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Novel low threshold nematic mixtures are presented exhibiting very low dielectric cross-
over frequencies f; = 1 kHz at 20°C and unusually large, low- as well as high-frequency
dielectric anisotropies AeL > 4 and Aen < 4 respectively. Aer and Aen are shown to be
independently adjustable. The frequency and temperature dependence of the dielectric
constants as well as the optical, elastic and viscous material constants are measured. Ap-
proximations are derived which quantitatively describe the influence of the LC material
properties on the static electro-optical performance of dual-frequency addressed twisted
nematic displays. It is shown that the number of multiplexable lines of dual-frequency
addressed TN-LCDs comprising the new materials can be increased by more than a fac-
tor of 30 compared with conventional addressing. Moreover, very short turn-off times
are reported.

. INTRODUCTION

A number of studies have been reported on the dispersion of the paral-
lel dielectric constant ¢, in nematic liquid crystals. "4 Due to the liquid
crystalline-specific intermolecular forces the dispersion region of ¢ lies
at exceptionally low frequencies compared with those of e. Or €isotropic. 24

The dispersion of ¢ occurs in most nematics above 100 kHz at room
temperature. However, a few materials have been reported exhibiting
cross-over frequencies f; in the 3-20 kHz range.>” Since the change of
sign of the dielectric anisotropy at f: causes the nematic director to
change its field-induced direction of alignment, dielectric dispersion
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phenomena can in principle be used to influence the electro-optical
properties of field-effects at relatively low frequencies.®™*?

The question arose whether it would be possible to find nematic
materials with very large static as well as high-frequency dielectric
anisotropies which could be adjusted independently from each other.
Moreover, to render the substances applicable the cross-over frequen-
cies of such materials should remain very low, i.e. below ~2 kHz at
room temperature. Other points of interest are the effects of low fre-
quency dielectric relaxation phenomena and related liquid crystal
material properties on the electro-optical performance of the twisted
nematic effect'* (TN-LCDs). The present study should also quantita-
tively give insight into the possibilities and limitations of dual-fre-
quency addressing of TN-LCDs and its influence on their multiplexing
performance.

2. DIELECTRIC PROPERTIES OF LOW CROSS-OVER
FREQUENCY NEMATICS

2A. Basic concept

The strongly hindered rotation of nematic molecules around their
short axes leads to the dispersion of the parallel dielectric constant
en(w) with increasing angular frequency w. At the cross-over frequency
Je the positive dielectric anisotropy Ae can become zero; i.e. €(w. =
27f.) = e Increasing w further causes Ae(w) to change sign. On the
other hand the rotation around the long molecular axes is almost not
hindered in nematics. As a consequence no dispersion of the perpendic-
ular dielectric constant e; occurs up to microwave frequencies.’ Since
our interest focuses on low-frequency relaxation phenomena (f < 100
kHz), we shall in the following assume e, = constant.

Besides on temperature the low-frequency dispersion ¢,(w) depends
on molecular structural properties such as polarity, rigidity and length
of the molecules and—in case of mixtures—on their composition. For
a single relaxation process the frequency dependence of ¢;(w) is given by?

%—w%’ r « exp(E/kT); (1)

where ¢ = ¢)(w = 0) and €= = €¢;(w = 2°) are the static and the high-
frequency parallel dielectric constants respectively. The relaxation time
T = 1/w, in Eq. (1) is determined by the frequency where ej(w.) =
(en — €»)/2. According to the theory of Maier and Meier the dispersion
step (e) — €«) in Eq. (1) increases for molecules with large longitudinal

&(w) = €x +
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permanent dipole moments f:

47 NhF?

2 .
KT wi(1 + 28); )

(&1 — €=) =
where N = Avogadro’s number, 4 = cavity field factor, F = Onsager
reaction field and S = nematic order parameter. Eq. (2) holds if gy
coincides with the nematic director 4. From Eq. (2) follows that the
dispersion step (ey — €«) depends, like ¢, essentially on . (e} — €=)
and ¢ are therefore interdependent parameters. €., on the other hand,
does not depend on the parallel dielectric properties of the liquid crys-
tal and is therefore independent from ¢; and (¢) — €~). As a conse-
quence it is in general not possible with a single liquid crystal compo-
nent to achieve (a) a large dispersion step and (b) independently
adjustable low- and high-frequency dielectric anisotropies AeL =
Ae(w € wc) and Aen = Ae(w > w.) respectively. However, since Ae of
a blisnary mixture is related with Ae* and Ae® of its components A and B
by

Ae = maAe® + msA€®; ma + ms =1, (3)

we are going to show that the above conditions as well as the require-
ment of a low cross-over frequency f. can be realized in mixtures com-
prising at least two suitable components. ma and mp in Eq. (3) are the
molar amounts of the components.

To render component A suitable we assume it to exhibit a large posi-
tive static dielectric anisotropy Aef 3 0 and a low cross-over frequency
f;‘ of eﬁ\(w). For component B we assume A <0 andfi3 >f‘c‘. Then,
from Aél > 0 and Eqgs. (2) and (3) follows that the dispersion step
(en — €=) of the mixture can be made large enough to cause its dielec-
tric anisotropy Ae(w) to change sign at f.. The nematic director of the
mixture will therefore align homeotropically at frequencies f< f.
(7| E), whereas for f > f. realignment into the homogeneous state oc-
curs (AL E). Due to f2 > f the low-frequency dispersion of €)(w) and
the height of the dispersion step of the mixture are essentially deter-
mined by the dispersion of molecules A only. However, molecules B
may affect the onset of the dispersion via viscosity effects, thus causing
f. of the mixture to deviate from f2. Since e, = constant holds up to
microwave frequencies one obtains from Eqs. (1) and (3) for the fre-
quency dependence of the dielectric anisotropy of a binary mixture
comprising the above specified components A and B

Ae(w)=mA[ (1‘"+ e"‘) + meAEE — mact. (4)
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In the static limit Egs. (3) and (4) are identical, i.e. Ae{w <€ wo) = AerL.
In the high frequency limit Eq. (4) becomes

Ae(w > w) = Aen = ma(ed — €) + mpAé®. (5)

Equations (3), (4) and (5) describe the static, the frequency-dependent
and the high-frequency dielectric anisotropies of the mixture. They
allow for a given pair of components with given dielectric properties to
adjust the parameters Aer and Aen independently by choosing ma and
mg appropriately. One can show that analogous equations hold for
multicomponent mixtures if their components fulfill the above defined
requirements.

2B. LC-materlals and properties

To obtain large mesomorphic ranges as well as low crossover frequen-
cies combined with rather low viscosities, three multicomponent mix-
tures M1, M2 and M3 were designed according to paragraph 2a using
novel componentst A and B. To experimentally determine the influ-
ence of the dielectric anisotropies AeL and Aen on the electro-optical
performance of TN-LCDs (c.f. paragraph 3) the ratios | Aen/AeL| of
M1, M2 and M3 were chosen ~1, ~0.5 and ~2 respectively. The fol-
lowing four-ring esters used as components A exhibit very low cross-
over frequencies and large longitudinal permanent dipole moments:

cl oH
3
R Co0 —@—coo ¢
@\/C_CN
eN

As strongly negative dielectric anisotropic compounds, pyridazines
with the following structure were used:

R~ H':J,l}—R'

The static dielectric constants of component A measured at (T, —10°C)
are s = 10.0and ¢, = 26.3 for R = C¢H,3;i.e. Ae(A) = 16.3. Extrapo-
lation of dielectric measurements made in nematic binary mixtures

t The pyridazines were synthesized by Dr. G. Trickes, whereas the four-ring esters
were synthesized by Dr. A. Villiger and Dr. M. Petrzilka of our laboratories. The synthe-
sis and additional physical data of the new compounds will be published elsewhere.
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gives ex = 15.5 and ¢, = 7.2 at 10°C below the monotropic tempera-
ture T of the pyridazine with R = CsH;; and R = C3Hy; i.e; Ae(B) =
—8.3. The melting and clearing temperatures (Tn, T¢) of compounds A
and B are (118°C, 264°C) and (66°C, 14°C) respectively.

Figure 1 shows measurements of the temperature and frequency de-
pendence ¢)(w) and e(w) of mixture M 1. The results show that M1 ex-
hibits a very low cross-over frequency f. = 1.4 kHz at room tempera-
ture and large symmetric low- and high frequency dielectric anisotropies
Aer and Aen respectively. The measurements confirm the assumption
used in paragraph 2a that e, = constant in the frequency range studied.
From Figure 1 it follows that virtually no dispersion of e{w) occurs for
frequencies f1. < 80 Hz and temperatures as low as 10°C; i.e. M1 exhib-
its maximum positive dielectric anisotropy Aer. At the high frequency
and temperature end fu < 50 kHz is sufficient up to ~37°C to obtain
maximum negative dielectric anisotropy Aen (Figure 1). Thus, M1 al-
lows full dual-frequency addressing between 10°C and 37°C with driv-
ing frequencies fL < 80 Hz and fi < 50 kHz respectively. At room
temperature fu can be reduced to 10 kHz (Figure 1).

Figure 2 shows dielectric relaxation measurements made at constant
temperature T = 22°C using mixtures M1, M2 and M3. M2 and M3
exhibit—unlike M1—unsymmetrical anisotropies Aer, and Aen. Their
cross-over frequencies are similar to f.(M1).

To characterize the temperature dependence of the dielectric disper-

]6 T Ll T 1 I ] T LB I T T LI} | T T LI | L T T 1
U mixture M1 _
12 .-EII p——, —
10 -1
W
w 8 'EJ_ —
6 -
41— o o 0
f.(10°) o
2 1 ' | I e | 1 1l 1 1 aal 1 L
10 102 103 10* 10° 108

Frequency [Hz]

FIGURE 1| Measurements of the temperature and frequency dependences of ¢ and e.
of mixture M1.
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FIGURE 2 Frequency dependence ey(f) of mixtures M1, M2 and M3 measured at
T = 22°C = constant. The measurements of ¢; show no frequency dependency.

sion, measurements of f(1/T) of the three mixtures are plotted in Fig-
ure 3. The results show an exponential dependence with a rather large
activation energy E = 0.96 eV for M3. The activation energies of M1
and M2 are comparable (Figure 3). f: of all three mixtures does not ex-
ceed 20 kHz for temperatures T < 40°C (Figure 3).

Table 1 summarizes the dielectric data of M1, M2 and M3 at 22°C.
Besides, Table 1 shows measurements of the bulk viscosity 7, the ordi-
nary refractive index n, measured-at 550 nm, the optical anisotropy An,
the splay (k11), twist (k22) and bend (k33) elastic constants as well as the
nematic~isotropic transition temperature T.. It is interesting to note
that the mixtures exhibit rather low k33/k); ratios that lead to steep
transmission characteristics in conventionally, low-frequency driven TN-
LCDs (c.f. paragraph 3). Moreover, Table 1 shows that the bulk viscos-
ities are rather low considering the very low values for f; and the high
transition temperatures T¢. Thus, reasonably fast turn-on times of TN-
LCDs operated at low driving frequencies can be expected. Table 1
shows that the material constants of M1, M2 and M3 are similar except
for AeL and Aen. Therefore, and because the mixtures can be blended
among each other without leading to crystallization it is possible to ad-
just | Aen/AeL| between ~0.5 and ~2 by blending.
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FIGURE 3 Measured temperature dependence of the cross-over frequency f. of mix-
tures M1, M2 and M3.

3. DIELECTRIC RELAXATION AND STATIC
ELECTRO-OPTICS OF FIELD-EFFECTS

3A. Theory
In the following it will be shown how dual-frequency addressing and
liquid crystal material parameters affect and improve the transmission
characteristics of TN-LCDs.

If a high frequency voltage V(f > f.) = Vu is superimposed on a low
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frequency voltage V(f <€ f:) = VL applied to a TN-LCD, the field-in-
duced energy in the liquid crystal layer corresponding to a transmis-
sion of X% is given by

AeLVi(Vu) — | Aen | VE = AeLVi{(Vu = 0). (5

Since LC-materials with low threshold voltages are desirable, | Ae| > 0
holds in practice. Therefore, and because the dielectric displacement
D = eoeE = constant, the electric field £ cannot be assumed to remain
constant in the liquid crystal layer for voltages exceeding the threshold
voltage V. of the field-induced mechanical deformation of the helix.
Strictly, Eq. (5) is therefore only correct for voltages ¥V < V.. However,
to a first approximation and to obtain analytical expressions we shall
assume in the following Eq. (5) to hold also for voltages exceeding V..
Then, from the definition of the parameter p = (Vso — V10)/ V1o used
to characterize the slope of the electro-optical transmission character-
istics and from Eq. (5) follows:

| Aen| |
AeL

Vie(V) = Vie(Vu = 0) + ——

_ Vi(Vu=0) _ |Aex
(1 + po)? AeL

where V1o and Vs, are the voltages required to obtain 10% and 50%
transmission respectively; pL = p(¥u = 0). Equation (6) describes the
shift of the transmission characteristics towards higher voltages which
occurs when superimposing Vu on Vi,

To determine the influence of ¥y and of the LC-material properties
on the multiplexability of the cell, whose maximum number Nmax of
multiplexable lines can be described by'®

(1+pP+ 1] 2,
(1+p)—1
the dependence pu = p(VH, Aer, Aen) has to be determined. Since an

equation analogous to Eq. (6) holds for Vso( V'u), one obtains from the
definition of p and Eq. (6)

|AEH| ( L)Z 172
+1
(L v Aer \ Vo,

pu = | Aen| 2 — L ®)
1+
Aer ( VlOL)

where VioL = Vi (Vu = 0). The parameter py in Eq. (8) characterizes

Vh, (6)

Nmax = )]
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the slope of the transmission characteristics if a high-frequency voltage
Vu is superimposed on V1. Equation (8) shows that pu decreases for in-
creasing dielectric ratio | Aen/AeL| and/or increasing voltage ratio
Vu/VioL. The multiplexing improvement of dual-frequency addressing
compared with single-frequency driving can be characterized by the
following ratio which follows from Eq. (7):

Naax _[[Q+ pu)* + 1[0 + pu)’ — 1]
News LI+ pw)? = 1[0 + o + 11

Niax = Nuax (P = 0) and N3y = Neax (Vu) denote the respective
maximum numbers of multiplexable lines in case of single and dual-
frequency addressing. From Egs. (8) and (9) and the low-frequency
electro-optical parameters py, and Vo follows the dependence Niaz/
N versus a superimposed high-frequency voltage Vu.

The validity of Egs. (6)-(9), whose low-frequency transmission pa-
rameters pr, Vip and Vso implicitly contain the LC-material constants
determining the electro-optical characteristics of the specific field-effect
considered, is not restricted to TN-LCDs. The approximations are also
applicable to other field effects as long as Eq. (5) holds. In case of zero
bias tilt TN-LCDs the following recently derived analytical approxi-
mations' for pr and Fso which hold for vertical light incidence can be
inserted:

©)

1.044)
2+«

Vso(Vu = 0) = V¢[2.044 -

[1 + 0.123(y* - 1)] -[1 + 0.1321nA2—';d (10)

2
pL==0.133 + 0.0266« + 0.0443(1n éﬂ)

vk ay

From the definition of py, and the approximations in Egs. (10) and (11)
follows

And\?
Vil(Vit = 0) = Vso(Vu = 0)~[o.ss — 0.024« — 0.04 (m%) ]; (12)
where x = (kas/kin — 1), v = AeL/es, An = (n. — n,), d = electrode
spacing and A = wavelength of transmitted light. For a 90° twisted
helix the threshold voltage V, of the field-induced mechanical deforma-
tion is given by

ki — 2k22)] 12

(kn + 2

Vc =
" [ €0ldeL
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The approximations in Egs. (6)-(12) describe the influence of the di-
electric, the optical and the elastic LC-material constants as well as the
influence of Vu on the electro-optical transmission characteristics of
dual-frequency addressed TN-LCDs at vertical light incidence.

3B. Dual-frequency addressed TN-LCDs; experimental

The electro-optical measurements were performed in transmission at
vertical light incidence using low bias tilt TN-LCDs (6 = 2°) with 10 um
electrode spacing and m/4 twist angle. The experiments were made at
22°C.

Figures 4 and 5 show transmission characteristics of TN-LCDs
comprising mixtures M2 and M3 respectively. For each graph a differ-
ent high-frequency voltage Vu characterized by the ratio Vu/Vior =
constant was used; where Vo = Vio(Vu = 0) designates the conven-
tional low frequency driving voltage required to obtain 10% transmis-
sion. The values of Vo1 follow from the first graph on the left of each
figure for which Vu/VioL = 0. The measurements in Figure 4 and Fig-

mixture M2

n

Transmission

10
Driving Voltage (V+V,) [volts]

FIGURE 4 Transmission characteristics of TN-LCDs comprising mixture M2 re-
corded at 22°C at driving frequencies fL = 80 Hz and fi = 10 kHz respectively. The five
graphs were recorded with ¥y = constant superimposed on VL. Vi for each graph fol-
lows from the voltage ratios VPu/VioL =0, 0.572, 1.144, 1.716, 2.290 and from
Vio. = 2.50 volts. From the slopes of the transmission characteristics follow the indi-
cated parameters p.
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FIGURE 5 Transmission characteristics of TN-LCDs comprising mixture M3 meas-
ured at 22°C with driving frequencies fi. = 80 Hz and fi = 10 kHz respectively. The re-
spective constant high frequency driving voltages V' applied during each recording fol-
low from the voltage ratios Fu/ VioL = 0, 0.560, 1.123, 1.684, 2.245 and from VoL = 3.46
volts.

ure 5 show that M2 with its low dielectric ratio | Aen| /AeL. compared
with that of M3 (Table 1) leads to a considerably lower shift of the
transmission characteristics with increasing voltage ratio Vu/VioL.
Thus, while M2 whose threshold voltage VoL is only 30% lower than
that of M3 can still be operated at 6 volts for Vu/VioL =2, M3 re-
quires 14 volts (c.f. Figures 4 and 5). On the other hand the slopes of
the transmission characteristics show a considerably greater increase
for TN-LCDs comprising mixtures with large high frequency dielectric
anisotropy, i.e. | Aen| /Ae 3 1 (c.f. Figures 4 and 5 and Table 1). In the
case of M3 this leads for Vu/VyoL 2= 2 to a remarkable improvement of
the maximum number of multiglexable lines compared with low-fre-
quency addressing; i.e. N B s/ Nuax = 39 (Figure 5). These findings are
qualitatively in agreement with Eqs. (6) and (8). Moreover, by inserting
the respective material constants from Table 1 into Egs. (10)-(12) it can
be shown that the approximations (10)-(12) agree with the experimen-
tally determined transmission values pL, V1oL and Vsor within 5-10%.

To compare the measured dependence of the transmission character-
istics on Vu and | Aen | /Aer, quantitatively with the approximation of
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FIGURE 6 Measured and calculated dependence of the 10% transmission voltage
Vion = Vio(Vn) versus high frequency driving voltage ¥u superimposed on V1 of TN-
LCDs comprising the respective mixtures M1, M2 and M3. T = 22°C = constant;
SfL=280 Hz, fu=20 kHz. |Aen|/Ae. of Table 1 and the measured voltages
VieL(M1) = 2.30 volts, Vio.(M2) = 2.50 volts and ¥10,L(M3) = 3.46 volts were used for
the calculation.

Eq. (6), plots of measured and calculated values of ¥}, versus ¥} are
depicted in Figure 6. The straight lines obtained are in good agreement
with the linear dependence Vio(Vu) « ¥} predicted by Eq. (6). Figure
6 shows that the values of Vo n calculated from Eq. (6) by using the
measurements of | Aen| /AeL (Table 1) and Vie(Vu = 0) (c.f. text of
Figure 6) deviate systematically by 10% from the measurements. How-
ever, considering the approximative character of Eq. (6) the agreement
in Figure 6 is surprisingly good.

Figure 7 shows measured and from the approximation (9) calculated
multiplexing ratios N max/ N faax plotted versus Vu/VioL of TN-LCDs
comprising mixtures M1, M2 and M3. The parameters pu in Eq. (9)
were determined from Eq. (8) using | Ae(10kHz) | /Aew of Table 1 and
measurements of pr.. Comparing measured and calculated graphs in
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FIGURE 7 At 22°C measured and calculated multiplexing ratios N/ Nhax versus
voltage ratio ¥u/Vio(¥n) of TN-LCDs comprising mixtures M1, M2 and M3 respec-
tively; fr. = 80 Hz, fu = 10 kHz.

Figure 7 shows that approximation (9) verifies the improved multiplex-
ing performance of dual-frequency addressing compared with conven-
tional addressing rather well for LC-materials with | Aen|/AeL S 1
and high-frequency voltages Vu < 2VjoL. For materials with | Aen |/
Aer, > | and Vu = 1.5 increasingly strong deviations occur between
measurement and calculation (c.f. graphs for M3 in Figure 7).

Due to the change of sign of the dielectric anisotropy which occurs
when changing the driving frequency of the display voltage from
JL = fu, very fast turn-off times can be obtained with dual-frequency
addressable LC-materials. The measurements in Figure 8 show an ex-
ample for the response improvement upon actively switching a TN-
LCD. The active turn-off time 4 turns out to be 17-times faster than
the passive turn-off time 5 (Figure 8). Since both signals S1 and §2
induce the same field-induced angular momentum when switching the
display on at ¢t = 0 (Figure 8), the turn-on time 15 induced by the gated
signal S1 is identical to that corresponding to the frequency change
Ju — fLof §2.
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FIGURE 8 Electro-optical response measurements of a TN-LCD comprising mixture
M3; electrode spacing d = 10 um. The turn-on time 15, (0-50%) and the turn-off time 23
(100-10%) correspond to the conventional low frequency gated driving signal S, applied
at time 7 = 0 to the display. The 80 Hz rms voltage of S is 3 V1o, = 10.4 volts. The turn-
off time ¢5%™ (100~10%) correspond to the driving signal S2 whose rms voltage of 10.4
volts remains constant but whose driving frequency is switched from f1, = 80 Hz to
Ju =10 kHz and vice versa at the times indicated by S2 at the bottom of the Figure.

4. CONCLUSIONS

It could be shown that dual-frequency addressable nematic liquid crys-
tals with exceptionally low cross-over frequencies, f: ~ 1 kHz, rather
low viscosity and independently adjustable low- and high-frequency
dielectric anisotropies AeL = (ey — €1) and Aen = (€= — €1) can be
made by blending suitable strongly positive dielectric anisotropic ne-
matics with suitable negative dielectric materials. The frequency- and
composition dependence of the dielectric properties are shown. To
study the influence of AeL and Aen on the electro-optical performance
of displays, three nematic mixtures were investigated with ratios
| Aen | /AeL ranging from 0.5-2. Their dielectric, elastic, optical and
viscous material properties were quantitatively related with their electro-
optical performance in twisted nematic displays.

Measurements of the electro-optical transmission characteristics of
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TN-LCDs comprising dielectrically strongly different nematics were
compared with analytical approximations derived to describe the in-
fluence of dual-frequency addressing and LC-material properties on
the multiplexability and operating voltage of TN-LCDs. It could be
shown that rather low operating voltages, very fast turn-off times
and—compared with conventionally driven displays—remarkably in-
creased multiplexing ratios Nias/Nmax > 30 can be achieved. The re-
sults indicate that high information density displays with multiplexing
ratios up to ~250:1 that can be operated in the temperature range
~10°C to ~40°C are feasible.
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