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connection with or arising out of the use of this material.
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This review article presents a short description of the historical development of the 
chemistry of thermotropic liquid crystals and the modern tnolecutar-statistical inter- 
pretation of the liquid crystalline state. A short survey on the present state of the 
liquid crystal chemistry, divided in convcntional (rod-like) and non-conventional (de- 
viating more or  lcss from the rod-like shape) molecular species is given. Liquid crys- 
talline compounds for applications and their mixtures are treated from the chemical 
standpoint emphasizing thc connections between molecular structure and properties. 

1. INTRODUCTION 

The aim of this paper is to show the development of the domain of 
the thermotropic liquid crystals from the chemical standpoint. Despite 
the fact that the liquid crystal research changed more and more to 
the side of the physics (see e.g. the topics of this volume, which may 
be considered as representative for the present state) it is clear that 
the success of the research in this field always was strongly dependent 
on the activities in the chemistry. Also the progress in the theoretical 
interpretation of the liquid crystalline state was going parallel to the 
advance in the chemical research or the latter was even in front. 
Several reviews' demonstrate the development of the liquid crystal 
chemistry. 

The enormous development of the field of liquid crystals was started 
by the successful applications of liquid crystals, especially for opto- 
electronic displays. Modern displays demand highly developed ma- 
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1 b D. DEMUS 

terials with special properties. The liquid crystal material research- 
irrespective of the advance i n  the thcorctical interpretation of this 
field-still mainly is based upon empirical rules used by experienced 
chemists. 

2. THE DEVELOPMENT OF LIQUID CRYSTAL CHEMISTRY 

The first liquid crystalline compounds have been some derivatives of 
cholesterol I in which ReinitLer" and Lehmann" detected the liquid 
crystalline state in 18x8. It is interesting to note that in this time the 
chemical structure of cholesterol was not known. 

it has been completely elucidated not earlier than 1932.l' Therefore 
the idea of the parallelity of the molecules in the liquid crystalline 
state published by Lehmann', was intuitive and could not be derived 
from the chemical background. 

The first liquid crystalline compounds with completely known 
chemical structure have been the derivatives of azoxybenzene 2 syn- 
thesized by Gattermann in 1890.', 

ti = 1 p-azoxyanisole = PAA 
n = 2 p-azoxyphenetole = PAP 

Vorlander and his coworkers'.Ii have been the first to synthesize a 
smectic thermotropic compound 3: 

di-ethyl 4,4'-azoxybenzoate 

C , H ~ O O C - ~ - N =  N - ~ - - C O O C , H ~  I 3 
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LIUUID CRYSTAL CHEMISTRY 

Starting from the synthesis of the first homologous series $16 

di-alkyl 4,4'-azoxycinnamates 

0 

n = 2 t o 1 6  

Vorlander investigated systematically in a large number of com- 
pounds the relations among molecular structure and liquid crystalline 
properties. Up to 1908l he obtained about 170 liquid crystalline com- 
pounds from which he was able to derive his rule about the chemical 
structure of liquid crystals1: The liquid crystalline state is obtained 
by an utmost linear shape of the molecules. In principle his rule is 
valid up till now; it is not only the basis for the molecular-statistical 
theoretical description of the liquid crystalline state but also the main 
hypothesis of most concepts for the synthesis of liquid crystalline 
compounds. 

Vorliinderl.* also detected the polymorphism of the liquid crystal- 
line state, he was the first to synthesize compounds with one nematic 
and one resp. two smectic phases: 

ethyl 4-methoxyben~ylidenearnino-cinnamate~~ 

C H , ~ - C H = N ~ - C H = C H - C O O C 2 H ,  - 5 

K 107 (S,)?.S, 117.6 N 138.5 is 

The rule of the linear shape of the liquid crystalline molecules was 
based on comprehensive investigations concerning the 0, m and p -  
substitution of aromatic compounds, the nature and length of chain 
like substituents, the role of polar and unsaturated groups and cis- 
trans-isomerism of compounds with double bonds. VorlBnder',2 es- 
pecially emphasized the increasing mesogenity by elongation of the 
aromatic core of the molecules. This may be demonstrated by the 
aid of the newer compounds compiled in Table I. 

A striking example proving the rule of the linear shape was given 
by Vorlander 1Y27.18 The plot of his results presented in Figure 1 

tThis monotropic phase has been detected later.' Its phase classification is due to 
Arnold and Sackrnann.'" 
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4X D. DEMUS 

TABLE I 

n K S is ref. 

1 . 12 . 52 . 20 
2 . 192 . 213 . 21 
3 . 297 , 352 . 22 

demonstrates the extreme alternation of the clearing temperatures 
caused by the alternating linear and bent resp. molccular shape due 
to the carbon bond angle of about 109”. This example is looking quite 
modern with respect to the observed strong alternation o f  TN, in 
homologous series with an endstanding phenyl,” the discussion of 
“linear twin” molecules24,25 or the role of the spacer group in liquid 
crystalline polymers.26 ~ 2x 

Though Vorliinder already synthesized singlc homologous series, 
Weygand3 first started thc investigation of the liquid crystalline bc- 

L , , , , , , , , 
2 4 6 8 n  

FIGURE 1 
phcnylazo)-phenyl n-alkane-dicarhoxyl.~te\ Ix 

Clearing tcmperature3 in the homologous scries of the hi\- 4-(4-methoxy- 
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LIQUID CRYSTAL CHEMISTRY 49 

haviour of homologous series systematically. The most famous ex- 
ample is given in Figure 2 which clearly shows the alternation of the 
TNI and the appearance of smectic phases at middle members with 
the nonalternating transition curve. This series stands typically for 
many other series which have been synthesized later.3.4,7.8.9 Weygand’ 
already has pointed at the regularities of the transition temperatures 
in homologous series. These regularities later have been used as an 
important criterion for the classification of liquid crystalline phases 
in homologous series.3o 32 Figure 3” displays an example of a series 
with very high polymorphism which has been widely discussed in the 
literature. Since the elongation of alkyl chains in the most cases seems 
to be the simplest possibility of changing the molecular structure, the 
investigation of homologous series always has been widely used as a 
tool for the detection of the connection between molecular structure 
and the properties of liquid crystals. 

3. THE THEORETICAL INTERPRETATION OF THE LIQUID 
CRYSTALLINE STATE 

The idea of L e h m a r ~ n ’ ~ . ~ ~  that the molecules in the liquid crystalline 
state should be parallel one to another and Vorlander’s rule of the 
linear molecular structure of liquid delivered a basis for 
the molecular-statistical interpretation of the liquid crystalline state. 

isot roDic 

8ol 
2 4 6 8 10 1 2 n  

FIGURE 2 Transition temperatures of the homologous series of the 4,4’-di-n-al- 
kyloxy-azoxybenzenes” + = melting temperatures. 
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.YO D. DEMUS 

2 5 0 -  

200 - 

150- 

1 0 0 -  

5 0  - 

I ,  solid - 
I I 

1 2 3 I 5 6 7 8 9 ! o n  

FIGURE 3 
denc-bis-(4-n-alkylanilines). '' 

Transition tempcraturca of the homologous series o f  the terephthalyli- 

Molecular-statistical theories derive the macroscopic behaviour of 
the media from the properties of the molecules. Therefore they also 
deliver the key for the understanding of the existence of liquid crys- 
talline states at chemical compounds of anisotropic shape. Since the 
nematic phase is the simplest liquid crystalline state, better known 
than the different types of smectic phases, the basic theoretical ideas 
concerning the existence of anisotropic liquids have been derived for 
nematic liquid crystals. 

The first attempt of a molecular-statistical interpretation of the 
nematic state was done by Born-" in 1916. He assumed the permanent 
electric dipoles to be responsible for the stability of the nematic phase. 
Today it is well known that in most cases the dipole interactions play 
only a minor role and cannot explain anisotropic phases in general. 

Maier and Saupe in their well known theory'G pointed at the ani- 
sotropic dispersion forces (anisotropic attraction) as the predominant 
factor for the stabilisation of the nematic phases. At about the same 
time a completely different theoretical model was elaborated by 
O n ~ a g e r ' ~  who assumed that i n  the case of very long molecules the 
steric interaction (hard core repulsion) is sufficient to produce the 
nematic state. 

The most realistic approach now is the van der Waals theory of 
nematic liquid crystals which was proposed by Cotter3x and Cielbart-'" 
and which is taking into account attractive as well as repulsive forces. 
There are brilliant reviews6.40,4' from which details of the theory may 
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LIQUID CRYSTAL CHEMISTRY 51 

be taken. Here we want to present only a short sketch of the physical 
basis of the theory and its conclusions concerning the chemical struc- 
ture of the liquid crystalline molecules. 

A minimum of the free energy F generally is the condition for the 
stability of a thermodynamic state. Within the frame of statistical 
theories for the nematic state F may be expressed in terms of the 
partition function Q,.: 

F =  -kT lnQ, .  (1) 

k = Boltzmann factor T = temperature (Kelvin) 

Qc is restricted here to that part of the inner energy Uc (configu- 
rational part) which is depending on the configuration (orientation 
SZ, and distance R,) of the molecules. The possible other parts of the 
inner energy (translation, rotation, vibration) are assumed to be equal 
in the nematic and the isotropic state. 

Uc may be divided into a sum of pair potentials u,,: 

u,. = c ' I t  ( 3 )  
Pair potentials generally consist of an attractive (u;;tfr) and a re- 

pulsive ( u F P )  part: 

I/ (4) - u;ttr + urcp u ,  - 

The attractive term may be divided into two parts which consider 
an isotropic attraction which is also existing in isotropic liquids and 
an anisotropic attraction which only is effective in the nematic state. 
CotterTX within the mean field approximation derived an expression 
of the form: 

V(0, 8) = - L,V,,6 - L,v,G(P,)P,(cose) ( 5 )  
number density o f  molecules 
molecular volume 
angle of the molecular long axis with respect to 
the director 
1 
- ( 3  cos2 - 1) = order parameter 
2 
isotropic attraction parameter 
anisotropic attraction parameter 
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52 D. DEMLJS 

The molecules are represented by rigid hard cylinders which are 
coated at both ends by half-spheres. These cylinders are characterized 
by the length-to-breadth ratio X :  

(6) 

These cylinders are not allowed to interpenetrate each other which 
is expressed in terms of the repulsive “hard rod potential”: 

r~ if the hard cores i and j would overlap 

0 otherwise 
(7) U‘=P = 

11 

The packing fraction V,/V ( V ,  = volume of the  fictive densest pack- 
ing obtained by an increment system of B ~ n d i , ~ ~  V = actual volume) 
is used as a measure for the density of the nematic system. On the 
basis of the theory of Cotter, using the procedures of D ~ n m u r ~ ~  and 
van Hecke,j’ we calculated some curves representing the influence 
of the different parts of the intermolecular potential (Figures 4, 5). 
Figure 4 proves that a critical packing fraction is needed to stabilize 
the nematic state. This critical packing fraction is strongly depending 
on the length-to-breadth ratio X :  the longer the molecules, the lower 
is V,/V,,. Since generally V,/V is temperature dependent, this is 
strongly reflected in the clearing temperatures (Figure 5 )  which mark- 
edly increase with X .  This behaviour qualitatively corresponds to the 
rule of Vorliinder and has been proved in some detail (e.g., Refer- 
ences 42, 43, 45, 62). In Figures 4 and 5 three curves are presented 
belonging to different values of the anisotropic attraction L,. As the 
curves show, L2 plays a minor role in determining the clearing tem- 
peratures. This finding also corresponds to the real behaviour of 
nematic liquid crystals. The most important contribution in deter- 
mining TNI is the anisotropy of the molecular shape, that means the 
repulsion potential. Therefore the use of Eq. (7) as the only potential 
in the “hard rod” theories (neglection of the a t t r a ~ t i o n ) ~ . ~ ‘ , ~ ~  can be 
considered as a first approximation in describing the nematic state. 
The exclusive use of the attractive potential, and especially the ani- 
sotropic part of the attractive potential as it is used in the Maier- 
Saupe theory,3h is not sufficient for a molecular-statistical realistic 
description of nematic liquid ~ r y ~ t a l ~ . ” ~ ” ~ ~ ~ ~ ” ~ ” ~  99 The role of the 
attractive forces is mainly to maintain the required relatively high 
density. 

It should be emphasized here that according to theoretical consid- 
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VB/ VA L I Z  1,2 '1 O?J 

0.551 \ \ \ 
0.5 4 O\ O\ O\ nematic 

n  in 1 
- _ _  

v,= 440 cm /mole\ 

0.50 - 

0.4 9 - 
isotropic 

' 0  ' 0  ' 0  

I 

0.52 4 

- 

\o \o 
\ \ \  

\O 

\o \o \o 
\ \ \  

t 

FIGURE 4 Packing fraction V J V ,  a t  the clearing temperatures in dependence on 
the length-to-breadth ratio X, van der W;ials theory of Cotter.3X 

T IK T/ K 
440- - 4 4 0  

V,= UOcm3/mole 
4 2 0 - V,= 2 50 cm3/ mol e - 420 

v,= v [1+105(~ -  27311 
4 0 0 -  - 400 

380- - 380 

360- - 360 

340- - 340 

320- -320 

300- - 300 
3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 

FIGURE 5 Clearing temperatures T,, in dependence on the length-to-breadth ratio 
X, van der Waals theory of Cotter.?" 

+ 
I I 

X 
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54 D. DEMUS 

erations of Gelbart4'.4X,Jy the isotropic attractive forces, which exceed 
by about one order of magnitude the anisotropic attractive part, 
couples with the anisotropic repulsion, yielding an important contri- 
bution to the stabilization of the nematic state. This coupling is re- 
flected in several experimental facts" and delivers the main expla- 
nation for the influence of polar groups on the liquid crystalline 
properties. 

The influence of the molecular structure on the existcncc of smectic 
phases is rather complex and c~nfusing.~ ' .~ ' . ' ' '  Therefore the theo- 
retical a t t e m p t s x o . x ~ " 8 S . l l ~  in predicting smcctic behaviour arc not 
without contradictions. Even in the simplest case, the smectic A 
phase, the literature shows a contradictory picture concerning the 
importance of the roles of the attractive and repulsive force~~('.~'which 
is also reflected in the difficulties of generally explaining the reentrant 
nematic behaviour.xx 94,1'2 

4. THE PRESENT CHEMISTRY OF LIQUID CRYSTALS 

With Vorlinder's rule of the linear shape of the liquid crystal mol- 
ecules and the theoretical confirmation of this concept, it is possible 
to construct liquid crystalline compounds as much as are wanted. The 
chemical moieties which are used for this purpose in principle are 
not limited-if Vorlinder's rule is obeyed. 

There are many reports concerning the general development of the 
chemistry of liquid crystals1 -6.51 -- 54.59.62 or considering special aspects 

Also the existing table books'.";" allow an overview on the liquid 
crystal chemistry. 

Therefore in the following we restrict to some summarizing re- 
marks, completed by the concrete presentation of some newer de- 
velopments. Since they are the contents of special papers in this issue, 
the discotic, ferroelectric and polymeric thermotropic liquid crystals 
are omitted here. 

ofthe molecular structure of liquid cystals, 18.50,55 SX.60 .61  .63,64. '~~. '~h.IL~8.200 

Acyclic Compounds 

In this substance class there are liquid crystalline compounds derived 
from unsaturated acids and aldehydes, some esters of fatty acids and 
amino The liquid crystalline nature of the n-alkanes5 remains 
questionable, however, there are strong similarities to the smectic B 
phases. In this context it is worth to be be mentioned that in per- 
fluorodecyl-decane the existence of a smectic B phase was proved by 
optical microscopy, calorimetry and X-ray studies.'I5 
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LIQUID CRYSTAL CHEMISTRY 55 

Cyclic Compounds 

Compounds with cyclic moieties may be schematically displayed by 
the general formula: 

L 

B = bridging group 
T = terminal group 
L = lateral substituent 

The following Tables 11-VII give examples for these different moie- 
ties of the molecules of liquid crystals. 

Steroids 

In this substance class most of the chiral liquid crystalline compounds 
are derived from natural products as e.g. cholesterol, cholestanol, 
sitosterol, stigmasterol. In some classes, however, synthetic starting 
materials have been used leading to racemic nematic compounds.”’ 

Metal Complexes 

There are several series of compounds derived from central metal 
atoms as Fe, Ni, Pt, and classical complexing agents as ferrocene, 
dithioato-ethene.9 But also “classical” liquid crystalline compounds 
like 4-n-penty-cyano-biphenyl have been found to be able forming 
liquid crystalline complexes with metal atoms of the platinum group.”‘ 
Other complexes lead to discotic structures which are not dealt with 
in this paper. 

 salt^^.^ 

There are salts derived from 

aliphatic CIrH2,, + ,-COOX 

aromatic RG-COOX 
or cyclohexane R e - C O O X  carboxylic acids 
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56 D. DEMUS 

TABLE I 1  

Ring systems with 6 atoms 

phenyl 

U cyclohexane 

cyclohexanonc 

I1 
0 

piperidine 

pyridine 

n 
piperazine -N 

WN- 

dioxane -c% 
axathiane 

pyridazine 

pyrimidine 

pyrazine 

triazine 

tetrazinc 
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LIQUID CRYSTAL CHEMISTRY 

TABLE I11 

Ring systems with 5 atoms 

57 

GI- cyclopentanone 

pyrrole 

furane 

thiophene 

thiazole 

I 
H 

N-N 
thiadiazole 

using different cations like Li+ ,  N a + ,  K + ,  R b + ,  Cs+,  NH:, Mg'+, 
Ca2+,  Sr2+,  BaZ+,  Pb'+, TI'. 

On the other hand liquid crystalline salts may consist of organic 
cations like 4-n-alkyloxy-anilinium, N-alkyl-pyridinium,h6 subst .-ben- 
zamidines and inorganic anions like CI ~, Br - , I ~. Of special interest 
are the liquid crystalline phases of the salt-like lecithines and kepha- 
lines.' 

In principle, using the moieties given in Tables 11-VII, by standard 
synthesis routes it is possible to synthesize as many liquid crystalline 
compounds as are desired. By use of the same building units diffcr- 
ently linked, liquid crystalline polymers are obtainable which are the 
topic of special articles in this volume. On the other hand, by certain 
modifications of the ring systems, discotic liquid crystalline com- 
pounds are available which also are reviewed in a separate paper. By 
introducing chiral moieties usually derived from natural products (e.g. 
chiral amyl alcohol, amino acids, lactic acid) into conventional liquid 
crystalline molecules chiral (ferroclectric) smectic phases may be ob- 
tained which also are the topic of a paper in  this volume. 

The chemistry of the liquid crystals may be enriched by the use of 
elements which are not typical for organic compounds. Tables VIII 
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sx 1). DEMUS 

TABLE IV 

Ring systems with more  than 6 a toms  

biphenyl 

-% naphthalene 

decaline 

f luorene 

perhydrophenanthrene 

dioxanaphthalene 

bicyclooctane 

bicyclotrioxane 

cubane 

-9, 

w 

and IX present some examples of liquid crystalline compounds con- 
taining “non-conventional” atoms. 

Developing systematically new terminal groups with double bonds 
in different positions (alkenyl substituents) Petrzilka et 121.’~ ’‘ were 
able to modify the known substance classes essentially. In many cases 
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LIQUID CRYSTAL CHEMISTRY 

TABLE V 

Bridging group5 

azomethine 
ester 
thioester 
ethyl 
butyl 
stilbenc 
to 1 an e s 

azoxy 
azo 

-CH=N- 
4 0 -  
4 0 s -  
-CH2-CH2- 
-CH2-CHz-CH2-CH2- 
-c=c- 
-&C- 
-N=N-- 
-NxN-  

1 
0 

oximbenzoate --C=N-O OC- 

dicarboxylate -0OC-( CH, ),--COO-- 
azine -CH=N-N=HC- 
mercury -Hg- 

I 

TABLE VT 

Terminal groups 

alkyl 
al kyloxy 
alkylmercapto 
acyl 

acyloxy 

alkylcster 

alkylcarbonates 

halogeno 
cyano 
nitro 
al kylamino 
cyanoalkyl 
cyanoethenyl 
dicyanoethenyl 

0 
-F, 4 1 .  -Br, -1 
-CN 
-NO2 
-NH--G132,8+ 1 

-(CkIZ),,-CN 
-CH=CH-CN 
-CH=C(CN), 
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60 D. DEMUS 

TABLE VII 

Lateral substituents 

halogeno 
methyl 
ethyl 
nitro 
cyano 
aceto 

-F, -4.3. -Br, -1 
-CH, 
-C,H, 
-NO2 
--CN 
--C(tCH 

not only enhanced clearing temperatures (in comparison to alkyl 
substituted compounds) but also changed visco-elastic properties were 
obtained. Surprisingly despite of the isolated double bonds the com- 
pounds are claimed to be stable enough that they can be recom- 
mended for practical use in highly multiplexed as well as fast re- 
sponding LCD’s. 

For practical applications nematic liquid crystals with high dielectric 
anisotropy are needed which may be obtained by introduction of 
strongly polar groups, especially the cyano group (see Section 5 ) .  
These compounds tend to association and high viscosities. Dabrowski 
et ul.7h-7X have been ablc to substitute this group in many already 
known substance classes by the iso-thiocyanato group -NCS, which 
gives compounds with moderate dielectric anisotropy, very low vis- 
cosity and good stability, which are well suited for the use in LCD’s. 

in several liquid crystal examples. In the case of the cyclobutane-O- 
group he was able to separate the cis and fruns isomers which have 
completely different liquid crystalline properties. Cis-trans isomers 
also exist in the dispiro (3.1.3.1) decanes --ooO-, whereas the spiro 
( 3 . 3 )  heptancs 4%- are simply racemic systems. These new moie- 

Another new element is the cyclobutane group applied by 

TABLE VIll 

‘EH1 7@ -c0x-@5H 1 1 

N is ref. S SC sA X K  

0 .  5 6 -  - - - . 57 . 66 . 69 

S . 58.6(. 31.3 . 56.3). 63.5 . 86.5 . 70 

Se . 55 - - . 35 , 68 . 78 . 71 
Te . 4 2 -  - - - . 47 . 50 . 71 
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LIQUID CRYSTAL CHEMISTRY 

TABLE IX 

61 

is ref. X K s2 s1 

S i  . 180 - - . 183 . 72 

Ge . 176 (. 169 . 175) . 72 

Sn . 165 . 171 . 173 . 72 

ties which because of their high flexibility should be compared rather 
with n-propyl terminal chains than with other ring systems, allow the 
modification of known substance classes via nematic properties and 
therefore potentially may be interesting for practical applications. 

5. THERMOTROPIC LIQUID CRYSTALS WITH NON- 
CONVENTIONAL MOLECULAR STRUCTURE 

Compounds with Large Lateral Substituents 

The rule of the linear shape of liquid crystalline molecules has been 
proved in more than 15000 examples. Further it has been founded 
by theoretical considerations (Section 2). 

In the frame of this knowledge, the role of lateral substituents 
which has been extensively studied since Vorliinder's times by several 
authors 1,2.3,4,51,53,95 ,Y7.%. 119.120 seemed to be quite clear: only small 
lateral substituents should be allowed, since bulky or long chain lat- 
eral substituents should prevent the liquid crystalline state. Therefore 
it came quite unexpected that Weissflog and Demus"'" found new 
compounds with lateral alkyl chains with lengths up to C,, which are 
enantiotropic nematic. Figure 6 displays the series which has been 
investigated in some detail."'I."'* After a strong decrease of the clear- 
ing temperatures in early members of the series, the clearing tem- 
peratures in the later members obviously tend to a saturation value. 
There are some arguments"'* that this behaviour is due to a confor- 
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D. DEMUS 62 

3 J O C  

200 

150 

100 

50 

C,H,,O @ COO OCO a OC,H,, 
CH 2rr1 

1 

x clearing temperatures 
melting points 

* \  isotropic 

solid 

1 1 1 * 
0 2 4 6 8 10 12 1 4 n  

FIGURE 6 
alkyloxybenzoyloxy)-2-rl-alkylbenz~nes. lo'' 

'l'ransitiun temperatures o l  thc homologous series of the I .4-his-(4-n- 

mation of the lateral alkyl chain which produces a more or less parallel 
orientation of the alkyl chain with the molecular long axis. That is, 
the  molecules are not stiff species existing in thc same conformation 
which corresponds to the minimum energy of the free molecules, but 
the environment of the molccules strongly influences the confor- 
mation so that deviations from the expected molecular shapc arc 
produced. There are some experimental and theoretical proofs of the 
fact that the nematic potential should shift the statistical weight of 
the gauchc conformers to the more stretched conformations of alkyl 
chains'2"- IZ3  and also free alkanes solved in nematic media.'24,'25 A 
comparablc effect has been found in smectic A phases of nonsym- 
metric molecules, in which the layer thickness agrecs uncxpcctcdly 
well with the length of the most stretched form of the molecules.126 

Ballauf"X has published a molecular-statistical theory especially 
devoted to the molecules with large lateral substitucnts; since in this 
theory the side chains are assumed to be exempt of the ordering in 
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LIQUID CRYSTAL CHEMISTRY 63 

the nematic field this theory seems to fail the description of the main 
feature of the series with lateral long chain substituents. Averyanov"" 
has studied the steric influence of lateral substituents on the actual 
conformation of liquid crystalline compounds. 

The series of Figure 6 is not a single case, there are many series 
derived from the same basic molecule differing in the lateral chains,lm.lnl 
series with lateral swallow-tailed sub~ t i tuen t s '~~  (e.g. no. 1 in Table 
X), compounds with very bulky s u b ~ t i t u e n t s ' ~ ~ ~ ~ ~ '  (no. 2 in Table X) 
or compounds with even two lateral long chain alkyl substituents in 
the (no. 3 in Table X). Several compounds with lateral 
long chain substituents show pronounced evidence of skewed cybo- 
tactic groups in the nematic state,'"6 however, they do not exist in 
the smectic state but in the contrary possess a strong ability to destroy 

TABLE X 

Compounds with large lateral substituents 

K 144 N 152.5 ist2' 
\ / c "  

CH=C 
\ 
CN 
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64 D.  DEMUS 

the smectic ~ t a t e . ” ~  Dielectric investigations point at a high mobility 
of the lateral chains which can change the conformations much faster 
than the basic molecule. lo’ 

In compounds with aromatic lateral substituents smectic A phases 
with dlL < 1 (see no. 4 in Table X) have been found, the structure 
of which is still under discussion.“’8,’1(’,128 In the light of these new 
data some liquid crystalline compounds with aromatic lateral substi- 
tuents already synthesized by the school of Vorliinder (see Reference 
7, nos. 2522-2527, 2589, 2590, 3391, 3417, 3418, 3837 on p. 242) 
which former have been considered with certain doubt, gain in cred- 
ibility (however, see the discussion in Reference 110). 

Polycatenar compounds 

Compounds with 2,4-di-substituted-endstanding benzenes (e .g  no. 1 
in Table XI) are the bridge to substances with several endstanding 
chain like substituents, now called polycatenar compounds.131” Nos. 
2 and 3 in Table XI are examples of a greater variety of ~ e r i e s ~ ~ ) ’ ~ ~ ~ ~  
which also are called “biforked” compounds.”’ Compounds with 
“biforks” at both ends of the molecule and a biphenyl central core 
are not me~omorphic,“’~ however, by elongation of the central core 
extremely interesting new compounds have been produced by the 
Bordeaux group. 131b.133.134n Actually, they seem to be the link be- 
tween the rod-like and the disc-like liquid crystalline compounds, 
since there are several examples which show classical liquid crystal 
phases (smcctic, nematic) and columnar phases in the same homol- 
ogous series or even in the same compound. No. 4 in Table XI 
demonstrates this behavior; additionally the compound exhibits a 
cubic mesophase which up to now only has been observed in four 

If there are three long chains at each end of the molecule (“phas- 
midic” compounds’7h), only columnar phases of different types have 
been found. 1341’,136.137 Molccules with three long chains at one end, 
but only one chain at the other end exhibit uniaxial nematic 
disk-like phases and biaxial (N, , )  nematic phases at higher tempera- 
t u r e ~ . ~ ~ ~ ~ . ~ ~ ~ . ~ ~ ~  No. 6 in Table XI presents one example. In the anal- 
ogous octyloxy compound the Nu phase exists at higher temperatures 
than Ni,.I3lc This is the first case of biaxial nematic phases in ther- 
motropic liquid crystals, whereas this phase type is known in lyotropic 
systems already since 1980.138 

It should be mentioned that compounds with three long chains at 
one end of the molecule and an OH-group at the other side exhibit 
columnar me~ophases .”~  

homologous series.--.- 17 53.135 
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LIQUID CRYSTAL CHEMISTRY 65 

TABLE XI 

Polycatenar compounds 

107 K 131 SA 141 is 
d 

132 K 115.5 ( Sc 101 ) SA 139 is 
d 

K 144,Sc  146,cubic 163 

5. Phasmid 

X 80 oblique 82 is136 
columnar 

1 2H2 5 G m ’  K2 + K 1 86 ,is 

ref. 139 6 N&Nb 
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66 D. DEMUS 

TABLE XI1 

Swallow tailed compounds 

ref. 111 

3. 

K 94 ( Sc 84 ) N 89 is''' 

If the ramification of the molecule occurs outside the ring system, 
other types of biforked'4".'41 or swallow tailed'" compounds can be 
obtained which exhibit smectic and nematic phases (Table XII). It is 
of interest to note that the clearing temperatures TN, of the homol- 
ogous series no. 2 in Table XI1 show a decreasing trend to a minimum 
in C, and in the later members the TNi  distinctly increase. This should 
be taken as a hint to the effect of the liquid crystalline environment 
on the double alkyl chains to force the latter to a stretched confor- 
mation if the chains are long enough. 

It may be mentioned that salt-like compounds with large lateral 
branches are known already for a long time; e.g. succinates (no. 4955 
in Reference 8), salts with lateral phenyl substituents (no. 5015 and 
SO16 in Reference 8), kephalines (nos. SO52 and 5053 in Rcfercncc 
8), lccithines (nos. 5054-5059 in Reference 8) and thallium  salt^.'"^ 
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LIQUID CRYSTAL CHEMISTRY 

TABLE XI11 

Amides with noii linear molecular shape 

67 

1. N,N'-dialkanoyl-diamino-mesitylenes 

K 136 S 188 N 217 is142 

2. N,N',N"- trialkyl-1,3,5-bentene- tricarboxamides 

CONH-CloHZ1 

CONH-C 

K 49 S 208 is143 

Non linear compounds 

There are two further series which unexpectedly exhibit thermotropic 
liquid crystalline phases. The N,N'-di-alkanoyl-diamino-mesitylenes 
are rn-substituted benzene derivatives, however, show pronounced 
smectic and nematic behaviour (e.g. no. 1'42 in Table XIII). It may 
be assumed that the formation of hydrogen bonds among the amide 
groups has a stabilizing influence on the liquid crystalline behaviour. 
Zuev et  al."' synthesized esters of the 1,3-benzene-dicarboxylic acid 
with nematic properties (no. 8347 in Reference 9) which are non 
linear in shape. 

Koden et a1.*"" and Deutscher et a1.2"1 reported about the liquid 
crystalline properties of compounds with -0-, -S-, -CO--, and 
-CH2- linkages, which according to the classical scheme should 
not be mesomorphic. 

The N , N '  ,N"-trialkyl-l,3,5-benzene-tricarboxamides are meso- 
morphic with relatively low melting temperatures, but high clearing 
points (e.g. no. 2143 in Table XIII). Since these compounds are tri- 
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6 8 D. DEMUS 

subst.-benzenes, from the standpoint of the molecular structure one 
would expect rather columnar structures than classical smectics, and 
in fact the data given in Reference 143 do not exclude this interpre- 
tation. 

Siamese twins 

In Siamese  twin^^^,'^^ two independently liquid crystalline "half" mol- 
ecules are joined through a chemical bond. There are different types 
of twins (Table XIV): 

i. 
ii.  

Fused twins with lath-like shape which are n e m a t i ~ . I ~ ~ . l ~ ~  
Ligated twins have been observed to exhibit nematic and smectic 
A and C phases. Of special interest are the two conformations 
of one compound given in Table XIV nos. 2a,b. The confor- 
mation is dependent on the thermal history of the sample and 
influences the structure of the Sc phase.'4x The sulfinyl and 
sulfonyl derivatives (Table XlV,  2c) are nematic; some coni- 
pounds of this family show transitions to the nematic glassy 
state above room temperature and may be used for storage 
displays. 14' 
Tail-to-tail twins in principle are long known (see e.g. com- 
pounds nos. 929-948 k ,  1171-1178, 1202-1205 in Reference 
8) but they have not been designated as Siamese twins in the 
former tirnelx (see also remarks in section 1). 

In this section of the paper we have given several examples of 
compounds, the molecular structure of which is not fully compatible 
with the existing theories of the liquid crystalline state. Obviously a 
turther development of the theoretical concepts is needed. It is of 
interest to note that there are general theoretical speculations con- 
cerning the symmetry and structure of possible mesogenic molecules 
given by Petrov and Dershanski131d as well as by Lin Lei15*; the 
question remains, however, which of the proposed structures will be 
confirmed by experiments. 

... 
111. 

6. LIQUID CRYSTALS FOR APPLICATIONS 

The great advances in liquid crystal research in the last 20 years clearly 
have been initiated by the possibilities of applying liquid crystals in 
different fields. Of course, the main application is the use of liquid 
crystals in electrooptic displays. i".1s4.165~166 Since the display produc- 
tion is occurring in a large scale (the estimated world market output 
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LIQUID CRYSTAL CHEMISTRY 69 

TABLE XIV 

Siamese twin compounds 

144,145 1. Fused twins 

146-149 2. Ligated twins 

b) 

18.24.25 3. Tail-to-tail twins 

ref. 24,25 

for 1985 was 790 Mio units, and the forecast for 1990 will exceed 
1000 mio units’67) there is a strong economic background from which 
not only the applied research and development profited very much 
but also the basic research. At  the present much more than 15,000 
thermotropic compounds are known.’~~ Among this large number of 
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70 D. DEMUS 

substances there is no single compound, however which can approx- 
imately satisfy the practically needed demands. Therefore at the one 
hand, for electrooptic applications only mixtures of several com- 
pounds are used. At the other hand, there is still always the demand 
for compounds with improved propcrties. 

This historical development as well as the state of the art today 
shall be sketched in the following section for liquid crystalline com- 
pounds useful for electrooptical applications. In the litcraturc arc 
several  general surveys on liquid crystalline substances for 
a p p ~ i c a t ~ o n s l S 3 .  154a.lSS. IS7 - 159.lhX168 and also survey papcrs restricted 
to certain substance classes ,74.75.7X. I56.16lL Ih2.16?. Ih4,IYT- I Y 5 .  I9Y.XJZ 

Single compounds 

The basic properties of nematic substances are the melting and clear- 
ing temperatures (T,,, and TN,, rcsp.). Whereas T,, may be predicted 
in the frame of the rules and theories presented in section 1 and 2, 
predictions of T,,, are possible only very roughly within thc gencral 
experience of the chemists and do not follow strict rules. Table XV 
presents a short survey on the development of low melting nematic 
liquid crystals. Compounds 1 and 2 reflect the situation till the first 
decade of this century up to which all liquid crystalline substances 
had melting temperatures above 100°C. No. 6 is an early example of 
a substance class which was developed in a broad scale about 1970 
and is important for applications up till now. The very low melting 
alkyl-dien-carboxylic acids (c.g. no. 7), unfortunately, are chemically 
too unstable for any application. Examples 3-5 are some of the lowest 
inelting nematic compounds elaborated by the VorlSinder school. 

With the famous MBBA (no. 8) the first compound has been syn- 
thesizcd which is nematic at room temperature. Before MBBA bc- 
came known, the only possibility to have room temperature nematics 
was to use mixtures or supercooled substances. A mixture of examples 
4 and 5 has been among the first nematic room temperature mixtures 
published in 1967.’74 

Since 1970 many low melting and even room temperature liquid 
crystals have been synthesized. Table XVI displays some examples 
belonging to substance classes of actual interest. This compilation 
proves that low melting temperatures per se are no longer a problem, 
however, there are many other propcrtics which must be considered. 

Table XVII presents selected compounds with different dielectric 
anisotropies. Before 1970 only compounds with medium values (say 
-0.5 to 1-7) have been availablc. Now the range is -22 to +S3  or 
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LIQUID CRYSTAL CHEMISTKY 71 

TABLE XV 

Historical development of low mclting liquid crystalline compounds 

I .  Cholesteryl benzoate" 
K 145.5 N* 178.5 is 1888 

0 
K 116 N 134 i s  1890 

K 81.5 N 108 is 1907 

4. CH , e C H = N - ( @ H = C - C O O C , H ; '  I 

CH, 
K 54.3 N 89.3 is 1909 

K 54 N 67 is 1927 
7. CH,-(CH2),-(CH=CH),-COOH'"" 

K 23 N 49 is 1941 

8. C H 3 * C H = N e C , H , , 1 7 T  (MBBA) 

K 21 N 46 is 1969 

even higher. It is clear that by mixing the substances all intermediate 
values are obtainable. 

Another very important property is the optical double refraction. 
Table XVIII gives some values ranging from about 0.04 to 0.24. Since 
the double refraction in mixtures exhibits linear dependence upon 
the composition, the mixtures may be adapted to the practical re- 
quirements. 

The rotational viscosity is determining the dynamic behaviour 
(switching times) of liquid crystals in displays. Since there are only 
few data available, the connection with the molecular structure may 
be shown by use of the shear viscosities in Table XIX. There is no 
theory which would allow generally to predict the viscosities of liquid 
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72 D. DEMUS 

TABLE XVI 

Actual low melting liquid crystalline compounds 

1 .  

2. 

3. 

4 .  

5. 

6 .  

7. 

8.  

C ~ H ~ - @ - C + - C ~ H ~ ~ ~ ~  

K 8 S 33.5 N 39 is 

C6H13@@-NCS176 

K 12.5 N 43 is 

C 6H ,-@@-CN 

K 14.5 N 29 is 

C5H 9 - C N  79 

K 28 S 54 N 79 is 

C5H1 l-@-@-CN1 79 

K 30 N 55 is 

C4Hg-@-C0@-OC2H51 79 

K 37 N 75 is 

C 4 H g @ @ ~ ~ - C 3 H 7 1  79 

K 43 S 169 N 184 is 

‘gHll @-@*3H7179 

K 55 ( S3 50 ) S2 228 SA 251 N 311 is 
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LIQUID CRYSTAL CHEMISTRY 73 

TABLE XVII 

Dielectric anisotropy of nematic compounds 

AE ref .  
-22l) 192 

-4 178 

-1.3 179 

-0.34 186 

+0.8 188 

+4.5 179 

+7 176 

+9.8 179 

+11 185 

t12.5 191 

( 130°C ) 
13.7 191 

(45" c ) 

(45" C) 

(looo C)  

20.9 191 

22.1 191 

+32 179 

+33 178 

(extrapolated) 
+48.9 184 
(13' C) 

+53 180 
(extrapolated) 
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74 L). DEMUS 

TABLE XVlll  

Double rcfractioii of liquid crystalline compound5 at 20°C 

AH ref. 

1. Choleateryl ethyl carbonate 0.03 187 
calculated for the untwibtcd btructure: 0.06 

0.04 180 
(cxtrapolalcd) 

0.04 I xo 

0.06 179 

0.09 179 

0.13 I79 

0.14 176 

0.14 179 

0.15 99 

0.24 1x9 
('1 = 'rNi - 5 )  

crystals, therefore the behaviour can be considered only in terms of 
some empirical rules. The available range is extremely large: from 
very low values in compounds with small molecules the data increase 
with growing molecular weight and polarity. Extreme values are ob- 
tained in compounds with unsymmctric bulky molecular structure 
which evcn may be in the glassy state at room temperature, therefore 
they allow the construction of novcl displays with storage proper- 
ties. lXo 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
41

 1
9 

Fe
br

ua
ry

 2
01

3 



LIQUID CRYSTAL CHEMISTRY 7s 

TABLE XIX 

Shear viscosity of liquid crystalline compounds at 20°C 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

C5H 1 la 

‘gH 1 3 ° a q ” > 6 H  1 3 

7) /*as 

4 

12.5 

17 

18.5 
(45O C) 
23 

42 

50 

65 

150 

160 

1100 

5000 

ref. 

179 

176 

179 

191 

179 

180 

179 

179 

184 

190 

101 

180 
( g l a s s y  state)  
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16 D. DEMUS 

Mixtures 

The impressive development of liquid crystalline substances dem- 
onstrated on the hand of Tables XV-XIX yields the basis for the 
development of mixtures for the different variants of displays which 
are important today. There are some reviews dealing with the prop- 
erties of  mixture^,'^^^'"^ however, the best source of information are 
the leaflets of the leading companies producing liquid crystalline ma- 
terials. 

Table XX should give an idea of the development of technologically 
important mixtures. Merck IV is one of the early mixtures which 
despite its limited substance parameters was used in a broad scale. 
Merck V is chemically very similar but has remarkably improved 
properties. The following five mixtures are examples of the up-to- 
date possibilities of the substances adapted to the different types of 
applications. These mixtures offer impressive data, however, in no 
case one mixture does contain all positive properties in itself. In the 
contrary, what is to be considered as optimum properties is not unique 
but strongly depends on the intended application. As can be seen, 
in many mixtures the temperature region is a well solved problem. 
Also AE and An niay be varied in relatively broad limits. The viscosity 
always should be as low as possible, and considering the modern 
types of displays166 (highly multiplexed, supertwist variants, OMI) 
especially the elastic properties of the compounds have to be im- 
proved. Other demands relate to low melting enthalpies, high thermal 
and chemical stability, defined light absorption properties, low tem- 
perature dependence of the physical properties. Therefore also in 
future the research in nematic liquid crystals will be an actively elab- 
orated field. 

7. CONCLUDING REMARKS 

This short survey should provide an impression of the development 
of the liquid crystal chemistry from a special sphere of some scientific 
outsiders working in a small number of centers to a comprehensive 
field of research and development in scientific institutions and the 
industry of all highly developed countries in the world. As this sketch 
already demonstrates, the chemist alone cannot be successful without 
the cooperation with physicists, theoreticians, technicians and other 
specialists. There are few scientific domains in which this cooperation 
is more urgently needed than in liquid crystal research. 
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7x D. DEMUS 

In this year we are commemorating the 100th anniversary of the 
discovery of the liquid crystals. In these 100 years a lot of knowledge 
about the liquid crystals has been obtained. Especially in the last 20 
years the curve of the development did show a nearly exponential 
trend so that already at the end of the seventies some pcoplc bclicved 
that all important basic informations concerning thermotropic liquid 
crystals would be known and changed their intcrcst to other fields. 
This, however, is not at all the case considering the so manifold 
surprising findings in this domain, c.g. reentrant behaviour, discotic 
and pyramidic mesophases, ferroelectric liquid crystals, associating 
systems, non-conventional liquid crystals and the first inclusion of 
many chemical groups (alicyclic and heterocyclic rings, non-conven- 
tional atoms, unsaturated substituents) into the liquid crystal chem- 
istry. 

Therefore we can trust that also in future the chemistry of ther- 
motropic liquid crystals will keep its rank besides the development 
of the lyotropic and polymeric mesomorphic systems. 
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