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ABSTRACT: Broad-band dielectric relaxation spectroscopy has been used to examine molecular motions in a main­

chain liquid crystalline copolyester BB-4*(2-Me)/BB-6 consisting of a biphenyldicarboxylic acid and equimolar mixture of 

chiral 2-methylbutanediol and hexanediol. From 60 to 140°C where molecules assume a chiral smectic C phase, BB-4* (2-

Me)/BB-6 exhibits a Goldstone mode process whose relaxation strength rapidly decreases with increasing de bias field. 

Combining dielectric relaxation time and strength allows estimate of interlayer rotational viscosity which is 10-100 

times larger than that oflow molecular weight liquid crystals reflecting methylene chains connecting smectic layers. De­

creasing temperature leads to two additional processes, Vogel-Fulcher type and Arrhenius types. These processes are 

analogous to segmental and local mode motion characteristic of non-crystalline polymers. The former defines a T. of 15 

°C. The coexistence of the Goldstone mode and segmental mode indicates that BB-4*(2-Me)/BB-6 possesses both orienta­

tional order forming liquid crystalline phases and disorder required to undergo glass transition. 
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Main chain liquid crystalline polymers generally con­

sist of alternate sequences of rigid mesogenic group and 

flexible spacer groups. 1 The mesogenic group plays a pri­

mary role in forming the mesophase structure as in low 

molecular weight liquid crystals. The flexible group is 

introduced to control the mesophase structure as well as 

transition temperature between different mesophases. 

Its role is more essential in liquid crystalline polymers 

than in low molecular weight liquid crystals. 
Watanabe and coworkers2

-
6 synthesized the BB-n 

polyesters in which biphenyldicarboxylic acid (mesogen) 

is connected with alkylene spacer of carbon number n. 
These polyesters form smectic mesophases. Even­

membered BB-n forms a smectic A (SA) phase while the 

odd-membered one yields a smectic CA (ScA) phase.2 In 

the ScA phase, mesogenic groups are tilted to the layer 

normal like in the conventional smectic C phase but the 

tilt direction is opposite in neighboring layers. Such an 

odd-even parity effect is characteristic of main-chain liq­

uid crystalline polymers and results from the conforma­

tional constraint in that the spatial arrangement of the 

mesogenic groups is strongly confined by the conforma­

tion of the intervening methylene groups. 
The introduction of branched methyl group into the 

even-numbered spacer alters the SA phase to the Sc 

phase. 3
•
5 More interestingly, if a methyl group is intro­

duced so that the attached carbon becomes asymmetric, 
one obtains the chiral smectic C (Sc*) phase, which pos­

sesses a symmetry required to exhibit a spontaneous po­

larization leading to an appearance of ferroelectricity. 4 
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They synthesized copolymers of BB-4*(2-Me) and BB-6 

over the entire range of composition and found that an 

equimolar copolymer has the broadest temperature 

range of Sc* phase. They determined the temperature 

dependence of helical pitch, tilt angle and ferroelectric 

polarization in the Sc* phase. 
This work undertook dielectric relaxation measure­

ments for a BB-4*(2-Me)/BB-6 copolymer to substantiate 

its ferroelectricity and characterize the nature of mo­
lecular motion over the broad range of frequency and 

temperature. 

EXPERIMENTAL 

The BB-4*(2-Me)/BB-6 sample was synthesized by 

melt transesterification of dimethyl p, p '-bibenzoate and 

an equimolar mixture of (S )-2-methylbutanediol and 

hexanediol. 4 The degree of polymerization of the product 

was determined to be 5-6 by gel permeation choroma­
tography measurement (HLC-8020, Tosoh) using chloro­

form as solvent. The sample was sandwiched between a 

pair of ITO-coated glass substrates using a fused silica 

fiber 10 µm in diameter as spacer. Shear deformation 

was applied through the glass substrates so that the 

molecules were oriented parallel to the substrates and 

the smectic layers were aligned parallel to the thickness 

direction. The area of electrode was 5 X 5 mm2
. 

The complex permittivity E*= E' -iE" was measured 

over a 10 mHz-10 MHz frequency range from -150°C 

to 150°C using a laboratory-made dielectric spectrometer 

and impedance analyzer HP4192A (Hewlett-Packard). 

In addition to conventional dielectric measurements, a 

de bias field was superimposed on a sinusoidal electric 

field to examine its effects on molecular motion. 
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RESULTS AND DISCUSSION 

Figure 1 shows a 3-D representation of the frequency 
and temperature spectra of log E' and log E" for BB-4 *(2-
Me)/BB-6. One finds three relaxation processes desig­
nated as a, p, and yin the order of decreasing tempera­
ture. In the high temperature range, both £, and E" in­
crease with decreasing frequency due to de conduction 
and electrode polarization. These were removed in a 
manner as described later to obtain purely dielectric 
spectra. 

The phase sequences of BB-4*(2-Me)/BB-6 are repre­
sented in Figure 2 in terms of dielectric temperature 
spectra obtained during cooling at a fixed frequency of 
10 Hz. The X-ray, DSC, and optical microscopic observa­
tions of this copolymer revealed a phase transition from 
SA to Sc* at 140°C. An isotropization of SA occurs at 
around 170°C. Thus the a process around 100°C can be 
naturally attributed to the Goldstone mode inherent to 
ferroelectric liquid crystals. 6

•
7 The copolymer shows a 

broad DSC peak at around 70°C on cooling. This may be 
attributed to crystallization, but the degree of crystallin­
ity is negligibly small compared with that of homopoly­
mers.4 Thus the Sc* phase remains in a non-crystalline 
state below 70°C. Although Goldstone motion is frozen­
in below 60°C, the copolymer still undergoes active mo­
tion as demonstrated by additional relaxation processes 
at lower temperatures. The combined spectra of P and y 
processes shown in Figure 2 look similar to the primary 
and secondary relaxation processes associated with 
glass transition8 in non-crystalline polymers. The follow­
ing examines these relaxation processes in detail on the 
basis of frequency spectra. 

SA-Sc* Transition 
The a-process is much obscured by de conduction and 

electrode polarization. To subtract these contributions, 
we fitted the observed spectra to the following empirical 
function 

c' = E=+ { {E r) +. / )1 1+ zwr ,, " zw/a+ zw -r/Ee1 
(1) 

The first and second terms on the right comprise 
Havriliak-Negami (H-N) function,9 where Eoo is the in­
stantaneous permittivity, f.£ relaxation strength, , re­
laxation time, and a and p parameters expressing the 
distribution of relaxation time. In the third term, cr is 
the de conductivity and EeJ and y are parameters express­
ing electrode polarization.10 Exemplifying results are 
shown in Figure 3 where open and filled circles are ob­
served E' and E", respectively, and the solid curves repre­
sent fitted spectra. Removing the contribution from the 
third term, we obtain purely dielectric spectra as shown 
by dashed curves. 

Among quantities determined as best-fit parameters, 
f.£ and log f mare plotted in Figure 4 as a function of tem­
perature. Here fm is the relaxation frequency given by 1/ 
2 m which is nearly equal to the frequency where E'' be­
comes a maximum. At 140°C, both peak due to transition 
from the SA phase to the Sc* phase. As temperature de­
creases, f.£ first increases until 100°C is reached and 
then decreases to become undetectable below 60°C, 
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Figure 1. 3-D representation of dielectric frequency and tempera­
ture spectra for BB-4*(2-Me)/BB-6. 
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Figure 2. Temperature spectra of£' and r" for BB-4*(2- Me)/BB-6 
at 10 Hz. 

whereas log fm decreases continuously. Referring to con­
ventional low-molecular weight ferroelectric liquid crys­
tals, this process can be assigned to Goldstone mode as­
sociated with fluctuations of the azimuthal angle of 
tilted molecules in the Sc* layers forming a helical struc­
ture. 7,11,12 

To confirm this assignment, we made dielectric meas­
urements in the presence of de bias field Eb. Figure 5 
shows the results of measurements at 137°C which is 
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Figure 3. Observed and fitted dielectric frequency spectra associ­

ated with Goldstone mode for BB-4*(2-Me)/BB-6 at 120°C. 
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Figure 4. Temperature variation of dielectric relaxation fre­

quency fm and relaxation strength M associated with Goldstone 
mode for BB-4*(2-Me)/BB-6. 

just below the SA-Sc* transition point. In this figure, 

contributions from de conduction and electrode polariza­

tion have been removed. The a-process is markedly di­

minished as Eb is imposed, because the bias field causes 

unwinding of the helical structure inherent to the Sc* 

phase to suppress the azimuthal fluctuations. 13 

The bias field dependence of the a-process is summa­

rized in Figure 6 where relaxation strength 11£ is plotted 

against Eb. As temperature decreases, 11£ starts to de­

crease at higher Eb after showing a peak. Such peaking 

suggests that unwinding of helical structure needs a cer­

tain critical field. Although the a-process almost disap­

pears above an Eb of 2.5 MV m - 1
, there remains a weak 

relaxation process at slightly higher frequency. Refer­

ring again to conventional ferroelectric liquid crystals, 

this process can be assigned to the soft mode associated 

with tilt angle fluctuation. Parallel with this assignment, 

anomalous fm and 11£ appeared at 140°C in Figure 4 can 
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Figure 5. Bias-field dependence of dielectric relaxation frequency 

spectra associated with Goldstone mode for BB-4*(2-Me)/BB-6 at 

137°C. 
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Figure 6. Bias-field dependence of the dielectric relaxation 

strength llE associated with Goldstone mode for BB-4*(2-Me)/BB-6. 

be interpreted in terms of softening of such a mode. 

The dielectric relaxation strength 11EG and relaxation 

time '"CG associated with Goldstone mode are given as fol­
lows 14 

(2) 

r 
Tc~ Kql (3) 

where K is the effective elastic constant, y effective rota­

tional viscosity, q0 wave number of the helical structure, 

£0 vacuum permittivity and Ps spontaneous polarization. 

From Figure 4, we obtain 11EG=6 and tG=8 X 10-3s at 130 

°C, l0°C below the transition point. The spectroscopic 

observation of reflection bands has yielded q0=1.3 X 107 

rad m -l for an equimolar BB-4*(2-Me)/BB-6 being less 
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Figure 7. Decomposition of dielectric relaxation frequency spectra 
associated with~ and y-processes for BB-4*(2-Me)/BB-6 at 25°C. 

dependent on temperature. The spontaneous polariza­
tion P8 was determined to be 150 µCm - 2 based on ferro­
electric switching measurements. Using these results, 
we obtain K =1.3 pN and y=l.8 Pa s. It is interesting to 
note that the value of K is similar whereas y is 10-100 
times larger compared to low-molecular-weight ferro­
electric liquid crystals. 15

•
16 This means that the methyl­

ene chains connecting smectic layers BB-4*(2-Me)/BB-6 
causes increase in viscosity but does not affect the elas­
tic constant. 

Glass Transition 
At low temperatures where the Goldstone mode mo­

tion is frozen-in, there exist two additional relaxation 
processes P and y. The filled and open circles in Figure 7 
show the frequency spectra of£, and £", respectively, at 
25°C associated with these processes. As the P-process is 
overtaken by de conduction at low frequency, we made 
curve-fitting using eq 1 with two H-N functions. The 
solid curves show the fitted spectra and the dashed 
curves express resolved P and y processes. Figure 8 
shows plots oflog fm us. reciprocal absolute temperature 
1 / T(transition map) for these processes as well as Gold­
stone and soft mode processes during heating and cool­
ing. The y-process is of Arrhenius-type whereas the P 
process obeys a Vogel-Fulcher (V-F) function 

l.n =/=exp(- T ~To). (4) 

Here T 0 is the temperature where fm becomes 0, {oo is the 
relaxation frequency at very high temperatures and B is 
a constant. Fitting the observed relaxation frequencies 
to this function yielded T0=259 K, {00=1014

·
1 Hz and B = 

1234 K. The activation energy for the Arrhenius-type y 
process is estimated to be 42 kJ mol - 1 from the slope of 
log {mus. 1 / T plot. 

The V-F function is characteristic of a cooperative 
process and generally applies to glass transition. A com­
bination of V-F type p process and Arrehenius type y 
process that merge at 80°C is commonly observed for 
noncrystalline polymers. BB-4*(2-Me)/BB-6 copolymer 
may thus undergo glass transition. Tg is evaluated to be 
15°C from the temperature where log fm becomes -3. 
This does not necessarily mean that BB-4*(2-Me)/BB-6 
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Figure 8. Transition map ofBB-4*(2- Me)/BB-6. 

assumes rubber-like amorphous structure. In fact, it ex­
hibits a ferroelectric liquid crystalline phase Sc* pos­
sessing layered structures at 60-140°C. The Goldstone 
mode motion characteristic of such a phase freezes at 60 
°C. Below this temperature, BB-4*(2-Me)/BB-6 is ex­
pected to take on a structure with higher symmetry. 
Nevertheless, it must possess certain disorder allowing a 
cooperative motion that gives rise to glass transition. 17 

Details of such a motion remain to be pursued. 
In conclusion, BB-4*(2-Me)/BB-6 is a ferroelectric liq­

uid crystalline polymer undergoing Goldstone and soft 
mode motion as well as glass transition. Goldstone mode 
motion is confirmed by its suppression by de bias field. 
Glass transition is demonstrated by cooperative motion 
that freezes rapidly at 15°C obeying a V-F function. The 
coexistence of Goldstone mode and glass transition 
shows that BB-4*(2-Me)/BB-6 possesses both orienta­
tional order and spatial disorder. In the Sc* phase, 
smectic layers are connected by methylene chains. Such 
constraint results in larger inter-layer rotational viscos­
ity, but does not suppress ferroelectricity. We observed 
relatively fast ferroelectric polarization switching phe­
nomena for BB-4*(2-Me)/BB-6. 
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