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How does the molecular architecture relate to the func- 

tions of these materials? A hint as to possible answers to 

this problem will be given in  an overview in Section 2. The 

goal is to stimulate interest in the overlapping fields of 

synthetic and biological liquid crystals in the broadest 

sense (cf. Fig. 2). In Section 3,  thermotropic and lyotropic 

mesogens will briefly be defined and exemplified. Section 

4 will show that scientists today are learning, step by step, 

what Mother Nature has long since known, namely to sta- 

bilize ultrathin, organized membranes and to functionalize 

them. Sections 5 and 6 will then concentrate on the con- 

nection between structure, function, and organization in 

biomembrane models. Even though the subject is still in its 

infancy, it is fascinating to observe how chemistry, physics, 

and membrane biology have to cooperate in order to 

mimic surface reactions (Section 5 )  and dynamic processes 

of biomembranes (Section 6). 

Endocytosis and exocytosis, patching and capping-for- 

eign words to chemists? Corkscrews for corked lip0 

somes?-a funny, maybe even nonscientific question? 

They originate from biology and are used on the border- 

land of polymer science between liquid crystals and the 

cell, an area of research which is only just beginning. The 

willingness to closely cooperate with adjacent disciplines, 

which hitherto have often been ignorant of one another,[’”’ 

will be a basic requirement to go ahead in this field. From 

that point of view, this article can neither be a perfect sum- 

mary nor a presentation of detailed research results. To 

give definite answers is out of the question. It is simply 

meant to encourage innovations and scientific ventures: 

much too often we cling to our  own knowledge out of the 

fear of new adventures.[”] 

2. Self-organization and Formation of 

Supramolecular Systems 

Order and mobility are two basic principles of Mother 

Nature. On a molecular level two extreme cases can be 

found: the perfect order of crystals, in which the molecules 

exhibit almost no mobility at all, and the disordered state 

in gases and liquids, which exhibit randomness of highly 

mobile molecules. Both principles, order and mobility, are 

combined in liquid-crystalline phases. Although there are 

many possibilities for self-organization, the molecular ba- 

sis is almost always simple: form-anisotropic or amphi- 

philic molecules make up the simplest building blocks. 

These already suffice-as shown in Figure 2-to construct 

a broad range of substances able to form supramolecular 

systems,”’] from therrnotropic and lyotropic liquid crystals 

and the manifold micellar systems up to the highly ordered 

membranes in liposomes and cells. 

In materials science, the significance of liquid crystals 

and micellar systems has long been known; it is based on 

exactly that combination of order and mobility in form- 

anisotropic molecules, leading to anisotropic (i.e., direc- 

tion-dependent) properties of their materials and solu- 

tions. 

From the life sciences we know that no life would be 

possible without the lipids’ self-organization into bilayers 

within the cell membrane. In this case, too, order and mo- 
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and life science. The supramolecular structures range from simple nematic 

liquid crystals to complex biomembranes. 

bility are related to the structure of functional units formed 

by lipids and proteins. In all cases, the functions of such 

supramolecular systems, formed by aggregation, are based 

on their organization. 

The self-organization and the construction of supramo- 

lecular systems i s  an interdisciplinary area which cannot 

be understood without the cooperation of different fields 

of science: chemistry alone does not fulfill that task nor 

does physics or biology. Over the last few years it has been 

possible to observe an increase in the number of studies 

which reveal the connection between synthetic and cellular 

liquid crystals and in which a mutual understanding opens 

up new perspectives. Macromolecular chemistry may play 

an important role in this context. On the one hand, macro- 

molecules can stabilize organized systems without hamper- 

ing their mobility. On the other hand, it is well known in 

macromolecular chemistry that creative curiosity for new 

compounds leads to new properties due to novel struc- 

tures. 

3. Molecular Architecture of Synthetic 

Self-organizing Structures-or How to Attract 

Molecules to Form Supramolecular Systems 

3.1. Structure and Properties of Thermotropic Polymeric 

Liquid Crystals 

Numerous organic compounds with a rigid, rodlike mo- 

lecular geometry (mesogens) d o  not directly go from the 
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crystalline into the isotropic state when they melt. Instead, 

they form intermediate liquid-crystalline phases (Fig. 3),'"] 

known as mesophases. These mesophases combine the or- 

der of the crystal with the mobility of the isotropic liquid. 

The parallel orientation of the longitudinal molecular axes 

is common to all mesophases (long-range orientational or- 

der). Two major classes can be distinguished: nematic 

(molecular centers distributed isotropically) and smectic 

(molecular centers organized in layers) phases. The individ- 

ual smectic phases are further ~ u b d i v i d e d " ~ ~  into phases 

with or without tilt of the mesogens in the direction of the 

normal to the smectic layer. The molecules can either be in 

a disordered state within the respective layers or show dif- 

ferent states of order. On the one hand, the driving forces 
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for the formation of mesophases are the anisotropic dis- 

persion  interaction^"^] caused by the form-anisotropy of 

the mesogens. On the other hand, there are the steric repul- 

sion forces'16] which are also orientation dependent. 

The mesophases of rod-shaped compounds had been 

known for almost 100 years"'] when, in 1977, the discotic 

liquid-crystalline phases of disc-shaped molecules were 

found by Chandrusekhar et al.[Ix1. One can distinguish be- 

tween a nematic discotic phase and several columnar dis- 

cotic phases.'"] In the latter, molecular discs form stacks 

which, in turn, are organized in a two-dimensional lattice 

(cf. Fig. 5) .  These investigations reopened the game of mo- 

lecular design of liquid-crystalline systems. So, additional 

phases were found: pyrarnidic,'"' phasmidic,'221 

and sanidic[231 phases. However, it still remains uncertain 

whether this is only a funny nomenclature or whether 

these are really new phases. 

The development in the field of polymeric liquid crys- 

ta~sl'41 started with polymers whose stiff main chain as a 

whole functions as the mesogen. Such polymers form liq- 

uid-crystalline phases either in solution['51 or in the melt.l'"' 

At present, they are used as high-tensile-strength fibers 

(e.g., Kevlara) or as thermoplastically processable, self- 

reinforcing plastics (e.g., Xydarm', Vectram', Ultrax@). 

Parallel to these industrial developments, numerous 

studies have been carried out in the area of basic research 

during the last ten years. They have dealt with the incorpo- 

ration of rod-shaped mesogenic groups, known from low- 

molecular-weight liquid crystals, into polymers. This incor- 

poration is either carried out by connecting the mesogenic 

groups via flexible spacers,[271 thus forming semiflexible 

liquid-crystalline (LC) main-chain polymers12K1 (type B, Fig. 

4) or, as in the case of the LC side-group polymers, by f ix-  

ing the mesogens via flexible spacers to the polymer back- 

(type A, Fig. 4). Both types of liquid-crystalline 

polymers were, and still are, intensively investigated. Their 

structure-property relationships are discussed in numer- 

ous monographs1301 and reviews.'"I 
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polymers: B) main-chain polymers; C) discotic side-group polymer5 1321: 

D) discotic main-chain polymers [33]; E) side-group polymers with laterally 

fixed mesogens [34, 351: F) main-chain polymers with laterally linked meso- 

gens [35]:  G, H, I )  combined disc-rod polymers, i.e., combinations of disc- 

and rod-shaped mesogens [23, 36, 371; J ,  K)  combined main-chaidside- 

group polymers (381; L) polymers with laterally and terminally linked meso- 

genic groups; M )  polymers with cross-shaped mesogenic groups [35]. 

From these two "classical" types (A and B), variations 

of the macromolecular architecture of liquid-crystalline 

polymers have recently been carried out. They are illus- 

trated schematically in Figure 4. 

On the one hand, it is possible to realize discotic phases, 

as observed in the case of low-molecular-weight liquid 

crystals, by using ~ide-group"~]  (type C) and main-chainI3'] 

(type D) polymers. On the other hand, it is, of course, also 

possible to incorporate rod-shaped mesogens in  different 

ways than in the two classical types A and B: examples are 

side-group  polymer^'^^.^^] (type E) as well as main-chain 

polymers[351 (type F) with laterally fixed mesogens. These 

strange-looking architectures d o  not prevent the formation 

of liquid-crystalline phases. As far as polymers of  type E 

are concerned, the limited rotation of the mesogenic 

groups around their longitudinal axes leads to the forma- 

tion of biaxial nematic These phases have not 

been observed yet with low-molecular-weight liquid crys- 

tals. The third group of structural variations makes use of a 

well-known principle in polymer chemistry, which is rarely 

used in the field of liquid-crystalline materials: the com- 



3.3. Amphotropic Systems- All-round Compounds 

I n  lyotropic mesophases, the combination of order and 

mobility can be achieved by using a solvent. The formation 

of thermotropic liquid-crystalline phases is based on the 

temperature-induced mobility of form-anisotropic mol- 

ecules in  the melt. 

Amphotropic molecules (Greek: ampho= both, in two 

ways; trepein =align, direct) are compounds which can be 

organized according to at least two different principles ow- 

ing to their structural properties. Figure 13 illustrates this 

using an example from the field of liquid crystals. 
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Although the term amphotropic liquid crystal has not 

been used so far, there are many examples of amphotropic 

behavior:["h 43r1.481 some alkylated mono- 

 saccharide^,'^^^.'^ and amphiphilic metal ~ a l t ~ [ ~ ~ ~ . ~ ~ ~ ~  not 

only form lyotropic but also thermotropic mesophases. As 

regards their molecular structure, these molecules are nor- 

mal amphiphiles. However, they reveal amphotropic be- 

havior. 

The range of amphotropic compounds can be considera- 

bly increased by the additional incorporation of typical 

thermotropic liquid-crystal building blocks (rod- or disc- 

shaped) into amphiphiles. Kunitake et al. have investigated 

a large number of amphiphilic substances which contain 

rod-shaped mesogens in the hydrophobic chains (e.g., bi- 

phenyl, azobenzene, diphenylazomethine moieties).[48e1 

Apart from various ordered structures in the aqueous 

phase, thermotropic liquid-crystalline behavior was ob- 

Anyew. Clwm. In!. Ed. Engl. 2711988) 113-158 

served for some of these compounds. Moreover, some 

polymers also show amphotropic p r ~ p e r t i e s . ~ ~ " ' . ~ ~ ' . " . ~ ~  For 

example, it is possible to organize modified hydroxycellu- 

lose deri~atives[~'~,g] and various p o t y i ~ o c y a n a t e s , ~ ~ ~ ~ ~  not 

only lyotropically, but also thermotropically. 

As for amphotropic molecules, promising perspectives 

turn up  in the field of Langmuir-Blodgett (LB) multi- 

l a y e r ~ . l ~ ~ . ~ ' ~  A large number of possible technical applica- 

tions of these ordered layer systems are nowadays a focal 

point of discussion. They could be used, for example, as 

electron beam resists["] and photoresists,"*] in nonlinear 

optics (NLO),1531 in the field of reversible information stor- 

age,[541 and in the development of bio- and immunosen- 
sors.[55. 821 

LB multilayers show-owing to the stepwise transfer 

mechanism-a well-defined layer structure in the vertical 

direction. However, within each individual layer, the am- 

phiphiles form two-dimensional lattices with a distinct do- 

main structure (Fig. 14). 

Fig. 14. Structure of LB multilayers: per- 

fectly ordered layers in vertical direction j': 

irregular domain structure in horizontal dt- - 
rection x. x- 

The crystalline packing of the molecules in the individ- 

ual layers and the related severe limitation of the molecu- 

lar mobility have so far not allowed a subsequent, specific 

manipulation of the molecular order. It has not yet been 

possible to obtain homogeneous, domain-free (i.e., uni- 

formly oriented) lipid layers. Indeed, it is possible to in- 

duce a slight mobility of the molecules and thus a minute 

change in orientation by heating the multilayers within a 

certain temperature range. The melting of the layers, how- 

ever, usually leads to the irreversible collapse of order.['"] 

On the one hand, amphotropic molecules are amphiphiles, 

i.e., capable of building up LB multilayers. On the other 

hand, they are thermotropic liquid crystals owing to the 

incorporation of mesogenic building blocks. Thus, ampho- 

tropic molecules could be used as an approach to intro- 

duce mobility within the individual layers, necessary for 

the subsequent manipulation process. The orientation of 

the molecules in the individual layers could then, for ex- 

ample, be carried out by means of electric or magnetic 

fields (Fig. 15). 

Mesogen-containing amphiphiles have already been in- 

vestigated in m ~ l t i l a y e r s . [ ~ ~ ~  The example discussed here 

demonstrates that it is indeed possible to introduce ther- 

mal mobility in multilayers by using amphotropic mole- 

cules. The polymeric malonate 9 contains azobenzene 

U 
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nematic phase

-> long-range orientational order

-> no positional order

-> center of mass positions are randomly distributed as in 
a liquid

-> most nematics are uniaxial (approximated as cylinders)

-> can be aligned by an external magnetic / electric field



smectic phase

-> form well-defined layers

-> Smectic A: molecules oriented along the layer normal

-> Smectic C: molecules tilted away from the layer 
normal

-> liquid-like within the layers

-> many different smectic phases

A

C



chiral nematic (cholesteric) phase

chiral nematic:
-> twisting of the molecules perpendicular to the director

-> finite twist angle due to asymmetric packing

chiral smectic C*:
-> positional ordering in a layered structure

-> molecules tilted by a finite angle with respect to the 
layer normal

-> chirality induces azimuthal twist from one layer to the 
next, producing spiral twisting of molecular axis along the 
layer normal



chiral nematic phase: chrial pitch p

-> distance over which the LC molecules undergo a full 360° twist 

-> pitch, p, typically changes when temperature is altered or when other molecules are 
added to the LC host

-> if pitch is of the same order as the wavelength of visible light, causes systems to 
exhibit unique optical properties, such as selective reflection



temperature sensor



order parameter S

-> generally decreases as the 
temperature is raised

S=0, isotropic

S=1, Ordered

Nematic, S=0.5-0.6



smectic LCs

A type: molecular alignment 
perpendicular to the surface of the layer, 
but lack of order within the layer.

C type: having a tilted angle between 
molecular alignment and the surface of 
the layer.

B type: molecular alignment 
perpendicular to the surface of the layer, 
having order within the layer.



smectic B LC



banana shaped LCs

calamitic LCs

discotic LCs

banana-shaped LCs



discotic LCs



discotic LCs

Nematic phase           Columnar hexagonal phase         Helical columnar phase

Core centers:
-> benzene
-> triphenylene
-> Coronene
-> 



phasmidic mesophase

L-879PHASMIDS : A NEW CLASS OF LIQUID CRYSTALS

The three observed rings in the low temperature mesophase of 7b do not allow an unambi-
guous assignment of the lattice and the isomorphism of this phase with that of 7a cannot be
excluded If we compare the lattice constants of the two compounds we remark that a increases
with the number of carbon atoms of the aliphatic chains while b remains nearly constant The
increment of a per methylene is ~ 0.9 A. Therefore it is reasonable to suppose that this meso-
phase has a lamellar structure with a equal to the thickness of the lamellae. In each lamella
molecules form columns which are equally spaced by ~ 23 A in an oblique 2D lattice. This
structure has some similarity to that of the mesophase observed with a charge transfer com-
pound [4], but in this last case the mean distance between two columns is not as well defined
as in the phasmidic phase.

In order to explain such a difference in the behaviour of the two mesogenic species, we can
argue that the distance between two columns is not determined by the same interactions : in the
case of the charge transfer complex, the width of a column takes into account the size of the two
cores forming the complex ie. 2, 6, 2’, 6’-tetra-aryl 4,4’-bis-thiapyranylidene (DIPS) + TCNQ,
while in the phasmids the six chains which are in threes at each end of the molecule have a kind
of splay configuration near the core (Fig. 2a), becoming parallel at the paraffinic interface. This
configuration determines the distance between two columns. Therefore we understand that the
cores are more or less disordered, whereas they are regularly stacked, at least for DIPS, in the
charge transfer complex.
Assuming a specific gravity of 1 g/cm3 we can estimate the mean area per paraffinic chain :

it is 26 A2 for 7b and 28 A2 for 7a while it reaches 37.5 A2 in the case of the charge transfer com-
plex (the minimum value in a crystalline paraffine is - 20 A2).
The hexagonal symmetry of the high temperature mesophase in 7b is rather unexpected. We

should note that a specific gravity of 1 g/cm3 and a mean core-to-core distance of 4.5 A would
imply three molecules per unit-cell which consequently must be put on a two-fold axis. Figure 2b
gives only a mean image of the high temperature phasmidic phase of 7b. In fact we can assume
an organization similar to the normal hexagonal phases observed in lyotropic systems while
the thermotropic columnar D phases are similar to the inverted hexagonal phases. The first
lyotropic phases correspond to cylinders with a paraffinic core surrounded by water, whereas
in the second type the core of each cylinder contains water surrounded by the amphiphilic mole-
cules [5]. A model of ~h phase in which the aromatic cores are surrounded by the paraffinic
chains will imply three cores per 5 A column length; such an organization seems unlikely, unless
phasmids form clusters of three molecules.

Fig. 2. - Schematic representation of a section perpendicular to the column axis in the two phasmidic
phases : (a) 0.,; (b) ~h. ~~ : a phasmid.
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of nitroesters 5, obtained in four steps from methyl gallate. Reaction of 1 with three equivalents
of the corresponding n-alkyl bromide (respectively n-C7H1sBr and n-C 12 H2 s Br for 2a and 2b)
in acetone with an excess of K2CO3 (20 h reflux) and saponification of the resulting triether 3
(KOH, 80 % ethanol, 1 h reflux) afforded acids 3a (m.p. 41 ~C, ethanol) and 3b (m.p. 58 ~C,
ethanol). p-nitrophenol was then esterified in anhydrous pyridine with the acid chloride 4,
obtained by reaction of 3 with SOCl2 (1 h reflux), to give 6.
Compound 7a (pale yellow crystals). Found : C, 75.3; H, 8.9. Calc. for C76H10sN2010 :

C, 75.5 ; H, 9,0 %. Compound 7b (pale yellow crystals). Found : C, 78.2 ; H, 10.4. Calc. for
C106H168N2~10 ~ C, 78.1; H, 10.4. ’H N.m.r. (CDCI3, 200 MHz), b (Me4Si) 0.88 (18 H, t, a-CH3),
1.27 (96 H, m, b-CH2), 1.49 (12H, m, c-CH2), 1.81 (12H, m, d-CH2), 4.06 (12H, t, e-CH2 ; both
triplets corresponding to the equivalent meta e-CH2 (8H) and para e-CH2 (4H) separated by
addition of some C6D6), 7.24, 7.33 (8H, 2 x d, f-ArH), 7.42 (4H, s, g-ArH), 8.03 (4H, s, h-ArH),
8.56 (2H, s, i-CH=N). I.r. (Nujol) : 1 730, 1 620, 1 590, 1 500, 1 340, 1 225, 1 205, 1 180, 1 130,
1 120 and 715 cm

3. Results.

Both phasmids 7a and 7b are mesogenic. Transition temperatures (Table I) were determined by
calorimetry using a DSC2 (Perkin-Elmer). The textures were observed with a polarizing micro-
scope equipped with a heating and cooling stage (Mettler FP5).

Table I. - Transition temperatures of phasmids 7a and 7b C).

(‘~ K : crystal; ø ob : phasmidic phase with an oblique 2D lattice; ~h : phasmidic phase with an hexagonal
2D lattice; I : isotropic liquid; 9 : the phase exists; - : the phase does not exist

(b) Crystal-crystal transition at 28 ~C (AH = 0.9 kcal. mol-1); OHK.~~ob : 15.6 kcal . mol-1; AHøOb-Øh :
0.06 kcal. mol -1; A~~~ : : 1.4 kcal. mol -1. 
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hexabenzocoronene



hexabenzocoronene



hexabenzocoronene



hexabenzocoronene



Differential Scanning Calorimety



alkylcyanobiphenyl homologues

* first nematics commercially available for display devices
* still used in LC displays for watches, calculators, etc.



alkylcyanobiphenyl variants



alkylcyanobiphenyl variants



alkylbiphenyl variants

changes of the core results in dramatic changes for the LC
in compound 34: incompatibility of two distinct different core regions!



linker variations

* some linking groups are easily synthesized!
* much higher nematic phase stability
* but melting points are also higher



linker variations

* some linking groups are easily synthesized!
* much higher nematic phase stability
* but melting points are also higher



finding the “right mix”

* longer terminal chains stabilize a lamellar arrangement
* resulting smectic phase is titled because of the arrangement of the 
lateral dipolar units



lateral substituents



lateral substituents



lateral substituents

doesn’t work always:



terminal groups



structural template for discotics



benzene based compounds


