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A polymer � lm 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 FLC309c exhibits a Goldstone-like mode relaxation with a much
higher relaxation frequency, but a smaller dielectric strength than the Goldstone mode
observed for the FLC309c 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 signi� cant deformations of the helical structure occur
due to stronger anchoring.

1. Introduction [1, 2, 5, 6] and polarizer-free [7]. The diVerent textures
of the droplets and the importance of a uniform align-Polymer dispersed ferroelectric liquid crystals (PDFLCs)

combine the advantages of polymer dispersed liquid ment for the light transmission characteristics have been
demonstrated in [8]. A PDFLC is also a model systemcrystals (mechanical � exibility, thermal and time stability

etc.) [1, 2] with the fast electro-optic response of ferro- for FLCs in con� ned geometries [9].
The aim of this paper is to study the in� uence of theelectric liquid crystals (FLCs). The samples present planar-

aligned polymer � lms with FLC droplets dispersed therein. encapsulation of FLC droplets on the liquid crystalline
parameters.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 � eld, the director turns

2. Preparation of PDLFC � lmsby an angle of 2h (h is the molecular tilt angle) within
The PDFLC � lms under investigation have beenthe � lm web.

produced by the ‘temperature induced phase separation’When placed between crossed polarizers, the PDFLC
(TIPS) [10] method from a mixture of 40 wt % of� lm can act as a phase plate [3], similar to the planar-
ferroelectric liquid crystal mixture FLC309c (with a tiltaligned FLC layer in a surface stabilised FLC cell [4].
angle h=19.2° and a helical pitch p0=0.4 l m at 25°C)A maximal contrast can be reached for a switching angle
and 60 wt % of polyvinylbutyral. The uniaxial alignmentof 45° and a phase shift of p /2. Due to a matching and
of the samples was achieved by shear deformation duringdismatching of the refractive index, the light scattering
the cooling process. The average droplet size in the � lmeVect can be utilized [1, 2, 5] as a light modulator.
web was 6×10 l m2 ; the average � lm thickness wasThe FLC309c mixture used is optimized to exhibit a
about 10 l m. Figure 1 shows two typical textures ofmatching of the ordinary refractive index with that of
the droplets [8]. The focal-conic domains, � gures 1 (a)the surrounding polymer (nD =1.485 ). Light scattering
and 1 (c), are a typical type of defect which diminishesPDFLC modulators can be designed both with a polarizer
strongly the possible contrast ratio. A wave-like structure,
� gures 1 (b) and 1 (d), however allows a good dark state.*Author for correspondence;

e-mail: haase@chemie.tu-darmstadt.de It is clearly seen that several deformations of the liquid
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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 con� gurations
of the smectic layers inside the
droplets.

crystalline orientation take place. This makes it almost receive an optimal signal to noise ratio without greatly
disturbing the probe. The electric and electro-opticalimpossible to calculate the wave vector. The resolution

of the image is close to the maximal resolution of the investigations were made using a HP33120A function
generator combined with an ampli� er F20A from FLCoptical microscope (dmin # l/2).
Electronics and a HP54815R oscilloscope. The spon-
taneous polarization was measured through the reversal3. Experimental

The dielectric studies have been performed using current at 500 Hz. Tilt angle and switching time were
measured with a HeNe-laser, a photomultiplier and aITO coated cells (FLC309c and PDFLC309c). To be

sure that relaxation processes from the polymer did not Newport M-495 rotational stage at 500 Hz.
in� uence the dielectric spectra of PDFLC309c, a Gold-
cell � lled with polyvinylbutyral was used for the dielectric 4. Results
measurements in a parallel experiment. The a-relaxation Dielectric and electro-optic measurements were made
of the polymer lies at lower frequencies or higher temper- on the neat FLC309c mixture and the PDFLC309c � lm.
atures and appears only above 60°C in our spectral This enabled us to compare the FLC with the PDFLC
range. This is in full agreement with the results obtained and to study the eVects of the con� nement.
by other groups [10]. The dielectric measurements were
made using an impedance analyser (HP4192A) in the 4.1. FL C309c
frequency range 10 Hz to 13 MHz. The temperature was The mixture FLC309c consists of the compounds
stabilized with a temperature controller (Eurotherm 818) shown in � gure 2 and exhibits the following phase
with an accuracy better than 0.05 K. The temperature sequence: Cr - 3°C SmC* 39.5°C SmA* 70°C I.
was measured directly on the sample using a Ni-Cr-Ni In the SmC* phase, the neat FLC309c mixture shows
thermoelement and a HP34401A multimeter. The dielectric a pronounced Goldstone mode with a dielectric strength
strength De, the relaxation frequency fr= (2 p t)

- 1 and De=60.0 and a relaxation frequency fr=1.5 kHz at
the distribution parameter a were determined by � tting 30°C, � gure 3. The relaxation frequency fr is nearly
the semi-empirical Cole–Cole function (1). constant in the SmC* temperature range and increases

sharply at the transition to the SmA* phase, due to
e*=

De

1+ (ivt)1-
a
+e2 (1) 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-There was no need to subtract a conductivity part due

to the high relaxation frequencies and low conductivity. cess related to rotation around the molecular short axes.
Deep in the SmC* phase the dielectric strength De isThe oscillation voltage was specially chosen in order to

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1307Comparison of an FL C and a PDFL C

Figure 2. The compounds used for
making FLC 309c.

only weakly temperature dependent. Close to Tc a maxi-
mum in De 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 � gure 4. The line represents a square root � t
of Ps on (Tc - T ). The switching times are quite fast
(20 l s at 25°C and 12 MV m

- 1 ) and decrease with
increasing temperature.

The dependence of the tilt angle on the temperature
is illustrated in � gure 5. As seen, a strong in� uence of
the applied voltage is found especially near the phase
transition. The apparent calculated Landau-parametersFigure 3. Dielectric strength De and relaxation frequency fr
[11, 12] a=31.5 kJ m

- 3 K
- 1, b=778 kJ m

- 3 indicate aversus temperature for FLC309c, oscillation voltage 0.1 V,
bias 0, layer thickness 1.8 l m. second order phase transition. The piezoelectric constant
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1308 E. P. Pozhidaev et al.

with electric � eld using a Landau approach with only
the � rst two coeYcients:

DT =3A bC2

16a3B1/3
E2/3 (3)

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

4.2. PDFL C309c
The Goldstone mode of the PDFLC309c � lm has a

relaxation frequency fr of 15 kHz, which is one order of
magnitude larger than that of the neat FLC309c mixture.Figure 4. Spontaneous polarization ( + ) Ps and electro-optic
At the same time, the dielectric strength De decreases byresponse time (D ) t0.1–0.9 as a function of temperature for

FLC 309c, layer thickness 1.8 l m, voltage ± 21 V, f =500 Hz. a factor of ten, see � gure 6. The relaxation is also broader
in comparison with that for pure FLC309c—distribution
parameters: a=0.24 (PDFLC), a=0.11 (FLC309c). This
broadening is a result of the diVerent relaxation time of
the droplets. Both fr and De show a similar, but more
pronounced, temperature dependence. Similar dielectric
results were presented for examples of DOBAMBC
con� ned in a porous material [17]. Also in the PDFLC
� lm, an Arrhenius type relaxation process is observed
for temperatures above 46°C. The phase transition
temperature SmC*/SmA* of the PDFLC is 4.1 K
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 in both the spontaneous polarization PsFigure 5. Tilt angle h versus temperature for FLC 309c, layer
(14 nC cm

- 2 at 25°C, which cannot be explained alonethickness 1.8 l m applied voltage ± 2 V (+ ), ± 21 V (* )
by a volume eVect—74×0.4 nC cm

- 2=29.6 nC cm
- 2 )and calculated for 0 V ( ), f =500 Hz.

and the tilt angle (15.4° in comparison with 19.2° at 25°C),

C=1.85 mC m
- 3 explains the voltage dependence of the

tilt angle even deep in the SmC* or SmA* phase. The
third Landau coeYcient c=204 MJ m

- 3 is determined
through minimizing the free energy F, equation (2) [13].

F=F0+
1
2 a(T - Tc )h2+

1
4

bh4+
1
6

ch6

+
1

2e0x
P2 -

CPh

e0x
- PE. (2)

The saturation voltage is 2 V (1.11 MV m
- 1 ), which is

con� rmed by electro-optic and dielectric measurements.
When a 5.0 V bias � eld suppresses the Goldstone mode,
the maximum of the soft mode occurs at 41.6°C. This
represents an electrically induced shift of Tc by 2.1 K Figure 6. Dielectric strength De and relaxation frequency fr
to higher temperatures. Several groups [14–16] have as a function of temperature for PDFLC309c, oscillation

voltage 1.0 V, bias 0, layer thickness 10 l m.calculated the expected shift of the soft mode maximum
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1309Comparison of an FL C and a PDFL C

see � gure 7. This eVect can be explained by a non- (the relaxation frequency increases) with decreasing
switching of the regions near the polymer boundaries cell thickness. This is explained by a surface-induced
due to strong anchoring. The saturation � eld increases deformation of the helical structure (equation (4) is not
signi� cantly from 1.11 to 6.0 MV m

- 1. A strong decrease valid for this case). A lower dielectric strength (or larger
of Ps , the pyroelectric coeYcient or the piezoelectric relaxation frequency) leads to an increase in the elastic
coeYcient has also been found elsewhere [1, 19]. energy according to equation (3) and [20]. However,

even in a completely unwound state of the sample, a
5. Discussion Goldstone-like mode can be present, which is related to

For an undistorted helix two terms must be added to a polarization pro� le in the smectic layers due to surface
the free energy, a Lifshitz term for a helical distortion anchoring [14, 16]. These contributions to the dielectric
- Lqh2 and an eVective energy 0.5K

Q
q2h with an eVective susceptibility are detectable in this cell where the much

elastic constant K
Q [20]. With this free energy the stronger Goldstone mode is basically suppressed. In

temperature dependence of the Goldstone mode and the thick cells (d& helix pitch) they are oversimpli� ed due
soft mode relaxation can be calculated. For the dielectric to a strong non-linearity with the electric � eld. Thus,
strength and relaxation frequency of the Goldstone mode in thick cells the bulk properties dominate those of the
one obtains [20]: boundary.

The increase in the relaxation frequency and the
decrease in the dielectric strength cannot be explainedDeG =

1
2e0K

Q
q2 APs

hs B
2

(4)
by the decrease in the spontaneous polarization only. It is
also not clear, whether the elastic energy of PDFLC309c

vG =
K

Q
q2

2 p cQ
(5) increases due to additional defects or if a stronger

anchoring causes stronger helix deformations.
where cQ is the rotational viscosity, q is the wave vector The response time of PDFLC309c is nearly half
and K

Q is the eVective elastic constant. For a bulk that of FLC309c at the same electric � eld. A reason for
sample with an undistorted helix of pitch p we can de� ne this could be a systematic eVect due to stronger anchor-
an elastic energy: 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 anWel=

1
2

K
Q
q2=

1
2

K
QA2p

p B2
. (6)

orientation diVusion model [22].

With Ps=76 nC cm
- 2, hs=19.2° and DeG =60 at 25°,

the elastic energy Wel of FLC309c in the SmC* phase is
6. Conclusion

1.61 kJ m
- 3. This is larger in comparison with the results

The encapsulation of a ferroelectric liquid crystal in a
reported in [21] as determined by current reversal

polymer matrix decreases the spontaneous polarization
measurements on the same substance, but using a 20 l m

Ps by more than the expected eVect from the decreased
cell instead of a 1.8 l m cell. It is well known [14–16]

volume (only 40% of the PDFLC consists of the ferro-
that the dielectric strength of the Goldstone mode decreases

electric liquid crystal which contributes to the spon-
taneous polarization), while the apparent tilt angle
decreases by 20%. This eVect is explained in terms of a
non-switching of the region near the polymer boundaries
due to strong anchoring. The saturation � eld increases
signi� cantly. 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 in� uence of the polymer boundaries. Thus, the
encapsulation of the FLC causes signi� cant additional
deformations of the helical structure.

The phase transition temperature SmC*/SmA* for the
PDFLC309c � lm is 4 K higher than that of the FLC309c
mixture. This unexpected shift may be due to a largerFigure 7. Spontaneous polarization Ps and tilt angle h as a
elastic energy of PDFLC309c and the piezoelectric and/orfunction of temperature for PDFLC 309c, layer thickness

10 l m, voltage ± 120 V, f =500 Hz. � exoelectric contribution to the free energy.
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