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Abstract: The collective and molecular dynamics of ferroelectric liquid cry- 
stalline side group polasiloxanes has been investigated be use of broadband 
dielectric spectroscopy (IO-*Hz - 10"z). In the lower frequency range 
(<106Hz) two collective relaxations, Goldstone - and soft - mode, could be 
observed. They are assigned to tlie fluctuations of tlie phase and the ampli- 
tude of the helical superstructue, respectively. In the high frequency regime 
(lOGHz - 10'Hz) one dielectric relaxation, the p - relaxation, is found. It 
is assigned to tlie hindered rotation (libration) of tlie mesogene around its 
long molecular axis. It shows an Arrlienius - like temperature dependence 
with no deviations at the phase transition S,/Sb . A dilution of the me- 
sogenes causes a decrease of the collectivity but remains the local dynamics 
uninfluencecl. 

INTRODUCTION 

Since liquid crystalline compounds were found to have ferroelectric properties in chi- 
ral tilted smectic phases (for example Sz - pliase)[l], there have been many affords 
to understand and optimize their ferroelectric behaviour (high saturation polariza- 
tion, short switching times etc.). Besides a lot of synthetical work [2] and structure 
investigations (21 the molecular and collective dynamics of low molecular weight 
ferroelectric liquid crystals (FLC) has been investigated by several techniques as 
NMR [3], light scattering (41, dielectric spectroscopy (5-71 and is well understood. 
In 1984 the first ferroelectric liquid crystalline polymers were synthesized [8). The- 
se materials combine the properties of low molecular weight FLC with the typical 
properties of polymers. Further on the liquid crystalline phases were stabilized by 
the polymer main chain which leads to much broader mesophases than in the ana- 
logous low molecular weight compounds. The combination of both the ferroelectric 
and the polymeric properties leads to new applications, for example as flexible dis- 
plays [9]. For such applications the dynamical bellaviour bas also to be understood. 
But investigations of the local and collective dynamics of polymeric FLCs are still 
sparse. 
In this paper we present broadband dielectric spectroscopy investigations (1 O'* 
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50 A. SCHONFELD ET AL. 

to 10gHz) on ferroelectric liquid crystalline side group polysiloxanes. In order to 
check the inffuence of the polymer main chain on the dynamical behaviour of tlie 
mesogenes we extended our investigations beside the homopolymer (each repeating 
unit contains a mesogenic side group) to ‘diluted’ copolymers with different amount 
of mesogenes (not each repeating unit contains a mesogenic side group). Diluting 
polymeric side group polysiloxanes improves the possibilities of aligning the samples. 
The saturation polarization of these samples varies nearly linear with the mol - 
fraction of the mesogenes. As by X-ray measurements [lo] a linear increase of the 
layer thickness is found in the smectic phases these substances are treated by a phase 
separation model, which means that the polymer main chain is located between the 
smectic layers. Increasing the amount of siloxane main cliain (‘diluting’) leads only 
to an increse of the polysiloxane layer between the smectic layers and should result 
in  a linear dependence of the measured layer thickness from tlie degree of dilution 
as it is found experimentally. 

EXPERIMENTAL 

To cover the frequency regime from to 10’Hz three different measurement 
systems were combined [ 111, ( i )  a frequency response analyser Solartron Schlum- 
berger FRA12G0 whicli wils supplemented with a high impedance preamplifier of 
variable gain to 10GI-Iz), ( i i )  a Hewlett Packard Impedance analyser HP4192A 
(lo2 to 10’Hz) and (iii) a Hewlett Packard coaxial reflectometer HP4191A (lo6 to 
10”~). The applied AC - measurement field was 1V for all measurements. In 
order to orient the polymers in the bookshelf geometry [12], custom made, rubbed, 
polyimide - coated metal electrodes (diameter 5mm, spacing 20pm) were employ- 
ed. These capacitors enabled us to measure from DC up to lGHz in one capacitor 
arrangement. The syntliesis of the polymers is described elsewere [lo]. The phase 
sequence was determined with DSC (Perkin Elmer DSC-2C,DSC), X-Ray measu- 
rements (Siemens TT 500 Goniometer) and polarizing microscopy. The molecular 
weights were determined by analytical GPC against polystyrene standards. 
The following samples were investigatec.l: 
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BROADBAND DIELECTRIC SPECTROSCOPY 51 

sample 
1 
2 
3 
4 

For the quantitative analysis the data were fitted with a generalized relaxation 
function according to Havriliak and Negaxni [13] 

where r is the mean relaxation time and w the angular frequency of the outer 
electric field. coo and 6s are the real parts of the dielectric function with WT >> 1 
and wr  << 1, respectively. cr and 7 are constants describing tlie symmetric and 
asymmetric broadening, respectively. At frequencies below 104Hz an additional 
conductivity contribution was  observed. It was fitted with the power law 

where a0 and s are fitting parameters and €0 is the permittivity of free space. 

RESULTS AND DISCUSSION 

In the frequency regime from lo-* to 10'11-Iz three dielectric loss processes can be 
observed' (fig.1). Two of them (Goldstone - and soft - mode) occur at frequencies 
below 1MHz. Their huge dielectric losses indicate their collective character. In the 
frequency regime above 1 MHz one dielectric relaxation is found. Its comparable 
low dielectric loss underlines the local Character of this relaxation process, which is 
not restricted to the liquid crystalline phase. In the following we will first focus on 
sample 1 and than compare the four different poymers 

Collective dynamics of F L C  - polymers 
In the frequency range below IMHz the dielectric spectrum is dominated by one 
very huge relaxation (Goldstone - mode), which is restricted to the St, phase (fig.2). 
It is assigned to the fluctuation of the phase of the helical superstructure. Com- 
paring this process with tlie Goldstone - mode in the analogous low molar mass 
compound the relaxation is shifted nearly two decades to lower frequencies. Addi- 
tionally the Goldstone - mocle shows a pronounced temperature dependence while 
in  low molar mass FLCs this process usually is only weakly temperature dependent. 
Superimposing a DC - bias field unwiiides tlie helical superstructure. By this the 
Goldstone - mode can be suppressed continuously (fig.3). In the unwound state 
a second loss process (soft - mocle) becomes observable again. In order to study 
the soft - mode behaviour i n  more detail tlie measurements were repeated with a 
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3.0 I I 

g) 1. - 
0.5 

0. i: -0. 

377.7K 
375.9K S, - phase 

* 374.1K . 369.7K - phase 

-I I I I I I I 1 

log( frequency [Hz] ) 
-2 0 2 4 6 8 10 

Fig. 1: log(P) vs. log(frequency) measured over I1 decades 
for sample 1 .  The experimental error is estimated 
to be not larger than the size of symbols, the slope 
between 10"H.z and Jplfz is due to an artefact of the 
measurement system. 

250 

E" 
200 
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100 

50 

Fig. 2: The Goldstone - mode in a polymeric FLC (sample 
1). 
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T = 90.9% 
-*- ovdt 
--.- 5vdt 

150 + 6Vdl -.- 7 volt 
4- 8Vdt 

9 vdt 
-x- 10 vdt 
*- 1 1 volt 
--.-12Vdt 

E" ' 
a'. 

-+- 
1 

x)- 

0- I......*** 

-1 0 1 2 3 4 
1 . 1 . 1 . 1 . 1 . 1  

log( frequency [Hz] ) 
Fig. 3: Superiniposing a DC - bias field the Goldstone - mode 

can be suppressed continuously (sample I), sample 
thickness: 1 Opm . 

Fig. 4: The soft - mode in a polymeric IXc (sample I ) ,  E = 
I 5% , sample thickness: 1 Opm. 
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54 A. SCHONFELD ET AL. 

superimposed DC - bias field (fig.4). The soft - mode, which is assigned to the 
fluctuation of the tilt, increases in the SA - phase, has a maximum at the phase 
transition S A / S >  and decreases in the Sl, - phase. As the phase transition S A / S ~  
is of second order the followiiig theoretical predictions for the soft - mode dynamics 
near this transition have to be fullfilled (i) The frequency position of the maximum 
dielectric loss should obey a Curie Weiss law, (ii) for this temperature dependence 
the slope in the SE - phase should be twice as much as in the SA - phase, (iii) for the 
inverse of the dielectric strength a similar Curie - Weiss temperature dependence is 
predicted. 
In low molar mass FLCs these predictions are well fulfilled [7]. In order to check 
how comparable this dyananiical behaviour is in the polymeric compounds, the ex- 
perimental data were fitted by use of the generalized relaxation function according 
to Havriliak and Negami (1). The inverse of the dielectric strength shows a com- 
parable temperature dependence (fig. 5a) as predicted and as it is found for low 
molar mass FLCs. The frequency of the maximum 8' only correspondes in the 

I . . . .  , .  . .  .;, . . . . I . .  . . ,  . .  . . , . .  .. 
365 370 375 380 35 390 

temperature [K] 

0.7 

w 0.4 

0.3 

? 
6 

I 

s n 

5 

temperature [K] 
Fig. 5:  a.) Frequency of the max. d' vs. temperature b.) 

inverse r!ielectric strength vs. temperature (sample 
I), E = 1 5 5 ,  sample thickness: 10pm. 

SA - phase. Although the soft - mode should increase in its frequency position in 
the S c  - phase, it remains at nearly the same frequency position. This may be due 
to viscosity effects from the polymer main chain or from an insufficient supression 
of the Goldstone - mode. Additionally the phase transition occurs not as sharp as 
for low molar mass compounds, but this is a general feature of polymeric FLCs. 

Molecular dynamics of FLC - polymers 
In the frequency regime above IMHz one dielectric loss process - the p - relaxation 
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BROADBAND DIELECTRIC SPECTROSCOPY 55 

- can be observed (fig. 6). It is assigned to the hindered rotation (libration) of 

1.1 

c 

1.0 

.I 

0. 

9.0 

Fig. 6: The p - rehation in a polymeric FLC (sample I), 
sample tliickmss: 20pm. 

the mesogene around its long molecular axis and has a comparable low intensity 
as expected for a local process. The measured loss curves can be well described 
with the Havriliak - Negaini equation (1). The temperature dependence of the 
mean reraxation time T and the dielectric strength A€ is shown in fig. 7. The 
relaxation time shows no discontinuities at the phase transition S,@; , especially 
there is no slowing clown observable. By cooling clown from the isotropic phase 
and by entering the S$ - phase, tlie dielectric strength A€ increases, because due 
to the formation of tlie bookshelf geometry the aspect angle of the dipole moment 
interacting with the outer electric field changes. By the same argument there is a 
small step at tlie phase transition SA/S;: . As tlie alignment in the high frequency 
measurements is only partially achieved, these steps are not as pronounced as for 
low molar mass systems. 

Influence of diluting the Dolvmers 
Taking diluted copolymers, i. e. not each repeating unit contains a mesogenic side 
group, the samples are easier to aligii, because of the more flexible main chain. 
Even for the highest degree of dilution (only 25% mesogenes) a comparable phase 
sequence occurs. The saturation polarization shows a nearly linear dependence on 
the mol - fraction of inesogenes (fig. 8). 
In order to investigate how this influences the collective dynamics of the samples, we 
measured the soft - mode behaviour of the four different polymers. The temperature 
dependence of their frequency positions is shown in fig. 9. All the samples show 
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4 6.4 : l! jl [-7.5 

5. 5i i I 

4 ,  I . .  . , . :. I . .  . , . . . ' I . .  . ;-g.o 
340 360 380 400 420 440 

temperature [K] 
Fig. 7: Temperature depenclence of the dielectric strength 

( 0 )  and the logarithm of the relaxation time (0) for 
the /3 - relaxationof sample 1.  

N- 
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9 Y 

Q" 
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Fig. 8: Dependence of the spontaneous polarization on the 
mol - fraction of mesogenes. 
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25 . 100% mesogenes . 
66% mesogenes 

n A 48% mesogenes 
- 2  v 25%mesogenes 

$ 1  v 
E 
r i 5  
t 

W 

Q) tj  0 
t ' l ' l '  I ' l ' l ' l  
-10 -5 0 5 10 15 20 

T-T,  
Fig. 9: Critical slowiilg down for the diluted polymers. 

the expectecl critical slowing down. Coinparing the degree of dilution, the critical 
slowing clown shows a systematic change. The more diluted the the systems are 
the less pronounced the critical slowing clown occurs. As the shift of the process 
to lower frequencies is due to an iiicrease of the collectivity of the tilt fluctuations, 
the dilution decreases the collectivity. A less pronounced collectivity, however, 
influences both, the dynamic - (critical slowing down) and the static properties 
(spontaneous polarization). Coinparing the absolute values of the relaxation times, 
it seems suprising that the concentrated liornopolyiner shows a faster fluctuation 
than the more mobile diluted systems. But one has to take into account that the 
absolute temperatures of the phase transition S A / S ~  differs up to 6 3 K .  As the 
tilt fluctuation is a thermally activated process one can not compare the absolute 
relaxation times of two saniples which differ in the absolute temperature by 6 3 K .  It 
is possible that such a higher thermal activation overcompensates the less mobility 
in the more concentrated polymers. I t  is worth mentioning that the dielectrically 
oserved soft - mode relaxation confnns well with the response times obtained from 
measurements of the electrocliiiic effect (fig. 10). 
In the high frequency regime (106Hz - lO%z), where the local clynaniics takes place, 
no influence of the dilution can be observed as expected (fig. 11). All the samples 
show the hindered rotation around the long molecular axis (p  - relaxation). As this 
is a very local process it  is not influenced by collectivity. 
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Fig. 10: Comparison of the dielectricallay observed soft - mo- 
de with frequency depenclent ~ne~wurements of the 
electrocli~iic eflect (sample I ) .  
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CONCLUSION 

By use of broadband dielectric spectroscopy (10-2Hz to lO’Hz) the collective and 
molecular dynamics of ferroelectric liquid crystalline polymers can be analysed. 
Below TMHz two collective relaxations (Goldstone - an soft - mode) can be observed. 
Tlie Goldstone - mode is assigned to the fluctuations of the phase of the helical 
superstructure. It can only be observed in the ferroelectric S$ - phase. The soft - 
mode is assigned to the fluctuation of tlie amplitude of the helical superstructure. 
Near the phase transition S A / S ;  the soft - mode shows a critical slowing down. 
In the high frequency range (10’Hz to 19’fMz) one relaxation process, the p - rela- 
xation, can be observed. It is assigned to the hindered rotation (libration) of the 
mesogene around its long molecular axis. Tlie p - relaxation shows an Arrhenius - 
type temperature dependence. At the phase transition SA& no deviations could 
be observed. 
A dilution of tlie polysiloxanes, i. e. not each repeating unit contains a mesogenic 
side group, leads to a less pronounced critical slowing down of the soft - mode. This 
can be understood in terms of lower collectivity of tlie tilt fluctuation caused by 
the dilution. The high frequency relaxation remains uninfluenced by the dilution 
as expected for a very local relaxation process. 
Although their are slight differences the dynaniics of ferroelectric liquid crystalline 
side group polysiloxanes is fully comparable to that of the analoguous low molar 
mass compounds. 
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