we have predicted and demonstrated that certain sizes of low-molar mass 
macrocyclics which are homologues of main chain liquid crystalline polymers based on conformationally 
flexible rod-like mesogens should and do exhibit a higher ability to generate liquid crystalline phases than 
do their low-molar-mass linear and both their linear and cyclic high molecular mass compounds (Fig. 1) 
(6). The trend from Fig. 1 is due to the fact that macrocyclics of a certain size which contain at least a 
minimum extent of ring strain and a proper combination of spacer and mesogenic lengths based on which 
they can generate a liquid crystalline phase, should have a lower entropy and therefore, must display higher 
transition temperatures (7) than the corresponding high molar mass linear and cyclic compounds. Scheme 1 
outlines the anti and gauche conformers of 1 -(4-hydroxybiphenyl-4-yl)-2-(4-hydroxyphenyl)butane (TPB) 
and the macrocyclization of TPB with am-dibromoalkanes by a high dilution phase transfer catalyzed 
polyetherification. Optimum reaction conditions yield either the regioirregular linear polymer TPB-(l)X(8) 
or a mixture of up to five sizes of regioirregular macrocyclics TPB-(c)X(z) which can be separated (where: 1 
stands for linear, X represents the number of methylenic units in the spacer, c stands for cyclic and z is the 
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degree of oligomerization of the macrocyclic compound). Both the regioirregular TPB-(l)X and TPB- 
(c)X(z) with X = 2 to 20 and z = 1 to 5 were synthesized and their phase behavior was investigated. 
Questions like: what is the shorter spacer X and the minimum ring size z of TPB-(c)X(z) which displays a 
liquid crystalline phase? what is the lowest size of the macrocyclic which displays a liquid crystalline phase 
whose isotropization temperature is higher than that of its linear high molar mass homologue? (6,9a,b) 
what is the probability of transforming kinetically prohibited (9) and/or kinetically controlled (9d) 
mesophases of the linear polymer into enantiotropic mesophases via cyclization? what is the ability to 
generate noncrystallizable macrocyclics with a high glass transition temperature and a broad range of 
temperature of the mesophase? (9e) what is the dependence of the phase transition temperatures of a certain 
macrocyclic on its spacer length X and how does it compare with that of the corresponding linear polymer? 
(9b) were addressed, answered and explained. 
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Fig. 2: Conformational isomerism of TPB 
and its regioirregular cyclization with 1,lO - 
dibromodecane under high-dilution conditions. 
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Figure 2 outlines the synthesis of macrocyclic and linear polyethers based on TPB and a,w- 
dibromoalkanes. The structure of these macrocyclics was confirmed by a combination of 300 MHz 1-D 
and 2-D lH-NMR experiments and by molecular weight determination (6) .  lH-Nh4R spectroscopy was 
used to demonstrate that ring strain is released above the size of pentamer. The phase behavior of 
individual regioirregular linear monomer, dimer, mmer, tetramer TPB-(1)10 (Fig. 3) and that of the high 
molecular weight linear polymers with narrow molecular weight distribution TPB-(1)lO is compared to that 
of the TPB-c( 1O)z (z = 1 to 5 )  in Fig. 4 (10). Both the linear and cyclic compounds from Fig. 4 exhibit a 
nematic mesophase. The linear dimer has a higher isotropization temperature than the cyclic one. 
However, the cyclic trimer displays a much higher ability to form a nematic mesophase than the 
corresponding linear trimer. At the same time, the cyclic tetramer and pentamer exhibit much higher 
abilities to form nematic mesophases than even the very high molecular weight linear polymer. These 
results demonstrate that at least in the case of the macrocyclic compounds based on TPB and 1 , l O -  
dibromodecane, the tetramer and pentamer and not the linear high molar mass polymers exhibit the highest 
tendency to form nematic mesophases. 
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Fig, 3: The structures of the linear regioirregular model compounds of TPB-(l)lO. 
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Fig. 4: Dependence of 
the isotropic-nematic (Tin) 
transition temperatures of 
regioirregular linear (0) 
and macrocyclic ( 0 )  
oligomers and polymers of 
TPB-(1)10 on their degree 
of polymerization. 
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Fig. 5: The dependence of the isotropic-nematic transition temperature (Tni) (a) and of its associated 
enthalpy changes (AHni) (b) of regioirregular TPB-(c)X(4) (cyclic tetramer) and TPB-(1)X (high molecular 
weight linear polymer) on spacer length (X). 

Figure 5a compares the isotropization temperatures (Tni) of TPB-(c)l0(4) and of TPB-(1)lO as a 
function of the number of methylenic units in the spacer. All TPB-(c)l0(4) have higher Tni values than the 
corresponding linear polymers. The AHni values of Tni are plotted in Fig. 5b. AHni of cyclics are lower 
than of the corresponding linear polymers since the difference between the entropies of a macrocyclic in 
isotropic and nematic phases is lower than the corresponding parameter of the linear polymer. The odd- 
even dependencies of Tni and AHh of cyclic tetramers and linear compounds are similar. 

Figure 6a plots the thermal transitions of TPB-(c)l0(3) and Fig. 6b their AHni values. Both sets of 
data of TPB-(c)l0(3) (Fig. 6) are different from those of TPB-(c)l0(4) (Fig. 5) .  Tni values of cyclic 
trimers show a very weak odd-even dependence of spacer length. However, this dependence (Fig. 6a) 
follows the reversed trend of the data from Fig. 5a. Tni of cyclic mmers are increasing with the increase in 
spacer length while the same data of cyclic tetramers are decreasing. The cyclic trimers show higher Tni for 
odd spacer length while cyclic tetramers and linear polymers for even spacer length. Both the Tni and AHni 
values from Fig. 6 demonstrate that the rigidity of cyclic mmers increases with the increase in spacer 
length. Therefore, while cyclic tetramers resemble the behavior of linear polymers, cyclic mmers represent 
a completely different class of LC. Finally, cyclic trimers with very short and very long spacers exhibit, in 
addition to the nematic mesophase, a smectic A (SA) phase (Fig. 6a). Regardless of the spacer length, the 
layer of the SA phase of the cyclic timers is equal to 1.5 x (Lm + Ls) in which Lm is the length of the anri 
comformer of TPB while Ls is equal to the length of the flexible spacer in its fully extended all trans 
conformation (Fig. 7). A trimer conformation like the middle right side of Fig. 7 requires that 2Lm + Ls = 
2 x (Ls - 2.5) + Lm where 2.5A is the minimum length of the 180°C turn in fold which is generated by two 
carbon atoms. Under these requirements the shorter spacer length (Ls) which can accommodate such a 
structure is equal or longer than Lm, i.e., Ls 2 Lm. At shorter spacer lengths a SA phase can be found only 
when one TPB is in its gauche conformation and it is part of the fold (middle left mmer in Fig. 7) (1 1). 
Some experiments with macrocyclics based on enantiomerically enriched TPB suggest that intracyclic 
heterochiral recognition may have a contribution to the architecture of the larger macrocyclics in the nematic 
phase (12) and that a superhelical shape is not excluded. In addition, the nematic phase of TPB-(c)9(3) 
seems to be biaxial (13). 

All these results suggest that in their liquid crystalline phase these compounds are supramolecular 
rigid-rods generated from collapsed macrocyclics (Fig. 8). This novel class of liquid crystals has recently 
received interest in other laboratories (14) and opens numerous avenues for the design of new 
macromolecular and supramolecular architectures based on liquid crystalline macrocyclic building blocks. 
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Fig. 6: The dependence of the various transition temperatures (a) and of the enthalpy changes (b) 
associated with the nematic-isotropic (AHni) transition temperatures of regioirregular TPB-(c)X(3) (cyclic 
trimer) versus spacer length (X). 
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Fig. 7: The ideal architecture of cyclic oligomers (dimer to pentamer) in the crystalline 
and liquid crystalline phases. 
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Fig. 8: Schematic representation of the suggested mechanism for the 
isotropic-nematic transition of TPB- (c)X(4). 

Dendrimeric Liquid Crystals 

The synthesis and characterization of hyperbranched polymers and of dendrimers which are 
prepared via convergent or divergent approaches was extensively reviewed (15). The f is t  examples of 
thermotropic hyperbranched polymers with disc-like mesogen (16) and rod-like flexible mesogens based on 
conformational isomerism (17,18) were reported from our laboratory. Independent from our work, Kim 
(19) reported the preparation of the first lyotropic hyperbranched polymers and more recently Ringsdorf et 
a1 (20) the first examples of thennotropic cholesteric hyperbranched polymers. The concept of "willow- 
like" hyperbranched thennotropic liquid crystals, the driving force behind our research and the most recent 
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Fig. 9: Synthesis of G2(OH) and G2(Br). 

developments in this field as well as the synthetic limitations of our method were recently discussed in detail 
(18). Here we will mention only briefly the synthetic strategy used for the preparation of the first examples 
of dendrimeric liquid crystals via a convergent method and describe some preliminary data on the 
similarities and differences between hyperbranched and dendrimeric liquid crystals. The AB2 monomer M1 
(Fig. 9) was designed to synthesize the four generations of dendrons Gl(OH), G1(Br) to G4(OH), G4(Br) 
(Fig. 9-1 1). The phase behavior of GI to G4 is summarized in Table I (21). 

The main difference between these dendrons and the corresponding hyperbranched polymers (18) is 
that the uniform structures exhibit a second phase which is crystalline at low generations and liquid 
crystalline at higher generations. This is a common trend which was both theoretically predicted (7) and 
experimentally observed (3b-e) in the field of macromolecular liquid crystals. Fig. 12 shows the dendrimer 
obtained from Gn(OH) and 1,3,5-benzenetricarboxylic acid. The transformation from Gn(OH) dendron to 
its "spherical" dendrimeric trimer generates a phase behavior similar to that observed at the transition from 
G1(OH) to Gn(OH). The complete behavior of these dendrimers will be reported elsewhere (21). 

OH 

Fig. 10: Synthesis of G3(OH) and G3(Br). 
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3 Table I: Phase Transitions of G1 to G4 
(k=crystalline, i=isotropic, n=nematic, 
g=glassy, X=unknown). 

G l ( W  k 6 4 i  i 5 1 n 4 0 k  
G2(0H) X 6 2 n 9 2 i  i 8 5 n 4 7 X  
G3(0H) i 98 n 57 X 
G3(Br) g 5 2  X 7 2 n 1 0 4 i  i 9 7 n 6 4 X  
G4(0H) g 6 2  X 7 4 n  l lOi  i 103n59X 

X 69 n 105 i 

M I  + G3(Br) NaoH, TBAH 
c d 4c12 

CBr4, PPh3 
CH&I2 G4(0H) G4(Br) 

Fig. 11: Synthesis of G4(OH) and G4(Br). 

$ Fig. 12: Structure of G4 dendrimer. 
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