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New Chiral Series with Large Tilt Angle
in the Ferroelectric Smectic Phase

P. CLUZEAU?", M. ISMAILI®, A. ANAKKAR2, M. FOULON?®, A. BABEAUP
and H. T. NGUYENP

8] aboratoire de Dynamique et Structure des matériaux Moléculaires, UPRESA
CNRS 8024, Bétiment P5, Université de Lille I, 59655 Villeneuve d'Ascq, France
and bCentre de Recherche Paul Pascal, CNRS, Avenue A. Schweitzer, 33600
Pessac, France

A new series of chiral homologous thiobenzoates with aliphatic end chains ranging from heptyloxy to
dodecyloxy has been synthesized. It has been characterized by optical microscopy, DSC, pitch meas-
urements and electro-optical study. The typical phase sequence of this series on heating is SmC N*,
BP], BPII and I phases. The interesting feature of these compounds is to exhibit the SmC *N* phase
transition; moreover the tilt angle in the ferroelectric smectic phase is very large (~ 45°) and
quasi-temperature independent.

Keywords: ferroelectric liquid crystal; large tilt angie

| INTRODUCTION

Despide of the recent discovery of a new class of ferroelectric liquid crystals
built up with achiral polyphilic molecules [1] or recently, banana-shape mole-
cules [2]; conventional ferroelectric liquid crystals remain of a considerable the-
oretical and technological interest [3].

This paper presents a detailed analysis of a new chiral series derived from
4-alkoxy-4'-mercaptobiphenyl. All the compounds of this series (in short nBSM-
HOB; n varies from 7 to 12) exhibit the SmC*-N* phase transition. The molecu-
lar tilt angle 6 in the SmC” phase displays high values up to 45° and is
quasi-temperature independent.

These compounds are convenient to study critical phenomena at the SmC*-N*
phase transition on free standing film [4]. Moreover, owing to the tilt angle value
of 45°, this series is potentially interesting to realize electrooptical device with a

* Corresponding author.
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high capability of producing grey-scale. These ferroelectric liquid crystal light
modulators are known as “Twisted Smectic C™ (TSC) liquid crystal cells or
Patel cells [5]. The experimental studies of free standing films and of Patel cells
are the main aims of the present characterization study.

Il SYNTHESIS

The studied materials were prepared by esterification reaction between the chiral
4-alkyloxybenzoic acid and the corresponding 4-alkyloxy-4'-mercaptobiphenyl
following the scheme 1.

C6H13-C'H*O-©-COO-H CnHZnﬂO—O_O_ SH

CH,

DCC, DMAP, CH,Cl,

C6H|3-EH*O-®—C09—O—©—O-C,‘H2M| l
Hj

SCHEME 1 S-4-alkyloxybiphenylyl (S)-4-(1-methylheptyloxy)benzoates

The chiral benzoic acid was synthesized following the scheme 2:

a
HO-O Co0Et ——y» Céllis ?;O-O'COO'B
3
2

1 y)
C6H13-EH*O-O-CW-H
H,
3
a) (R)-2-octanol, DEAD, Ph3P, CH2Cl2

b) KOH, EtOH then acid hydrolysis
SCHEME 2 Synthesis of (S)-4-(1-methylheptyloxy)benzoic acid
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The 4-alkyloxy-4'-mercaptobiphenyl is obtained with the Montéro's method
[6] (scheme 3)

HO-O—O—OH —c-—> CnH2n+1O_O—©_0H
4 5

d

[
CyHzo1O —@—O— SC(=0)N(CH,),~s— CyHa, |0—O—©- OC(=S)N(CHy),
7

¢f :

8
¢) CnH2n+1-Br, KOH, EtOH
d) (CH3)2N(=S)Cl, DMF, DDO
e) A (250°C)
f) KOH, H20, ethylene glycol
SCHEME 3 Synthesis of 4-alkyloxy-4'-mercaptobiphenyl

Il MESOMORPHIC PROPERTIES

The phase sequences for the whole chiral thiobenzoate series were determined
both by Differential Scanning Calorimetry and by optical microscopy. We used
an Olympus BX 60 microscope equipped with a Mettler FP5 hot stage for optical
observation, and a Perkin-Elmer DSC7 for the calorimetric study. The mes-
ophases identification was carried out by observing the microscopic textures of
the materials. Ferroelectric SmC* mesophase were further characterized by elec-
tro-optical measurements.

DSC measurements were performed with various heating and cooling rates
(from 0.2 to 5 °C/min). Representative DSC thermograms on heating for com-
pounds n=7 and n=12 are respectively given in figure l1a and figure 1b. The
phase sequence, their corresponding phase transition temperatures and enthalpies
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FIGURE 1 (a) DSC thermogram for the heptyloxy derivative on heating at 2°C/min. (b) Enlargement
of the DSC thermogram in the temperature range of the BP mesophases for the heptyloxy derivative
(heating rate 1°C/min)
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are summarized in table I: all the compounds exhibit SmC”*, N*, and two BP
mesophases. The phase transitions N*-BPI, BPI-BPII and BPII-Isotropic are very
close to each other. That is the reason why the enthalpies of each one are difficult
to determine. Thus, the enthalpies for the corresponding three overlapped peaks
are added together and the BP mesophases are not reported in the table I.

TABLE 1 Transition temperatures (°C) and enthapies (KJ/mol) in italic according to DSC (on heating
at 2°C/min)

*

n K SmC N I

7 . 72.1 . 90.2 . 134.7 .
29.3 2.2 1.1

8 . 65.8 . 98.7 . 133 .
23.8 2.3 15

9 . 56.8 . 103.5 . 1314 .
315 2.6 1.6

10 . 68.6 . 106.4 . 129.6 .
35.6 27 16

11 . 56.5 . 106.1 . 123.9 .
20.9 2.8 14

12 . 61.3 . 106.1 . 122.2 .
23.5 3.4 14

A phase diagram as a function of the alkoxy chain length is plotted in figure 2.
The transition lines corresponding to the BP mesophases are not taken into
account. The N* phase temperature range is greater for n=7 and decreases regu-
larly with n; while the SmC” mesophase range increases on average with n.

The peak shape corresponding to the SmC*-N" phase transition looks like two
overlapped peaks; as if there is an intermediate mesophase between the SmC"and
the N* mesophase. This phenomenon is particularly visible on the dodecyloxy
derivative (see figure 3) where the resolution of the two peaks is good. This
behaviour suggests there is probably a TGB or NL* phase between the N * and
SmC" phase. Nevertheless, the optical observation of the texture in various ori-
entations (free surface drops, homeotropic prismatic sample or planar sample)
doesnt allow us to distinguish an other mesophase in between the SmC” and
N*mesophase. Further investigations in the range of the SmC"-N"transition are
currently in progress with our new photothermal method [7]. This point will be
also clarified by a high resolution calorimetric study.
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FIGURE 2 Phase behaviour of the series as a function of the alkoxy chain length. The transition lines
corresponding to the BP mesophases are not taken into account

IV ELECTRO-OPTICAL PROPERTIES

1°) Samples preparation

The investigation of the electro-optical properties have to be performed in the
so-called “bookshelf geometry” [3] where the molecules have to be parallel to
the glass plates (planar alignment). The standard way to achieve planar align-
ment is to use a rubbed polymer on the glass substrate. The quality of the orienta-
tion depends both on the interactions between the LC molecules and the polymer,
and on the macroscopic structure of the liquid crystal phase (N*, SmA, SmC"...)
[8]. In our case, neither the commercial nor the “home made” cells give rise to a
good orientation quality in the SmC* phase. In both cases the alignment quality
is good in the N* phase, but the alignment is abruptly destroyed at the N*- SmC*
phase transition. The figure 4 shows the N*-SmC” phase transition on cooling;
the grey-blue island are planar N* area while the granular texture are the SmC”
phase. Moreover, the optical texture of the ferroelectric phase seems to be com-
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FIGURE 3 DSC thermogram of the SmC"-N" phase transition for the dodecyloxy derivative on heat-
ing at 0.2°C/min

pletely independent of the surface coating chosen: planar or homeotropic.
Indeed, even if we use a surface coating intended for induce an homeotropic
alignment (molecules normal to the substrate), like from silanization [9, 10], we
obtain the same texture as for planar alignment. The only way we have found to
achieve a relatively good planar geometry is to apply a strong alternative electric
field. The results are strongly frequency dependent: according to the frequency
and also the wave shape (triangle or square) of the applied signal the quality of
the alignment can be improved or completely destroyed. The best frequency
range is in between 130 and 200Hz, with a triangular wave and under a field
value of about 10V/um. Note that these values of field and frequency are
strongly temperature dependent. This dependence is probably linked to the varia-
tions of viscosity on the large SmC" phase range (~40°C). The viscosity varia-
tions probably explain the difference of the alignment stability when the electric
field is switched off. Indeed, when the field is switch off at high temperature in
the SmC” phase, the planar alignment instantaneously vanishes (see figure 5a).
While, at low temperature, a relatively good planar alignment remains after the
field is switched off (see figure 5b). This lost of alignment at high temperature in
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SmC” phase is characteristic of the series. An other characteristic of all com-
pounds is their ability to form a mosaic of planar domains [11, 12] (see figure 6).
The appearance of these domains is directly linked to the value of the tilt angle at
the N*-SmC" phase transition. We have found this ability to form a mosaic pat-
tern on all the compounds with two orientations of the smectic layer approxi-
mately at right angles; i.e. twice the tilt angle. Each mosaic domain is separated
from the next one by a so-called “incoherent wall” [13]; the shape and size of the
domains mainly depend on the frequency of the field applied to the sample.

FIGURE 4 The N*-SmC” phase transition on coolmg in a planar sample coated with polyvinyl alco-
hol. ’Ehe blue colour corresponds to the N* phase in planar geometry, and the granular texture to the
SmC" phase (magnification of 100 in transmission). The slight difference of colour between the right
and left side on the photo is due to the presence of the ITO coating (See Color Plate VI at the back of
this issue)

2°) Electro-optical measurements

We have investigated the electro-optical properties of the complete series. The
physical characteristics (spontaneous polarization, molecular tilt angle, and elec-
tric response time) exhibit very weak variations versus the aliphatic chain length;
that is the reason why we only present the detailed study for n=7, 10 and 12 com-
pounds.

The temperature dependence of the physical characteristics in the ferroelectric
phase for the n=7; 10 and 12 compounds is studied in a 5-um-thick commercial
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FIGURE 5 (a) Texture observed at 102.5°C in the SmC” phase of the n=11 compound after switching
off the electric field (magnification of 100 in transmission). The electric field has been applied on the
bright side of the photograph. (b) Texture observed at 86°C in the SmC" phase of the n=11 compound
after switching off the electric field (magnification of 100 in transmission). The planar alignment
remains (See Color Plate VII at the back of this issue)
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cells (from Linkam, U. K.). Each cell thickness was checked by an interference
method using a 270M-Jobin-Yvon-spectrometer (here the cells thickness varies
from 4.8 pm to 5 um). A classical set-up [14] composed of an HP-33120-A wave
form generator, an “home made” amplifier and an HP-54645-A oscilloscope is
used for the electro-optical measurement. The sample is placed in a Mettler hot
stage (the temperature accuracy is 0.1°C) fixed under an Olympus BX 60 micro-
scope in order to check the optical texture during electro-optical measurement.

FIGURE 6 Texture observed at 75°C in the SmC" phase of the n=7 compound after switching off the
electric field (magnification of 100 in transmission). Note these domains also exist under electric
field (See Color Plate VIII at the back of this issue)

The polarization measurements were performed upon heating in the ferroelec-
tric phase. After the whole alignment process, the evolution of the polarization
versus electric field is plotted at low temperature in order to determine the field
value required to reach the polarization saturation. The saturation was only
obtained for very strong field values between 8 and 13V/um according to the
chain length and the temperature (see figure 7). Figure 8 shows the evolution of
the polarization versus temperature for the n=7, 10 and 12 compounds. The
polarization is almost constant in the SmC" temperature range and exhibits very
weak variations with the chain length, 40nC/cm? for n=7, and 45nC/cm? for
n=10 and n=12. The abrupt decreases of the polarization on about 3°C at high
temperature is due to the increase of N* domains in the SmC" phase. In figure 8
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FIGURE 7 Evolution of the polarization versus the electric field for the n=12 compound at 66°C (the
measurements were done under triangular wave; v=180Hz)

the arrows show the temperature of appearance of the N* domains; above this
temperature the polarization values decrease abruptly because of the increase of
N* domains in the sample (dotted line). In this biphasic temperature range the
area of the SmC" domains is electric field dependent [11].

The electric response time is defined as the time necessary to reach the maxi-
mum of the polarization peak under square waves. The temperature evolution of
this time informs about the viscosity of the material (1 is proportional to y/PE, t:
electric response time; vy rotational viscosity; P: spontaneous polarization; E elec-
tric field). Figure 9 shows a typical plot of the temperature dependence of the
electric response time (n=12 compound, under an alternative electric field of
8V/um); 1 varies from 136 ps at low temperature (66°C) to 41 us a few degrees
below the SmC"-N* phase transition. The slight increase and then decrease
between 105°C and 108°C corresponds to the biphasic temperature range
(SmC*+N") where the existence of the SmC” phase is field induced (this part of
the graph is plotted in dotted lines). On this series T decreases with the chain
length (minimum value of about 63 ps for n=7).
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(SmC*+N") are plotted in dotted lines. The field values vary from 10 to 13V/um following the chain
length; v=180Hz

The apparent tilt angle was estimated using the reversal field method; in this
case the accuracy of the measurement is estimated at only + 1.5°C because of the
apparent tilt value (0) of 45°, Indeed, with such a tilt values it is quite impossible
to know if we measured 20 or (2n-0), all the more that the tilt angle is quasi tem-
perature independent. For all compounds, we have estimated the tilt angle varia-
tion at less than 2° on the ferroelectric temperature range. This is the reason why
we don report the plot of the tilt angle versus temperature.

V HELICAL PITCH MEASUREMENTS

Helical pitch measurement on the N* and SmC" phases were performed by the
well known Grandjean-Cano (GC) method using small angle prismatic cells
(about 0.5°). The alignment in the prismatic sample has to be planar in the N*
phase and pseudo-homeotropic in the SmC"* phase [15]. As already mentioned
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FIGURE 9 Electric response time versus temperature for n=12 compound gElectric field value of
8V/um; v=180Hz). The arrow shows the temperature of appearance of the N phase; in the biphasic
temperature range (SmC +N") the electric response time is plotted in dotted lines

above, it was easy to obtain planar geometry in the N phase by appropriate coat-
ing; thus the helical pitch was relatively easily measured in this phase. In the N*
phase the selective reflection of the light could be analysed with a
270M-Jobin-Yvon-spectrometer [16] specially adapted on the microscope.

The pitch values plotted in figure 10 corresponds to GC method checked from
the selective reflection of light (A=np; where A is the reflected wavelength, n the
average refractive index (n=~1.5) and p the pitch value). The both methods are in
very good agreement in the N* phase.

Concerning the SmC" phase, the measurements are not convenient because of
the weak ability of this phase to align whatever in homeotropic geometry or in
planar geometry. In the pseudo-homeotropic orientation the smectic layers are
roughly parallel to the substrate and the angular position of the molecules on the
smectic cone is fixed on the two glass plates. The poor orientation quality we
have obtained in prismatic sample gives sometimes inaccurate values. The
number of GC steps available vary from one to five following the compounds;
but the results can be check by analysing also the light selectively reflected by
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FIGURE 10 Helical pitch versus temperature in the SmC* and N* phases for n=10 compound

free surface drops. The drops are deposited on a glass slide coated with silane
[9]. The pitch is calculated from the wave length of the light reflected with A=np
if the pitch helix is larger than 0.3 pm and A=2 np when the values are smaller
than 0.3 pm (this limit of 0.3 pm is fixed by sensitivity of the spectrometer).

For n=10 compound, at low temperature in the SmC” phase, the pitch is very
short (0.22 pm at 66°C); the pitch rapidly increases with temperature up to
0.69 pm at 104°C just below the N phase (see figure 10). The set of the com-
pounds exhibits approximately the same pitch range and behaviour; for example
the pitch varies from 0.12 pm at 60°C to 0.56 pm at 104°C in the SmC*phase
and from 0.7 pm at 105.6°C to 0.435 pm at 130.2°C in the N phase for the n=9
compound. The pitch values slightly increase with the aliphatic chain length both
in SmC* and N* phases.

VI CONCLUSION

The new chiral series with a thiobenzoate core described in this paper displays
interesting ferroelectric properties. Indeed, all the compounds exhibit the
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N*-SmC" phase transition and consequently the molecular tilt angle values are
very high (45°).

Moreover, the tilt angle and polarization values are quasi temperature inde-
pendent. The polarisation values exhibit very weak variation with the chain
length (about 40nC/cm? for n=7 and 45nC/cm? for n=12). The helical structure
study has shown a strong twist in the SmC” phase. In this phase, for the n=9
compound the helical pitch varies from 0.12 um at low temperature and 0.56 pm
just below the SmC"-N"Phase transition. Such pitch values are rather unusual for
the ferroelectric phase and are incompatible with the realization of Surface Stabi-
lized Ferroelectric Liquid crystal (SSFLC) cell or “Patel cell”. Therefore, the
realization of mixture are in progress to increase the pitch without change the
polarization and the tilt angle values.

On the other hand, this study shows that neither the homeotropic geometry nor
the planar geometry seem to be favoured by a tilt angle of 45° with in addition a
short helical pitch.

VI EXPERIMENTAL

The infrared spectra were recorded on a Perkin Elmer 783 spectrophotometer
and the NMR spectra on a Bruker HW200 MHz spectrometer

(S)-4-(1-methylheptyloxy)benzoic acid (3)

To a cooled solution in a ice bath of ethyl 4-hydroxybenzoate 1 (3.32 g;
0.02 mol), (R)-2-octanol (2.6 g; 0.02 mol), triphenylphosphine (TPP) (5.26 g,
0.02 mol) in 50 ml of CH,Cl, was added dropwise diethyl azodicarboxylate
(DEAD) (1.48 g, 0.02 mol) over 15 min. The solution was stirred at room tem-
perature for two hours, filtered and the filtrate was evaporated. The residue was
chromatographied on silicagel with a mixture heptane-ethyl acetate (8/2) as elu-
ent. The intermediate ester 2 was obtained and then saponified with KOH
(3.36 g) in EtOH under reflux for 3 hrs. The solvent was evaporated and the solid
was hydrolyzed with concentrated HC! on ice. The acid was filtered and recrys-
tallized from absolute ethanol. Yield: 3.6 g (63%)
IR: Apax cm™! (nujol), 2594, 2850, 1680, 1610, 1285, 1218, 850.

4-octyloxy-4'-hydroxybiphenyl (5)

To a solution of biphenol (18.6 g, 0.1 mol), KOH (2.8 g, 0.05 mol) in 350 ml
EtOH, a solution of 1-bromooctane (9.7 g, 0.05 mol) in 100 ml of EtOH was
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added dropwise. The mixture was refluxed for 4 hrs.. After cooling to room tem-
perature, the solvent was evaporated and the residue was treated with water. The
solid was filtered and recrystallized from ethanol. After filtration, the desired
material is contamined by the diether which was eliminated by treatment with
hot heptane. Yield: 8 g (57%)

m. p= 151°C

TH NMR (CDCly): d (ppm): 0.88 (t, 6H, 2CH3), 1.24 (m, 10H, 5CH,), 1.35 (d,
3H, CH3-CH*), 1.6-1.8 (m, 4H, 2CH,), 4.1 (t, 2H, OCH,), 5.2 (m, 1H,
CH-CH3), 6.9 (d, 2H arom.), 7.2-7.4 (m, 4H arom.), 8 (m, 6H arom.). IR: n,,,
cm™! (nujol), 2594, 2850, 1610, 1285, 1218, 850.

o-4-decyloxybiphenylyl N,N-dimethylthiocarbamate (6)

To a solution of 5 (7.8 g, 0.024 mol) in anhydrous DMF (50 mL) were added
diazo-1,4-dicyclo-(2,2,2)octane (DDO) (4.2 g, 0.0375 mol) and N,N-dimethylth-
iocarbamoy] chloride (4.6 g, 0.0375 mol). The solution was stirred at room tem-
perature for 3 hrs and was heated at 80°C for 1 hr. After cooling to room
temperature, it was hydrolyzed with crushed ice, extracted with chloroform. The
organic phase was washed with NaOH solution (5%) then HCI solution (10%)
and finally with water until neutrality. It was dried over anhydrous sodium sul-
phate, the solvent was evaporated and the solid was recrystallized from absolute
ethanol. Yield: 5.9 g (62%)

m, p=124°C
'H NMR (CDCly): d (ppm): 0.88 (t, 3H, CH3), 1.24 (m, 10H, 5CH,), 1.6-1.8

(m, 2H, CH,), 3.3-3.5 (d, 6H, 2CH3), 4.1 (t, 2H, OCH,), 6.9-7.2 (2d, 4H arom.),
7.5-1.7 (2d, 4H arom.).

IR: Apax cm™! (nujol), 2594, 2850, 1610, 1285, 1218, 850.

S-4-octyloxybiphenylyl N,N-dimethylcarbamate (7)

Compound 6 (5 g) is heated in an oil bath at 250°C for 6 hrs. After cooling to
room temperature, the desired material is purified by chromatography on sili-
cagel with heptane-ethyl acetate (75/25) mixture as eluent. Yield: 2.1 g (44%) m.
p=95°C

'H NMR (CDCl,): d (ppm): 0.88 (t, 3H, CHj), 1.24 (m, 10H, 5CH,), 1.7-1.9
(m, 2H, CHj,), 3.1 (s, 6H, 2CH3), 4.1 (t, 2H, OCHy,), 6.9-7.6 (m, 8H arom.).

IR: Apax cm™! (nujol), 2996, 2850, 1680, 1285, 1218, 850.
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4-octyloxy-4'-mercaptobiphenyl (8)

In a solution of 1.4 g KOH in 3 ml H,O and 25 ml ethyleneglycol was added
compound 7 (2.1 g; 0.005 mol). The mixture was heated to reftux for 1 hr. After
cooling to room temperature, it was hydrolyzed with diluted HCI and crushed
ice. The organic compound was extracted with chloroform and the organic phase
was washed with water and dried over anhydrous Na,SO4. The solvent was
evaporated and the residue was recrystallized from a minimum of absolute etha-
nol. Yield: 1.1 g (78%)

m. p=113°C

'H NMR (CDCl3): d (ppm): 0.88 (t, 3H, CH3), 1.24 (m, 10H, 5CH,), 1.6-1.8
(m, 2H, CH,), 3.5 (s, 1H, SH), 4.1 (t, 2H, OCH,), 6.9-7.6 (m, 8H arom.).

IR: Apax cm™! (nujol), 2994, 2850, 2550, 1600, 1285, 1218, 850.

S-4-octyloxybiphenylyl (S)-4-[1-methylheptyloxy]benzoate

{1, n=10) Chiral benzoic acid 3 (0.25 g; 0.1 mmol) was added to a solution of 8
(0.34 g; 0.1 mmol), DCC (0.21 g; 0.1 mmol), DMAP (0.01 g) in 5 ml of CH,Cl,.
The mixture was stirred at room temperature overnight. After filtration, the sol-
vent was evaporated, the solid was chromatographied over silicagel with toluene
as eluent. Yield: 0.34 g (66%)

H NMR (CDCls): d (ppm): 0.88 (t, 6H, 2CH3), 1.24 (m, 18H, 9CH,), 1.35 (d,
3H, CH;-CH"), 1.6-1.8 (m, 4H, 2CH,), 4.1 (t, 2H, OCH,), 5.2 (m, 1H,
CH-CH3), 6.9 (d, 2H arom.), 7.2-7.4 (m, 4H arom.), 8 (m, 6H arom.). IR:
Amaxcm ! (nujol), 2994, 2850, 1730, 1610, 1285, 1218, 850.
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