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Chiral compounds show rich variety of smectic phases viz. SmC,*, SmCg*, SmC,*,
SmC*, SmC4* due to different correlation between adjacent layers and various
TGB phases due to different orientation of blocks of layers. Dielectric spectroscopy
has proven as an important tool for the characterization of various smectic phases
posses by chiral compounds. Dielectric spectra of these phases are sometimes com-
plex but rich in information and are very helpful in the determination of the structure
of these phases. Dielectric spectroscopy of the above phases observed in the recently
synthesized materials is discussed with regards to their structure property
relationship.

Keywords Dielectric relaxation; ferroelectric and antiferroelectric phases; SmC,*
phase; TGB phases

1. Introduction

Chiral smectic mesophases have become matter of curiosity amongst liquid crystal
community due to their reduced symmetry properties which allowed spontaneous
polarization in the smectic layers as well as novel structures. Dielectric properties
of classical liquid crystals (nematics and smectics) are intensively studied for their
technical exploitation and from the structural point of view. When ferroelectrcity
in chiral smectic phase was discovered in 1975 by Meyer et al [1], dielectric spec-
troscopy became even more important characterization technique in the field of
liquid crystals research. The presence of spontaneous polarization in chiral smectic
C (SmC*) phase leads to a very interesting dielectric response as compared to a chiral
liquid crystals. Latter on in 1989, when Antiferroelectric Liquid Crystals (AFLCs)
with the plethora of subphases in the SmC* family [2] and frustrated twisted grain
boundary (TGB) phases were discovered [3,4], dielectric characterization became a
necessity. Each chiral smectic phase has a specific dielectric response and electrical
properties. Hence a dielectric spectrum may, therefore, provide very good help in
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identifying phases of new materials. Structure and dielectric properties of several new
phases are not yet completely understood. Another very appealing characteristic of
dielectric spectroscopy is that it works equally for thin and thick samples. This
makes it an ideal technique to study how the surfaces affect the phase behaviour
and phase sequence of a material. Also the complete alignment of the sample, with
some exception is not so crucial for the results. Therefore, dielectric spectroscopy is a
very good complement to techniques which are more sensitive to the alignment con-
ditions. In this article, a comprehensive report of dielectric relaxation processes of
various smectic phases (viz. SmC,*, SmC*, SmCgz*, SmC,* and SmC,*) and TGB
phases (viz. TGBA, TGBC and TGBC*) of LC materials are discussed with regard
to structure of the phases.

2. Experimental

For the study of the dielectric properties of chiral smectic systems, the measuring cell
is taken in the form of parallel plate capacitor made from ITO or gold coated con-
ducting glass electrodes and separated by mylar/teflon spacers of known thickness.
The planar and homeotropic orientations of the molecules are obtained by
chemically treating the glass plates [5]. As the liquid crystals are anisotropic media
(A = sm —¢| #0), different results are obtained for different alignments of the
sample. When measuring field is directed perpendicular to the plane of cell, one
should in principle measure & | in the homeotropic alignment and ¢ in the planar
alignment. However, it must be kept in mind that no cell is perfectly aligned and
a non-zero tilt or presence of helix (especially in chiral phases) will of course also lead
to an effective mixture of director orientation throughout the cell. Therefore, in
many cases, we may observe a combination of & | and ¢, in the same measurement.
Even though the effect normally is small, it may sometimes play an important role.
In our work, Impedance/Gain-phase analyzer of Solartron (model SI-1260) coupled
with Solartron dielectric interface (model-1296) has been used to acquire the dielec-
tric data. Most of the measurements are restricted to the frequency range of 1 Hz to
10 MHz due to the dominating electrode polarization effect below 1 kHz [5] and high
frequency effect due to finite surface resistance of glass electrodes and lead induct-
ance above 1 MHz [6,7].

To analyse the measured data, the dielectric spectra have been fitted with the
help of generalized Havriliak and Negami (HN) equation [8-10]:
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where Ag; = ¢'(0) — ¢/(c0), 7; and h; are the dielectric strength, the relaxation time and
the symmetric distribution parameter (0 <h; < 1) of ith mode, respectively. &'(0) and
¢/(c0) are the low and high frequency limiting values of the relative dielectric permit-
tivity. f; is asymmetric distribution parameter. The third and fourth terms in Eq. (1)
are added due to the presence of electrode polarization capacitance and ionic con-
ductance at low frequencies [5], where A and n are fitting constants [5]. oo, 1S the
ionic conductance and g, = 8.85 pF/m is the free space permittivity. The fifth imagin-
ary term Bow™ is added in Eq. (1) to partially account for high frequency ITO effect
[7], where B and m are constants as for as correction terms are small [6,7].
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3. Results and Discussion

The chiral smectic phases can be classified in three broad categories viz. Ferroelectric
Liquid Crystals (FLCs), Antiferroelectric Liquid Crystals (AFLCs) along with the
associated subphases and Twisted Grain Boundary (TGB) phases. In the following
sub-sections, we will discuss collective relaxation processes observed for planar
orientation of the sample in the aforesaid phases.

3.1. Molecular Dynamics of SmA* and SmC* Phases

FLCs are classical chiral systems which show a transition from orthogonal SmA* or
chiral nematic to tilted SmC* phase. Their dielectric behaviours are most studied and
well established [10-12]. In the SmA* phase, the dielectric spectrum contains single
relaxation mode in the high kHz region for which dielectric strength increases and
corresponding relaxation frequency decreases with decrease in the temperature. Near
SmA*-SmC* transition, the behaviour of this mode becomes critical. This phenom-
enon has been linked to the amplitude fluctuations of the tilt angle. The elastic
constant controlling the tilt fluctuations gets soft on approaching SmA*-SmC*
transition temperature on cooling, consequently fluctuation amplitude increases dras-
tically and its susceptibility diverges. Thus this mode has been assigned as soft mode
[10-12].

In the SmC* phase, a mode with low frequency (~1kHz) and high strength is
generally observed for planar orientation of the sample. This mode could be sup-
pressed by application of bias electric field. The SmC* phase is characterized by chir-
ality, molecular tilt and the helical structures. The director makes an angle with the
smectic layer normal and it precesses with a finite phase angle (¢) from one layer to
another resulting in a helical structure with helical axis parallel to the normal to the
smectic layer [10-12]. When a small measuring electric field is applied across the sam-
ple, a mode is observed due to the distortion of phase angle which propagate along
the helical axis. This type of fluctuation manifests itself as a distortion of phase angle
and is called Goldstone mode. Soft mode is also present in the SmC* phase but it is
generally masked by strong Goldstone mode. It could be observed after suppressing
Goldstone mode by applying bias electric field [8,10-12].

3.2. Molecular Dynamics of SmC " Phase

In the SmC4* phase, two relaxation modes are observed under planar anchoring of
the molecules by dielectric spectroscopy (see Fig. 1). The behaviour of the corre-
sponding relaxation frequencies depends on the adjacent high temperature phase
in the material [13-28]. Relaxation frequencies of these modes show dependence with
temperature whereas corresponding dielectric strength are very small (~1) and
remains almost invariant with temperature [17-19]. These two modes generally show
Arrhenius type behaviour. However, their frequency ranges and slopes are different
(see Fig. 2) as compared to that of the mode corresponding to the reorientation of
molecules around their short axis [24-26]. The relaxation frequencies of these two
modes are found to be invariant with bias electric field and thickness of the sample
[18,26]. However, dielectric strength of these modes increase with increase in the bias
electric field and support the hypothesis of their collective nature (see Fig. 3)
[14,18,19]. The low frequency mode of SmC4* phase has features typical of a
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Figure 1. (a) Variation of dielectric loss of CI-MHPOBC at 31.8°C. An example of mode sep-
aration by simulation of experimental data (open symbol) using Eq. (1). (b) Cole-Cole plots in
the SmCA* phase of CI-MHPOBC at 27.7°C. The experimental data and corrected data are
shown by open circles and triangles respectively.

Goldstone mode. It is well known that, a helicoidal superstructure exist in SmCyp*
phase, with anti-tilt pair spiraling in a certain direction. The molecular directors in
the adjacent smectic layers of SmCA* phase are not completely anti-parallel to each
other, so there is slight imbalance in the local polarization. This causes ‘the antiferro-
electric spontaneous polarization” 6P. Such an ‘antiferroelectric polarization’ spirals
about the helical axis as does the polarization in ferroelectric (SmC*) phase. Hence
one can expect the dielectric relaxation process to arise from the distortion of the
antiferroelectric helix due to interaction of measuring ac electric field with P similar
to that of a ferroelectric Goldstone mode, though with a low value of the dielectric
strength [17-19]. The high frequency mode has been considered to originate from the
fluctuation of the directors in the anti-tilt pairs of the SmC,* phase where they
rotate in opposite phase, hence is called anti-phase azimuthal angle fluctuation mode
[14,17-19].
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Figure 2. Temperature dependence of the relaxation frequencies of three observed modes
in-phase and anti-phase (in planar alignment) and reorientation around short axis
(quasi-homeotropic alignment) in the SmCx* phase of MHPB(H)PBC.

3.3. Molecular Dynamics of Chiral Smectic C (SmC,*, SmCg* and
SmC,* ) sub-phases

In the dielectric spectrum of the SmC,* phase, most often one collective relaxation
process is observed that exist in the high kHz region [13,15-17]. Origin of this mode
is assigned to tilt fluctuation of molecules i.e., soft mode. In some materials a collec-
tive mode in low kHz region is also reported and its origin has been assigned to
Goldstone mode [8,16]. In one of the material (S)-(+)-4-(1-methylheptyl) 4-[4-(3-
-hexanoyloxy) prop-1-oxy) benzoyloxy] biphenylate studied by us which shows

0.8 A
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Figure 3. Bias field dependence of the dielectric strength of two modes (in-phase and
anti-phase) of the SmCx* phase of CI-MHPOBC at 39.8°C for the planar aligned sample.
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Figure 4. Variation of relaxation frequencies (fr) and their inverse (f 1{1) with temperature in
SmA* and SmC,* phases of (S)-(+)-4-(1-methylheptyl) 4-[4-(3-hexanoyloxy) prop-1-oxy) ben-
zoyloxy] biphenylate.

SmC,* phase in wide temperature range (~9°C), two different behaviour of relax-
ation processes have been observed in different temperature range as shown in
Figures 4 and 5 [29,30]. On the basis of temperature, frequency and bias electric field
dependent studies of dielectric parameters, we have confirmed that the collective
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Figure 5. Variation of dielectric strength (Ag) and their inverse (Ae™!) with temperature in
SmA* and SmC,* phases of (S)-(+)-4-(1-methylheptyl) 4-[4-(3-hexanoyloxy) prop-1-oxy) ben-
zoyloxy] biphenylate.
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Figure 6. Temperature dependence of (a) relaxation frequency (fr) and (b)dielectric strength
(Ae) of various modes of SmA*, SmC,* and SmC* phases of CI-MHPOBC in the cooling
cycle.

dielectric relaxation mode of SmC,* phase behaves like soft mode near SmA*-SmC,*
transition. However, far from the transition, it behaves as phase fluctuation
(Goldstone like) mode. A theoretical model is proposed by Vaupotic et al. which pre-
dicts amplitude and phase fluctuation modes in SmC,* phase simultaneously [31].
We have verified this assumption in a compound CI-MHPOBC where two relaxation
modes (M, and M,) are observed simultaneously as shown in Figure 6 [8]. The high
frequency mode (M) possesses small dielectric strength (~4-8) and its frequency
varies between 100kHz and 32kHz. The low frequency mode (M,) is observed
between 40kHz and 8kHz and possesses high dielectric strength. The dielectric
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strength of the low frequency mode decreases with increase in bias electric field and
is suppressed at a critical value of 36kV-cm™! [8]. It is important to mention here
that due to short helical pitch of SmC,* phase (<100nm), Goldstone mode is
expected with small strength but at higher frequency (than usually observed in the
SmC* phase), which may be of the order of the frequency of the soft mode. Hence
these two modes are superimposed to each other in the dielectric spectrum.

The SmCg* is considered to be antiferroelectric with modulation of four smectic
layers in a unit cell [13]. Hence the two observed relaxation processes in this phase
have generally similar nature as discussed for the SmC,* phase. In the SmC,* phase,
two modes are observed in low (~1kHz) and high (~100kHz) kHz regions respect-
ively [13-17,20,21]. The temperature dependences of the relaxation frequencies and
dielectric strengths of various modes are shown in Figures 7a and 7b respectively for
a compound (S)-(+)-4'-[4-(1-methylheptyloxycarbonyl)] biphenyl 4-[3-(octanoyloxy)
prop-1-oxy]benzoate [32]. The relaxation frequency and dielectric strength of low
frequency mode (marked Mj; in Fig. 7) decreases with decrease in temperature.
The decrease of dielectric strength of low frequency mode in SmC,* phase, occurs
due to the decrease in ferroelectric order (or increase in antiferroelectric order) with
decrease in the temperature. The dielectric strength and relaxation frequency of high
frequency relaxation mode (My) remains almost invariant with temperature. This
reminds typical behaviour of a mode observed in high kHz region in the antiferro-
electric SmC,* phase (as discussed in previous paragraph). It may be presumed that
high frequency relaxation mode appears due to presence of partial antiferroelectric
ordering in SmC,* phase. It is observed that low frequency mode vanishes near
SmC,*-SmCx* phase transition. On the basis of temperature dependence, low fre-
quency mode of SmC,* phase are stipulated due to ferrielectric Goldstone and high
frequency mode is due to anti-phase azimuthal angle fluctuations respectively.

3.4 Molecular Dynamics of TGB Phases

Static dielectric measurement is proven to be a tool for the determination of weak
transitions especially in TGB systems which could not be observed by thermal scan-
ning measurement [33-36]. Variations of ¢| | and ¢, with temperature showing dielec-
tric anisotropy (d¢') is shown in Figure 8 fLor the binary mixture of HOAB and ChB
[35]. N*-TGBC* transition is clearly visible by change in pattern for both compo-
nents of the permittivity. Static dielectric measurement also gives information about
structure of the phases. As d¢' in TGBC* phase is approximately zero, hence, it can
be presumed that molecular orientation are similar in TGBC* phase for two cases of
anchoring. Similar results are also found in a series of compounds (DC4-10 and 11)
[33]. This indicates cubic structure of TGBC* phase. One must keep in mind that
TGBC* phase has additional helix (of the SmC* structure inside the smectic blocks)
normal to the usual TGB helix similar to those in TGBA and TGBC phases [4].
Initial dynamic dielectric studies of the TGBA phase carried out by other groups
[37-41] show that, like those of SmA* phase, electric field induces amplitude fluctu-
ation of tilt angle i.e., soft mode. Similarly in TGBC phase, electric field induces
phase fluctuation of the tilt angle and hence Goldstone like mode of dielectric relax-
ation is observed as it is in the SmC* phase [39,40]. However, experimental evidences
suggest that relaxation processes of TGB phases have small amplitudes and higher
relaxation frequencies as compared to those observed in classical SmA*
and SmC* phases. Ismaili et al. [40] have proposed a theoretical model verified by
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Figure 7. Temperature dependence of (a) relaxation frequencies (fgr) and (b) dielectric
strengths of various modes observed in different phases of (S)-(+)-4'-[4-
-(1-methylheptyloxycarbonyl)] biphenyl 4-[3-(octanoyloxy) prop-1-oxy]benzoate. Two modes
of SmC,* (M; and M») and SmC,* (M3 and M4) phases are distinctively visible here.

some experimental work, which suggests that Goldstone mode of TGBC and soft
mode of TGBA phases are strongly reduced due to the elastic distortion of the direc-
tor which depends on anchoring forces at the grain boundaries and distance between
them. Dielectric studies of a wide temperature range TGBA phase (~31°C) in a
binary mixture of 70CB and 5*CBB is earlier reported [42]. Relaxation frequency
of observed mode in the TGBA phase lies in the range of 200kHz to 2 MHz and
its dielectric strength varies from 0.42 to 0.18 [42]. Novotna et al. have reported
the soft and Goldstone modes in the TGBA and TGBC* phases of a series HZL /*
which have very high strength probably due to the low temperature SmC* phase [43].
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In the antiferroelectric TGBC,* phase, a relaxation mode in the kHz region
has been reported by Petrenko er al in a compound (S)-1-Methylheptyl 2-[4-
(4-dodecyloxybenzoyloxy)phenyl]-pyrimidine-5-carboxylate [44]. Relaxation fre-
quency and corresponding dielectric strength of this mode does not change with
temperature, yet this mode is attributed to the soft mode [44].

Static dielectric permittivity is also important to detect weak and broad relax-
ation processes where it is not possible to get correct value of strength by the direct
or fitting process [45-48]. The temperature dependence of ¢/, at various frequencies is
shown in Figure 9 for a compound DC 4-11 which shows only TGBA and TGBC*
phases [45]. Two weak transitions in the compound can be clearly seen in Figure 9.
The value of ¢, is almost invariant with frequency in the isotropic liquid phase
implying that no molecular relaxation exists in this phase over the experimental fre-
quency range. On lowering the temperature, in the TGBA phase (below ~119°C), ¢/
shows some decrease for the frequencies above 100 kHz, indicating a pre dielectric
dispersion phenomenon in the frequency range of 100kHz to 1 MHz. As tempera-
ture goes down, this mechanism further dominates. From Figure 9, one can see that,
while going from 10kHz to 1 MHz, ¢, decreases by ~0.2 (at 111°C). On the basis of
the range of the relaxation frequency and its strength, this weak relaxation mode is
assigned to soft mode of TGBA phase [45]. At TGBA-TGBC* transition, low fre-
quency values (10 Hz-100 Hz) of ¢, further go up however high frequency values
of ¢, move down (see Fig. 9). It is apparent from these dielectric data that soft mode
of TGBA phase continues in TGBC* phase as well, with increase in its strength. In
the low frequency region (<1kHz) of TGBC* phase, ¢, increases upon decreasing
temperature. This indicates the presence of another collective relaxation mechanism
in TGBC* phase between 1kHz to 10 Hz; however data below 100 Hz are highly
affected due to low frequency parasitic contributions. After subtracting the low fre-
quency artifacts from the measured data, a mode below 1 kHz is clearly visible in the
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TGBC* phase as shown in Figure 10 [46]. On the basis of its frequency range and
other dielectric parameters, this process is assigned to Goldstone like mode of the
TGBC* phase [46]. Small value of the transverse component of the molecular dipole
moment may be the reason for the weak dielectric strength of the observed mode in
TGB systems. We here stress that any firm evidence has yet not been found to relate
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Figure 10. Variation of ¢, (corrected after removing low and high frequency parasitic effects)
with frequency at 95°C in the TGBC* phase of DC4-11.
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observed modes of TGB systems to tilt and phase angle fluctuations; nevertheless the
above hypothesis still remain the most likely explanation. However, a most interest-
ing system yet to be explored would be one having phase sequence: N*-TGBA-
TGBC-TGBC*-SmC* with large value of the transverse component of dielectric per-
mittivity. Such a system may give conclusive evidence of the expected modes of the
TGB phases. Presence of all the above phases in a material will make various para-
meters of different phases distinctively comparable.

4. Conclusions and Perspectives

Dielectric spectroscopy has proven to be an effective tool in the identification of
chiral smectic phases and their structural properties as discussed above. Two relax-
ation modes detected simultaneously, in the SmC,* phase, have shown their charac-
teristics as soft mode and Goldstone mode in concurrence with the proposed
theoretical model. Similarly, modes detected in the SmCgz* and SmC,* phases con-
firms their antiferroelectric and ferrielectric behavior, respectively. Soft and Gold-
stone modes like relaxations have been detected in the TGBA and TGBC phases
as theoretically expected. However, presence of the two helix axes in the TGBC*
phase (there is additional helix of the SmC* structure in the smectic blocks and it
is normal to the usual TGB helix), makes it complex. Consistent experimental data
and theoretical approach are required to draw any conclusion about the origin of the
relaxation processes in this phase.
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