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Properties of new ferroelectric materials 

by A. M. LACKNER, S. M. WONG, K.-C. LIM and J. D. MARGERUM 
Hughes Research Laboratories, 301 I Malibu Canyon Road, Malibu, 

California 90265, U.S.A. 

and M. E. NEUBERT 
Liquid Crystal Institute, Kent State University, Kent, Ohio 44242, U.S.A. 

A homologous series of chiral 4-(3-methylpentyl)benzenethio-4’-n-alkoxy- 
benzoates has been studied. These thioesters display a ferroelectric, chiral smectic 
C phase in addition to cholesteric and smectic A phases. A comparison is made 
between the thioester series and a phenylbenzoate, having the same molecular 
end group. The effect of the different central linkage on the transition temperature, 
and on the physical and ferroelectric liquid crystal (FLC) properties has been 
investigated. Several mixtures, containing these thioester components, were 
calculated and formulated to obtain room temperature chiral smectic C phases. 
Spontaneous polarization P, values and electro-optical response times are corre- 
lated with chemical structures. Although these thioesters have very low P, values, 
they are useful components for FLC mixtures because of their convenient chiral 
smectic C temperature ranges and their low viscosities. 

1. Introduction 
Ferroelectric liquid crystals (FLCs) are potentially attractive for devices, because 

they permit direct interaction of the liquid crystal with an electric field in both the 
turn-on and turn-off directions by reversing the polarity of the field. The switching 
times can be much faster than in nematic electro-optic effects, partly because of the 
field interaction with the directional polarization of bistable FLCs. The basic ferroelec- 
tric liquid-crystal properties, discovered by Meyer [ 11, demonstrated that a tilted smectic 
phase formed from chiral mesogenic molecules possesses an electric dipole, which is 
perpendicular to the molecular tilt direction, and parallel to the smectic layer plane. 
Clark first demonstrated [2, 31 surface-stabilized ferroelectric liquid-crystal devices of 
1-2 pm thickness with microsecond responses at elevated temperatures. In recent 
years numerous components and room-temperature mixtures have been synthesized 
[4, 51 for fast electro-optic applications. In the present work we report studies of the 
formulation and characterization of new room-temperature FLC mixtures containing 
thioester components. This work was initiated to evaluate the use of alkyl, alkoxy 
thioesters as FLC components, which we expected to have a good chiral smectic C 
range and a lower viscosity than the dialkoxy phenyl benzoate structures being used. 
The transitional properties of the single components and their eutectic mixtures were 
evaluated, together with the measurements of their electro-optic properties. 

2. Experimental 
We have studied a homologous series of optically active branched-chain thioesters. 

The synthetic procedure for this 4-(3-methylpentyl)benzenethio-4’-n-alkoxybenzoate 
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1260 A. M. Lackner et ul. 

series was described by Neubert et ul. [6]. To formulate various room-temperature 
eutectic mixtures, we have synthesized ester components, such as the dioctyloxyphenyl 
benzoate (80-08) and (+)-2-methylbutyl 4-(4-n-octyloxyphenyI)benzoate (BE08), a 
known FLC component [4]. For the BE08, we used a standard synthetic procedure 
[7], namely hydrolysis of the octyloxycyanobiphenyl (BDH-M24) starting material, 
followed by the reaction of the octyloxyphenylbenzoic acid with the optically active 
2-methylbutanol. Two new esters (E010 and E0101) were synthesized with terminal 
substit uents containing carbonyl groups [8], and their chemical structures are shown 
in table I .  Commercially available phenylbenzoate (W82) and lactic ether (W7 and 
W37) FLC materials [9] were also used for mixture preparations. The transition 
temperature and heat of fusion A H  measurements were done on a Mettler Differential 
Scanning Calorimeter TA2000B System (scanning at 3°C min- ' ); the smectic phases 
were identified on a Zeiss polarizing microscope equipped with a Mettler FP5 hot 
stage (heating rate at 2 or 3°C min-I). The pitch of the FLC components was recorded 
by optical microscopy, and the twist direction by contact studies with known 
materials. Dielectric anisotropy was measured in the SA phase, near the S z  transition 
temperature, using a 7 kG magnetic field [lo]. For the measurement of the electro- 
optic: properties, transmission mode test cells were fabricated from indium-tin oxide 
(ITO) coated optical flats, with 2.5 pm thick SiO,r spacers, or 5.0 pm Mylar spacers. 
The FLC alignment was obtained by directional rubbing of the spin-coated polyimide 
layer on the conductive I T 0  layer. 

The experimental apparatus for the simultaneous measurement of the ferroelectric 
and optical responses is shown in figure I .  PI and P2 are a pair of cross-polarizers, 
C is a parallel-aligned thin FLC cell with one of its stable optic axes parallel to the 
optic axes of one of the polarizers. The intensity of the light transmitted through P1 
and P2 was measured with a photodiode. Low-frequency square-wave signals from 
the signal generator were amplified and applied serially across the FLC cell and a load 
resistans: R, .  The displacement current, due to the charge stored in the capacitance 
of the cell, and the spontaneous polarization of the FLC were measured as the voltage 
drop across the load resistance. The signals from the photodiode and the load 
resistancl: were stored in a Tektronix storage oscilloscope and analysed with an 
IBM-AT computer. A square-wave driving voltage of k 7 O V  was used across an 

C 

STORAGE 
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Figure 1. Optical set-up used for the spontaneous-polarization measurements. 
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1262 A. M. Lackner et al. 

approximately 5 pm thick surface-stabilized FLC sample cell. Response-function data 
were corrected for the RC time constant of the sample cell, the displacement current 
due to the capacitance, and the conductivity of the liquid crystal. For temperature- 
dependence measurements, the sample cells were heated in an oven with temperature 
stability (of 0.1"C. 

3. Results and discussion 
3. I .  Thermal properties 

Optically active thioesters were considered here for ferroelectric liquid-crystal 
studies because of indications that they would have more smectic phases and wider 
temperature ranges than the corresponding phenylbenzoates. Dialkoxy thiophenyl- 
benzoates have been reported [ 11, 121, but the branched chain alkyl-alkoxy thioesters 
promised to have lower viscosity and therefore a faster response time. For alignment 
of the FIXs and device fabrication, the following four-phase sequence is considered 
important [13]: chiral smectic C (S,*), smectic A (S,), cholesteric (Ch of N*) and 
isotropic (I). Most of the 4-(3-methylpentyl)benzenethio-4'-n-alkoxybenzoate homo- 
logues showed all of these phases, with the s,* phases not far above room temperature. 
The transition temperatures for the 7-10 carbon chain thioesters are in good agreement 
with prior measurements [6] and are listed as the first four components in table 1 .  The 
freezing points (C) of the chiral thioesters were observed while cooling the samples. 
The heat of fusion data were calculated by integrating the crystalline-to-S,* transition 
peak. All four branched-chain thioesters have a left-handed twist direction with a 
small pitch of about 4 pm. These components all have positive dielectric anisotropy 
(A&). Measurement of a binary mixture of SO7 + SO10 gave A& = 0.2 in the nematic 
phase at 65°C and A& = 0.1 in the smectic C* phase (25-55°C). The last two 
components listed in table 1 are optically active 2-octanol phenylbenzoate derivatives, 
which have no apparent liquid-crystalline phases, but which are useful as dopants. 
The ( + )-2-methylbutyl 4-(4-n-octyloxyphenyI)benzoate (BE08), used in a table 2 
mixture, showed both S, and S,* phases on cooling, with a chiral smectic C range of 
37-44"C, in good agreement with Goodby [4]. 

With these newly synthesized FLC components and some commercially obtained 
components, we calculated room-temperature eutectic mixtures, using a revised version 
of the computer program in [14], based on the Schroeder-van Laar equation, pre- 
viously set up for calculation of nematic mixtures. The S,*-S, and S,-N* transition 
tempmalures were calculated as the arithmetic averages of the components' phase 
transition temperatures multiplied by their mole fraction used in the FLC mixture. 
The calculated transition temperatures for smectic mixtures were all in good agree- 
ment with experimental data. We have formulated wide-temperature-range chiral 
smectic C mixtures, with accurately predicted transition temperatures for their 
smectic .4 and nematic phases. Four typical mixtures, listed in table 2, showed good 
agreement between experimental and calculated phase-transition values. These 
mixture$, represent examples of a binary thioester mixture (FLC- I),  the combination 
of thioesters with phenylbenzoates (FLC-7, -l4), and the combination of thioester 
with it lactic ether phenylbenzoate (FLC-26). We found that the spontaneous polar- 
ization i:; very low for the thioester components and their mixture. However, they are 
favourable as FLC hosts because of their good smectic temperature ranges and their 
ease of mixing with other ester structured components. A binary thioester mixture had 
a 25-58°C S,* range, while mixing three chiral thioesters and a non-chiral phenyl- 
benzoate with an S, phase extended the FLC phase to a 3-60°C range. The close 
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AT 20% EOlO + 80% FLC1, P, > 2.9 nC cm2 
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Figure 2. Phase diagram of chiral 4-(4’-n-decyloxybenzoyloxy)-l -methylheptylbenzoate 
crystal component (EOIO) and FLC-1 thioester mixture, where FLC-1 is 47 per cent SO7 
and 53 per cent SOIO. 

Table 2. Eutectic FLC mixtures: calculated versus measured properties 

Mixture HRL-FLC- 1 HRL-FLC-7 HRL-FLC- 14 HRL-FLC-26 

Components S07, SOlO S07, S08, SOlO S07, S08, SOlO S07, SOlO 
thioesters __ 80-08 BE08 w37 
phen ylbenzoates ______ 

Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas. 
~~ 

Melting pointPC 22.1 25.0 9.4 3.4 7.3 i 22 12.7 <22 
Transition 60.3 58.6 60.8 60.0 57.4 53.3 48.2 48.5 

temperaturePC 62.3 65.2 63.9 65.8 
s,* --f S A  67.6 67.3 69.6 69.1 67.6 66.5 59.8 61.0 
SA -+ N* 
SA, N* -+ 1 

P,/nCcm-* at < I  - 2  0.4 - 5 I .O 
21°C 

agreement of measured versus calculated transition temperatures for FLC- 14 and 
FLC-26 indicated favourable mixing of optically active thioesters, esters and lactic 
ether phenylbenzoates. 

The binary thioester mixture FLC-I was used as a host for studies of the optically 
active 2-octanol derivatives, which have a large molecular dipole but lack any liquid- 
crystalline properties. This was the inverse of a prior report [15] in which an achiral 
thioester component was mixed with a chiral 2-octanol derivative (Merck S811) to 
form an S,* phase. We determined a phase diagram with mixtures containing up to 
25 per cent of EOlO in FLC-I, shown in figure 2, where the transition temperatures 
and smectic-phase identification were obtained with the microscope hot stage. 
This showed a very narrow cholesteric range (only with less than 5 per cent EOlO), 
but a wide smectic A phase, and a room temperature chiral smectic C phase up to 
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1264 A. M. Lackner et al. 

25 per cent EOlO concentrations. We select the mixture with 20 per cent EOlO and 
80 per cent FLC-I for more detailed testing, it had an S,* range extending from below 
20 to 33°C. 

3.2. Electro-optic properties 
The switching time of ferroelectric liquid crystals is nominally related to P, by: 

5 Fz vllPsE, 

where P, i s  the spontaneous polarization, E is the applied field strength and q is the 
viscosity. The switching time can be decreased by increasing the value of P,. However, 
except for the sign of P, with respect to helicity [15], the prediction of the magnitude 
of the resultant P, for a mixture of liquid crystals is not straightforward. We have 
investigated the result of mixing two different classes of FLC materials. Our results 
for mixing a lactic ether (W7) with a phenylbenzoate (W82), or with a thioester such 
as SO8 showed that &, given in table 3, is less than the arithmetic average of the 
components, even though all three components have the same sign, +?,. The W7 
component did not improve the P, value, as expected, but the mixtures did form 
binary eul.ectics, as shown by good agreement of the experimental and predicted 
transition temperatures. 

Table 3 .  Comparison of chiral thioester and ester properties in binary mixtures with W7 lactic 
ether phen ylbenzoate 

~ 

Mixture? TS(tSA/0C TSAl i”C P, f/nC cm-2 Response timefjms 
1 : l  

~- ~ _ _ _ _ ~  
SOSjW7 43.7 55.0 3.3 0.35 
W82(W7 49.0 60.8 4.5 0.51 

CH3 

w7 := ~ 1 0 ~ 2 1 0  ---(+-c~: +ocH2 ;HOCH2CH3 

CH3 

w82 C1L)H210*c:: *OCH, CH2 CH2;H I CH2 CH3 

C H 3  
1 Mcasured at  21”C, with f 70V, 15 Hz signal, electrode 3.1 cm2, cell spacing 5pm. 

The temperature dependence of P, for the samples of W82/W7 and SOSjW7 are 
shown in figures 3 and 4. The linear scale plots (see figure 3) show that P, vanishes 
above T,, i is expected. The log-log plot of P, versus T - T, (see figure 4) shows that 
P, decreases according to P, N (T  - T,)’.’; the exponent of 0.5 is slightly higher than 
most published values [16]. Both samples have similar temperature dependences, as 
shown in figures 3 and 4. The square-wave-driven (& 70 V, 15 Hz) optical response 
times at 21°C of the samples W82/W7 and SOSjW7 are 0.51 and 0.35ms respectively. 
The faster response time observed with the SO8jW7 mixture (despite its smaller P, 
value) clearly indicates that this SO8 alkyl alkoxy thioester component has a lower 
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Figure 3. Temperature effect on the spontaneous polarization of SO8jW7 and W82/W7 
FLC mixtures. 

10 

0.5 I I 1  , I l l  
1 5 10 50 
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Figure 4. Spontaneous polarization versus reduced temperature in SO8jW7 and W82/W7 
FLC mixtures. 

room temperature viscosity than the W82 dialkoxy phenylbenzoate. As shown in 
table 3 ,  the S08/W7 mixture has a ST-SA transition temperature that is about 5°C 
lower than for the W82/W7 mixture; this would contribute to the lower viscosity of 
the former mixture. However, this effect is compensated for by the smaller P, value 
and is probably small compared with the chemical structure differences. 

The optically active 2-octanol phenylbenzoate derivative EOlO was expected to 
have a high P,, because of its conjugated structure and strong electric dipole (see 
table 1). We studied the effect of inserting a -CH2 spacing group into this structure, 
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1266 A. M.  Lackner et al. 

thereby reducing the conjugation and moving the chiral centre further away from the 
core in thi: EOlOl component. These solids did not show liquid-crystalline phases and 
so we evaluated their electro-optic properties in a thioester host, 80 per cent FLC-1/20 
per cent lE010 and 80 per cent FLC-1/20 per cent EOlOl (in weight per cent). The 
chiraY group in EOlO is more rigidly connected to the centre core than in E0101, 
where the optically active carbon was further separated by a methylene group. EOlO 
and EOlCll are not FLCs; however, because of the expected strengthening of the 
conjugation in E010; it should have a larger mixture-induced P, compared with that 
of EOlOl This is indeed the case; the measured P, for FLC-l/EOlO was more than 
2.9nCcrn-* and for FLC-l/EOlOI, P, < 0.01 nCcm-’ at 21°C. From the measured 
spontaneous-polarization values, we extrapolated P, > 12 and < 0.1 nCcm-2 for the 
EOlO and the EOlOl single components respectively. We are not able to align the 
FLC- 1 /EOlO for surface stabilization. From visual microscopic observation, it 
appeared to have an extremely short pitch, which may account for the difficulty in 
alignmen i. Because of the poor alignment of the sample, the actual P, could be higher 
than the measured value of 2.9nCcrn-’. For the FLC-I/EOIOI, it had reasonably 
good alignment, and the measured value for P, of 0.01 nC cm-’ is near the limit of our 
instrumental resolution. In both cases, because of the low P, of the host FLC, FLC-1, 
we did not expect the 20 per cent doped mixtures to have high P, values. 

A more interesting aspect of the thioester mixtures is in some of their resultant 
response times. The response time of FLC-l/E0101 is 0.155ms (at 21°C with 70V, 
15 Hi! square-wave signal across a 5 pm thick cell), which is quite fast considering that 
the P, of the mixture is nearly zero (< 0.01 nC cm-’). This result is potentially 
important, as it implies that the viscosity of thioester-type mixture is low. Although 
the ttiioester itself may have a very low Ps, it could be used as a component in mixtures 
of FLCs to improve the switching speed of the resultant FLC materials. 

We are indebted to Willis H. Smith, Jr., for his assistance with the ferroelectric 
liquid-crjstal alignment and D.S.C. studies. 
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