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t R & D Center, Samsung Display Devices Co., Ltd., 575, Shin-Dong, Paldal-Do, 
445-970 Korea 

3 LCD Team 2, Special Division, Semiconductor Business, 
Samsung Electronics Co., Ltd., San 24 Nongseo-Lee, Kiheung-eup, Yongin-Gun, 

Kyungki-Do, Suwon, P.O. Box 37,449-900 Korea 

(Received 2 January 1996; accepted 15 January 1996) 

This paper presents a review of the work on the molecular design of oxygen containing 
heterocyclic liquid crystals for nematic liquid crystal display applications and examines in 
some detail the correlations between the molecular structure of liquid crystalline oxygen 
containing heterocyclic derivatives and their physico-chemical and electro-optical properties. 

1. Introduction 
There have been many attempts made to introduce 

an oxygen atom into the molecular rigid core for liquid 
crystalline derivatives which are suitable for use as 
components of nematic liquid crystalline materials 
(see, for example, refs. [ 1-44]). It has been shown that, 
among all oxygen containing liquid crystals synthesized, 
the heterocyclic derivatives incorporating the trans-l,3- 
dioxane or 1,3,2-dioxaborinane groups exhibit the most 
promising physico-chemical and electro-optical proper- 
ties and can be used as components of nematic liquid 
crystalline materials (LCMs) [ 1-31]. 

This review is concerned with the effects of change in 
molecular structure on the physico-chemical and electro- 
optical properties of liquid crystals formed by the hetero- 
cyclic derivatives incorporating the trans-1,3-dioxane or 
1,3,2-dioxaborinane groups and is aimed at providing a 
satisfactory selection of the best components of nematic 
liquid crystalline materials for display applications. For 
the most part, the review will be concerned with pure, 
single component liquid crystalline compounds, but the 
scope may, where necessary, be widened to include the 
binary mixtures of such liquid crystals and some 
examples of nematic LCMs including oxygen containing 
heterocyclic derivatives. 

In nematic liquid crystal displays (LCDs) at least ten 
different liquid crystal material parameters have to be 
adjusted to achieve optimal display performance. Since 
a single liquid crystal shows at best one or two distingu- 
ished properties [ 1-44], mixtures consisting of up to 
twenty or more components have to be developed for a 
given display application. Liquid crystals which are 

*Author for correspondence. 

suitable as the components of nematic liquid crystal- 
line mixtures for display applications should satisfy the 
special requirements presented in [I 451. 

The principles of the development of nematic liquid 
crystalline materials for display applications are briefly 
discussed in [46] and particularly helpful is the review 
[45]. Some practical examples of nematic LCMs includ- 
ing liquid crystalline heterocyclic derivatives incorporat- 
ing the trans-1,3-dioxane or 1,3,2-dioxaborinane groups 
are presented in [ 15,27-311. 

2. Mesomorphic properties 
When the structure, and consequently the geometry 

of a molecule is changed, many molecular parameters 
are affected and may influence to different degrees the 
physico-chemical properties of the liquid crystals 

The effects of structural change on the mesomorphic 
properties of a compound are found to be difficult to 
rationalize [46,48], therefore the purpose of this section 
is to define what relations can be established for liquid 
crystalline oxygen-containing heterocyclic derivatives, 
even though these may be empirical. 

[ 45-47]. 

2.1. Effect of the terminal group 
The phase transition temperatures for liquid crystal- 

line heterocyclic derivatives incorporating the trans- 
1,3-dioxane or 1,3,2-dioxaborinane groups are presented 
in tables 1-5. It can be seen from these tables that for 
liquid crystals of the following general formulae the 
clearing points and the nematic ranges grow depending 
on the terminal substituents 2 
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786 V. S. Bezborodov rt al. 

Z: SCHF, < OCHF, < OCF, < CN < NCS (clearing points) 

(clearing points) 
(nematic ranges) 

2: F < CsH,, < CF, < OCF, < C1< NCS < CN 
Z: CF, z OCF, < F < NCS < C1< CN < CSH,, 

Z :  F < CF, < OCF, < NCS < CN 
2: CF, < OCF, < F < NCS < CN 

(clearing points) 
(nematic ranges) 

Z :  F < C N < N C S  
Z : F < N C S = C N  

(clearing points) 
(nematic ranges) 

2: F < C N < N C S  
Z :  F < N C S < C N  

(clearing points) 
(nematic ranges) 

Z :  OCF, < F < C N  < NCS 
Z :  OCF, < NCS < F < CN 

(clearing points) 
(nematic ranges) 

2: F < C N < N C S  
Z : F < N C S < C N  

(clearing points) 
(nematic ranges) 

Z : F < C l < C N  
Z : F < C I < C N  

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

Table 1. Mesomorphic properties of liquid crystals of the general structure. 

No. R Z X A TI Mesomorphic behaviour/"C Reference 

1-1 G H I ,  B CN 0 Cr 48 I 111 
1-2 CSHII CH C N  0 Cr 56 N (49) I 121 

1-5 CSHll B C3H7 0 Cr 46.2 I 151 
1-6 C5Hll B COO-C3H, 0 Cr 63 S (46) I 161 

1-8 C5Hll CH NCS 0 Cr 60 S, 79 I 181 

1-11 CSHll CH SCHF, 0 Cr 42.5 1 191 
1-12 CSH,,  CH CN CZH, 1 Cr 66 N (19) I cro1 
1-13 CSH,, CH CN CH=CH 1 Cr 64 N 102 I c 101 
1-14 CSH,, CH OC,H, 0 Cr 42 N 52.9 I 1111 
1-15 C5H11 CH OC2H4CH=CH, 0 Cr 31 N 35.2 I 1111 
1-16 CH,=CHC,H,j CH OC4H9 0 Cr 29 N 30.2 I 1111 
1-17 C ~ H ~ C H P C H  CH OC4Hq 0 Cr 60 N 62 I c111 

1-3 C5Hll B CEC-CN 0 Cr 59 N 75 5 I c3i 
1-4 C5Hll CH C-C-CN 0 Cr 60.3 N 111 I 141 

1-7 CSH,, CH CZHd-CN 0 Cr 56.4 N (47.9) I [71 

1-9 C5Hll CH OCF, 0 Cr 23.6 S, 34.9 1 c9i  
1-10 C5Hll CH OCHl-, 0 Cr 23 S(4) N (8) I c91 

Parentheses denote a monotropic transition. 
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Oxygen containing heterocyclic mesogens 

Table 2. Physico-chemical properties of liquid crystals of the general structure. 

787 

No. Z Y P X m k  Mesomorphic behaviour/"C A& Reference 

2-1 B 
2-2 CH 
2-3 CH 
2-4 CH 
2-5 CH 
2-6 B 
2-7 CH 
2-8 B 
2-9 B 
2-10 CH 
2-11 CH 
2-12 CH 
2-13 CH 
2-14 B 
2-15 B 
2-16 B 
2-17 B 

CN 
CN 
NCS 
C 5 H l l  

C5H11 
CN 
CN 
c1 
C5H1, 
C5 HI t 
C5Hl1 
C5H11 
CN 
F 
OCF3 

NCS 
CF3 

1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

coo 
coo 
coo 
coo 
COO 
ooc 
cos 
cos 
coo 
coo 
coo 
coo 

0 0  
0 0  
0 0  
0 0  
0 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  

Cr 103 N 132.7 I 
Cr 110 N 165 I 

Cr 84.5 S B  140 I 

Cr 127 N 192 I 18.5" [I, 151 
Cr 138.3 N 231 I 
Cr 90 N 140 I 
Cr 48 N 132 I 

Cr 104.5 N 154.6 I 

c121 
c21 

C2l 

C161 
C6l 
C6l 

C181 

c 201 c 201 
c201 
C20l 

Cr 106 S B  (104.5) S A  131 N 157 I 

Cr 77 S, 107 SA 119.6 N 159 I 

c131 

c 141 

Cr 68.7 SA 98 N 165.6 I 

Cr 87.8 N 186.4 I 
Cr 111-1 N 202.1 I 

c171 

c191 c 191 
Cr, 65.7 Cr, 70.4 Cr 75.3 S, 80.6 N 118 I 
Cr 68.9 S, 138-1 I 
Cr, 713 Cr, 75 Cr 89.5 SA 135.2 I 
Cr 131.1 S 145.7 N 188 I 

a T,,,, = Tn-, - 60°C. 

Table 3. Physico-chemical properties of liquid crystals of the general formula. 

No. n Z X Y  Mesomorphic behaviour/"C A& An Reference 

3-1 3 
3-2 3 
3-3 3 
3-4 5 
3-5 5 
3-6 5 
3-7 5 
3-8 5 
3-9 5 
3-10 5 
3-11 5 
3-12 5 
3-13 5 
3-14 5 
3-15 3 
3-16 5 
3-17 3 
3-18 5 
3-19 5 
3-20 5 
3-21 5 

CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
F 
F 
F 
CF3 
CF3 
OCF, 
OCF, 
NCS 
NCS 
NCS 

F H  
C1 H 
F F  
H CI 
H F  
F H  
CI H 
c1 CI 
CI F 
F CI 
F F  
F H  
H F  
F F  
F H  
F H  
F H  
F H  
F H  
H F  
F F  

Cr 89 N 174 I 3 8" 
Cr 109 N 1 1 4 1  29" 
Cr 103 N 143.5 I 83" 
Cr 106 N117 I 
Cr 82 N 109 I 46.3b 
Cr 94 N 167 I 34.6b 
Cr 93 N 109 I 
Cr 86 I 
Cr 59 N 74 I 
Cr 105 I 
Cr 63 N 142 I 
Cr 55.5 Cr 61.6 N 80.3 I 
Cr 69.2 S 85 N 99.2 I 
Cr 50.1 S (44.5) N 70.5 I 
Cr, 86 Cr 106.7 I 
Cr 74.4 S, 102.8 I 
Cr 68.8 S, 77.5 N 108.4 I 
Cr 48.4 S A  111 N 113.9 I 
Cr 104 N 163-5 I 
Cr, 51 Cr 115-8 SA 151.1 N 178 I 
Cr 49.4 S, 110.7 N 155.4 I 

28.1' 

46" 

32.7b 
31.7b 
28.2b 
24,3b 

c211 
c211 
c211 
1213 
c211 

c211 
c211 
c211 
c211 

c201 
c201 
POI 

0.205" [21,22] 

0.171' [21,22] 

0.125' 120,221 
0.1 15' [ 20-221 
0.115' [20,22] 
0.1 13' [ 20-221 

c20,211 
c201 
c201 

T,,,, = q-i - 60°C. 
b'eExtraDolated from the lOwt % solution in ZLI-1132 at 20°C and 25°C. resmctivelv. 
Tmeas = K-i - 15°C. 
T,,,, = 64°C. Parentheses denote a monotropic transition. 
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788 V. S .  Bezborodov et a/. 

Table 4. Mesomorphic properties of liquid crystals of the general formula 

No. Z L X Y  A n Mesomorphic behaviour/'C Reference 

4-1 B 
4-2 CH 
4-3 CH 
4-4 CH 
4-5 CH 
4-6 CH 
4-7 CH 
4-8 CH 
4-9 CH 
4-10 CH 
4-11 CH 
4-12 CH 
4-13 CH 
4-14 CH 

C" 
CN 
CN 
CN 
CN 
CN 
CN 
NCS 
NCS 
F 
F 
F 
F 
OCF, 

H H  0 Cr 9 2 N  170 I 
H H  0 Cr 8 7 N  222 1 
H H C,H4 1 Cr 96.8 N 180.6 I 
F H  0 Cr 67.1 N 178 3 I 
F H C2H, 1 Cr 85.2N 145 I 
F F  0 Cr 65.4 N 126.2 I 
F F C,H4 1 Cr 73 N 104 I 
H H  0 
H H C,H, 1 Cr 70 S, 120N 183 I 
H H  0 Cr 65 S (47.6) N 155.7 I 
H H C,H, 1 Cr 69.7 S (59.3) N 117.9 I 
F H  0 Cr 77 N 113.8 1 
F H C,H4 1 Cr 86.5 N 93.5 I 
H H  0 Cr 67 SB 146 N 1503 I 

Cr 120.5 E (1 19) S, 156 N 227 I 

Parentheses denote a monotropic transition. 

Table 5.  Physico-chemical properties of liquid crystals of the general formula. 

0 

No. R Z X Mesomorphic behaviour/'C A f  Reference 

5-1 
5-2 
5-3 
5-4 
5-5 
5-6 
5-7 
5-8 
5-9 
5-10 
5-1 1 
5-12 
5-13 
5-14 

F H 
F F 
c1 H 
C1 F 
CN H 
CN H 
CN F 
c1 H 
CI H 
C1 F 
F H 
F F 
F H 
F F 

Cr 111N 160 I 
Cr 96 N 125 I 
Cr 101 N 183 1 
Cr 82 N 144 I 
Cr 115 N 2091 
Cr 117 N 2001 
Cr 103 N 162 I 
Cr 89 N 138 I 
Cr 80 S 83 N 142 I 
Cr 82 N 106 I 
Cr 95 N 121 I 
Cr81 N 8 7 1  
Cr 107 N 123 I 
Cr 71 S 77 N 95 I 

T= T,, - 10°C. 

The presented orders of increasing the clearing temper- 
atures and the nematic ranges reveal that the terminal 
group efficiency can be different for two-ring and three- 
ring liquid crystalline compounds and can be affected 
by introducing lateral substituents and the linking bonds. 

The lower efficiency of halogen substituted endgroups 
can be explained in terms of the predominant influence 
of monomers of liquid crystals incorporating halogen 
substituted endgroups on their mesomorphic properties 
1491. Similar orders of increasing the clearing temper- 
atures and nematic ranges have been found for other 
liquid crystalline derivatives [49, 501. 

The effect of the introduction of the -COO- bond 

into the terminal of two-ring 1,3,2-dioxaborinaae deriv- 
atives is clearly shown in table 1 by comparing the 
mesomorphic properties of compounds 1-5 and 1-6, 
where the latter compound shows the appcarance of a 
monotropic smectic phase. 

The data collected in tables 1 and 5 reveal that the 
introduction of a double bond and its position in the 
structure of the alkenyl chain strongly affect the meso- 
morphic behaviour of the trans-1,3-dioxane substituted 
derivatives. The same effects have been found for other 
liquid crystalline derivatives [ 26-29] and can be correl- 
ated with the rigid core order parameters [Sl].  

It has been shown that the introduction of chlorovinyl 
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Oxygen containing heterocyclic mesogens 7x9 

chains into the molecular structure of the trans-1,3- 
dioxane and other derivatives strongly increases their 
nematic thermostability [ 52, 531. 

Interestingly, the halogen substituted trans- 
1,3-dioxane derivatives incorporating the terminal ether 
bond show a slight increase of their clearing points with 
increasing length of the ether bond (compounds 5-8 
and 5-9, 5-11 and 5-13), while the corresponding 
cyano substituted derivatives show the opposite effect 

2.2. Effect of the rigid core structure 
The influence of the rigid core structure on the meso- 

morphic stability for oxygen containing heterocyclic 
derivatives and other well-known liquid crystals can be 
expressed by the following orders of increasing clearing 
points and the nematic ranges (see tables 1-5 and 

For liquid crystals of the following general formulae 
the clearing points and the nematic ranges, depending 
on the unit A, grow as follows: 

[ 54-92]). 

A: BDox < Ph < Pyr < Dox < Prm < Ch < Bco 

A: Ph < Prm < Dox < Ch < Bco 

A: Ph % Dox < Ch 
A: Dox < Ph < Ch 

A: Ch < Dox < Prm < Pyr 

A: Ch < Dox < Prm < Pyr 

A: Ch < Ph < Dox < Prm < Pyr < Bco 

A: BDox < Dox < Ph < Ch % Prm 
A: BDox < Dox < Prm < Ph < Ch 

A: Ph < Dox < Ch 

A: BDox < Dox < Pyr < Ph < Prm 
A: BDox < Dox < Ph < Prm < Pyr 

A: BDox < Dox % Ph < Pyr < Prm < Ch 
A: BDox < Pyr < Ph < Prm < Dox < Ch 

A: BDox < Ch < Dox < Prm 
A: BDox < Dox < Ch % Prm 

A: Ph < Prm < Dox < Ch 

A: Dox < Ch < Ph 
A: Ph < Dox < Ch 

A: Dox < Ph < Ch 
A: Ph < Dox < Ch 

A: Ph < Dox < Pyr < Ch 
A: Dox < Ph < Pyr < Ch 

A: Dox < Ph < Prm < Ch 
A: Dox < Ph < Prm < Ch 

A: BDox < Ph < Ch 
A: BDox < Ch < P h  

(clearing points) 

(clearing points) 

(clearing points) 
(nematic ranges) 

(clearing points) 

(clearing points) 

(clearing points) 

(clearing points) 
(nematic ranges) 

(clearing points) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 
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790 V. S. Bezborodov et nE. 

0 
CH3-CH=CHC >AQF 

O F  

A: BDox < Dox < Ph < Ch 
A: BDox < Dox < Ph < Ch 

A :  Ph < Ch < Pyr < Dox < Prm 
A: Ph < Pyr < Prm < Dox < Ch 

A: Ph < Ch < Pyr < Prm < Dox 
ii: Prm < Pyr < Ph < Dox < Ch 

A: Ch < Dox < Prm < Pyr < Ch 

A: Prm < Ph < Dox < Ch 

A: Dox < Ph < Pyr < Prm < Rco 
A: Ph < Bco < Dox < Pyr e Prm 

A: Ph < Prm < Dox < Ch 

A: BDox < Dox < Ch < Ph < Bco 
A: Ph < Ch < Bco < Dox < BDox 

A: Ch < Dox < Prm 
A: Ch < Dox < Prm 

A: Ch = Dox < Prm 
A: Ch < Dox < Prm 

A: Ch < Ph < Pyr 
A: Pyr < Ch < Ph 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic rangesj 

(clearing points) 

(clearing points) 

(clearing points) 
(nematic ranges) 

(clearing points) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges) 

(clearing points) 
(nematic ranges), 

0 0 N 
>B 

where BDox is ' o , Dox is '2. Pyr is q, Prm is '?, Ph is 0, Ch is 0, Bco is @ 
The presented orders of increasing the clearing points 

and nematic ranges for liquid crystals of the given 
general formulae reveal that the efficiency of the above 
mentioned molecular fragments depends on their posi- 
tions in the rigid core and can be affected by introducing 
either lateral substituents, terminal groups, additional 
fragments, or  linking bonds. 

As can be seen from tables 1 and 4, and 11-31], the 
effect of the introduction of different linking groups into 
the molecular structure of liquid crystals is most marked 
in the case of three-ring compounds: thus, the intro- 
duction of -CH,CH,-, -C=C- and -CH=CH- linking 
groups into the rigid core or into the terminal position 
of liquid crystalline oxygen containing heterocyclic deriv- 
atives has distinctly opposite effects on the mesomorphic 
behaviour of these compounds. The -CH,CH,- linking 
group increases molecular flexibility, which in turn leads 

to effectively broadening the molecule and reducing the 
effect of intermolecular attractive forces. It also decreases 
the melting and clearing points of the liquid crystalline 
oxygen-containing heterocyclic derivatives (compounds 
1-2 and 1-12, 1-2 and 1-7, 4-2 and 4-3, 4-4 and 4-5, 4-6 
and 4-7, 4-8 and 4-9, 4-10 and 4-11, 4-12 and 4-13). 
On the other hand, the -C=C- and -CH=CH- linking 
groups increase the conjugation length of the n-electron5 
and, therefore, enchance molecular polarizability, which 
increases the nematic thermostability (compounds 1-1 
and 1-3, 1-2 and 1-4, 1-2 and 1-13). The same effects have 
been found for other liquid crystalline derivatives [4,93]. 

The effects of the introduction of the -COO-. -0OC-. 
and -COS- linking bonds into the rigid core of trans- 
1,3-dioxane derivatives are shown in table 2 (compounds 
2-10-2-12). Thus for liquid crystals of the following 
general formula the clearing points and nematic ranges 
depend on the linking bond B as follows: 

B: OOC < COO < COS 
B: OOC < COO < COS 

(clearing points) 
(nematic ranges) 
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Oxygen containing heterocyclic mesogens 79 1 

The data collected in tables 2-5 reveal that the lateral 
F and C1 substitutions have a considerable effect on the 
mesomorphic properties of the oxygen containing het- 
erocyclic derivatives resulting in reduction of the smectic 
and nematic thermostabilities due to the lateral substitu- 
ents broadening the molecule and reducing the intermol- 
ecular forces (compounds 2-6 and 3-4-3-11; 2-14 and 
3-12-3-14 2-15 and 3-17, 3-18; 2-16 and 3-15, 3-16; 2-17 
and 3-19-3-21; 4-2 and 4-4, 4-6; 4-3 and 4-5, 4-7; 4-10 
and 4-12; 4-11 and 4-13; 5-1 and 5-2; 5-3 and 5-4; 5-6 
and 5-7; 5-9 and 5-10; 5-11 and 5-12; 5-13 and 5-14). 
The same effects have been found for other liquid 
crystalline derivatives [ 461, 

3. Static dielectric properties 
The relationship between the dielectric anisotropy 

A& = E , ,  - E ~ ,  where E~~ and E~ are dielectric constants, 
that are parallel and perpendicular, respectively, to the 
nematic director n. This is described by the theory of 
Maier and Meier [94]: 

AC = NhF/&,[Aa - Fp2/kT( 1 - 3 COS' P)]S ,  (1) 

where h = 3&*/(2~* + l ) ,  E* = ( E , ,  + 2~*)/3, Au =(all - al) 
is the polarizability anisotropy, F is thc cavity reaction 
field, ,u is the dipole moment, p is the angle between the 
molecular long axis and the dipole moment, N is the 
number of molecules per unit volume, and S is the order 
parameter. 

It has been shown that meaningful comparisons of 
the dielectric (as well as optical and elastic) properties 
of liquid crystals with different nematic-isotropic (N-I) 
transition temperatures T,, can only be made at a 
constant reduced temperature z = T,& [95]. 

Tables 2, 3, 5 and 6 present some data on the dielectric 
properties of liquid crystalline compounds measured at 
a constant reduced temperature and extrapolated from 
the host liquid crystal mixture at 20°C. According to 
[ 951, the extrapolations are not meaningful; however, 
these estimations are only one way to obtain a rough 
definition of the dielectric (as well as the optical and 
elastic) properties of the non-mesomorphic components 
of liquid crystalline materials, smectic liquid crystals, 
and liquid crystals with a narrow nematic range. 

Among all compounds considered in this work, 
1,3,2-dioxaborinane derivatives exhibit the highest values 
of A& due to the coincidence of the dipole moments of 
the boron atom and the terminal groups, leading to the 
increase of the overall molecular dipole moment along 
the director (see, for example, table 6; equation (1)). The 
introduction of the halogen atoms into the lateral posi- 
tions of the oxygen containing heterocyclic liquid crystals 
has a considerable effect on their dielectric anisotropy 
(compounds 2-6 and 3-5, 3-6, 3-11; 5-1 and 5-2; tables 

2, 3 and 5) .  This can be rationalized in terms of the 
contribution of the individual halogen dipole moments 
to the overall molecular dipole moment. It has been 
found that for definite chemical structures of liquid 
crystals, the dielectric anisotropy AE decreases approxi- 
mately in the same sequence as values of the dipole 
moments for terminal groups [69]: CN, NCS, OCHF,, 
OCF,, F diminish: 4.05, 3.59, 2.46, 2.36, 1*47D, 
respectively. 

It has been shown that mesogenic molecules pos- 
sessing strongly polar end groups form associated pairs. 
Both head-to-head and head-to-tail pairing occurs 
[ 96-98], but the antiparallel association predominates 
and reduces the effective dipole moment [99]: 

d f f  = g,u2, (2) 
9kT(&i - &3(2Ei + c,'") 

(3) C991 4nN.5,(~? + 2)2  ' d f f  = 

where E,PD = 1.0511; and g is the correlation factor. 
The results presented in table 6 reveal that the rela- 

tionship between the correlation factor g and the molecu- 
lar structures of the liquid crystalline derivatives which 
can be expressed by the following order of increasing g :  

C ~ H , ~ - A ~ C N  A: Pyr < Ph < Prm < Dox < Ch 

4. Optical properties 
The phenomenological relation between the refractive 

index and the electric polarization is defined as 
[loo, 1011: 

(n*' - l)/(n*'+ 2) = Na*/3~,, (4) 

where the mean polarizability a* = (aII + 2a,)/3, the 
mean refractive index n*' = (n: + 2n2)/3, no is the ordin- 
ary and n, is the extraordinary refractive indices. From 
equation (4) and the previous section, it follows that 
aromatic compounds which have the large induced 
polarizability of their highly conjugated n-electron 
system exhibit optical anisotropy An = n, - no that is 
much larger than that of non-aromatic compounds 
(mixtures 1, 2, 4 and 3, 5, 6 table 7). 

It has been found that the liquid crystals incorporating 
halogen substituted endgroups (halogenated LCs) 
exhibit the lower values of the optical anisotropy com- 
pared to that of the corresponding cyano derivatives 
(compounds 3-6 and 3-16,3-18; 1-2 and 1-9-1-11, tables 
3 and 6; see also [49, 501). This can be explained in 
terms of reducing the effective conjugation length of 
the n-electron system resulting in a shorter resonance 
wavelength of UV absorption spectrum for the halo- 
genated liquid crystals than for the corresponding cyano 
derivatives [ 1021. 
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792 V. S. Bezborodov et al. 

Table 6. Physico-chemical properties of some liquid crystals. 

No. Formula, R = C,H,, P P  €1 A6 gh k,  at 40°C An v/mm2s-' Reference 

6-1 

6-2 

6-3 

6-4 

1-2 

1-9 

1-10 

1-11 

1-1 

5.59" 10.28" 

6.63" 13.33" 

109' 17.8' 

8.0f 34.0' 

8.0* 17.4f 

1 0' 

14.6' 

16.1' 

37.7' 

0.590 0.6333 0.099" 21.5' r22,108-1iol 

0.53od 0,6523 0.178" 26.3' 1 55 ,  l0X-11 I ] 

0.518 0.6538 0.214J 50' [SO] 

0.580 0.224" 55J 147.11 I ]  

0.585d 0.141f 47f L22,47, I 1  I ]  

0.6854 0-040' [9.22J 

0.7 1 68 0.044' 9' 19.223 

0.050j PI  

G. 1 14.' 1221 

T,,,, = G-, - 10°C. 
TAS = T" I .  

zm,,, = 2 2 T .  
dExtrapolated to T,,,,= T,-, [ l l l ] .  

'Extrapolated from 10wt % solution in ZLI-1132 at 20°C. 
e 7  - - T,,,,/T,,, K = 0.95. 

5. Viscoelastic properties 
It has been shown that the nematic liquid crystalline 

materials for display applications should have a low 
viscosity for giving acceptable response times to LCDs 
[ 95, 1031. According to the theoretical predictions and 
the results on the kinematic viscosity v, volume viscosity 
q and rotational viscosity y1 presented in tables 7 and 
8. viscosity is minimized in molecular structures of liquid 
crystals of minimal polarity and polarizability, with 
short terminal groups and lacking lateral substituents, 
see also [45,46,49, 501. 

It has been demonstrated that halogenated LCs 
exhibit lower values of viscosity compared to that of the 
corresponding cyano derivatives (compounds 1-2 and 

1-10, table 6; see also [49, 501). This can be explained 
in terms of the predominant influence of the monomers 
of halogenated LCs on their viscous properties [49]. 

The elastic constant ratio K , / K ,  of liquid crystalline 
materials is the crucial parameter for super twisted 
nematic liquid crystal displays (STK-LCDs) defining 
their electro-optical performance [ 1041. Table 7 presents 
some data on Kj/K, for binary mixtures of two-ring 
trans-1,3-dioxane cyano derivatives and other well- 
known cyano derivatives. It has been found that elastic 
constant ratio K j/K1 of two-ring liquid crystalline cyano 
derivatives is a linear function of the squared dimeric 
density wave period d ;  obtained from an X-ray diffrac- 
tion study of their nematic phases [ 1051. This fact, the 
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Table 7. Physico-chemical and electro-optical properties" of binary mixtures (C, : C, = 40% mol: 60% mol) of the liquid crystals 
~ 5 0 1 .  

44-1 1.84 0.54 1.25 10.7 16 1.5 0.175 1.08 1.54 75 20 105 

51.0 1.90 0.565 1-06 8.7 19.6 2.86 0.174 1.07 1.48 70 20 90 

3 R m  56.4 1.00 0.410 1.68 5.4 9.2 1.71 0,100 1.67 2.32 133 33 46 

39.0 1.10 0.546 1.37 6.0 11.7 1.95 0.184 1.30 1.78 85 21 69 4 R W  

106 3.60 0458 1.93 5.4 8.6 1.59 0.114 2.10 3.20 190d 70d 140d R ~ N  

6 R<l)CN 49.8 1.34' 55901 1.43' 8.9" 13.3' 1.5" 0.089"'g [ 112, 1131 

"d-cell gap = 10 pm, U = 3 V, T,,,, = 25°C. 

'Z = Tmeas/Tn-l, K = 0.95. 
T,,,, = 25°C. 

dU=4V.  

'5 = 0.92, [ E l  = K.  
T,,,, = T,i - 10°C. 

= 520nm. 

results of the X-ray diffraction study [ 1061 and dielectric 
investigations [99], and the data on the correlation 
factor g presented in table6 reveal that for fifth and 
older homologues of two-ring cyano derivatives the 
balance in the monomer-dimer system 2M-D is biased 
towards dimers defining the liquid crystal properties 
[ 45,1051. 

6. Molecular packing 
It has been shown that liquid crystal molecular pack- 

ing plays a very important role in the creation of their 
mesophases [ 1071 and defines their optical properties 
[ 1001. Table 6 presents the values of the molecular 
packing coefficient k,  for the fifth homologues of the 
two-ring trans-1,3-dioxane and other well-known deriv- 
atives. The molecular packing coefficient is expressed as 
c 1081 

k,  = NA VplM, ( 5 )  

where NA is Avogadro's number, p is the density, M is 
the molecular weight, V is the intrinsic (van der Waals) 
volume of the molecule, calculated from the van der 

Waals volume increments of the individual atoms or by 
using the average atomic radii and chemical bond 
lengths. The observed difference in k, for the compounds 
presented in table 6 can be associated with the difference 
in the energy of intermolecular interactions (and there- 
fore with the difference in the activation energy of the 
rotational viscosity observed for these compounds in 
table 7 [ 1081). 

7. 
Selection of the best components for liquid crystal 

materials and prediction of new chemical structures 
needs comprehensive comparative investigations of 
physico-chemical and electro-optical characteristics of 
liquid crystalline compounds. It has been shown that 
the dielectric, diamagnetic, viscous, and elastic constants 
as well as the nematic-isotropic transitions of solutions 
of homologues approximately obey the additive rule 
[l09]. This fact is employed for the comparison of 
physico-chemical and electro-optical properties of liquid 
crystalline trans-1,3-dioxane derivatives and other liquid 
crystals having narrow nematic ranges by using binary 

Comparative characteristics of liquid crystals 
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Table 8. Physico-chemical and electro-optical parameters of the liquid crystal mixtures. 

AE AE/.?, An q/mPas u,, u90 Tuff dtl 2" 
Mixture T,i,/dC at T =  20°C iv j m s  

1.56 0.163 1.45 1.95 60 90 25 1 1  1 65.8 12.0 
A 2 64.7 9.3 1.37 0.109 1.65 2.15 70 100 30 
A 3 40.8 13.2 1.60 0.102 1-20 1.65 80 110 25 
R 1  6X.4 13-6 1.70 0.179 1.40 I .85 60 120 30 
B2 67.7 13.2 1.73 0.164 1.45 1.00 60 100 25 
B3 62.3 17.8 1.91 0.157 1.23 1.65 70 130 35 
u 42.0 8.1 1.98 0.1680 12.9 1.69" 2.38'' 
90 wt % c + 10 wt YU 3-21 49.0 9.0 2.19 0.1782 15.2 1.36" 1.98" 
90wt 90 C + l O W  % 3-11 47.0 9.4 2.04 0.1685 16.1 1.15" 1.70" 

The mixtures A 1, A 2, A 3 were composed of 26 wt YO of the 4-ethoxyphenyl ester of truns-4-butylcyclohexanecarboxylic acid, 
16 wt Oio of the 4-ethoxyphenyl ester of truns-4-hexylcyclohexanecarboxylic acid, 10 wt %, of the 5-propyl-2-[ 4-( 4-pentylcyclohexy1)- 
phenyl] pyridine, 19 wt % of the third and 29 wt % of the fifth homologues belonging Lo 5-alkyl-2-(4-cyanophenyl)pyridines, truns- 
2-(4-cyanophenyl)-5-alkyl-1,3-dioxanes, 2-(4-cyanophenyl)-5-alkyl-l,3,2-dioxaborinanes, respectively 1221. Measuring conditions 
of clcctro-optical parameters: d = 10 pm, T =  25'C, Urn,,, = 2 U , ,  [22, 1141. 

The mixtures B 1, B 2: B 3 were composed of 26 wl  % of the 4-ethoxyphenyl ester of truns-4-butylcyclohexanecarboxylic acid, 
16 wt % of the 4-ethoxyphenyl ester of truns-4-hexylcyclohexanecarhoxylic acid, 19 wt % of the 5-propyl-2-(4-cyanophenyl)pyridine, 
29 wt Yo of the 5-pentyl-2-(4-cyanophenyI)pyridine, and 10 wt %, of 5-( 4-pentylcyclohexyl)-2-( 4-cyanophenyl)pyridine, 4-cyano-4- 
(4-pentylcyclohexyl)biphenyl, compound 3-3, respectively [ 221. Measuring conditions of electro-optical parameters: d = 10 pm. 

Mixture C: 4-(tr~ns-4-propylcylohexyl)benzenoisothiocyaiiate-42wt YO, 4-(trans-4-hexylcyclohexyl)benzenoisothiocyanate~ 
7 '=  2 5 T ,  I;,,,, = 2 u,, [22]. 

40 wt "/o and 4-( trms-octylcyclohexy1)benzenoisothiocyanate- 18 wt 9'0 120 j .  

mixtures (containing a pentyl and a heptyl homologue) 
which give a broad nematic range. Table7 shows that, 
by choosing a particular structure of liquid crystalline 
cyano derivatives, the physico-chemical properties can 
be varied over a wide range and a desired set of 
electro-optical parameters can be obtained. 

In order to include into the comparison liquid crystal- 
line 1,3,2-dioxaborinane derivatives, some liquid crystal- 
line mixtures containing these compounds and other 
well-known liquid crystals were prepared. Table 8 
presents some results on physico-chemical and 
electro-optical properties of prepared liquid crystal 
mixtures. 

From the table, it follows that using liquid crystalline 
1.3,2-dioxaborinane derivatives as the components of 
liquid crystalline materials gives the lowest values of the 
threshold voltage U,, and saturation voltage U,, of the 
twist-effect compared to that of other liquid crystalline 
derivatives. These results can be used for the develop- 
ment of liquid crystalline materials for low power 
consumption LCDs [ 151. 

8. Conclusions 
From the design of specific molecular structures and 

from investigations into the physico-chemical and elec- 
tro-optical properties we have demonstrated a wide 
range of material parameters in liquid crystalline oxygen 

containing heterocyclic derivatives, which are of real use 
for nematic liquid crystal display applications. 
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