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A polymer film of polyvinylbutyral with dispersed droplets of a ferroelectric liquid crystalline
mixture (FLC309c) has been prepared and characterized. The collective processes have been
studied by dielectric relaxation spectroscopy in the frequency range 10 Hz to 13 MHz. In
comparison with the FLC309c mixture, the polymer dispersed ferroelectric liquid crystal
(PDFLC309c) based on FLC309¢c exhibits a Goldstone-like mode relaxation with a much
higher relaxation frequency, but a smaller dielectric strength than the Goldstone mode
observed for the FLC309¢c mixture. The spontaneous polarization of PDFLC309c decreases
by nearly one order of magnitude in comparison with FLC309c, while the tilt angle
decreases by 20%. Considering these results, we believe that a non-switching region exists
near the polymer boundaries and that significant deformations of the helical structure occur

due to stronger anchoring.

1. Introduction

Polymer dispersed ferroelectric liquid crystals (PDFLCs)
combine the advantages of polymer dispersed liquid
crystals (mechanical flexibility, thermal and time stability
etc.) [1, 2] with the fast electro-optic response of ferro-
electric liquid crystals (FLCs). The samples present planar-
aligned polymer films with FLC droplets dispersed therein.
The FLC director in all droplets is aligned in the same
direction and parallel to the surface of the polymer web.
Under an applied bipolar electric field, the director turns
by an angle of 20 (0 is the molecular tilt angle) within
the film web.

When placed between crossed polarizers, the PDFLC
film can act as a phase plate [ 3], similar to the planar-
aligned FLC layer in a surface stabilised FLC cell [4].
A maximal contrast can be reached for a switching angle
of 45° and a phase shift of /2. Due to a matching and
dismatching of the refractive index, the light scattering
effect can be utilized [1,2,5] as a light modulator.
The FLC309¢ mixture used is optimized to exhibit a
matching of the ordinary refractive index with that of
the surrounding polymer (7> = 1.485). Light scattering
PDFLC modulators can be designed both with a polarizer
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[1,2,5,6] and polarizer-free [7]. The different textures
of the droplets and the importance of a uniform align-
ment for the light transmission characteristics have been
demonstrated in [8]. A PDFLC is also a model system
for FLCs in confined geometries [9].

The aim of this paper is to study the influence of the
encapsulation of FLC droplets on the liquid crystalline
parameters.

2. Preparation of PDLFC films

The PDFLC films under investigation have been
produced by the ‘temperature induced phase separation’
(TIPS) [10] method from a mixture of 40 wt % of
ferroelectric liquid crystal mixture FLC309c¢ (with a tilt
angle 0=19.2° and a helical pitch Po=0.4Hm at 25°C)
and 60 wt % of polyvinylbutyral. The uniaxial alignment
of the samples was achieved by shear deformation during
the cooling process. ;Fhe average droplet size in the film
web was 6 X 10Mm ; the average film thickness was
about 10Hm. Figure 1 shows two typical textures of
the droplets [8]. The focal-conic domains, figures 1 (a)
and 1(c), are a typical type of defect which diminishes
strongly the possible contrast ratio. A wave-like structure,
figures 1 (b) and 1(d), however allows a good dark state.
It is clearly seen that several deformations of the liquid

Liquid Crystals ISSN 0267-8292 print/ISSN 1366-5855 online © 2002 Taylor & Francis Ltd
http://www.tandf.co.uk /journals
DOT: 10.1080,/0267829021000017960



17: 40 25 January 2011

Downl oaded At:

1306 E. P. Pozhidaev et al.

Figure 1. Micrographs of FLC
droplets with disclinations of
(a) the concentric type (single
focal-conic domain) and (b) the
wave-like type, (c) and (d) are the
corresponding configurations
of the smectic layers inside the
droplets.

crystalline orientation take place. This makes it almost
impossible to calculate the wave vector. The resolution
of the image is close to the maximal resolution of the
optical microscope (dmin = 1/2).

3. Experimental

The dielectric studies have been performed using
ITO coated cells (FLC309¢ and PDFLC309c). To be
sure that relaxation processes from the polymer did not
influence the dielectric spectra of PDFLC309¢, a Gold-
cell filled with polyvinylbutyral was used for the dielectric
measurements in a parallel experiment. The a-relaxation
of the polymer lies at lower frequencies or higher temper-
atures and appears only above 60°C in our spectral
range. This is in full agreement with the results obtained
by other groups [ 10]. The dielectric measurements were
made using an impedance analyser (HP4192A) in the
frequency range 10 Hz to 13 MHz. The temperature was
stabilized with a temperature controller (Eurotherm 818)
with an accuracy better than 0.05 K. The temperature
was measured directly on the sample using a Ni-Cr-Ni
thermoelement and a HP34401A multimeter. The dielectric
strength Ag, the relaxation frequency fr=(2%7)  and
the distribution parameter oo were determined by fitting
the semi-empirical Cole—Cole function (1).
Ag

TG g

*
&

There was no need to subtract a conductivity part due
to the high relaxation frequencies and low conductivity.
The oscillation voltage was specially chosen in order to

d)

receive an optimal signal to noise ratio without greatly
disturbing the probe. The electric and electro-optical
investigations were made using a HP33120A function
generator combined with an amplifier F20A from FLC
Electronics and a HP54815R oscilloscope. The spon-
taneous polarization was measured through the reversal
current at 500 Hz. Tilt angle and switching time were
measured with a HeNe-laser, a photomultiplier and a
Newport M-495 rotational stage at 500 Hz.

4. Results
Dielectric and electro-optic measurements were made
on the neat FLC309¢c mixture and the PDFLC309c film.
This enabled us to compare the FLC with the PDFLC
and to study the effects of the confinement.

4.1. FLC309c

The mixture FLC309¢c consists of the compounds
shown in figure 2 and exhibits the following phase
sequence: Cr —3°C SmC* 39.5°C SmA* 70°C 1.

In the SmC* phase, the neat FLC309¢ mixture shows
a pronounced Goldstone mode with a dielectric strength
Ag=60.0 and a relaxation frequency /r=1.5kHz at
30°C, figure 3. The relaxation frequency /¢ is nearly
constant in the SmC* temperature range and increases
sharply at the transition to the SmA* phase, due to
appearance of the soft mode. For temperatures above
43°C in the SmA* phase an Arrhenius type relaxation
process is observed. This can indicate a molecular pro-
cess related to rotation around the molecular short axes.
Deep in the SmC* phase the dielectric strength Ae is
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Figure 3. Dielectric strength A¢ and relaxation frequency fe

versus temperature for FLC309c, oscillation voltage 0.1 V,
bias 0, layer thickness 1.8 Hm.
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only weakly temperature dependent. Close to e a maxi-
mum in A¢ is observed followed by a strong decrease.
The soft mode has its maximal value at Tc and decreases
hyperbolically with (T — Tc).

The temperature dependences of the spontaneous
polarization Ps and the electro-optic response time t are
shown in figure 4. The line represents a square root fit
of Ps on (Te = T). The sw1tchm% times are quite fast
(20Ms at 25°C and 12MVm ) and decrease with
increasing temperature.

The dependence of the tilt angle on the temperature
is illustrated in figure 5. As seen, a strong influence of
the applied voltage is found especially near the phase
transition. The apparent Cdlculated Landau-parameters
[11,12] 2=315kJm K ,b=778kJm  indicate a
second order phase transition. The piezoelectric constant
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Figure 4. Spontaneous polarization (M) Ps and electro-optic
response time () 70.1-0.9 as a function of temperature for
FLC 309c, layer thickness 1.8 Hm, voltage T 21 V, f=500Hz.
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Figure 5. Tilt angle 6 versus temperature for FLC 309c, laber
thickness 1.8 Hm applied voltage T 2V (l) £ 21V
and calculated for 0V (), /=500 Hz.

C=18mCm explains the voltage dependence of the
tilt angle even deep in the SmC* or S_n%A* phase. The
third Landau coeflicient ¢ =204 MJm " is determined
through minimizing the free energy ¥, equation (2) [13].

1 A T T
F=Fo+7uT =Te)o" + 700" + 20
1 p - CPO—PE 2)
Zeoy £y

The saturation voltage is 2V (1.11 MV m ), which is
confirmed by electro-optic and dielectric measurements.
When a 5.0 V bias field suppresses the Goldstone mode,
the maximum of the soft mode occurs at 41.6°C. This
represents an electrically induced shift of Te by 2.1 K
to higher temperatures. Several groups [14-167] have
calculated the expected shift of the soft mode maximum

with electric field using a Landau approach with only
the first two coefficients:

2 \1/3
AT =3 e E" 3
= \16, (3)

According to this formula, we should observe AT =1.035 K
instead of 2.1 K. This disagreement can be understood
in terms of the large Landau coeflicient ¢ of this material,
see equation (2).

4.2. PDFLC309c

The Goldstone mode of the PDFLC309¢ film has a
relaxation frequency /r of 15kHz, which is one order of
magnitude larger than that of the neat FLC309¢ mixture.
At the same time, the dielectric strength A¢ decreases by
a factor of ten, see figure 6. The relaxation is also broader
in comparison with that for pure FLC309c—distribution
parameters: o = 0.24 (PDFLC), o« = 0.11 (FLC309c). This
broadening is a result of the different relaxation time of
the droplets. Both fr and Ag show a similar, but more
pronounced, temperature dependence. Similar dielectric
results were presented for examples of DOBAMBC
confined in a porous material [ 17]. Also in the PDFLC
film, an Arrhenius type relaxation process is observed
for temperatures above 46°C. The phase transition
temperature SmC*/SmA* of the PDFLC is 41K
higher than that for the FLC309c mixture. Normally a
decrease in the phase transition temperature is observed
when incorporating a FLC into a polymer [18]. This
unexpected shift may be due to strong interaction with
the surrounding polymer.

Electro-optic and electrical measurements also show
a decrease 2in both the spontaneous polarization Ps
(14nCcm ~ at 25°C, which cannot be explained alonze
by a volume effect—74 x 04 nCom =296 nCem )
and the tilt angle (15.4° in comparison with 19.2° at 25°C),
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Figure 6. Dielectric strength A¢ and relaxation frequency fr
as a function of temperature for PDFLC309c¢, oscillation
voltage 1.0 V, bias 0, layer thickness 10 Hm.
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see figure 7. This effect can be explained by a non-
switching of the regions near the polymer boundaries
due to strong anchoring. The satugaltion field increases
significantly from 1.11 to 6.0 MV m . A strong decrease
of Ps, the pyroelectric coeflicient or the piezoelectric
coeflicient has also been found elsewhere [ 1, 197].

5. Discussion

For an undistorted helix two terms must be added to
the free energy, a Lifshitz term for a helical distortion
— 440" and an effective energy 0.5K ¢q 0 with an effective
elastic constant K, [20]. With this free energy the
temperature dependence of the Goldstone mode and the
soft mode relaxation can be calculated. For the dielectric
strength and relaxation frequency of the Goldstone mode
one obtains [20]:

1 P\
A _— S
© =Ko (0) (4)
1( 2
vo =52 (5)
e

where 7y, is the rotational viscosity, ¢ is the wave vector
and K, is the effective elastic constant. For a bulk
sample with an undistorted helix of pitch 7 we can define
an elastic energy:

W 1K 1K 2n\’
2 Red =550\ ) (6)
With Ps=76nCcm , 0s=19.2° and Aec =60 at 25°,
the elastic energy Wa of FLC309c in the SmC* phase is
1.61 kJ m . This is larger in comparison with the results
reported in [21] as determined by current reversal
measurements on the same substance, but using a 20 Hm

cell instead of a 1.8 Mm cell. It is well known [14-16]
that the dielectric strength of the Goldstone mode decreases
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Figure 7. Spontaneous polarization Ps and tilt angle 0 as a

function of temperature for PDFLC 309c, layer thickness
10 Mm, voltage T 120 V, / =500 Hz.
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(the relaxation frequency increases) with decreasing
cell thickness. This is explained by a surface-induced
deformation of the helical structure (equation (4) is not
valid for this case). A lower dielectric strength (or larger
relaxation frequency) leads to an increase in the elastic
energy according to equation (3) and [20]. However,
even in a completely unwound state of the sample, a
Goldstone-like mode can be present, which is related to
a polarization profile in the smectic layers due to surface
anchoring [ 14, 16]. These contributions to the dielectric
susceptibility are detectable in this cell where the much
stronger Goldstone mode is basically suppressed. In
thick cells (4> helix pitch) they are oversimplified due
to a strong non-linearity with the electric field. Thus,
in thick cells the bulk properties dominate those of the
boundary.

The increase in the relaxation frequency and the
decrease in the dielectric strength cannot be explained
by the decrease in the spontaneous polarization only. It is
also not clear, whether the elastic energy of PDFLC309¢
increases due to additional defects or if a stronger
anchoring causes stronger helix deformations.

The response time of PDFLC309¢c is nearly half
that of FLC309c at the same electric field. A reason for
this could be a systematic effect due to stronger anchor-
ing. The frequency dependence of the response time is
quite pronounced. A similar behaviour is also found in
deformed helix FLCs and can be explained by an
orientation diffusion model [22].

6. Conclusion

The encapsulation of a ferroelectric liquid crystal in a
polymer matrix decreases the spontaneous polarization
Ps by more than the expected effect from the decreased
volume (only 40% of the PDFLC consists of the ferro-
electric liquid crystal which contributes to the spon-
taneous polarization), while the apparent tilt angle
decreases by 20%. This effect is explained in terms of a
non-switching of the region near the polymer boundaries
due to strong anchoring. The saturation field increases
significantly. The dielectric strength decreases by more
than one order of magnitude, while a ten-fold increase
in the relaxation frequency is observed.

The dielectric results can be understood in terms of
the decrease in the spontaneous polarization and a
stronger influence of the polymer boundaries. Thus, the
encapsulation of the FLC causes significant additional
deformations of the helical structure.

The phase transition temperature SmC*/SmA* for the
PDFLC309c film is 4 K higher than that of the FLC309¢
mixture. This unexpected shift may be due to a larger
elastic energy of PDFLC309c¢ and the piezoelectric and/or
flexoelectric contribution to the free energy.



17: 40 25 January 2011

Downl oaded At:

1310

[1]
[2]

[3]
[4]
[5]
L6]
L7]
(8]

(9]

[10]
[11]

[12]

Comparison of an FLC and a PDFLC

References
Kitzerow, H. S., 1994, Lig. Cryst., 16, 1.
KiTzZEROW, H. S., MOLSEN, H., and HEPPKE, G., 1992,
Appl. Phys. Lett., 60, 3093.
BORN, M., and WOLF, E., 1980, Principles of Optics, 2nd
Edn (Frankfurt: Pergamon Press).
CLARK, N. A., and LAGERWALL, S. T., 1980, Appl. Phys.
Lett., 36, 899.
ZYRYANOV, V. YA., SMORGON, S. L., and SHABANOV, V. F.,
1993, JETP Lett., 57, 15.
ZYRYANOV, V. YA., SMORGON, S. L., and SHABANOV, V. F.,
1993, Ferroelectrics, 143, 271.
ZYRYANOV, V. YA., SMORGON, S. L., SHABANOV, V. F.,
and POZHIDAEV, E. P., 1996, Proc. SPIE, 2731, 188.
ZYRYANOV, V. YA., POZHIDAEV, E. P., SMORGON, S. L.,
BARANNIK, V. A., PRESNJAKOV, V. V., ANDREEV, A. L.,
KOMPANETS, I. N., SHEVTCHENKO, S. A., GANZKE, D.,
and HAASE, W., 2000, Ferroelectrics, 243, 179.
CRAWFORD, G. P., and ZUMER, S., 1992, Liquid Crystals
in Complex Geometries (London: Taylor & Francis).
MIKHAILOV, G. P., 1955 Usp. Khim., 24, 875.
SAXENA, K., BLINOV, L. M., BERESNEV, L. A., and
HAASE, W., 1997, Ferroelectrics, 200, 21.
BLINOV, L. M., GANZKE, D., PALTO, S., POZHIDAEV, E. P.,
WEYRAUCH, T., and HAASE, W., 1999, Mol. Mater., 11, 241.

[13]
[14]
[15]
[16]
(171
[18]
[191]

[20]

[21]

[22]

GIEGELMANN, F., and ZUGENMAIER, P., 1995 Phys.
Rev. E., 52, 1762.

GLOGAROVA, M., and PAVAL, J., 1989, Lig. Cryst., 6
3, 325.

BLINOV, L. M., BERESNEV, L. A., and HAASE, W., 1996,
Ferroelectrics, 181, 187.

SCHACHT, J., GIEGELMANN, F., ZUGENMAIER, P., and
KUCZYNSKL W., 1998, Ferroelectrics, 209, 483.
ROZANSKI, S., STANNARIUS, R., KREMER, F., gand
DIEHL, S., 2001, Lig. Cryst., 28, 1071.

GASSER, M., GEMBUS, A., GANZKE, D., agnd DIERKING, .,
2000, Mol. Mater., 12, 347.

BARTOLINO, R., SCARAMUZZA, N., BARNA, E. S,
[ONESCU, A. TH., BERESNEV, L. A., and BLINOV, L., 1998,
J. appl. Phys., 84, 2835.

CARLSSON, T., ZEKS, B., FILIPIC, C., and LEVSTIK, A.,
1990, Phys. Rev. A, 42, 877.

ANDREEV, A. L., POZHIDAEV, E. P., KOMPANETS, I. N.,
FEDOSENKOVA, T. B., ZYRYANOV, V. YA., SMORGON, S. L.,
WEYRAUCH, T., and HAASE, W., 2000, Ferroelectrics,
243, 189.

PozHIDAEV, E. P., PIKIN, S. A. GANZKE, D.,
SHEVTCHENKO, S., and HAASE, W., 2000, Ferroelectrics,
246, 235.

9



