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Several series of chlorine-substituted rod-like liquid crystalline compounds have been synthesised containing a
different number of lactate units in the chiral chain. Sequences of phases and phase transition temperatures were
determined by differential scanning calorimetry, polarising optical microscopy and X-ray diffraction studies.
Depending on the molecule structure, the materials possess a rich variety of mesophases, i.e. the paraelectric
chiral smectic A (SmA*), ferroelectric chiral smectic C (SmC*) and antiferroelectric smectic C (SmCA*) phases.
Additionally, some compounds with one and two lactate groups exhibit the frustrated antiferroelectric twist grain
boundary (TGBA) and smectic Q (SmQ) phases, respectively. The existence of the SmQ phase ordered in two
directions was confirmed by X-ray diffraction on a non-oriented sample. The effects of the non-chiral chain
length and number of the chiral lactate groups on the mesomorphic properties, spontaneous polarisation,
spontaneous tilt angle and complex permittivity have been studied and discussed.

Keywords: chiral liquid crystal; lactate group; chlorine substitution; ferroelectric smectic phase; twist grain

boundary phase; SmQ phase; spontaneous polarisation; dielectric properties

1. Introduction

Recently, it has been found that materials with three

phenyl rings in their molecular core and a chiral part

based on the lactate unit possess a ferroelectric chiral

smectic C (SmC*) phase (1–3) and, in the case of two

lactate units, a tendency to form the antiferroelectric

chiral smectic C (SmCA*) phase has been discovered

(2, 4). A rare re-entrant ferroelectric phase and the

ferroelectric hexatic phase have been found in some

of these materials (4). Additionally, the presence of

the second and third lactate units in such a molecule

leads to a decrease of the phase transition tempera-

tures in comparison with an analogous molecule with

only one lactate group (2, 3).

A very broad SmC* phase was found in materials

with a molecular core possessing one biphenyl moiety

substituted by chlorine, two more aromatic rings

connected by the ester linkage and a chiral part

containing one lactate group (5). Non-substituted

materials possessing four aromatic rings in their

molecular core exhibit extremely high clearing

temperatures resulting in material decomposition

when approaching the isotropic phase. However,

the lateral substitution by the chlorine atom has been

suggested as an efficient tool for decreasing the phase

transition temperatures (6, 7).

In chiral liquid crystalline systems, a variety of

frustrated phases can occur and have been reported (8,

9). Twist grain boundary (TGB) phases, which form as

a result of the competition between stabilisation of the

smectic layered structure and the tendency of molecules

to form a helicoidal structure, and blue phases with a

cubic structure (10, 11) are examples of frustrated

mesophases. The existence of the TGB phase was

predicted by Renn and Lubensky (12). Renn (13)

suggested three different types of TGB phases in which

the local ordering is like in the chiral smectic A (SmA*),

SmC and SmC* phases. The antiferroelectric twist

grain boundary (TGBA) phase was discovered by

Goodby et al. in the phenyl propiolates (14–16).

Nevertheless, the relationship between the molecular

structure and formation of the TGB phases is still

unknown and a systematic study of physical properties

is difficult because of a narrow temperature interval of

their existence. Presence of a frustrated phase is

connected with the high twisting power.

Another frustrated phase existing between the

antiferroelectric SmCA* and isotropic phases is the

smectic Q (SmQ) phase (8, 17–20). This phase was first

reported by Levelut et al. (18) and has so far been

observed somewhat rarely. A similar frustrated

structure (9) was found in some dichiral mesogens,

where the chirality was a dominant factor to form the

cubic superstructure (21, 22). Location of the chiral

moieties in the molecular structure seems to have a

significant effect on the appearance of these chirality-

induced frustrated superstructures. The SmQ phase

has been reported in materials possessing the identical
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chiral moiety at both sides of the rigid molecular core

(9, 17–20). X-ray studies of the SmQ phase enable

identification of four different structure types all
belonging to the class of defect crystals (18). Two of

them can be described as an array of twist boundaries

in antiferroelectric smectics (19). One of these four

structures concurs with I4122 symmetry (18, 23). Two

different models designated as I and II have been

proposed (23) to interpret the architecture of the SmQ

phase with I4122 symmetry. Both model structures are

built from elementary blocks composed of pieces of

the SmCA* double-layers with differing orientation of
molecules. Model I should exhibit much lower

birefringence than model II (23).

Chlorine substitution serves as a promising tool to

enlarge the polarisation, as it was confirmed pre-

viously. Additionally, such a substitution can lead to

a lowering of the clearing temperature (15). We have

focused on new series of materials having two

biphenyl moieties in their molecular core with

chlorine substitution. Recently, a series of mesogens
with four phenyl rings in their molecular core have

been presented (5). The molecular structure contains

one flexible ester group connecting two phenyls and

one biphenyl substituted in the ortho-position to the

n-alkoxy chain. All such compounds exhibit very

broad temperature intervals of the SmA* and SmC*

phases, which can reach up to 200 K. In spite of an

effective lowering of the clearing point in comparison
with non-substituted compounds (5), all mesogens

exhibit still relatively high transition temperatures.

We intended to remove the ester group and prepare a

more rigid molecular core, which could diminish the

transition temperatures. Multiple lactates have been

used to increase the probability of the occurrence of

an antiferroelectric phase (2–4). Taking into account

the above-mentioned knowledge, three series with

one, two or three lactate units in the chiral part and
with a varying length of the non-chiral chain have

been synthesised. Their mesomorphic properties have

been studied and compared for different number of

lactate groups. The chirality-induced frustrated

phases between the isotropic melt and the ordinary

smectic phases have been observed and their beha-

viour discussed. The results contribute to an under-

standing of the relationship between molecular

structure and the formation and properties of

ferroelectric, antiferroelectric and frustrated liquid

crystal phases.

2. Synthesis

Several series of materials possessing one, two and

three chiral lactate units, differing in the length of the

non-chiral chain, have been synthesised. A general

chemical formula is shown in Scheme 1.

The synthetic procedure was carried out accord-

ing to Scheme 2.

The synthesis of chiral alcohols 1a–1c (see

Scheme 2) has been described in detail elsewhere

(1). All the chiral centres have an (S) configuration.

Phenols 2a–2c were synthesised in the following

way. Chiral alcohols 1a–1c were esterified by

protected 4-hydroxy-49-biphenylcarbonyl chloride in

a pyridine/dichloromethane mixture followed by

ammonolysis in chloroform/tetrahydrofuran mixture

at a temperature of 10uC. After separation of the

reaction mixture by column chromatography on the

silica gel (using a mixture 99:1 of dichloromethane

and acetone as the eluent), materials 2a–2c were

obtained in 50% yield. Molecular structures of

materials were checked by 1H NMR (200 MHz,

CDCl3, Varian, Gemini 2000). Preparation of the 4-

alkoxy-3-chloro-49-biphenylcarboxylic acids (3) was

described in our previous work (5).

Final materials 1Ln, 2Ln and 3L5 were prepared by

standard methods of esterification with dicyclohexyl-

carbodiimide (DCC) in the presence of dimethylami-

nopyridine (DMAP) in dichloromethane. Crude

products were purified by column chromatography

on silica gel using a mixture (99.5:0.5) of dichloro-

methane and acetone as an eluent and crystallised twice

from acetone. Structures of all final products were

confirmed by 1H NMR (200 MHz, CDCl3, Varian,

Gemini 2000). Chemical purity of materials was

checked by high-performance liquid chromatography

(HPLC), which was carried out with an Ecom HPLC

chromatograph using a silica gel column (Separon

7 mm, 36150, Tessek) with a mixture of 99.8% of

toluene and 0.2% of methanol as an eluent. Eluting

products were detected by a spectrophotometric UV–

visible detector (l5290 nm). The chemical purity was

found better than 99.8% under these conditions.

Scheme 1. Chemical formula of the studied materials; n, the number of carbon atoms in the non-chiral chain, varies from 5 to
13. According to the number of lactate units (x51, 2, 3), materials are denoted as xLn and divided into three series.
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1H NMR (CDCl3, 200 MHz) for 2b: 8.10d (2H,

ortho to –COO); 7.58d (2H, meta to –COO); 7.42d

(2H, meta to –OH); 6.90d (2H, ortho to –OH); 5.40q

(1H, ArCOOCH*); 5.20q (1H, C*COOCH*); 4.00m

(2H, COOCH2); 1.60 and 1.75d+d (6H, CH3CHCOO);

1.20–1.70m (3H, CHCH2); 0.90t (3H, CH3).
1H NMR (CDCl3, 200 MHz) for 2L8: 8.28d (2H,

ortho to –COOAr); 8.18d (2H, ortho to –COOC*);

7.70m (7H, ortho to –Ar); 7.52dd (1H, para to –Cl);

7.38d (2H ortho to –OCOAr); 7.02d (1H, meta to –

Cl); 5.40q (1H, ArCOOCH*); 5.22q (1H,

C*COOCH*); 4.00–4.10m (4H, CH2OAr and

COOCH2); 1.60 and 1.78d+d (6H, CH3CH*COO);

1.20–1.90m (15H, CH+CH2); 0.90t (6H, CH3).

3. Experimental results

Study of characteristic textures and their changes as

well as the measurements of the spontaneous

polarisation and tilt angle were carried out on planar

samples in the bookshelf geometry, filled in the

isotropic phase into 25 mm thick glass cells by means

of capillary action. The inner surfaces of the glass

plates were covered by ITO electrodes. The sample

thickness was defined by mylar sheets. Improvement

of uniform planar alignment, required especially for

measurements of the tilt angle, has been reached by

application of electric field (10–20 Hz, 40 kV cm21)

applied for 5–30 min. Free-standing films (FSFs)

providing homeotropic alignment due to the air–

liquid crystal interface were prepared by manual

spreading of the melted compound over a circular

hole (3 mm) in a metal plate.

The sequence of the phases and their phase

transition temperatures were determined from char-

acteristic textures and their changes observed on the

planar cells as well as on the free-standing films in

polarising optical microscope (Nikon Eclipse

E600POL). A Linkam LTS E350 heating stage with

TMS 93 temperature programmer was used for the

temperature control, which enabled the temperature

stabilisation within ¡0.1 K. The phase transition

temperatures were checked by a differential scanning

calorimetry (DSC) yielding also the transition

enthalpies. The DSC measurements were carried out

with Pyris Diamond Perkin-Elmer 7 on cooling and

heating runs at a rate of 5 K min21. For DSC

measurements the sample (2–6 mg) was hermetically

sealed in an aluminium pan and placed in nitrogen

atmosphere.

Scheme 2. Synthetic procedure for preparation of the new liquid crystalline compounds.
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Values of the spontaneous polarisation, Ps, were

evaluated from the P(E) hysteresis loop detected

during Ps switching in an ac electric field, E, of

frequency 50 Hz. Values of the spontaneous tilt angle,

hs, were determined optically from the difference

between extinction positions under crossed polarisers

under opposite dc electric fields ¡40 kV cm21. Well-

aligned samples were used for hs measurements.

Several materials were studied by the small-angle

diffraction technique. The layer spacing, d, was

determined using a modified DRON system equipped

with a Cu tube and a graphite monochromator.

Experiments were conducted in the reflection mode

for a non-oriented sample with one free surface.

Sample temperature was controlled within 0.1 K. The

heating/cooling rate was 1 K min21. The layer spacing

d was determined using the Bragg law:

nl~2dsin H: ð1Þ

The structure of the 2L13 material was studied using

an X-ray powder diffractometer (Bruker D8, Cu Ka,

SOL-X energy dispersive detector) equipped with

wide range temperature chamber.

The frequency dispersion of the complex permit-

tivity, e*(f)5e92ie99, was measured using a

Schlumberger 1260 impedance analyser in the fre-

quency range 1 Hz–10 MHz keeping the temperature

of the sample stable within ¡0.1 K during the

frequency sweep. The frequency dispersion data were

analysed using the Cole–Cole formula for the

frequency dependent permittivity complemented by

the second and third terms with the aim to eliminate a

low frequency contribution to e99 from dc conductiv-

ity, s, and the high-frequency contribution due to the

resistance of the ITO electrodes, respectively:

e�{e?~
De

1z if =frð Þ 1{að Þ{i
s

2pe0f n
zAf m, ð2Þ

where fr is the relaxation frequency, De is the dielectric

strength, a is the distribution parameter of the

relaxation times and n, m, A are fitting parameters.

Mesomorphic properties

Mesomorphic properties of the new materials were

studied by polarising optical microscopy and DSC.

Results of these studies for materials with one, two

and three lactate units are presented in Tables 1, 2

and 3, respectively. Some of the phase transitions

were clearly seen under the microscope as change of

texture but were not accompanied by a peak in the

DSC plot. In Figures 1(a) and 1(b), phase transition

diagrams are presented for the homologues series 1Ln

and 2Ln, respectively.

All studied compounds from the 1Ln series

exhibit a SmC* phase. In addition, homologues with

a short non-chiral chain (n55–8) exhibit broad

temperature range of the paraelectric SmA* phase;

the homologues with n59 and 10 possess the TGBA

instead of the SmA* phase. For materials with n511

and 12, a direct transition between the isotropic and

the SmC* phases occurs (see Figure 1(a)).

The TGBA phase has been identified according to

typical blurred coloured textures (24) obtained in

planar samples (see Figure 2(a) for 1L9). Moreover,

this phase does not switch under an applied electric

field of the opposite polarity and the values of the

real part (e9) of the complex permittivity are lower

than those typical for the SmC* phase. In the FSF

films, a characteristic filament texture was observed

for films a few mm thick (see Figure 2(b) for 1L9).

Such a texture has been commonly found in the

TGBA phase in samples with the homeotropic surface

alignment (24). It was supposed that filaments were

TGBA phase areas embedded in the homeotropic

SmA* phase, resulting from the TGBA phase by the

action of the surface anchoring. For a FSF about

10 mm thick we found a stripe texture in the TGBA

phase, which has not been observed previously

(Figure 2(c)). We suggest that the stripes represent

Table 1. The sequence of phases, the phase transition temperatures (uC) and the phase transition enthalpies DH (J g21)
measured on cooling and the melting points, m.p. (uC), measured on heating by DSC (5 K min21) for the 1Ln series. The
symbols ‘‘N’’ and ‘‘–’’ show that the phase exists or does not exist, respectively. (msc – the phase transition temperature was
determined from microscope observations).

m.p. Cr2 Cr1 SmC* SmA* TGBA I

1L5 113 [+36.7] N 36 [28.9] N 52 [21.1] N 130 [20.5] N 203 [23.8] – N
1L6 100 [+31.5] – N 31 (msc) N 136 [20.2] N 198 [23.2] – N
1L7 93 [+30.7] – N 38 (msc) N 145 [20.7] N 195 (msc) – N
1L8 89 [+26.9] – N 24 [23.8] N 160 [20.5] N 193 (msc) – N
1L9 82 [+22.8] – N 4 [20.1] N 154 [20.5] – N 176 (msc) N
1L10 74 [+19.1] – N 39 [29.8] N 161 [20.6] – N 164 [20.2] N
1L11 74 [+21.3] N 7 [20.05] N 39 [20.4] N 156 (msc) – – N
1L12 86 [+16.7] N 40 [210.5] N 74 [221.3] N 159 [21.4] – – N
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blocks of the SmA* phase with the smectic layers

slightly inclined from the horizontal orientation and

separated by defects. Because of surface tension the

TGB helix could not be fully developed.

In the SmC* phase, the typical schlieren texture was

observed in the FSF of all studied compounds, reflect-

ing distortion of the director field due to degeneration

of the direction of the molecular tilt. The colours are

caused by selective reflection in the range of the visible

light due to a rather small value of the pitch.

All studied homologues from 2Ln series with two

lactate units exhibit the SmCA* phase (see Table 2),

which is monotropic for the compounds with the

short non-chiral chains (n55–7). The same homo-

logues possess the SmA* and the SmC* phases. For

compound 2L8, a direct phase transition from the

isotropic to the SmC* phase is observed. For

compounds with n511–13, a mosaic texture is

observed in the planar sample just below the isotropic

phase (see Figure 3(a)). This peculiar texture resem-

bles the one specific to the SmQ phase (8, 23). The

assignment of this texture to the SmQ phase is

qualified below by the X-ray diffraction studies. The

microphotograph of the SmQ texture obtained in the

FSF is shown in Figure 3(b). This is the first

presented FSF texture in the SmQ phase. A low-

birefringent texture with a mosaic or stripe character

of textural features has been created by a very slow

cooling from the isotropic phase (at least

0.5 K min21). Approaching the antiferroelectric phase

on the subsequent cooling, the contrast gradually

grows. Rotating the sample towards the crossed

polariser and analyser, the domains could be turned

to the extinction position. A strong temperature

hysteresis was observed in the occurrence of both the

isotropic and the SmQ phases. This hysteresis is

clearly seen in the DSC plot for 2L13 compound

shown in Figure 4. Moreover, the SmQ phases

persists in coexistence with the SmCA* phase on

cooling, as was confirmed by the X-ray study

described below. The width of the temperature

interval of this coexistence strongly depends on the

cooling rate. The transition from the SmQ to the

SmCA* phase takes about 60 min to fully develop. If

the cooling process is not stopped at the beginning of

this transition, the SmQ phase coexists with the

SmCA* phase down to crystallisation. The meso-

morphic behaviour of 2L11 and 2L12 is very similar.

Only one homologue with three lactate units, 3L5,

has been synthesised, exhibiting the SmA* and the

SmC* phases on cooling over a broad temperature

ranges. The SmC* phase is fully monotropic, the

melting point being within the temperature range of

the SmA* phase (see Table 3). Due to very low value

of enthalpy (lower than 0.1 J g21), the SmA*–SmC*

phase transition could not be detected by DSC.

All studied materials exhibit the relatively high

values of the melting point. In the monotropic ranges of

the SmC* and SmCA* phases the electric field can cause

the crystallisation. For some compounds from 1Ln

series as well as for 3L5, a crystal–crystal phase

transition was detected. The crystal phases of different

structures are denoted as Cr1 and Cr2 (see Tables 1

and 3).

Table 3. The sequence of phases, the phase transition temperatures (uC) and the phase transition enthalpies DH (J g21)
measured on cooling and the melting point, m.p. (uC), measured on heating by DSC (5 K min21) for compound 3L5. The
symbols ‘‘N’’ show that the phase exists. (msc – the phase transition temperature was determined from the microscope
observation).

m.p. Cr2 Cr1 SmC* SmA* Iso

3L5 120 [+31.0] N 63 [22.8] N 72 [27.7] N 108 (msc) N 183 [23.1] N

Table 2. The sequence of phases, the phase transition temperatures (uC) and the phase transition enthalpies DH (J g21)
measured on cooling and the melting points, m.p. (uC), measured on heating by DSC (5 K min21) for the 2Ln series. The
symbols ‘‘N’’ and ‘‘–’’ show that the phase exists or does not exist, respectively. (msc – the phase transition temperature was
determined from microscope observations).

m.p. Cr SmCA* SmC* SmA* SmQ I

2L5 134 [+48.2] N 75 [229.1] N 107 [20.1] N 114 [20.1] N 191 [23.8] – N
2L6 131 [+46.9] N 80 [231.6] N 109 [20.2] N 121 [20.1] N 183 [22.6] – N
2L7 123 [+40.9] N 80 [227.7] N 115 [20.1] N 132 [20.3] N 162 [20.9] – N
2L8 108 [+35.8] N 62 [222.5] N 119 [20.2] N 133 [20.8] – – N
2L9 97 [+28.6] N 60 [219.7] N 103 [20.6] – – – N
2L10 93 [+27.5] N 62 [220.4] N 103 [21.1] – – – N
2L11 91 [+23.7] N 65 [218.4] N 108 [20.4] – – N 108 [20.5] N
2L12 92 [+22.7] N 67 [222.0] N 94 (msc) – – N 111 [20.4] N
2L13 86 [+16.7] N 60 [216.0] N 91 (msc) – – N 114 [20.4] N
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X-ray scattering results

Small-angle X-ray scattering studies were performed for

the 2L13 homologue in the temperature range ascribed

to the SmQ phase. The intensity of the scattered beam

versus diffraction angle, 2H, is shown in Figure 5. In the

temperature range of the SmQ phase, two peaks have

been detected, indicating a layered structure modulated

in two directions with corresponding periodicities of

37.6 Å and 33.0 Å for 200 and 004 reflection, respec-

tively, assuming I4122 symmetry. In the temperature

range of the SmQ and SmCA* phase coexistence, a

strong additional peak corresponding to the layer

spacing of the SmCA* phase is seen.

In the smectic phases, the layer spacing, d, evaluated

using the Bragg law [equation (1)] is presented in

Figure 6 for three selected compounds xL5 (x51, 2, 3).

In the orthogonal SmA* phase, d is nearly temperature

independent. The decrease of d below the phase

transition to the SmC* phase is a consequence of the

molecule tilt in the SmC* phase and d continues to

decrease within the SmCA* phase.

Spontaneous polarisation and tilt angle

The temperature dependences of the spontaneous

polarisation, Ps, and spontaneous tilt angle, hs, were

Figure 2. Microphotographs of textures in the TGBA phase
of 1L9 obtained on cooling from the isotropic phase: (a)
planar sample at 168uC; (b) thin free-standing film at about
163uC; (c) free-standing film of thickness more than 10 mm
at about 164uC.

Figure 1. Phase transition diagrams of series (a) 1Ln and
(b) 2Ln. The phases are indicated; ‘‘open’’ symbols show
the melting points (m.p.). To reach the SmQ phase (2Ln
series) a very slow cooling has to be applied with a rate less
than 0.1 K min21.
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measured in the SmC* and SmCA* phases. The

results are shown in Figures 7 and 8 for the indicated

compounds from 1Ln and 2Ln series, respectively. In

the temperature ranges of these phases located below

the melting point, the electric field applied during

Ps(T) and hs(T) measurements stimulates the crystal-

lisation, which makes it impossible to measure these

quantities in the whole temperature range of the field-

free phase existence (see Table 1).

For the 1Ln and 2Ln series, both Ps and hs exhibit

a discontinuity at the SmA*–SmC* phase transition,

suggesting a first-order transition except for the

compounds with the shortest non-chiral molecular

chain (n55, 6), the discontinuity increasing with

increasing n (see Figures 7–8). The Ps as well as hs

values are relatively high. Generally, both are higher

for the 1Ln series. In this series, hs values reach nearly

Figure 3. Microphotographs of textures in the SmQ phase of 2L13 obtained (a) for a planar sample at 118uC and (b) in free-
standing film at 100uC. The textures were developed on very slow heating.

Figure 4. DSC plots for heating and cooling runs
(5 K min21) of compound 2L13. Solid arrows indicate the
phase transitions. The dashed arrow shows the temperature
where the SmCA* phase started to appear, as determined by
microscopic observation. The phase coexistence region is
indicated as SmQ + SmCA*. The second peak below the
crystallisation shows a phase transition in the crystal phase
with different structure.

Figure 5. The X-ray intensity profile versus the scattering
angle 2H taken on 2L13 compound presented for two
distinct temperatures on cooling from isotropic phase. The
‘‘thick’’ line corresponds to the indicated temperature
T5110uC in the SmQ phase, the ‘‘thin’’ line to T598uC,
where the SmQ and SmCA* coexist.

Figure 6. The temperature dependence of the layer spacing
for xL5 compounds, x51, 2, 3. The up arrows indicate the
phase transition to the SmC* phase; the down arrow
indicates the phase transition to the SmCA* phase.
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45u at saturation. The Ps values are typically higher in

the 1Ln series than in 2Ln homologues. As usual, no

anomaly in Ps(T) and hs(T) was found at the

transition to the SmCA* phase.

In order to show the effect of the number of the

lactate units, temperature dependences of the spon-

taneous quantities for compound with three lactate

units 3L5 are shown together with those for 1L5 and

2L5 in Figure 9. Besides the substantial decrease of

the SmA*–SmC* phase transition temperature with

increasing number of lactate units, compounds with

one lactate unit reach significantly higher Ps and hs

values than those with two or three lactate units (see

Figures 9a and 9b, respectively).

Dielectric spectroscopy

Frequency dispersions (1 Hz–1 MHz) were fitted to

equation (2) and the resulting relaxation frequency

and dielectric strength of the detected relaxation

modes are shown in Figure 10 and Figure 11 for

compounds 1L8 and 2L8, respectively.

In the paraelectric SmA* phase of 1L8 as well as

1L9 compound, the relaxation frequency of the soft

mode linearly decreases and dielectric strength

slightly increases when approaching the transition

to the SmC* phase. A jump of permittivity when

entering the SmC* phase arises due to a strong

contribution of the Goldstone mode. A strong

increase of the permittivity on cooling within the

SmC* phase (see Figure 11) might be caused by an

increase of the helical pitch. Such an increase can not

be confirmed experimentally as the dechiralisation

lines connected with the helix are not seen in the

microscope, and thus the pitch is not measurable by a

diffraction of the visible light. The reason is that the

helical pitch is significantly shorter than 1 mm within

the whole temperature range of the SmC* phase. The

small value of the pitch was confirmed by applying a

Figure 7. The temperature dependence of (a) the sponta-
neous polarisation and (b) the spontaneous tilt angle for
indicated 1Ln compounds.

Figure 8. The temperature dependence of (a) the sponta-
neous polarisation and (b) spontaneous tilt angle for
indicated 2Ln compounds. Arrows indicate the phase
transition to the SmCA* phase.
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low bias electric field, which causes the prolongation

of the pitch and appearance of the dechiralisation

lines. Additionally, the selective reflection colours

have been observed for free standing films, support-

ing the fact that the length of the helical pitch is in the

wavelength of the visible light range (see above).

Slight decrease of the relaxation frequency of the

Goldstone mode on cooling (see Figure 11) can be

caused also by the pitch length increase and/or by the

viscosity increase.

Qualitatively the same results as for 1L8 have

been obtained for 1Ln, n55–7, where the SmA*

phase is replaced by the TGBA phase. The soft mode

has been observed in the whole temperature interval

of the TGBA phase and the typical decrease of the

relaxation frequency and increase of the dielectric

strength was obtained on cooling to the TGBA–SmC*

phase transition. The Goldstone mode in the SmC*

phase of this series exhibits the same features as that

shown for 1L8 compound.

For 2Ln compounds there is a very strong

contribution of the Goldstone mode in the SmC*

phase similarly to 1Ln compounds (see figure 11b for

2L8 compound). In the SmCA* phase two modes

have been detected, the relaxation frequencies of both

of them, fh and fl, decrease on cooling, the value of De

being nearly temperature independent. Generally, in

the SmCA* phase and in the frequency range studied

here, one can expect the anti-phase mode (25) and the

rotation of molecules around their short axes, the last

being not a collective mode (26) and thus exhibiting

higher relaxation frequency. The in-phase mode

could be active only under a bias field (27).

We tested temperature dependences of the relaxa-

tion frequencies of both detected modes by the

Arrhenius law:

f*exp {Ea=kBTð Þ, ð3Þ

where Ea is the activation energy, kB is the Boltzman

constant and T is the temperature. The results are

Figure 9. The temperature dependence of (a) the sponta-
neous polarisation and (b) spontaneous tilt angle for
indicated xL5 compounds (x51, 2, 3). The arrow indicates
the phase transition to the SmCA* phase for 2L5
compound.

Figure 10. Temperature dependences of (a) the relaxation
frequency and (b) the dielectric strength obtained on
cooling within the temperature range of the SmA* and
SmC* phases for compound 1L8.
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shown in Figure 12. The temperature dependence of

fh, which is in a good agreement with the Arrhenius

equation, can be attributed to the rotation of

molecules around their short axes, which exhibits

Arrhenius behaviour. The mode with the relaxation

frequency fl can be attributed to the anti-phase mode.

The lowering of fl on cooling, which can be seen in

Figures 11 and 12 and which follows the Arrhenius

law, might be caused by the viscosity increase.

4. Conclusions

The study of a new series of chiral liquid crystalline

materials differing in the number of lactate groups in

the chiral part of the molecule provides knowledge on

formation of phases in these systems. In general,

increasing the number of the lactate groups from one

to three results in a decrease of the phase transition

temperatures. A similar effect was described pre-

viously (2) and could be explained by a prolongation

of the molecule. All compounds from the 1Ln series

with one lactate group exhibit the ferroelectric SmC*

phase and for the shorter homologues up to n58 the

paraelectric SmA* phase, both phases being several

tens of degrees broad. For compounds with n59 and

10, the TGBA phase is observed and for compounds

with n511 and 12 a direct transition from the

isotropic to the ferroelectric SmC* phase takes place.

Introduction of the second lactate group (2Ln

series) provides broad antiferroelectric SmCA* phase

and for compounds with n55–7 also the SmA*

phase. For homologues with n511–13, a rather rare

SmQ phase occurs just below the isotropic phase. X-

ray diffraction in this phase shows modulation in two

directions and symmetry I4122. Very low birefrin-

gence of planar texture (see Figure 3) indicates that

model I suggested by Pansu et al. (23) is quite

compatible with the structure of this SmQ phase. In

this model, the molecules are tilted compared to the

optical (tetragonal) axis and due to the fourfold

symmetry the birefringence is expected to be smaller

than that in alternative model II, where the molecules

are perpendicular to the optical axis.

The behaviour of temperature dependences of the

spontaneous tilt angle and spontaneous polarisation

Figure 11. Temperature dependences of (a) the relaxation
frequency and (b) dielectric strength obtained on cooling
within the temperature range of the SmC* and SmCA*
phases for compound 2L8.

Figure 12. The Arrhenius plot for relaxation frequencies
related to the detected modes in the SmCA* phase for
compound 2L8. Fitted values of the activation energy, Ea,
for both modes are added.
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confirm the first-order SmA*–SmC* phase transition

for homologues with n56 (see Figures 7 and 8,

respectively), the discontinuity being increased with

increasing n value. The phase transition from the

TGBA phase to the SmC* phase is strictly of the first

order. For all studied compounds, the spontaneous

polarisation and tilt angle are high, the values of Ps

exceeding 100 nC cm22 and the values of hs reaching

nearly 45u in the longest 1Ln homologues.

The temperature dependence of the layer spacing

reveals a decrease of the layer thickness at the SmA*–

SmC* phase transition related to the increased tilt of

the molecules. Dielectric spectroscopy reveals the soft

mode in the SmA* and TGBA phases, the Goldstone

mode in the SmC* phase and two modes in the

SmCA* phase. In the antiferroelectric phase, the high-

frequency mode is attributed to the rotation of

molecules around their short axes and the low-

frequency mode to the anti-phase mode. The relaxa-

tion frequencies of both modes obey the Arrhenius

law.
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Mol. Cryst. Liq. Cryst. 1997, 299, 433–438.

(21) Takanishi Y.; Takezoe H.; Yoshizawa A.;
Kusumoto T.; Hyiama T. Mol. Cryst. Liq. Cryst.
2000, 347, 501–508.

(22) Kusumoto T.; Sato K.; Katoh M.; Matsutani H.;
Yoshizawa A.; Ise N.; Umezawa J.; Takanishi Y.;
Takezoe H.; Hyiama T. Mol. Cryst. Liq. Cryst. 1999,
330, 1471–1478.

(23) Pansu B.; Nastishin Y.; Impéror-Clerc M.; Veber M.;
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