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LIQUID CRYSTALS, 1995, VOL. 19, No. 6, 729-741 

Liquid crystals for AMLCD and TFT-PDLCD 
applications 

by V. F. PETROV 
LCD Team 1, 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 15 September 1994; in final form 5 April 1995; accepted 15 April 1995) 

This paper presents a review of the work on the molecular design of liquid crystals for active 
matrix displays (AMLCDs), thin-film-transistor-polymer dispersed liquid crystal displays 
(TFT-PDLCDs) and examines in some detail the relationships between liquid crystalline 
molecular structures and their physico-chemical properties. 

1. Introduction 
The rapid development of flat panel technology in the 

last decade has attracted attention throughout the elec- 
tronic industry. Particularly, liquid crystal displays 
(LCDs) have greatly expanded in size and complexity, 
resulting in the availability of completely new kinds of 
electronic devices. Among all flat panel displays, active 
matrix LCDs driven by thin film transistors have the best 
performance and have been developed to become equal to 
or better than that of the most used device now, cathode 
ray tubes [l]. 

It has been shown that AMLCDs require liquid crystals 
with low viscosity (for reducing the response times [2]); 
with dielectric anisotropy A& B 0, and with the suitable 
elastic constants (for decreasing threshold voltage of the 
twist-effect [2] and consequent driver voltage); and also 
with adjustable optical properties (for the operation in the 
1 st transmission minimum for optimum viewing angle 
[2,31). 

AMLCDs can only contain liquid crystals which 
possess a very high degree of chemical and photostability 
with extremely low residual ionic impurities [2,4]. 
Therefore, liquid crystals (LCs) suitable for active matrix 
displays must be purified to such an extent that specific 
resistivities p > 1013 R cm result [2]. Moreover, p should 
not decrease during the lifetime of the AMLCD owing to 
ionic contamination of the liquid crystal material from 
AMLCD substrate surfaces. 

Polymer dispersed liquid crystals (PDLCs) have been 
extensively studied during last decade owing to their 
suitability to electro-optical applications [5-71. It has been 
shown that the droplets of nematic liquid crystals can be 
embedded in a polymer film [8,9]. These polymer 
dispersed liquid crystals can be switched between a 
translucent ‘off state and a transparent ‘on’ state due to 

mismatching or matching of the refractive indices. 
Recently, it has been reported about the development of 
the thin-film-transistor-polymer dispersed liquid crystal 
displays (TFT-PDLCDs) possessing the brightness, fast 
response, large area, and grey scale capability [ 10,l I]. 
The requirements to liquid crystals for the TFT-PDLCDs 
are the same as for the AMLCDs excluding the optical 
properties: since the efficiency of light scattering in the 
PDLCD depends on the degree of mismatching between 
the refractive ittdex n, of the liquid crystal material and 
the refractive index np of the polymer and therefore on the 
birefringence of the liquid crystal material, the optical 
anisotropy An of liquid crystals should be as much as 
possible [5-71. 

The purpose of this paper is to review the current trends 
in the molecular design of liquid crystals required for the 
AMLCDs and TFT-PDLCDs, and the correlations be- 
tween LC molecular structures and their physico-chemical 
properties, and thus provide satisfactory selection of the 
best components of liquid crystal materials for the 
AMLCDs and llT-PDLCDs. 

2. Molecular design of liquid crystals 
Since the material properties of liquid crystals are the 

result of their molecular properties amplified by the long 
range molecular interactions, the correct and application 
specific design of liquid crystalline molecules is very 
important. It has been shown that liquid crystals for the 
AMLCDs normally consist of two to four 1,4-disubsti- 
tuted six-membered rings, linking units and terminal alkyl 
(alkenyl) and halogenated chains (F, CF3, OCFs, OCHF2, 
OCKCl, etc; see tables 1, 2, 4, 5, 7, 8) [4,12-3942- 
46,49,50,55]. The optimization of their physico-chemi- 
cal properties can be made by systematically varying many 
of their structural elements (for example, by lateral mono 
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730 V. F. Petrov 

Table I .  Mesomorphic, dielectric, optical and viscous properties of liquid crystals: 

Compound Z n Phase behaviour/"C T;;"PC AE An v/mm2 s - ' Reference 

1-1 
1-2 
1-3 
1-4 
1-5 

1-7 
1-8 
1-9 
1-10 
1-11 
1-12 

1-6 

1-13 

1-14 
1-15 
1-16 
1-17 

OCHFz 

0 Cr 34 I 
0 Cr21 I 
0 Cr 141 
0 C r l N ( - 1 7 ) I  
0 C r 7 I  
0 C r 7 N ( - 2 4 ) I  
0 Cr39 I 
0 
0 
0 
0 
I 

Cr 20 SB 33 N 53.9 I 
Cr 9.2 N 60.2 I 
Cr 29 Ss (9) N (20.3) I 
Cr 66 N 70 I 
Cr 43 S 128 N 147 I 
Cr 43 S I28 N 147 I 
Cr 43 Sg 128 N 147.4 1 
Cr 69-5 S 119.6 N 167.5 I 
Cr 67 S 120 N 162 I 
Cr 67 SB 120 N 161.8 I 

1 Cr 56.2 S 94.7 N 114 I 
1 Cr 60 SB 78 N 105-2 I 
1 Cr 56-7 S 184 N 232 I 
1 Cr 123 N 124.2 I 

1 

- 60 
~ 40 
- 20 
- 60t 
- 307 
- 20t 

20 t 

100 
137 

I20 
105 
70t 

90 

3.2 
10.9 
7.1 
7.6 
7.2t 

15.st 
I l . l t  
5 7 t  

6.7 
7.7$ 
9.0 
8.9 
9.7 
7.4$ 
9.3 

I 1.4 
9.47 

12.9 

0.050 
0.040 
0.046 
0.058 
0.055 t 
0.0787 
0476t 
0.096t 

0,0661- 
0.2 1 
0.152t 
0.140 
0.140 
0.154 
0.155$ 
0,155 
0.174 
0.1491 

0.159 

3 
9 
4 
7 

14t 
1st 
2l-t  
17t 

13 
173: 
29 
16 
28 
24$ 
29 

395- 

32 
~~~ ~~~ 

The clearing temperature Tzftr, dielectric anisotropy AE, optical anisotropy An and kinematic viscosity v of the liquid crystals are 

$Extrapolated values from the 10 % w/w solution in ZLI-4792 at 20°C. 
t Extrapolated values from the 10 % w/w solution in the host liquid crystal materials at 20°C. 

extrapolated from the IO%w/w solution in ZLI-I 132 at 20°C. 

or multihalogen substitution; see tables 4-5, 7-8) [4, 13- 

There are some most common approaches to the 
molecular design of liquid crystals for the TFT-PDLCDs: 
the introduction into molecular structure of liquid crystals 
with halogen endgroups (halogenated liquid crystals) the 
acetylene linking groups (see tables 1, 3, 5) 
[ 4, 15, 16,4 I ,  47,54401; lateral mono or multihalogen 
substitution of the terphenyls with halogen endgroups 
(see table 6) [17,40,51-581; the combination of these 
approaches [59]; lateral mono or multifluoro substitution 
of the 4-chloro-4'-[2-(4-trans-alkylcyclohexyl)ethy~]bi- 
phenylb (see table 5 )  [52-551; the use of lateral unsubsti- 
tuted and lateral mono or multifluoro substituted four-ring 
halogenated LCs (see table 7) [53,55].  

17,24-26,28 -39,50,55]. 

3. Mesomorphic behaviour 
According to the generalized Van der Waals theory of 

nematics the nematic-isotropic transition ( TN-I) is due to 
the combination of the dispersion forces and an anisotropic 
excluded volume [61]. Combination of these ideas with 
the monomer-dimer equilibrium could provide the expla- 
nation of TN-, values for some polar liquid crystals. The 
degree of overlap of two monomers when forming a dimer 
depends on the extension of the permanent dipole moment 

(related to the amount of conjugation), and on the 
possibilities of the creation of induced dipole moments i n  
the most polarizable parts of the molecule. Often, but not 
necessarily, these two effects combine [62]. 

The investigation of the liquid crystalline CN-deriva- 
tives by X-ray diffraction has revealed not only existence 
of a layer structure in the smectic phase of these 
compounds but also periodic density fluctuations in the 
nematic phase having a period d> L, and in some cases 
the simultaneous existence of two fluctuation layer 
structures with incommensurate periods dl and d2, where 
d, < L and L < d2 < 2L, L-molecular length [63-661. The 
dielectric 167,681 and X-ray measurements have revealed 
that for liquid crystalline cyano derivatives the balance in 
the monomer-dimer system of 2M e D is biased towards 
dimers determining the liquid crystalline properties 
(65,691. Recent X-ray investigations have demonstrated 
that for liquid crystalline OCR-derivatives as well as for 
dialkyl weak polar compounds only the monomer layer 
structure with the period d l  was found [66,70], while the 
OCF3 molecular group, as distinct froin the alkyl group. 
has a fairly longitudinal dipole moment (p = 2.36D [71]). 
This leads to the possible suggestion that the liquid 
crystalline properties of halogenated liquid crystals are 
determined by their monomers. This model can be used in 
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Liquid crystals for AMLCDs and TFT-PDLCDs 73 1 

Table 2. Mesomorphic, dielectric, optical and viscous properties of liquid crystals: 

Compound R Z n Phase behaviour1"C TZr'rIoC A& An v/mm2 s - I Reference 

2- 1 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
2-9 
2-10 

2-11 
2-12 

2-13 
2-14 
2-15 
2-16 
2-17 
2-18 
2-19 

CH=CF2 0 Cr - 1.5 S 49.2 N 62.1 I 
(CH2)2CH=CF2 0 Cr - 22.8 S 85.7 I 

F 1 Cr 68 S 75 N 157 I 
F 1 Cr 83 N 175 I 
F 1 C r 6 6 N 1 3 0 I  
F 1 Cr 80 S (73) N 177 I 
F I C r 7 5 S 8 9 N 1 5 9 1  
F I C r 8 3 S ( G 2 5 ) N 1 7 0 1  
OCF3 1 Cr 38 S 69 N 154 I 

1 Cr 38 SB 69 N 153.7 I llOt 
c1 1 Cr 70 S 79 N 193 I 
OCHF2 1 Cr 51 S 69.2 N 172.2 I l55t 

1 Cr 52 S 69 N 174 I 
1 Cr 52 SB 69 N 173.6 I 140t 

OCHF2 0 O t  

SCF3 1 Cr 51 N 109.5 I 8 9  
COCF2CH3 1 Cr 92 N 197.1 I 1 5 9  

OCF2Cl 1 C r 8 2 N  133 I 
CF3 1 Cr 133 I loot 
CH=CF2 1 Cr 51 S 88.6 N 233 I 
F 1 Cr 8 6 N  1521 

COCF2C3H7 1 Cr 73 SB 152 N 199 I l5oqI 

0.04t 

0.109g 
0.0881- 
0.1259 
0.1 14t 
0-1 199 
0.1 19t 
0.1 om 
0.146¶ 
0.142¶ 
0. loot 
0.102t 

t§ Extrapolated values from the 10 % wlw solution in ZLI-1132 and ZLI-4792, respectively, measured at 20°C. 
¶Extrapolated values from the 10 % w/w solution in the host liquid crystal material at 20°C. 
3 T =  TN-, - 10°C. 

the interpretation of the mesomorphic behaviour of 
halogenated liquid crystals having lower values of the 

from tables 2 and 4, the clearing points for liquid crystals 
of general formula: 

melting and the clearing temperatures than respective 
cyano dcrivatives [ 12,161. 

3.1. Effect of terminal group 
This effect is clearly shown by comparing phase 

transition temperatures for liquid crystals presented in 
tables 1-8. The truns-4-alkyl-(4'-halogen substituted 
pheny1)cyclohexanes often exhibit low melting points, but 
are not mesomorphic in general excepting compounds 1-8 
and 1-9, see table 1. The introduction of a second 
1,4-phenylene group into compounds 1-1-1-10 to produce 
the three-ring 4-halogen substituted-4'-(trans-4-alkyl- 
cyclohexy1)biphenyls leads to the formation of broad 
nematic phases at elevated temperatures, see tables 1 and 
5 .  The melting points are increased substantially compar- 
ing only compounds with the same substitutents (see tables 
1 and 5).  As follows from tables 1,5 and [21], the clearing 
points for liquid crystals of general formula: 

grow as follows: SCF3 < SCHF2 < CF3 < OCF3 
< F < OCHFp < OCH2CH=CF2 < CH = CF2. AS fOllOWS 

grow depending on the type of the terminal substitutent as 

< C1< COCF2CH3 < COCF2C3H7 < CH=CF2. It has 
been demonstrated that the existence of the carbon-carbon 
double bond and its position in the structure of alkenyl 
chain strongly affect the mesomorphic behaviour of 
halogenated liquid crystals (compounds 2 4 2 - 7 ,  com- 
pounds 7 and 9, tables 2 and 8; see also [4,56,59]). The 
introduction of an oxygen atom into alkyl and into alkenyl 
chains slightly changes the clearing points in both cases 
and sufficiently reduces smectic thermostability in the last 
one (compounds 2-4 and 2-8,2-7 and 2-9, table 2; see also 
[56,591). 

The data collated in tables 2 and 4 reveal that the 
introduction of the fluorine atom into alkyl chain of the 
1 - [ truns-4-( truns-4-alkylcyclohexyl)cyclohexyl] -4-halo- 
gen substituted benzenes slightly lowers the melting and 
clearing points (compounds 2-19 and 4-1). Double fluoro 
substition of the alkyl chain decreases the clearing point 
and increases the melting point [27]. It has been found that 
the introduction of the chlorovinyl into LC molecular 

fOllOWS: CF3 < SCF3 < OCFzCl< OCF3 < F < OCHFp 
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732 V. F. Petrov 

Table 3. Mesomorphic, dielectric, optical and viscous properties of liquid crystals: 

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

H H H H H H O I  
H H F H H H O I  
F H H H H H O I  
H H H H H H O I  
H H H H H H O l  
H H H H H H 0 2  
H H H H H H O I  
H H H H H H O l  
H H H H H H O l  
H H H H H H I  1 
H H F H H H l l  
F H F F H H I  1 
F H F F H F l l  
F H H F H H l  1 
F H H F H H l  1 
F H F F H H I  1 
H F H H F H I  1 

Cr 65 I 
Cr 53 I 
Cr 17 I - 2O:/: 
Cr 56.7 I 
Cr 73.5 I 
Cr 85.4 N 87.7 1 

Cr 48 S 49 I 
Cr 28.1 S 3 7 4  I 
Cr 90 N 189 I 
Cr 89 N 148 I 
C:r 71 N 123 1 
Cr 88.8 N 92.9 I 
Cr 73 6 N 148-6 I 
Cr 100.4 N 188.9 I 
Cr 90 N 158.9 I 
Cr 91.7 N 266.7 I 

Cr 69 I 371 

2811 

6.611 

5.8tt 

$ /I  Extrapolated values from the 10 % wlw solution in ZLI-I 132 measured at 22 and 20°C respectively. 
t $ Extrapolated values from the 10% wlw solution in ZLI-4792 and ZLI-3086, respectively, measured at 20°C 
¶Extrapolated values from the 10%w/w solution in the host liquid crystal material at 20°C. 
t t  T =  T\-, - 10°C. 

Table 4. Mesomorphic, dielectric, optical, viscous properties of liquid crystals. 

Compound Z A B C' X n Y m Phase behaviour1"C AC An v/mm2 s I Reference 

4- 1 F H H H  0 0 C r 9 0 N  1581 4.0t 0.097t 167 ~241  
Cr 90 N 158 I 7.3$ 0.089$ 16$ ~ 1 3 1  

4-4 F H H H  0 CH;: 2 Cr 48 S 84 N 137 I 6$ O.l$ 18$ 1171 

4-6 F H H H 0 CH=CHC2H4 1 Cr 33 SB 74 N 135 I [291 
4-7 F H H H  0 CH=CHCH20 1 (37.5 N 1271 [291 

4-9 F F H H  0 0 Cr 46 N 124 1 5.57 0.089t 211 ~ 4 1  

4-12 F F F H 0 0 Cr 64-7 N 93.7 I 8.311 0.073/1 2511 [301 

4-16 F F F H 0 CH2 2 Cr 41.8 N 98.3 I 7-381 0,07411 3 1 611 ~301 

4-2 F H H H CH;? 2 0 Cr 64.3 N 130.2 I [341 
4-3 F H H H C H ; ?  4 0 Cr 63.6 N 102.3 I [35] 

4-5 F H H H  0 CH;? 4 Cr 56 SB 87 N 1 I6 I [291 

4-8 F H H H  0 (CHI)@ 1 Cr78  N 1241 WI 

4-10 F F H H CH2 2 0 Cr 33.3 N 104.3 1 1 891 [361 
4-11 F F H H 0 CH2 2 Cr 18.4 S 49.7 N 118 I [281 

4-13 Z' F F H 0 0 Cr 82 N 165.5 I 2.0771 [371 
4-14 H F F H 0 0 Cr 60 N 87.6 I 3 . 3  1371 
4-15 F F F H CHr 2 0 Cr 50.7 N 83.4 1 7.811 0.06911 28.611 P O I  

4-17 F F F F 0 0 Cr 64 N 9 3  I W1 

Z' = O(CH*)*F. t Extrapolated values from the 10 % wlw solution in ZLI-4792 at 20°C. 
$ Extrapolated values from the 10 % w/w solution in ZLI-1132 at 20°C. 
11 Extrapolated values from the 20% w/w solution in the mixture of 3,4-difluoroderivatives at 20°C ( A E ,  v )  and at 25°C (An). 
q[ Extrapolated values from the 10 % w/w solution in the host liquid crystal materials at 20°C. 
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Liquid crystals for AMLCDs and TFT-PDLCDs 733 

Table 5. Mesomorphic, dielectric, optical and viscous properties of liquid crystals: 

Compound Z A B C D X n Y m Phase behaviour/"C Tz;"IoC A& An v/mm2 s ' Reference 

5-1 F H H  H H 0 0 Cr 102 N 153 I 4.9-t 0.1591. 27t ~251 
5-2 F H F  H H  0 0 Cr 55 N 105 I 6.51. 0.1481. 21t  [251 

Cr 55 N 105 I 10$ 0.13$ 30f [I71 

5-4 F F H  F H 0 0 Cr 103 I 64t 9.21. 0.1231. 46t [321 
5-5 F F F  H F 0 0 Cr 63 I 37f 13.81. 0.1141. 28t L331 

5-7 F F F  F F 0 0 Cr 114 I 21. 17.81. 0.09t 3Xt [331 
5-8 F H F  H H C H 2 2  0 Cr 74.8 N 95.9 I [281 
5-9 F H F  H F C H 2 2  0 Cr 40.2 N 65.2 I 10.83 0.1243 18.63 [30] 
5-10 F H H H H 0 CH2 2 Cr57 N79 I [381 
5-11 F H H H H 0 C = C  I Cr94N 1921 0.23¶ 24¶ [471 

5-13 F F H H H 0 C-C 1Cr78N1631  0.23t 33 t [541 

5-1511 CI H F H H CH2 2 0 Cr 64.7 N 120.6 I 5.61. 0.1801. [521 

5-17" C1 F F H H CH2 2 0 Cr 55 N 96.6 I 9.0t 0.168t [521 

5-1911 CI F H H H CH2 2 C = C  1 Cr 80 N 159 I 0.277 24 t [541 

5-3 F H F  H F 0 0 Cr 30.4 N 58 I 11.35 0.1345 32.15 [30] 

5-6 F F H  F F 0 0 Cr 72 I 34t 12.41. 0.1081. 36t 1321 

5-12 F H H H F 0 C = C 1 Cr 72.5 N 155.4 I ~411 

5-141) C1 F H H H CH2 2 0 Cr 72.1 N 120 I 5.31. 0.180t 257 ~521 

5-1611 C1 H F H F CH2 2 0 Cr 61.2 N 87.3 I 12.21. 0.1661. ~521 

5-1811 CI F F H F CH2 2 0 Cr 47.2 N 72 I 13.41. 0.151t [521 

1. $Extrapolated values from the 10 % w/w solution in ZLI-4792 and ZLI-1132, respectively, measured at 20°C. 
5 Extrapolated from the 20% w/w solution in the mixture of 3,4-difluoroderivatives at 2OoC (A&, v) and 25OC (An). 
'j Extrapolated values from the 10 % wlw solution in the host liquid crystal material. 
11 n-Propy l homologue. 

structure strongly increases its nematic thermostability 
(compound 3-17, table 3; see also [72]). 

3.2. Effect of rigid core's structure 
The effect of the replacement of the 1,4-phenylene 

group by the 1,4-~yclohexylene group in the truns-4-alkyl- 
(4'-halogen substituted pheny1)cyclohexanes to produce 
the trans-4-alkyl-(truns-4'-halogen substituted cyclo- 
hexy1)cyclohexanes and increasing the length of the 
terminal halogenated substitutents results in the appear- 
ance of the smectic phase (compounds 1-9 and 2-1, 2-2; 
see also [44,73]), while the substitution of the trans- 1,4- 
cyclohexylene group by the 1,4-bicyclo[2.2.2]-octylene 
group in the trans-4-alkyl-(truns-4'-difloromethoxy- 
pheny1)cyclohexanes to produce compound 16 (see tables 
1, 8 and [14,16]) causes the formation of broad nematic 
phase. 

As can be seen from tables 1, 2, 4 and 5, l-[truns-4- 
(truns-4-alkylcyclohexyl)cyclohexyl]-4-halogen substi- 
tuted benzenes usually show higher clearing points and 
broader nematic ranges compared to the respective 
4-halogen substituted-4'-(rruns-4-alkylcyclohexyl)bi- 
phenyls. 

Comparing the phase transition temperatures of the 

compounds 7-1-7-4 and 4-1, tables 7 and 4, it can be seen 
that the replacement of the truns- 1,4-~yclohexylene group 
by the 1,4-~yclohexenylene group results in decreasing the 
melting and clearing points, see also [35,74]. 

Tables 2, 4 and 7 show that the replacement of the 
trans- 1,4-~yclohexylene group by the 6,2-spiro [3.3] 
heptane group in the l-[trans-4-(trans-4-alkylcyclo- 
hexyl)cyclohexyl]-4-halogen substituted benzenes leads 
to decreasing the clearing points (compounds 7-7 and 
2-12; 7-8 and 2-10; 7-9) and 4-12), while the replace- 
ment of the 1,3-cyclobutylene group by the 6,2- 
spiro[3.3]heptane group in the compound 7-6 to produce 
compound 7-5 increases the nematic thermostability. 

The effect of the introduction of the truns-l,3-dioxane- 
2,5-diyl, pyridin-2,5-diyl and pyrimidin-2S-diyl groups 
into molecular structure of halogenated liquid crystals on 
their mesomorphic properties was clearly shown in 
[4, 12, 14, 16,26,50,59]. However, the difficulties in 
achieving high holding voltage ratio when pyridin-2,5- 
diyl and pyrimidin-2,5-diyl groups are included in the LC 
structures do not allow their application as the components 
of liquid crystal materials for AMLCDs and TFT- 
PDLCDs [52]. 

Among all known halogenated liquid crystals, the 
four-ring compounds usually show the highest nematic 
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734 V. F. Petrov 

Table 6. Mesomorphic, dielectric, optical and viscous properties of' liquid crystals: 

~~~ 

Compound A E C D E G K Z X n Y m Phase hehaviour/"C Ant Act  vtlmm' s ~ ' Refercncc 

6-1 H H H F H F H C I  0 0 Cr 68 N 105.5 I 0.24 3 151 I 
0.27 5 151 I 6-2 H H H F H H H C I  0 0 Cr 96.3 S 134.2 

6-3 H H H  H H F  H C I  0 0 Cr 64.8 S 94 0.27 6 1511 

6-4 F F H  H H H  H C I  0 0 Cr 60-3 N 1 1  1.7 I 0.25 12 LSll 
6-5 F F F H H H H C I  0 0 Cr 66 N 76.6 I 0.22 14 iSl1 

N 157.6 I 

SA 1.51 N 1.584 I 

6-6 H H H  F H H  F C I  0 0 Cr 54 SA 101.7 0.25 6 [511 

6-7 H F F  H H H H  F 0 0 Cr 67 SA 73 11..5$ 1401 

6-8 F H H  H H H  H F 0 CHz 2 Cr3S N S3 I 0.179 109 239 1171 

N 112.9 I 

N 87.7 I 

Cr 33 N 53 I 0.149$ 3.6$ 21; [531 
6 9  F H H  H H H  H C I  2 CHZ 2 Cr53 N 83 I 0.199$ 4.3$ 30: [531 
6-10 F H H H H H H C l C H z 2  0 Cr 77 N 9 4 1  0.210 9.5 l.54 

Cr 76.8 N 93.8 I 0.2 10 9.0 151 I 
6-11a H F F H F H H C1 0 C = C  1 Cr 92.3 N 142.7 I L591 
6-12q[ H F F H F H H F 0 C = C  1 Cr901  r.591 

7 Extrapolated values from the 10 % w/w solution in ZLI-4792 at 20°C. 
9 Extrapolated values from the 10 % w/w solution in ZLI-1132 at 20°C. 
*Extrapolated values from the 10 % w/w solution in the host liquid crystal materials at 20°C. 
'j n-Propyl homulogue. 

thermostabihties (see table 7 and also [74,75]) comparing 
only compounds with the same substituents. 

As can be seen from tables 1,3,4-6 and [4,14-17,28- 
31,33-35,38,41,47-48,51-60, 75-76, 791, the effect of 
the introduction of the different linking groups into 
molecular structure of liquid crystals is most marked in the 
case of the three and four-ring compounds; thus, the 
position and the order of the acetylene and ethylene linking 
groups in the rigid core of halogenated liquid crystals have 
the considerable opposite effect on the mesomorphic 
behaviour of these LCs. So far ethylene linking group 
increasing the molecular flexibility which in turn leads to 
effective broadening the molecule and reduction in the 
effect of intermolecular attractive forces always decreases 
the melting and clearing points of LCs; while the acetylene 
linking group increasing the conjugation length of 7c-elec- 
trons and, therefore, enhancing molecular polarizability 
increases the nematic thermostability. 

Table 4 presents a set of mesogens with the different 
four-unit-linking groups (compounds 4-3, 4-54-8). 
In this case, the nature of the linking group affects the 
mesomorphic behaviour of these LCs; that is, the smectic 
phase is disappeared by the presence of an oxygen atom 
in the linking group (compounds 4-5 and 4-8; 4-6 and 4-7). 

As follows from tables 1-8 and [77], the lateral mono 
and multihalogen substitutions have a considerable effect 

on the mesomorphic behaviour of the liquid crystals 
resulting in reducing the smectic and nematic thermosta- 
bilities due to the lateral halogen substitutent broadening 
the molecule and reducing intermolecular interactions. 

Interestingly, the introduction of the fourth fluorine 
atom in the lateral position of the 1 -[truns-4-(trans-4- 
alkylcyclohexyl)cyclohexyl]-3,4,5-t~fluorobenzenes does 
not affect their mesomorphic behaviour (compounds 4-12 
and 4-17, table 4). 

The data presented in tables 1-8 and in 
[14,17,21,25,30,37,38,43,53,54,59,78-811 reveal that 
the clearing points for liquid crystals of the following 
general formulas: 

C5H11 m- - 

grow as follows: F < OCHFz < CI 

C 5 H l , w ;  - - 

grow as follows: F < O C H S  < OCH2CFI < OCF2CF;?H 

grow as follows: F < OCHF2 < C1 
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Liquid crystals for AMLCDs and TFT-PDLCDs 735 

Table 7. Mesomorphic, dielectric, optical and viscous properties of some liquid crystals. 

Compound Structure, R = n - C3H7 Phase behaviour/"C TE;ul°C As An v/mm2s-' Reference 

7- 1 

7-2 

7-3 

7-4 

7-5 

7-6 

7-7 

7-8 

7-9 

7-10 

7-11 

7-12 

7-13 

7-14 

R m O C H F 2  - 

Cr 45 N 91 I 

Cr 59 N 150 I 

Cr 76 N 95 I 

Cr 56 N 97 I 

Cr 58 SB 151 N 1574 1 148.41 

Cr 54 SB 91 N 1034 I 

Cr 31 SB 80 N 113 I 109.31- 

Cr 67 N 95.2 I 84.61 

Cr 46 N 61-4 I 36.41. 

Cr 100 N 208 I 

Cr 77 N 211 I 

Cr 56 N 189 I 

Cr 79.2 N 2 16.0 I 

Cr 113 I 90 t 

17t 

13t 

9 t  

13t 

663 

509 

t Extrapolated values from the 10 % w/w solution in ZLI-4792 at 20°C. 
$Extrapolated from the 10 % w/w solution in the host liquid crystal material at 20°C. 
9 Extrapolated values from the 10 % wlw solution in ZLI-1132 at 20°C. 

grow as follows: CF3 < OCF3 < F < OCHF:! < C1 grow as follows: 
H < F < OCHF2<0CH2CF3<0(CH2)2F < CH2CH=CF2 

grow as follows: CF-, < OCF3 < F -=c OCHF2 < C1 grow as follows: OCF3 < F < OCHF2 
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736 V. F. Petrov 

Table 8. Dielectric and visco-elastic properties of some liquid crystals. 

YdKJ  
Compound Structure TN-l/oC E~ Ac An mspm-2 v/mm2s-' z t  Reference 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

167.5 6.8 3.3 3.5 

114 7.4 3.6 3.8 

172.2 5.0 2.8 2.2 

167.7 6.9 3.3 3.6 

158 3.6 

135.5 1.2 

124 4.0 

93.7 4.3 

159 3.22* 

134 4.04$ 

197 2.91* 

137 2.731: 

144 1 o* 

161.3 5.0 2.4 2.6 

142-5 7.3 3.2 4.1 

31.6 3.84 0.0638 

2.2 

3.6 

0.88 [16] 

0.95 [16] 

0.85 [16] 

0.85 [16] 

0.85 [30] 

0.85 [49] 

0.85 [301 

141 

141 

0.85 1151 

0.85 [IS1 

144 1161 

grow as follows: F < OCHF2 < C1 

These examples show that the introduction of the linking 
groups or/and lateral substitutents into molecular structure 
of LCs not always leads to the same dependence of the 
clearing points on the type of the terminal substituent 
compared to the corresponding laterally unsubstituted 
compounds without linking groups (3  3.1). 

grow as follows: CF3 < F < OCF3 < C1 

C 3 H 7 w L = C e  

grow as follows: F < OCF3 < OCHF2 < C1 

F 
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4. Static dielectric properties 
From the dielectric theory of nematic liquid crystals the 

dielectric anisotropy AE = E ~ I  - EL, where E I ~  and E~ are, 
respectively, dielectric constants, that are parallel and 
perpendicular to the nematic director n, is given by 
equation (1) [82]: 

AE = NhF/&o[Aa - F/i2/kT( 1 - 3 COS’ p)]S, (1 j 

where h = 3~*1(2~* + 1 j, E* = ( E I ~  + 2 ~ ~ ) / 3 ,  Aa = (all - 
a d ,  F is the cavity reaction field, ,u is the permanent 
molecular dipole moment, p is the angle between ,u and 
the molecular long axis, N is the number of molecules per 
unit volume, Acl is the anisotropy of induced molecular 
polarization. 

From equation ( 1 )  follows the dependence of A& on the 
order parameter S which is given in equation (2): 

(2) 

The temperature dependence A& (7‘) of polar liquid crystals 
basically varies with SIT. This leads to an increase of IA&( 
with decreasing temperature. Therefore, meaningful com- 
parisons of the dielectric, optical and elastic properties of 
liquid crystals with different nematic-isotropic transitions 
TN-I can only be made at a constant reduced temperature 

Tables 2-3 and 8 present the results of the direct 
measurements of the dielectric properties for some liquid 
crystals. As can be seen from these tables, the replacement 
of the trans- 1 ,4-cyclohexylene group by the 1 ,bcyclohex- 
enylene or by the 1,4-phenylene or by the trans- 1,3-diox- 
ane-2,5-diyl groups in the LC rigid core results in 
increasing the AE (compounds 3 and 4 , 9  and 10; 11 and 
13, table 8) due to the overall molecular polarizability 
having been increased. 

An odd-even effect in the dielectric properties of the 
alkenyls (compounds 2-5 and 2-6, table 2) can be 
explained in terms of the chain order parameter which is 
almost twice as large in odd alkenyl double bond positions 
as the chain order of terminal double bonds at even sites 

The introduction of the fluorine atoms into the lateral 
positions of the liquid crystals has a considerable effect on 
their dielectric anisotropy (compounds 3-10, 3-12, 3-14; 
and 6, 7, 8; 14 and 15, tables 3 and 8). This can be 
rationalized in terms of the contribution of the individual 
flourine dipole moments to the overall molecular dipole 
moment relative to the director. 

The introduction of the ethylene linking group into 
molecular structure of liquid crystals lowers the dielectric 
anisotropy (compounds 9 and 12, table 8) due to reducing 
the molecular polarizability caused by disruption of the 
overall conjugation. 

Tables 1-7 present the dielectric anisotropy data for 
halogenated liquid crystals with the different clearing 

S = 1/2(3 COS’ 0 - 1) 

T1TN-I [2]. 

~ 3 1 .  

temperatures extrapolated from the solution in the host 
liquid crystals materials. According to [2], these extrapo- 
lations do not have meaningful values. However, for 
non-mesomorphic and smectic liquid crystals used as the 
components of liquid crystal materials, these estimations 
is only one way of rough definition of their dielectric 
(optical and elastic) properties. 

Unfortunately, the difference in values of the dielectric 
anisotropy received for some compounds by extrapolation 
from the solution in the different host liquid crystal 
materials (compounds 1-12, 1-13, 2-10, 2-12, 4-1, 5-2, 
6-8, tables 1,2,4-6) prevents accurate comparison of their 
properties. These differences can be explained in terms of 
changing the character of intermolecular interactions in 
the liquid crystal mixtures leading to the deviations Erom 
the ideal or additive behaviour of the dielectric properties 
[69,84-851. 

Tables 2,3 and 8 and the data presented in [ 12,161 show 
that for definite chemical structure of LCs, its dielectric 
anisotropy AE,  approximately decreases in the same 
sequence as values of dipole moments for terminal groups 
[71]: CN, CFs, OCHF2, OCF3, C1, F diminish: 4.05,2-56, 
2.46, 2-36, 1.58, 1-47, respectively. 

5. Optical properties 
From the phenomenological relation between the 

refractive index and the electric polarization follows 
equation (3) 186,871: 

(n*2 - l)/(n*’ + 2) = Na*13~0, (3) 

where the mean polarizability a* = (cq + 2crL)/3; the mean 
refractive index n*2 = (nz + 2nz)/3; no is the ordinary and 
n, is the extraordinary refractive indices. From equation 
(3) and $4, it follows that the aromatic compounds and 
LCs with the acetylene linking groups which have large 
induced polarizability of their highly conjugated n-elec- 
tron system exhibit the optical anisotropy An = n, - no 
that is much larger than the An of non-aromatic com- 
pounds and liquid crystals without acetylene linking 
groups ([88] and tables 1-8). It has been shown that 
halogenated liquid crystals exhibit lower values of the 
optical anisotropy compared with the respective cyano 
derivatives [16,89], see also tables 1-8. This can be 
explained in terms of reducing the effective conjugation 
length of n-electron system resulting in shorter resonance 
wavelength of UV absorption spectrum for halogenated 
LCs than for respective cyano derivatives [90]. 

The difference in values of the optical anisotropy 
received for some compounds by extrapolation from the 
solution in the different host liquid crystal materials 
(compounds 1-12, 2-10, 2-12, 4-1, 5-2, 6-8; tables 1-2, 
4-6) can be explained as in the case of the dielectric 
properties [69,84,85]. 
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738 V. F. Petrov 

6. Visco-elastic properties 
Since the twisted nematic effect [91] is today predom- 

inantly used in active matrix displays, these displays 
require nematic liquid crystals of positive dielectric 
anisotropy, discussed in the 0 4 and this strongly affects the 
threshold voltage (VW) of TN-AMLCDs [21: 

V90 3~ T~[K/c~A~?]”~,  (4) 

where K is the elastic expression, K = [Kl + (K3 - 2&)/41. 
It is clear from equation (4) that AE should be as high, K 

be as low as possible, respectively for receiving a low 
threshold voltage. 

For better performance of AMLCDs the response times 
(switch on, ton and switch off, ton times) should be as short 
as possible. It has been shown that ton and toff could be 
approximated by the equations ( 5 )  and (6), respectively 
[92]: 

ton x u]d2/(AEE - K T ~ ~ ) ,  (5) 

t0ff 3C u]d%n2, (6) 

where u] corresponds to the rotational viscosity y1 [93], E 
is the applied electric field, and d is the AMLCDs cell gap. 
It has been shown that the response time ton and the 
relaxation time toff of the PDLC film can be defined by [5]: 

(7) 

(8) 

where a and 1 are the major axis and thc aspect ratio of 
ellipsoidal droplets, K is an effective elastic constant, E is 
the applied electric field, and yI  is the rotational viscosity 
of the liquid crystals. 

From equations (5)-(8) follows the strong relationship 
between the response times of the AMLCDs and PDLCDs 
and visco-elastic properties of liquid crystals. Table 8 
presents the visco-elastic properties of some halogenated 
liquid crystals received from the direct measurements, see 
also [94]. Tables 1-7 present the values of the kinematic 
viscosity v for liquid crystals received by extrapolation 
from the solution in the different host liquid crystal 
materials. The difference in values of the kinematic 
viscosity received for some compounds (compounds 1-12, 
1-13, 2-10, 2-12, 5-2, 6-8; tables 1 ,  2, 5 and 6) can be 
explained as in the case of the dielectric properties. 

From tables 1-8 and [15,88,94], it follows that the 
viscosity is minimized in the liquid crystalline structures 
with minimal polarity and polarizability, with short 
terminal groups and lacking lateral substituents. 

As can be seen from [12,16,88] and tables 1-8, 
halogenated LCs show lower values of  the viscosity 
compared to the respective cyano derivatives. These 
results can be explained, as discussed earlier, in terms of 
predominant influence of halogenated LC monomers on 
their viscous properties. 

ton = ( l / y i  )(i?oAEE2 - K(P - l)/a2), 

t,ff = 1’1a2/K(Z2 - I), 

7. Stability studies of halogenated liquid crystals 
One of the most important parameters characterizing 

liquid crystals for AMLCDs is the RC-time constant of the 
material within the display [ 951. This is due to the fact that 
the liquid crystal element acts in active matrix addressing 
as a capacitive load to the non-linear element, which is 
charged during the addressing cycle. Since the voltage 
across the liquid crystal element must not fall appreciably 
before it is refreshed during the next addressing cycle, the 
RC-time value of the liquid crystal should be considerably 
larger than the frame time of the display. In order to ensure 
that the voltage drop is, for example, less than 5 per cent 
for a frame time of 20 ms, the RC-time has to be larger than 
200 ms over the whole operating temperature range 
[96,97]. The RC-time constant of the liquid crystal 

ZRC EOErPLCD (9)  

is determined by the resistivity PLCD of the liquid crystal 
within the LCD [97], requiring values of more than 
loL3 a c m  [2 ] .  It has been found that RC-time values are 
mainly determined by the two factors: the specific 
resistivity of the liquid crystal material in bulk, and the 
type of polyimide used as the orientation layer [97]. The 
relation between bulk resistivity values p and RC-times for 
the given set of compounds is close to a linear function 
[ 13,971, and it has been established that increasing the 
mean dielectric constant of the liquid crystal, P leads to 
a decreasing the RC-times [ 13,971 and to decreasing the 
bulk resistivity [131. 

The property directly correlated to the performance of 
AMLCDs is the ratio of the actual voltages at the 
individual pixel directly after one addressing pulse and 
directly before the next addressing pulse. The holding ratio 
can be determined by simultaneous monitoring of the 
RMS values of the driving voltage applied to the TFT and 
the actual voltage at the electrodes of the picture element 
[13,98,99]. It has been shown that large holding ratios in 
AMLCDs not only require highly resistive liquid crystal 
materials stable against exposure to elevated temperatures 
[13] and UV irradiation [97], they also increase with 
increasing TFT driving voltage [4]. 

It has becn shown that cyano derivatives can be 
degradated by heat and light [ 1001 and they do not have 
sufficient stability to be used in AMLCD and TFT-PDLC 
[13]. This can be explained by measuring a hydrophobic 
parameter: 

@ = log P, ~ log P h ,  (10) 

where P, is the partition coefficient of substituted benzene 
derivative, Ph is the corresponding coefficient of benzene, 
the parent compound. in the system octanoUwater. It has 
been reported that the compounds with a negative 
hydrophobic parameter @ [ 141 are easier soluble in water 
than in octanol and exhibit a stronger solvation potency for 
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Liquid crystals for AMLCDs and TFT-PDLCDs 739 

impurities ions than those with a positive hydrophobic 
parameter: Under this aspect the halogen endgroups 
having positive @ values are better than the cyan0 group 
for AMLCD and PDLCD applications [14]. 

8. Development of liquid crystal materials for 
AMLCDs and TFT-PDLCDs 

In the LCDs at least ten different liquid crystalline 
material parameters have to be optimized to achieve 
optimal ’ display performance. Since the single liquid 
crystal shows at best one or two distinguished properties, 
mixtures consisting of up to twenty and more components 
have to be developed for a given application. The 
principles of the development of liquid crystal materials 
(LCMs) are briefly discussed in [ 1011, particularly helpful 
is the review [69], some practical examples of LCMs for 
active matrix displays and TFT-PDLCD applications are 
presented in [ 102,1031. 

9. Conclusions 
As may be appreciated from the review of the subject 

presented in this paper, by using modern molecular design 
principles, it is possible to receive halogenated liquid 
crystals that are of real use in the liquid crystal materials 
for active matrix displays and TFT-PDLCD applications 
attracting the main interest and being in intense develop- 
ment. 
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