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A study of the electroclinic effect in the smectic A* phase of 
mixtures with strongly chiral alkoxybiphenyl-phenyl 

carboxylate dopants 
by JASKARAN S. KANG and DAVID A. DUNMUR" 

Centre for Molecular Materials and Department of Chemistry, The University of 
Sheffield, Sheffield S3 7HF, IJnited Kingdom 

CHRISTOPHER J. BOOTH, JOHN W. GOODBY, and KENNETH J. TOYNE 
School of Chemistry, The University of Hull, Hull HU6 7RX, United Kingdom 

(Received 21 April 1995; in final form 3 July 1995; accepted 8 August 1995) 

A detailed investigation has been reported of the electroclinic behaviour in the smectic A* 
phase of eleven mixtures made up of a commercial achiral smectic C host and strongly chiral 
alkoxybiphenyl-phenyl carboxylate dopants. A new technique was used to measure the 
induced tilt angle as a function of electric field and temperature. For all the mixtures, the 
electroclinic response followed a Curie-Weiss type temperature dependence for measurements 
performed well away from the smectic A* to smectic C* phase transition temperature. The 
strength of the electroclinic response was evaluated for each mixture by determining the 
temperature independent ratio k/a (i.e. the electroclinic coupling susceptibility, k divided by 
the susceptibility coefficient controlling the induced tilt, a).  Analysis of the results showed 
that k/a of the mixtures was dependent on the type and position of the electronegative or 
polar substituents that affected the net dipole moment of the chiral dopants. In fact, the value 
of k/a was largest when fluorine was replaced by hydrogen in the lateral position and at the 
chiral centre. Furthermore, relatively short alkyl chains (e.g. C6HI3) at the chiral centre were 
preferred to longer ones (e.g. C1,H,,) for a larger electroclinic response. 

1. Introduction 
Tilted chiral smectic liquid crystals such as the chiral 

smectic C (S;) type have ferroelectric properties which 
offer fast speed, high contrast, and bistable electro-optic 
switching characteristics when the intrinsic helical struc- 
ture of these materials is suppressed [ 1,2]. Ferroelectric 
liquid crystals have two stable states with opposite 
spontaneous polarization, Ps, which can be switched 
from one state to the other on a time scale of a few 
microseconds with a small external electric field applied. 
However, in orthogonal chiral smectic liquid crystals 
such as the chiral smectic A (SX) type, the Ps is zero, 
but in these materials there exists a different switching 
mechanism which is typically 100 times faster. This is 
due to a phenomenon first reported by Garoff and 
Meyer [3,4] in the late seventies known as the elec- 
troclinic (or soft mode ferroelectric) effect which results 
from the induction of a molecular tilt, 6, relative to the 
layer normal on applying an electric field in the direction 
parallel to the layer planes. A symmetry argument at 
the molecular level describes the origin of this effect [4]. 

*Author for correspondence. 

The molecular long axis or director fi in the S i  phase 
lies in the direction parallel to the normal of the smectic 
layers. On application of a d.c. electric field, the natural 
behaviour of the molecules to rotate freely about their 
long axes is biased due to the tendency of the transverse 
component of the permanent dipole moment p to orient 
along the electric field, E. For an achiral system, the 
plane containing fi and p is a mirror plane, but if the 
molecules are chiral, all mirror symmetry is eliminated. 
Hence, the free energy is no longer symmetric about the 
fi and p plane, resulting in an induced tilt perpendicular 
to that plane. The linear coupling between the polariza- 
tion and the induced tilt represents the electroclinic 
response of the Sx phase [4]. 

The electroclinic effect can also be observed in higher 
ordered non-tilted chiral phases, e.g. S,*, E* [S, 61. 
Furthermore, a very small electric field-induced tilt of 
the optic axis in long pitch chiral nematics has been 
observed [7,8] and can be linked to the build up of 
smectic order which has the effect of quenching the local 
helical structure in the phase. Most studies of the elec- 
troclinic effect have been carried out in the Sx phase, 
because the induced tilt angle is relatively large in this 
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110 J. S. Kang et al. 

phase. and for a large number of materials, the S i  phase 
i \  exhibited over a wide temperature range. Since the 
magnitude of the electroclinic response is highly depend- 
ent on the strength of the coupling between tilt angle 
and polarization, in order to maximize the electroclinic 
response, compounds have been designed to exhibit a 
large Ps [9]. The induced tilt can be as large as -20" 
[ 10, 111, but typically is < - 10" [9, 12, 131 for a reason- 
able applied electric field (i.e. - 10 V pm-l). The rela- 
tively small induced ti1 t available can be compensated 
by using more than one electroclinic cell and/or other 
optical components so that it is possible to construct 
devices which provide full transmitted light modulation 
[13], and perform logic operations based on three 
different polarization states [ 141. An electroclinic device 
in conjunction with a suitable photosensor can be used 
as an optically addressed spatial light modulator which 
has generated interest recently for many potential 
applications (e.g. optical data processors, image ampli- 
fiers) [ 151. The electroclinic response varies continu- 
ously with the field and does not show bistability so 
that continuous grey scale or even colour scan applica- 
tions are possible [ 13, 161. Switching behaviour and the 
electro-optic response of the electroclinic effect have 
been investigated in detail by Abdulhalim and Moddel 
[17]. A summary of the basic principles and experi- 
mental background of the electroclinic effect is provided 
by Anderson et a!. [ 181. The potential and limitations 

of using the electroclinic effect in device applications is 
reviewed by Davey and Crossland 1191. 

For fundamental research. the electroclinic efTect can 
be used as a probe for studying the critical behaviour of 
the S i  + S z  phase transition [20,21]. One recent study 
by Glogarova et a/.  1221 reported how the electroclinic 
parameters were influenced by chirality. In their work, 
the left and right-handed versions of a '3: material were 
mixed to change the substance's chirality. In our work, 
we have aimed at developing the electroclinic effect as a 
method for investigating the chiral strength of molecules 
by establishing quantitative relationships between elec- 
troclinic phenomena and structure of chiral molecules. 
Hitherto, little work involving structure-property cor- 
relations of the electroclinic effect has been performed 
[lo, 231. Bahr et al. [24] have reported results for an 
homologous series of liquid crystals and showed that 
the electroclinic response was increased slightly as the 
length of the terminal alkyl chain was increased, as well 
as showing odd-even behaviour. In this paper, we report 
electroclinic measurements on mixtures with a commer- 
cial achiral S, host doped with strongly chiral alkoxybi- 
phenyl-phenyl carboxylate materials. Some of these 
dopants exhibit antiferroelectric and ferrielectric phases. 
and their structures are illustrated in the table. We show 
how the electroclinic response is influenced by the 
molecular structure of these dopants and discuss the 
possible reasons for the structure-property relationships 

Phase behaviour of the alkoxybiphenyl-pheiiyl carboxylates 

Compound Phase transition temperaturerC 
number 

config.) A B C I s: (ferro) (ferA) (an tiferro) Cr 
(Absolute SF SP s.r* 

H 
F 
H 
F 
F 
H 
F 
H 
H 
I-. 
F 

131.7 
1075 
124.0 
100.1 
95.6 
93.8 
736 

120.6 
132.4 
94.4 

105.5 

0 

122.0 
89.5 

113.9 
85.7 
80.9 
84.0 
59.9 

112.5 
114.5 
76.3 
85.3 

0 
0 

0 

0 

- 

107.8 
81.9 0 79.0 
93.5 43.1 
59.3 46.9 

83.9 

68.0 56.1 
- 

~ 

37.3 
31.0 
35.9 
32.2 
34.7 0 
38.9 

<23.6" 
55.5 
60.9 
44.9 
47.4 a 

Data recorded by thermal polarizing microscopy at a cooling rate of -2"Cmin-' 
"Thermal equilibrium could not be maintained. 
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Dopant effect on Sx electroclinic effect 111 

observed. Furthermore, we discuss how the electroclinic 
measurements were performed using a new experimental 
arrangement. 

2. Theory 
To interpret our experimental results presented later, 

we need to consider the mean field theory which can be 
used to describe the main features of the electroclinic 
effect. The Landau free energy density of the S z  phase 
in the presence of an electric field applied parallel to the 
smectic layers can be written to fourth order in 8 as 
[ 4,251: 

1 
8n 

G = G o + f A 8 2 + i B 8 4 + $ ~ p 1 P 2 -  P E - - E ~ . , E ~ - ~ ~ P .  

(1) 
The first three terms are the beginning of the Landau 
series expansion where Go represents the contribution 
to G for the S; phase without the electric field applied. 
For a racemic mixture, A is zero at the phase transition 
temperature (To) so that A K (T-  To), and B is a temper- 
ature independent constant. The following three terms 
of the series describe the electrostatic free energy, where 
P is the component of the average molecular polarization 
parallel to E,  c0 is the dielectric constant without contri- 
butions from the permanent dipole moment, and xp is 
the generalized susceptibility. Finally, the last term 
shown in equation ( 1) represents the electroclinic coup- 
ling between P and B to first order, where q is the 
electroclinic coupling constant. Only the terms PE and 
v8P in equation ( 1 )  depend on the chirality of the system. 

We can minimize with respect to P, by setting aG/BP = 

0, and obtain the result: 

p = xp(E  + v6') (2) 

which can be substituted for P in equation (1) to give: 

G = Go +*(A - xPq2)8' + - xpqE8 

1 
8n 

- - (Eg + 4xxp)E2. (3)  

In the coefficient of B 2 ,  the appearance of the extra term 
xpv2 represents a shift in the phase transition from To 
due to the coupling of P and 8 [3,4]. Hence, for a 
chiral mixture, if we set A' = A - xpv2 for simplicity, 
then A' = a ( T  - z), where a is a constant and T,  is the 
temperature of the S i  + S$ phase transition. Now, if E 
is the only independent variable, we can minimize G 
with respect to 6 by setting BGji38 = 0 and obtain the 
result: 

(4) 

At sufficiently small fields and correspondingly small 8, 
the induced tilt is always linearly proportional to E ,  so 

A'@ + ~ e 3  - x p r ~  = o 

that equation (4) can be simplified to: 

However, on approaching close to T,  the contribution 
of the B03 term in equation (4) increases substantially 
with an increasing field, which implies non-linear behavi- 
our of 8. In fact, for large fields and for temperatures 
close to T,, 0 is expected to be proportional to E", where 
a lies in the range f < CI < 1 [26]. For a.c. electric fields, 
the induced tilt angle is modulated, and it has been 
suggested [14] that close to T,, the a.c. electroclinic 
response may include contributions from the molecular 
tilt (soft mode) and changes in the azimuthal angle 
(Goldstone mode) as the tilt angle changes sign. In this 
work, we have only used d.c. fields for measuring the 
electroclinic response, and so there will be no contribu- 
tions from the Goldstone mode. Hence, we used the 
following expression to analyse our results: 

8 = ecE ( 6 )  

and the electroclinic coefficient, e, is given by: 

( 7 )  

where k = x p q .  Physically, u can be thought of as a 
susceptibility coefficient controlling the tilt of fi. 
Glogarova et al. [ 2 2 ]  inferred from their results that u 
was chirality independent, but it was shown that q varied 
linearly with substance chirality. This suggests k may 
give a measure of the chiral strength of a material. 
However, the magnitude of the ratio k/u gives a temper- 
ature independent measure of the electroclinic strength 
for a particular material. Therefore, it is important to 
be aware that a large electroclinic response may be due 
to a strong coupling between P and 6' (large k)  or an 
easy to tilt Sx phase (small a). Hence, ideally, it would 
be useful to measure both k and a to determine which 
is the dominant parameter controlling the strength of 
the electroclinic response. In fact, it is possible to measure 
k by performing simultaneous measurements of 8/E and 
the relative dielectric constant as a function of temper- 
ature [21]. To obtain values of k it is necessary also to 
perform dielectric measurements on the corresponding 
racemic mixture to take into account the polarization 
due to other causes (e.g. orientation). Unfortunately in 
this work, the corresponding racemic mixtures were 
not available, but since we were most interested in 
the overall electroclinic strength of the materials and 
how structural differences influenced this strength, the 
measurement of kla was sufficient for our purposes. 
Furthermore, we have assumed that a of the Sc host is 
not modified by the chiral dopant and is not likely 
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112 J. S. Kang et al. 

to change significantly for relatively low dopant 
concentrations. 

3. Experimental details 
Earlier work to measure the electroclinic effect has 

either used manual signal nulling with a polarizing 
microscope [ 10,271, or more commonly and accurately, 
synchronized detection of a modulated optical signal 
provided by a rotating analyser [28] or induced by the 
sample with an a.c. electric field applied, e.g. [ 25, 29, 301. 
In our set-up for measuring the electroclinic response 
shown in figure 1, the polarized light originating from a 
5 mW He-Ne laser (632.8 nm) source was modulated 
using a strain-induced birefringence device known as 
a photoelastic modulator. The optical elements were 
positioned at particular angles as shown in figure 1. On 
using matrix methods, the transmitted intensity (I) 
detected at the photodiode and measured by an EG&G, 
model 5210, lock-in amplifier can be expressed as: 

I = $10 { 1 - f[ 1 + cos bs] cos (2pAr + 6,) 

-+[ 1 - cos a s ]  cos (48 - 2pAr + 6,)) (8) 
where 6 ,  is the modulator retardation, pA, is the angle 
of rotation of the analyser, and the sample retardation 
S, can be expressed as: 

27cAlld 
&= - (9) 

/. 

where d is the sample thickness and An is the birefrin- 
gence of the sample. Since 6, varies sinusoidially with 
time as bM = Dsinot,  where D is a proportionality 

constant, and if x = 2pAr or x = 46 - 2p,, then: 

cos (x + 6 , )  = cos x cos ( D  sin w f )  - sin x sin (D sin wt)  
(10) 

This can be expanded as a series in Bessel functions 
containing terms dependent on the fundamental fre- 
quency (o), the sccond harmonic ( ~ c o ) ,  and other higher 
harmonics: 

1 
1 

cc 

cos (x + 6 , )  = cos x Jo(D)  + 2 c d,,(D) cos 2 h t  
l = I  

3c 

[ 
-sin x 2 J,l+,(D)sin(2E + 1)tot 

I = O  

= Jo(D)  cos x - 2J1 ( D )  sin wt sin x 

+ 2J,(D) cos (2tot) cos x - . . . (11) 

Hence, on considering only the fundamental frequency 
signal, the expression in (10) can be written as: 

cos (2pAr + 6,) = - 2J1 ( D )  sin cot sin ( 2pAr) ( 12) 

or 

cos (46 - 2pAr + 6,) = - 25, (D) sin cot sin (48 - 2p,J 
(13) 

Substituting expressions (12) and (13) in equation (8) 
gives a useful general equation for detection at the 
fundamental frequency. 

I = ~ I , J , ( D )  sin wt{ [ 1 + cos S,] sin(2pAr) 

+ [ 1 - cos S,] sin (48 - 2pAr)) i 14) 

PHOTO- 
t V  

t PHOTOELASTIC 
MODULATOR 

(PEM) a _....... -0 
He-Ne 
LASER 

ANALYSER 4 QUARTER-WAVE POLARISER 
-V PLATE 

SAMPLE 

Figure 1. Experimental set-up for studying the electroclinic effect as a function of electric field and temperature. 
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Dopant effect on Sx electroclinic effect 113 

where Jl(D) is the first order Bessel function and is 
optimized (i.e. Jl(D) = 0,582) by setting the peak-to-peak 
retardation of the modulator to 371 nm. Figure 2 illus- 
trates how the w signal measured by the lock-in ampli- 
fier, corresponding to the intensity in equation (14), 
varies as a function of pA, for a fixed 6, and various 
induced tilts. If pA, = O", equation (14) can be simplified 
to: 

Zps=8+450 =&,J1(D)(l -cos6,)sinwtsin48 (15) 

If 0 is replaced by 0' = 6, - p s  in equation ( 15), where ps 
is the angle of rotation of the sample stage, the funda- 
mental frequency signal is zero when p s  = 0. Hence, 0 
could be determined by measuring the angle of rotation 
of the sample stage when the o signal is nulled for a 
particular d.c. voltage applied to the sample. However, 
this manual method of measuring the induced tilt angle 
tended to be subjective and time consuming. 

We decided on a method for automatic measurement 
of the induced tilt angle by measuring a ratio of intensit- 
ies. This method required no additional optics and the 
precision in measuring the induced tilt angle was better 
than k0.01". Now, if the sample stage is rotated by 
22.5" from the w signal null position with no electric 
field applied to the sample so that l3 = O", equation (15) 
can be written as: 

Ips=67.5" = + I , J ~ ( D ) (  1 - cos 6,)  sin cot (16) 

On dividing equation (15) by equation (16) we obtain 
an expression which can be used to evaluate 8 on 
measuring a ratio of intensities (i.e. Zps=8+45e  and 

Z p s = 6 7 . 5 0 )  and without the necd for continuously rotating 
the sample stage: 

This was confirmed by reproducing some of the results 
obtained manually. During the experiment, Ips= 67.5a was 
measured initially by rotating the sample stage by 22.5" 
from the position in figure 1 and recording the magni- 
tude displayed on the lock-in amplifier. As this was the 
maximum value of the o signal, the error in determining 
this value was very small. The sample stage was returned 
to ps = 45" and the residual voltage was noted from the 
magnitude displayed, but usually this value was too 
small to be significant. With no voltage applied to the 
sample cell, only a second harmonic (20) signal was 
detected at the photodiode. On applying d.c. voltages to 
the sample in - 2 3  V steps, controlled by a Viglen PC, 
an increasing 0 signal corresponding to the induced tilt 
appeared at the photodiode as well as the 2 0  signal. 
Knowing Zps=67.50 the PC evaluated and recorded 0 as 
a function of electric field at a particular temperature. 
This procedure was repeated at each temperature. In 
this technique, the application of only d.c. fields to the 
sample avoided the formation of the striped texture 
exhibited on applying ax. fields, as reported by Pave1 
and Glogarova [31]. This domain formation can cause 
erroneous readings in the tilt angle due to the reduced 
birefringence and increased light scattering [ 321. The 
d.c. fields may induce a very small ionic charge in the 

0 50 100 150 200 250 

P A ,  I 

Figure 2. Plots of the magnitude of the fundamental frequency signal as a function of pA,, described by equation (14) for a fixed 
value of An = 0.2 and varying 8. 
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114 J. S. Kang et (21. 

8 -  . 

bulk and result in possible screening effects. However, 
we have shown that these effects are insignificant by 
reproducing the electroclinic results for Merck mixture 
764E [25] determined by a.c. fields without the 
formation of the striped texture. 

Most of the electroclinic measurements were per- 
formed using commercial cells made of two indium-tin 
oxide glass plates separated by a spacer of 5 or 7.5pm 
thickness. The inner surfaces of these plates were coated 
with polyamide and buffed to induce planar alignment 
in the sample. Although different cell thicknesses were 
used, this should not influence the electroclinic behavi- 
our, because the effect has been established to be cell 
thickness independent [ 331. However, for very thin cells 
(i.e. - 1 pm), the surface alignment may constrain the 
effect [34]. The cells were filled with the liquid crystal 
sample by capillary action. The temperature stability of 
the sample cell in the cell holder system was better than 
*0.05"C and the sample cell was maintained at constant 
temperature for -5min before performing each run as 
a function of voltage. 

Measurements of T, were performed to  normalize the 
electroclinic results. By using the set-up in figure 1, the 
sample was cooled with a small sinusoidal ax. field 
applied (i.e. -6Vp-p at -10Hz). As the sample pro- 
gressed from the Sx phase to the S z  phase, a strong 
switching fundamental frequency signal appeared on the 
oscilloscope connected to the signal input of the lock-in 
amplifier. The temperature at which the switching 
occurred suddenly was measured and denoted as T,. 

4. Results and discussion 
To perform a reliable study of the electroclinic effect 

in the Sx phase, it is essential that the alignment of the 

0 

0 

0 

materials in this phase is of the highest quality. Normally, 
excellent alignment in the Sx phase can be obtained by 
cooling slowly from the N* phase to the SX phase. 
However, the N* phase is absent from all of the alkoxybi- 
phenyl-phenyl carboxylate chiral dopants in the table. 
As expected, the alignment for these materials was poor 
when using commercial cells with either polyamide or 
polyimide aligning layers, and cooling slowly from the 
isotropic phase to the S; phase, with or without applying 
electric fields having a wide range of frequencies and 
magnitudes. Nevertheless, it has been reported that 
some SX materials can be aligned successfully just by 
cooling slowly from the isotropic phase to the S i  phase 
[24]. In fact, good alignment for one of the compounds 
was obtained in certain regions of a 7.5ym thick cell 
which was constructed in the laboratory with polyamide 
aligning layers. Electroclinic results determined from a 
well-aligned region are shown in figure 3 for compound 
4(R).  Results at the lower temperature are non-linear, 
most likely due to the measurements being made close to 
T,. At 95.9"C, the results are linear and e, - 0.38"V'  pm 
was obtained on performing a linear least-squares fit. 

To satisfy the phase behaviour requirements necessary 
to perform reliable electroclinic measurements, we used 
a two component system of a S, host SCE12(base), 
composed of fluorophenyl-biphenyl carboxylates doped 
with the guest chiral compounds. The chiral dopants 
were completely miscible in the host at a concentration 
of - 5  per cent weight fraction (w/w). All the mixtures 
exhibited the N*, S,*, and SX phases. The presence of 
the S: phase below the Sx phase ensured a large induced 
effect in the S z  phase and T,  could be used to normalize 
the electroclinic results. Since SCE12( base) has relatively 

0 A 

0 

0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 5 10 15 20 25 30 

Applied electric field / V/pm 

Figure 3. Graph of induced tilt angle as a function of electric field at two temperatures for compound 4(R). For 
measurements were performed by manual means (see $ 3 ) .  The solid line represents the least-squares fit of the 
data at 959°C. 
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Dopant efect on Sx electroclinic effect 115 

atures and were therefore less likely to degrade while 
making electroclinic measurements. In figure 4 measure- 
ments of T,  of the mixtures are presented. Chiral com- 

low phase transition temperatures [i.e. T(S, -, S,) = 
64°C and T(N -, S,) = S O T ] ,  the resulting mixtures 
correspondingly exhibited low phase transition temper- 

I I I t I I I I 1 I I 1 
13- 

0.5 

0.4 

. 

50 I , I I I I I I , I I 
1 2  3 4 5 6 7 8 9 10 11 

Compound number 

Figure 4. Variation of T, for the mixtures of the strongly chiral alkoxybiphenyl-phenyl carboxylate compounds doped in 
SCE12(base) at a concentration of - 5 per cent (w/w). Substituents refer to the positions on the general structural formula in 
the table at A, R, and C, respectively. 

- 

- 

0 62.29"C 
+ 6451°C * 65.75"C 
0 6 7 3 ° C  
x 6 9 . 2 6 0 ~  i + '  

** + 70.72"C I 
0 72.32"C 1 
* 74.10"C *** 8" ++++ .* 

0 5 10 15 
Applied electric field / (V/pm) 

Figure 5.  Graph of the induced tilt angle as a function of electric field and temperature for the mixture 5.4 per cent (w/w) 
compound 3(R)/94.6 per cent (w/w) SCE12( base). The solid lines represent linear least-squares fits to the experimental data. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
8
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



116 J. S. Kang et  al. 

ponents with fluorine in the A position induce higher T, 
in the mixtures than those with H in that position. As 
the alkyl chain at C becomes longer, T, increases if H is 
in the A position, but decreases slightly if F is in that 
position. In the B position, CH,F tends to lower T,  
significantly when there is a C6HI3 group at C. However, 
the strong positive influence on T,  of CH20C6H13 at C 
compensates for the negative influence of CH,F. 

Electroclinic measurements were performed on all 
eleven mixtures in the commercial planar aligning cells. 
Excellent alignment was obtained for the mixtures in 
the S; phase. Figures 5 and 6 show typical measurements 
of the electroclinic response as a function of electric 
field. Linear least-squares data fits were performed to 
evaluate the gradients (i.e. e,)  of the results in the linear 
regions for E < - l O V p m ~  and at temperatures of 
T - 7; 3 - 5°C as a function of temperature. In figure 7, 
these results for the mixtures are presented and all 
show Curie-Weiss type temperature dependence, i.e. e, 
is inversely proportional to the normalized temperature. 
Deviation from linearity tended to occur for data points 
near T,. Most of these results are omitted from figure 7, 
since we are interested only in the linear regions. The 
gradients (i.e. k/a)  of the linear graphs in figure 7 give a 
temperature independent measure of the electroclinic 
strength of the mixtures. 

Figure 8 shows how the structure of the chiral dopants 
affect k/u. The values of kia for the mixtures are relatively 
small (i.e. k/a  - 0.03-0.22' V-' pm "C) because of the 
low chiral dopant concentration. By making a crude 
extrapolation, the pure chiral materials may have 
k/u - 1-4V-' pm 'C. Recently, using the half leaky 
guided mode technique. compound C7 [ 341 was 
determined to have a smaller value of kia (1.e. - 0.48 V I pm "C). Bahr et ul. [ 241 have reported values 
of k / a  for an homologous series of pure chiral com- 
pounds (i.e. k/a  - 2.6-3.1 V-'  pm " C )  which are within 
the approximate range for those of the pure alkoxy- 
biphenyl-phenyl carboxylates. On the whole, the elec- 
troclinic response is increased significantly when F is 
replaced by H in the A position or when CH3 is replaced 
by CH,F in the B position. For example, the value of 
k/a  for compound 1 (S) is almost twice that of compound 
2(S).  This may be explained by the strongly electro- 
negative F reducing the effectiveness of the CO dipole 
moment. However, replacing the alkyl chain at C with 
CH, OC6H,, increased the electroclinic response, minim- 
izing the negative influence of F in the A position. For 
example, compounds 9(S) and 11(S) have values of k/a 
in the range -0.11-0.13"V-' pm 'C,  whereas k/a  for 
compound 1O(S) has dropped to -0.04'V-I p m T .  
This may be due to the lone pairs on the oxygen of 
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Figure6. Graph of the induced tilt angle as a function of electric field and temperature for the mixture 5.5 per cent (w/w) 
compound 8(S)/94.5 per cent (w/w) SCE12(base). The solid lines represent linear least-squares fits to the experimental data. 
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Figure 7. The influence of the reciprocal normalized tcmperature on e, for all the mixtures with host SCE12(base) doped with 
the strongly chiral alkoxybiphenyl-phenyl carboxylate compounds. The solid lines represent the linear least-squares fit to the 
experimental data. 
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Figure 8. The effect of the structure of strongly chiral alkoxybiphenyl-phenyl carboxylate compounds doped in SCE12( base) on 
k/u. Substituents refer to the positions on the general structural formula in the table at A, B, and C,  respectively. 

CH,OC6HI3 and the CO dipole at  the chiral centre 
combining to give a larger net dipole moment compon- 
ent. As the alkyl chain length increases at either the B 

or C positions, the electroclinic response decreases. 
However, the opposite would have been expected, since 
lengthening the alkyl chain at B or C should increase 
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the steric hindrance to the rotation of the asymmetric 
centre about the long axis of the molecule and so should 
increase the response. 

5. Conclusion 
We have reported an alternative method for automatic 

measurement of the electric field-induced tilt angle in 
the SW phase and applied this technique successfully for 
measuring the electroclinic behaviour of mixtures of a 
S, host doped with strongly chiral compounds. In the 
pure electroclinic switching regime, the soft mode 
response of the mixtures was modelled well by a typical 
Curie-Weiss type temperature dependence. We have 
demonstrated that the magnitude of the electroclinic 
effect was dependent on the net dipole moment compon- 
ent of the dopant chiral molecules, determined by the 
position and type of electronegative or polar substituent 
attached. Analysis of the structure-property relation- 
ships showed that the dopants without a lateral fluorine, 
and relatively short alkyl chains at the chiral centres 
tended to induce the largest electroclinic response. 
Furthermore, we have established that the magnitude of 
the electroclinic response does not always give a reliable 
measure of the chiral strength of a material, since it is 
important to take into account the achiral effects contrib- 
uting to the net dipole moment component, as well as 
the ease of tilt as measured by a, to determine the true 
molecular chiral influence on the electroclinic effect. 
However, the structure-property work presented in this 
paper will help in designing improved electroclinic 
materials for the future. 

We would like to thank the UK Science and 
Engineering Research Council (SERC) and the Defence 
Research Agency (DRA) at Malsern, UK for financially 
supporting this work. 
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