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Four novel liquid crystal classes are presented, namely bi-, tri-, and tetracyclic ethanes, 
pyridazines, and tetracyclic chloro-diesters. Each class exhibits distinct physical characteris- 
tics, such as low viscosities 7 - 12 cP, low elastic ratios k , , / k , ,  - 1, large mesomorphic 
ranges -40°C.. . .250°C, large negative dielectric anisotropies As S - 9 and/or low 
dielectric relaxation frequenciesf, - 1 Wz. It is shown that the dielectric Debye relaxation 
time T characterizing the hindered rotation of polar nematic molecules around their short axes 
is much more affected by molecular structural factors than by their rotational viscosity y,. The 
material and electro-optical properties of mixtures for twisted nematic and guest-host LCDs 
comprising the new compounds are presented. The mixtures cover a wide range of applications 
such as high contrast, fast and multiplexable automotive TN-LCDs; positive and negative con- 
trast guest-host LCDs; high-information density matrix, and dual-frequency addressable LCDs. 

1. INTRODUCTION 

The remarkable development of liquid crystal display (LCD) technology 
since the early 1970's and the subsequent extended use of devices com- 
prising liquids other than electrolytes by the electronics industry, is closely 
connected with (i) the discovery of electro-optical field effects, (ii) liquid 
crystal (LC) material research, and (iii) the development of new, reliable, 
and increasingly sophisticated LCD-production-technologies. Field-effect 
LCDs based on the twisted nematic effect' (TN-LCDs), as well as on several 
guest-host effects2-' (GH-LCDs), are today being used in an increasing 
variety of applications. From the beginning of this development, especially 
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I40 M. SCHADT et a1 

in today's most advanced applications, LC-mixtures are required containing 
LC-components whose specific physical properties' have to be combined 
such that optimal electro-optical properties result. Thus, physical and 
chemical LC-material research is a prerequisite for the discovery of new 
LC-classes contributing to improved performance of existing LCD's or 
to open up new applications. Such a role was played, for example, by 
LC-classes such as the cyano Schiff'bases,' the cyano biphenyls,' and 
the cyano phenylcyclohexanes,' to mention just a few of historically im- 
portant classes. 

We believe that the interesting properties of LCDs can be further im- 
proved during this decade by developing new LC-materials and by further 
developing the LCD technology. Therefore, and because of the rapid devel- 
opment of microelectronics, LCDs are expected to find, for example, new 
applications in automobiles (dashboards), computers (very high information 
density, large area matrix LCDs), and related fields. However, in order for 
LCDs to meet the stringent technological demands of these new applica- 
tions, novel LC-materials are required. For example, the present multi- 
plexing capability of LCDs which are limited by LC-material properties' 
has to be improved considerably if high contrast and high-information 
density LCDs with as few as possible electrode connections are to 
be realized. 

In the following, four new liquid crystal classes will be presented and 
compared with some existing compounds. Each of the classes is shown to 
exhibit distinct elastic, viscous, mesomorphic, as well as static and dy- 
namic dielectric properties. The new compounds are shown to contribute 
to interesting electro-optical properties in conventionally, as well as, dual- 
frequency addressed TN-LCDs, and in negative, as well as, positive con- 
trast GH-LCDs. Mixtures made of the new materials are presented covering 
automotive as well as high-information density applications. Some of the 
new materials open up the possibility of improving the multiplexability of 
TN-LCDs to an extent which by far exceeds that of the best conventionally 
addressable LC-materials. Moreover, guest-host materials are presented 
that open up the possibility to multiplex GH-LCDs. 

2. NEW CLASSES OF LIQUID CRYSTALS 

The nine components depicted in the upper part of Table I are novel liquid 
crystals belonging to a number of homologous series recently synthesized 
in our laboratories. They can be divided into four classes, each exhibiting 
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NEW LIQUID CRYSTAL MATERIALS 141 

TABLE I 
The abbreviations C, P and A stand for cyclohexyl ring, phenyl ring, and ethane linkage 

respectively, whereas the numbers refer to the numbers of carbon atoms in a straight alkyl 
chain. T, = melting temperature; TS.N = smectic-nematic transition temperature, where the 

indices A, B and C refer to the respective smectic phases; Ts-t = smectic-isotropic 
transition; TN-, = nematic-isotropic transition. 
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I42 M. SCHADT et 01. 

distinct physical characteristics, which, if adequately combined, lead to 
mixtures with interesting electro-optical properties covering a wide range 
of applications, some of which are novel. In the following, data on a 
number of material parameters are presented, such as static and dynamic 
dielectric properties, viscous, elastic, and optical constants. The mea- 
surements were made either by using single components or, in case of 
non-overlapping mesomorphic ranges, by using simple mixtures. 

The first class of new structures depicted in Table I comprises thephenyl- 
cycloethyl erhanes denominated 5CAP3 and 5CAP02. We show below that 
ethanes exhibit very low viscosities. Considering the rather flexible ethane 
linkage of the two rings, it seems rather astonishing that the nonpolar 
bicyclic compound 5CAP02 exhibits a quite large and purely nematic 
mesophase (Table I). This is all the more surprising if one considers that 
rigid phenylcy~lohexanes~ with comparable side chains are monotropic 
(see 4CP02 at the bottom of Table I). The dialkyl substituted bicyclic 
ethanes such as 5CAP3 depicted in Table I were found to exhibit pure 
smectic B mesophases, i.e. except for the width their mesomorphic 
behavior resembles that of the bicyclohexylethanes'' (see 5CAC5 at the 
bottom of Table I ) .  

The second class of new compounds shown in Table I contains the tri- 
and tetracyclic ethanes denominated a l ,  a2, and a>; i .  e. molecules with 
elongated cores. Table I shows that a,, az, and a3 have, despite their 
considerable core flexibility, surprisingly large mesophases and high iso- 
tropic transition temperatures. Because of the additional core flexibility, TNI 
of a2 and a3 are not as large as those of the tetracyclic biphenylcyclohexyl" 
3CPPC5 depicted at the bottom of Table I.  Moreover, increasing the num- 
ber of ethane linkages (see a2 and a3 in Table I) and/or shifting a single 
ethane group (from its position in a,) into the center of the core causes the 
transition temperature to decrease markedly. Because of the low viscosity, 
good solubility and high isotropic transition temperatures tri- and tet- 
racyclic ethanes were found to be useful additives for increasing the 
nematic-isotropic transition temperature of mixtures without adversely 
affecting their viscosity. Both of the above classes of ethanes are extra- 
ordinarily stable against UV-irradiation and/or extended exposure to 
high temperatures. 

The monotropic pyridazine denominated 5PZH3 in Table I belongs to 
the third class of new compounds. Compared with the other classes, com- 
pounds of this type were found to exhibit, due to the lateral permanent 
dipole moments in the pyridazine ring, large negative dielectric aniso- 
tropies (Table 11). Pyridazines will be shown below to induce useful di- 
electric, as well as, viscous properties in strongly negative dielectric aniso- 
tropic hosts designed for positive contrast guest-host LCDs. 
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NEW LIQUID CRYSTAL MATERIALS 143 

TABLE I1 
The dielectric, optical and elastic constants €11, A&, nw, An, k , ,  and k3)/kll were measured 

at constant reduced temperature (TNI - lO”C), whereas the bulk viscosity 7) was measured at 
22°C = constant. Mixture NI contains the components N, = (4EH202, 4EH205, 5EH201, 
5EH203, 5CPACO2) in molar proportions (21%. 26, 19, 21, 13). The rotational viscosity of 

N ,  at 22°C is y ,  = I .06P. 

1) 
‘m ‘N-I k l l  (22°C) 

composition [weight %I (“Cl [“C] 811 AE no An [rlO-l* N] k , , / k , ,  [cP] 

18.0 46.0 2.67 
43.3 71.7 3.09 

< 35 67.4 3.01 
< -5 64.9 3.13 
< -5 70.4 3.01 
i -5 76.4 3.03 
(-10 81.5 3.08 
< -5 72.2 5.94 

< -5 60.5 3.51 
66 12 8.2 

-0.26 1.483 0.074 
-0.82 1.469 0.061 

-0.78 1.473 0.063 
-0.77 1.479 0.061 
-0.65 1.479 0.061 
-0.65 1.480 0.062 
-0.58 1.480 0.062 

1.55 1.481 0.067 
-9.3 - - 
-1.37 1.479 0.061 

10.12 1.06 12.9 
6.24 0.96 29.0 

6.56 0.90 27.5 
6.31 0.96 24.4 
6.04 0.96 27.1 
6.51 0.99 27.3 
5.64 0.98 29.4 
5.60 1.01 35.2 

6.05 0.98 24.3 
- - - 

The fourth class of new structures comprises the rather unusual let- 
rucycfic chforo-diesrers A7, B17, and B27 (Table I). These are strongly 
positive dielectric anisotropic compounds and they contribute, as we have 
recently shown,’’ to rather unique dielectric phenomena, if properly com- 
bined with other liquid crystals such as pyridazines. Representatives of this 
class are used in novel, dual-frequency addressable mixtures (see paragraph 
3 and Refs. 12 and 13). 

and 
A &  = (&I/ - E ~ ) ,  the optical anisotropy An = (n, - no), the splay elastic 
constant k l l ,  the elastic ratio k3JkIl ,  where k33 = bend elastic constant, and 
the bulk viscosity r )  . The measuring methods used were described earlier.5 
To allow comparisons, the dielectric, optical, and elastic properties were 
determined at constant (reduced) temperature (TNI - 10°C), whereas r )  was 
measured at T = 22°C = constant. The data of the monotropic pyridazin 
component 5PZH3 were obtained by extrapolating from measurements 
made with binary mixtures (5EH203, 5PZH3) of varying molar proportions. 
To investigate the influence of some of the new compounds on the viscosity 
and the nematic-isotropic transition temperature of other liquid crystals, 
“binary” mixtures of the type (A’,, X )  were studied, where NI is a low 
viscosity mixture whose composition is given in the text of Table 11. 

Comparing the data of the first three lines in Table I1 shows that the 
viscosity of the unpolar bicyclic phenylcycloethane 5CAP02 is more than 
a factor of 2 lower than r )  of the low viscosity and also unpolar cyclohexyl 
ester14 5EH203 (Table I). A similar factor holds with respect to the 

Table I1 shows measurements of the static dielectric constants 
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144 M. SCHADT er 01 

viscosit ie~~~ of the polar cyano phenylcyclohexanes’ (PCHs) and the cyano 
biphenyls.’ As to the optical anisotropy, Table I1 shows that An of phenyl- 
cyclohexylethanes is similar to that of other bicyclic compounds containing 
one hydrogenated ring.5 With respect to the elastic ratios k33/kll, it is 
interesting to note the small values of bicyclic as well as tri- and tetracyclic 
ethanes (Table 11) which, compared with a large number of other liquid 
crystal classes,’ are among the smallest. Since k33/kll was shown’ to CIU- 

cially affect the steepness of the transmission characteristics of TN-LCDs, 
the low k33/k11, values of ethanes are indicative of their attractive multi- 
plexing properties (see paragraph 3.1 ) . 

Comparing the increase of TM and of ’I) occurring upon doping mixture 
NI with the ui- and tetracyclic ethanes al ,  a2, and a3 respectively, shows 
that q does not increase by more than 20% despite strong increases of TNI 
(Table 11). To further illustrate this aspect, Table I1 also contains data of 
mixture (N, , TP3H,2) comprising the polar terpyrimidine TP3H32I6) 
(Table I). TP3H32 causes TNI to increase only moderately compared with the 
associated strong increase of 17 (Table 11). 

The results obtained from the pyridazine mixture (NI, 5PZH3) at the 
bottom of Table 11 show that 5PZH3 hardly affects 17 of mixture NI. This 
finding indicates that the strongly negative dielectric anisotropic pyri- 
dazines exhibit, unlike molecules with external lateral polar substituents, 
low viscosities; however, 5PZH3 is strongly monotropic, thus depressing 
T M  of NI upon doping (Table 11). 

The strongly hindered rotation of nematic molecules around their short 
axes leads to the dispersion of the parallel dielectric constant q(f, with 
increasing frequency.” At the cross-over frequencyf, the positive dielectric 
anisotropy A&# can become zero. Increasing f further causes A&# to 
change sign. Thus, in the dispersion region considered here, the following 
low-frequency dielectric properties can be defined:”Aq = A E ( ~  G fc), 
el = constant, E, = .q(f+jc), A&” = (ern - E ~ ) ,  and the Debye relaxa- 
tion time T = l/wo determined by the angular frequency where .q(~.) = 
(q + ~,)/2.  We could recently show for the first time that mixtures com- 
prising, for example, tetracyclic chloro diesters can be made that exhibit 
extremely low cross-over frequencies as well as large and adjustable 
dielectric anisotropies AQ and AQ respectively.’2 The question arises 
to what extent the surprisingly low fc-values are related with molecular 
structural elements, as well as with the bulk and rotational viscosities 77 
and y, of mixtures containing such components. Figure 1 shows dielectric 
relaxation measurements carried out at constant reduced temperature 
(TNI - 55°C) using mixture NI containing either A7, B17, B27, or TP3H,2 
(Table I). The dielectric data of these four mixtures obtained from Figure 1 
are depicted in Table 111. Because TNI of the mixtures are comparable 

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

0:
51

 2
1 

Fe
br

ua
ry

 2
01

3 



NEW LIQUID CRYSTAL MATERIALS 145 
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lo2 lo3 104 105 106 
Frequency [Hz] 

FIGURE I Frequency dependence E I ( f )  determined at (TNI - 55°C) of mixtures (N,, AT), 
(N,, B J ,  (Nl ,  B,) and (NI,  TP,H32) respectively. Since ~ ~ ( f )  = constant over the frequency 
range studied, only the crossings of E~ with the respective &!(&graphs are shown. 

(Table III), the reduced measuring temperatures (TNI - 55°C) chosen are 
all close to room temperature. The results in Figure 1 and Table 111 show 
that the tetracyclic diesters A7, B17, and B27 exhibit surprisingly low-lying 
dispersion regions compared with the terpyrimidine TP3H32. This finding 
is unlikely to be due only to the additional fourth ring in the diesters. It can 
certainly neither be attributed to the differences among the viscosities of the 
mixtures which are almost negligible compared with the two orders of 

TABLE 111 
Physical properties of dual-frequency addressable materials; cf. text of TABLE I1 

for the composition of N,. All measurements were made at the reduced temperature 

T = 22°C = constant. T = Debye relaxation time following from r = % n f ~ ,  where 
R = frequency at (q + &,)/2 (Figure 1). Mixture M is used as the host material 

in the black guest-host mixture denomicated M,. 

(TNI - 55°C) except those of the viscosities and y ,  that were made at 

7 1) YI 

Composition [weight %] [“C] [“C] (static data) E, [kHz] sec] [rP] [PI 

( N l ,  A7) 191.91 -10 79.2 6.51 4.54 1.97 3.09 -1.45 2.50 7.58 36.8 1.77 
(N,,B17) [91,9] -10 78.1 5.86 4.84 1.02 3.11 -1.73 0.82 14.5 44.0 2.06 
(N, ,  B27) [91,9] -10 78.0 5.48 4.78 0.70 3.18 -1.60 0.90 11.79 43.0 1.91 
(Nl,TP3H,2) [91,9] < 5 72.2 7.00 4.67 2.33 3.22 -1.45 164 0.124 35.2 2.04 
M [ l00]  -10 74.5 10.25 8.30 1.95 3.90 -4.40 1.20 8.38 60.2 3.15 
M, = (M, 

black dye) [96,4] -10 77.8 9.95 8.12 1.83 3.88 -4.24 0.91 10.7 78.6 4.24 

Tm TNI f, [ A O - ~  ( 2 2 ~ )  ( 2 2 ~ )  
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I46 M. SCHADT et al. 

magnitude difference found between the relaxation times T of the diester 
and the terpyrimidine mixtures respectively (Table 111). Thus, our results 
show that dielectric relaxation models which almost exclusively relate T 
with yI, such as suggested in reference 18, are not correct. It is interesting 
to note in Figure 1 that thef,-values of the compounds B17 and B27 are 
comparable and almost three times smaller thanj, of A7. Thus, the methyl 
dicyano-vinyl end group of the B compounds (Table I) seems to affect fc 
markedly, whereas hydrogenation of the terminal ring of B27 affects fc 
surprisingly little. 

3. PERFORMANCE IN AUTOMOTIVE, HIGH-INFORMATION DENSITY 
AND GUEST-HOST LCDS 

3.1. Automotive and conventionally addressable high-information 
density LC-materials 

At first glance, the LC-material requirements for automotive LCD dash- 
boards seem to be quite different from those of high information density 
matrix LCDs. Automotive dashboards have to be operated over very large 
temperature ranges; their optical contrast, especially in transmission, must 
be high and their response times fast, even at very low temperatures. On 
the other hand, LC-materials for conventionally addressed high- 
information density TN-LCDs have to exhibit excellent multiplexing prop- 
erties. Thus, steep transmission characteristics with a small, or at least a 
linear temperature dependence over an often limited temperature range, are 
required. With respect to multiplexability and LC-material parameters, we 
have recently shown for a large number of LC-classes’ that (i) nonpolar 
molecules tend to exhibit low elastic ratios k3Jk i l  and that (ii) low values 
of k3Jk l I  is an essential prerequisite for obtaining outstanding multiplexing 
properties at a given temperature. Therefore, and because nonpolar mole- 
cules are less viscous than their polar counterparts, mixtures with large 
mesomorphic ranges containing suitable nonpolar components are likely to 
perform better over the respective temperature ranges in both, automotive, 
as well as high information density LCDs. However, such relatively non- 
polar mixtures will inevitably exhibit slightly increased threshold voltages. 

By combining the ethanes presented above with positive dielectric and 
optically strong anisotropic LC-classes, mixtures with very low viscosities, 
large mesomorphic ranges, low elastic ratios k33/klI and rather high optical 
anisotropies were developed. Since the optical path difference 6 = An - d 
determining the contrast of a TN-LCD decreases with increasing tem- 
perature, large An-values lead, especially at high temperatures where An 
decreases, to improved results. Moreover, increased optical anisotropies 
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NEW LIQUID CRYSTAL MATERIALS 147 

are compatible with small display gaps d,  thus allowing to further reduce 
the response times of the LCD. Figure 2 shows the static (upper part) and 
the dynamic (lower part) transmission characteristics of a TN-LCD com- 
prising the fast response and wide temperature range ethane-mixture 2706 
from F. Hoffmann-La Roche. In agreement with the low k33/k,,-values of 
2706, Figure 2 shows that very steep characteristics are indeed obtained. 
From Figure 2 follows the maximum number N,, of multiplexable lines at 
a given temperature and vertical light incidence N,,, (22°C) = 73; where 

0 Lo 

0 

> 

,- 3.0 

x 
0 29 
Q 
L" 
n 

- 103 
m 
E 

m 
aJ 

+ .E 102 

- 
I 1  I I I 1 1  1 1 1  , -  

-20 0 20 40 60 
Temper at ure [: O C 1  

I I l l l l I I , ,  

22oc -2OOC 
I I 1  l l I 1 I I I  

3.2 3.4 3.6 3.8 4.0 
Reduced Temperature 1/T [lo-3 O K - ' ]  

FIGURE 2 Static (upper part) and dynamic (lower part) transmission characteristics of low 
bias tilt TN-LCDs (cell gap d = 8 pm) comprising mixture 2706 and its temperature compen- 
sated counterpart 2706c8 respectively. Measurements made at vertical light incidence. Mix- 
ture 2706 exhibits the following data (at 22°C): q = 21.5 cP, k , ,  = 17.6 x lo-" N ,  
kZ,  = 7.71 x lo-'' N, k , , / k l l  = 1.07, no = 1.497, An = 0.135, E H  = 8.72, LIE = 5.40, 
T," < -40°C and TNl = 86°C. 
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I48 M. SCHADT er a / .  

Because of the temperature dependence of the transmission characteristics, 
N,, decreases with increasing width of the operating temperature range if 
no external temperature dependent drive voltage regulation is used. Thus, 
if 2706 has to be multiplexed over the extreme temperature range from 
-30°C to +75"C, i.e. over 105"C, one obtains N,,, (-30, +75"C) = 3.4 
from the static temperature dependence in Figure 2. This result shows that 
multiplexing of car dashboard LCDs is very difficult to achieve if no 
temperature compensation of the LCD characteristics is provided. To ex- 
tend the good multiplexing properties of 2706 for TN-LCDs with 8 pm cell 
gaps over the above extreme temperature range, a well-defined temperature 
dependent left-handed pitch was induced'' in 2706 by doping the mixture 
with suitable optically active additives. The upper part of Figure 2 shows 
the resulting considerably reduced temperature dependence of the compen- 
sated mixture denominated 2706c8. Due to the compensation a remarkable 
increase of N,,, (2706) = 3.4 to N,,, (2706c8) = 9.7 was achieved over 
the temperature range -30°C.. . . . +75"C (Figure 2). 

From the dynamic data depicted in the lower part of Figure 2 follows, 
in accordance with the low viscosity of 2706 (see text of Figure 2), a short 
total response time (ton + 5 700 ms at -20°C. A detailed description 
of the electro-optical measuring conditions used can be found in  Ref. 5 .  

3.2. Very high-information density, dual-frequency addressable 
LC-materials for twisted nematic LCDs 

We have recently derived analytical approximations which describe the 
influence of LC-material properties on the static electro-optical per- 
formance of dual-frequency addressed LCDs. Moreover, LC-materials 
were developed which render dual-frequency addressing of LCDs appli- 
cable for the first time. As a result, remarkable improvements of the 
number of multiplexable lines of TN-LCDs by up to a factor of 30, com- 
pared with conventionally addressed TN-LCDs, were achieved.I2 The ex- 
ceptionally low cross-over frequenciesf, and the large, as well as adjustable 
dielectric anisotropies A E ~  and AE" of the new mixtures are essentially due 
to the tetracyclic chloro diesters and pyridazines presented in paragraph 2 
(Table 1). Table 111 shows the dielectric and viscous data of such a dual- 
frequency addressable mixture denominated M. 

Figure 3 shows static electro-optical characteristics of a TN-LCD 
comprising the dual-frequency mixture M (dashed graphs) as well as 
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FIGURE 3 Static TN-LCD transmission characteristics at T = 22°C of the fast response, 
wide-range mixture 2701 and the dual-frequency addressable mixture M. The two graphs 
on the left were recorded with a driving frequency ff = 80 Hz. The dashed graph on the 
right was recorded while superimposing a high-frequency voltage V H  (10 kHz)- 
where V H / V I o . L  = 1 = constant-was superimposed on the TN-LCD comprising mixture 
M. The data on M are depicted in Table 111, while those of 2701 (at 22°C) are: 7 = 24.8 cP, 
k , ,  = 18.5 X lo-" N, kzz = 8.93 X lo-" N, k,,/kll = 1.17. n = 1.500, An = 0.142, 
E , ,  I = 9.55, A& = 6.19, T, < -40°C and TNI = 91°C. 

characteristics of the low k33/kll-ratio, wide temperature range ethane- 
mixture 2701 (solid graph). Due to the low elastic ratios of M and 2701, 
both displays exhibit steep characteristics with N,,, (2701) = 76 and 
N,,, (M) = 74 respectively (Figure 3). The dashed graph on the left in 
Figure 3 was recorded while no high-frequency voltage V, (10 kHz J;.) 
was superimposed on the swept, low-frequency driving voltage 
VL(80 Hz G fc). Figure 3 shows that the superposition of the constant high- 
frequency voltage V ,  = VIo,L = 3.46 volts on V,  leads (i) to a shift of the 
characteristics of the TN-LCD comprising mixture M and (ii) to a steeper 
slope. As a consequence, the maximum number of multiplexable lines 
increases to N,,, = 608! (dashed graph on the right in Figure 3). We have 
shown" that still larger N,, values can be obtained by either increasing the 
dielectric ratio IAE,/AE~I of mixture M or by increasing V, ,  This follows 
from the approximation'* 
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I50 M. SCHADT et a1 

where pL = p ( V H  = 0) and p H  = p ( V H  # 0) is the parameter character- 
izing the slope of the dual-frequency addressed TN-LCD. Therefore, if one 
considers time-multiplexing ratios of I : 16 or 1 : 32 as state of the art with 
conventional high-multiplexing LC-materials (i.e. with elastic ratios 
k33/kl] = 1 . 1 )  the above results indicate that the information density of 
future TN-LCDs can reach those of plasma displays. 

3.3. Negative and positive contrast guest-host-LCDs, dual-frequency 
addressable hosts 

Because of the flat transmission characteristics of GH-LCDs comprising 
conventional nematic hosts and homogeneous, as well as homeotropic 
boundaries, the above LCDs could, so far, virtually not be multiplexed.20 
However, we have shown recently that dual-frequency addressable ne- 
matic, as well as cholesteric hosts, can be realized and that GH-LCDs ex- 
hibiting either positive or negative optical contrast can be made using such 
materials. l 3  Negative optical contrast results if displays with homogeneous 
(parallel) wall alignment, driven by a low-frequency voltage V L y l  G fc) are 
used; whereas positive contrast is obtained in displays with homeotropic 
boundaries driven by a high-frequency voltage VHY;, Bf,). Since in the 
case of negative contrast AEL > 0 holds, the nematic director A of the host 
aligns parallel to an applied electric field E (fL +fc); whereas, due to 
AE" < 0 for E (fH + A ) ,  perpendicular alignment results with the same 
host in the positive contrast, dual-frequency addressable GH-LCD. 

Figure 4 shows recordings of the transmission of a homogeneously 
aligned GH-LCD containing the dual frequency addressable black GH- 
mixture MB (negative contrast graphs a and p). The data of M8 are 
summarized in Table 3. The black dyes used are similar to those reported 
earlier.20 Also depicted in Figure 4 are recordings of the transmission of a 
homeotropically aligned GH-LCD containing the same mixture ME (posi- 
tive contrast graphs y and 13). Moreover, to compare the positive contrast 
performance of MB with a conventional negative dielectric anisotropic host, 
Figure 4 also shows the transmission of a homeotropically aligned, low 
viscosity and strongly negative dielectric anisotropic pyridazine GH- 
mixture N comprising the same amount of black dyes as MS. The data of 
mixture N are summarized in the text of Figure 4. The dashed graph B in 
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FIGURE 4 Transmission characteristics of two homeorropicdy aligned GH-LCDs (positive 
contrast) comprising the strongly negative dielectric host N (graph N) and the dual-frequency 
addressable host Ms (graphs y and 6) respectively. Graphs a and p are recordings of the 
transmission characteristics of a homogeneously aligned GH-LCD (negative contrast) com- 
prising mixture MD. The data of mixture N (at 22°C) are: 11 = 38 cP, k , ,  = 14.7 x lo-‘, N, 
k,, = 6 .93  X lo-’’  N ,  k 3 3 / k i i  = 0 . 7 6 ,  E I I  = 4.00, A E  = - 4 . 9 2 ,  no = 1.482, 
An = 0.083, T,  < -5°C and TNI = 63°C. 
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Figure 4 was recorded while superimposing the high-frequency voltage 
VH = 1.5 VoL = 4.06 = volts = constant on V L ;  whereas the low-fre- 
yuency voltage V ,  = 2 VoH = 3.84 volts = constant was superimposed on 
VH upon recording the dashed graph 6 .  VoL and VoH are the threshold 
voltages of the respective mechanical deformations of A(M,) in the homo- 
geneous and homeotropic configuration respectively, i.e. 

VoL(VH = 0) = 7r(kll/EOAcL)I’* and 
Vo,(VL = 0) = n ( k 3 3 / ~ ~ A ~ L ) ” ’  (3) 

The results in Figure 4 show that negative and positive contrast GH-LCDs 
comprising M B  can be dual-frequency addressed which leads in both cases 
to considerably steeper slopes (see graphs /3 and a as well as 6 and y in 
Figure 4). It is interesting to note that doping the host mixture A4 with the 
black dyes slightly decreases the dielectric cross-over frequencyf, (see data 
of M and M B  in Table 111). As we have shown recently, the shift of the 
transmission characteristics of dual-frequency addressed GH-LCDs to- 
wards higher voltages depends on the dielectric ratio J A E , , \ / A E ~  of the host, 
as well as on VH/VoL and VL/VoH re~pectively.’~ 
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4. CONCLUSIONS 

We have presented four new classes of liquid crystals, each exhibiting 
distinct physical and electro-optical properties, such as very low vis- 
cosities, large mesomorphic temperature ranges, large negative dielectric 
anisotropies and/or low dielectric relaxation frequencies. Two classes of 
ethanes were shown to be applicable, for example, in mixtures for high 
contrast automotive TN-LCDs exhibiting fast total response times 
t < 700 ms at -20°C. When temperature compensated with optically ac- 
tive additives, remarkably large multiplexing ratios of - 10: 1 result over 
extreme operating temperature ranges exceeding 100°C. Due to their low 
elastic ratios k3 , /k l ,  = 1 ,  conventional time-multiplexing ratios of 32: 1 or 
64: I are feasible over temperature ranges 0°C.. . . S0"C with TN-LCDs 
containing ethanes. Pyridazines exhibit low viscosities despite their large 
negative dielectric anisotropy A & .  Thus, hosts for positive contrast GH- 
LCDs comprising them lead to low viscosities ~ ( 2 2 ° C )  = 38 CP at 
A~(22"c)  = - 5 .  The fourth class of new compounds, namely the tet- 
racyclic esters, contribute to rather unique static and dynamic dielectric 
phenomena in dual-frequency addressable mixtures. Thus, mixtures with 
exceptionally low cross-over frequencies fc(22"C) - 1 kHz and large 
static as well as high-frequency dielectric anisotropies > $4 and 
A E H  < -4 were achieved that were used in TN-LCDs as well as in positive 
and negative contrast GH-LCDs. Moreover, we have shown that dual- 
frequency addressable mixtures comprising such compounds lead to matrix 
TN-LCDs with remarkably high numbers of multiplexable lines 
N,, % 100, thus opening up the possibility to realize very high information 
density TN-LCDs, for example, for computer applications. 

Because of the high-frequency capacitive load, dual-frequency ad- 
dressed LCDs consume higher currents than the presently manufactured 
low- to medium-information density TN-LCDs. However, the presented 
new dual-frequency materials lead typically to a specific LCD capacity of 
-500 pF/cm2 ( E  = 5, d = 10 pm). Since, as we have shown, rather low 
high-frequency driving voltages V H c f H )  < 7 volts'* are required to increase 
the number of multiplexable lines of a 2f-addressed TN-LCD by a factor 
-30, a specific power consumption of -1.5 mW/cm* results for 

f H  = 10 kHz. Thus, considering that the effectively activated electrode 
area of a dot matrix display is <20% of its total area, the total power 
consumption of an A4-page sized TN-LCD (21 X 30 cm) becomes 
P < 200 mW. This figure is much smaller than that of any active display 
and shows that, even with respect to power consumption, the well known 
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advantages of the passive LCDs can be transferred into the high-informa- 
tion density display field which is at present exclusively dominated by 
active displays such as CRTs and plasma displays. 

References 
1. M. Schadt and W. Helfrich, Appl. Phys. Lett., 18, 127 (1971). 
2. G. H. Heilmeier and L. A. Zanoni, Appl. Phys. Lett., 13, 91 (1968). 
3. D. L. White and G. N. Taylor, J. Appl. Phys., 45, 4718 (1974). 
4. T. Uchida, H. Seki, C. Shishido, and M. Wada, Mol. Cryst. Liq. Cryst., 54, 161 (1979). 
5. M. Schadt and P. R. Gerber, Z. Nuturforsch., 37a, 165 (1982) andProc. SID. 23/1, 29 

6. A. Boller, H. Schemer, M. Schadt, and P. Wild, Proc. IEEE, 60, 1002 (1972). 
7. G. W. Gray, K.  J. Harrison, and J. A. Nash, Electron. Lett.. 9, 98 (1974). 
8. R. Eidenschink, D. Erdmann, J. Krause, and L. Pohl, Angew. Chem., 89, 103 (1977). 
9. R. Eidenschink, J. Krause, and L. Pohl, German Patent DE 2636684 (1978). 

10. R. Eidenschink, D. Erdrnann, J .  Krause, and L. Pohl, Proc. 10th Freiburger 
Arbeitstagung Fliissigkristalle, 26-28 March (1980). 

11. K. Praefke, D. Schmidt, and G. Heppke, Chem. Ztg., 104, 269 (1980). 
12. M. Schadt, Mol. Cryst. Liq. Cryst., 83, 77 (1982). 
13. M. Schadt, Appl. Phys. Lett., 41, 637 (1982). 
14. D. Dernus, H. J. Deutscher, F. Kuschel, and H. Schubert, DE 2429093 (1973). 
15. P. R. Gerber and M. Schadt, Z. Nuturjorsch., 37a, 179 (1982). 
16. A. Villiger, A. Boller, and M. Schadt, Z. Nuturjorsch., 34B, 1535 (1979). 
17. G. Meier and A. Saupe, Mol. Cryst. Liq. Cryst., 1, 515 (1966). 
18. A. C. Diogo and A. F. Martins, Portgul. Phys., 11, 47 (1980). 
19. P. Gerber, Phys. Lett., 78A, 285 (1980). 
20. M. Schadt and P. R. Gerber, Mol. Cryst. Liq. Cryst., 65,  241 (1981). 

(1982). 

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

0:
51

 2
1 

Fe
br

ua
ry

 2
01

3 




