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Investigations of Electrical and Electro-Optical
Properties of Liquid Crystal/Copolymer-Clay
Nanostructured Systems

DOINA MANAILA MAXIMEAN,!
CONSTANTIN ROSU,' LIGIA FRUNZA,>
PAUL GANEA,> DAN DONESCU,> AND
MARIUS GHIUREA?

"Physics Department II, University “Politehnica Bucuresti”,
Bucharest, Romania

*National Institute of Materials Physics, Magurele, Romania
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We obtained a new system containing nematic liquid crystal doped with nanostruc-
tured copolymer-clay particles. The clay (Cloisite-type) was modified by copoly-
merization of maleic anhydride and divinyl benzene and the nanocomposite has
intercalated structure. Current-voltage characteristics of the liquid crystal/
copolymer-clay systems were analyzed and the electro-optical response at heating
—cooling cycles for different applied electric fields is discussed. Dielectric spec-
troscopy measurements in the low frequency domain have shown different regimes
of its temperature dependence as function of the sample nature and the applied
voltage. Comparison is made with the bulk liquid crystal. Changes of the phase
transition temperature are thus revealed.

Keywords Copolymer-clay nanosystem; current-voltage curve; impedance
spectroscopy; liquid crystal; optical transmission

1. Introduction

In the last decade liquid crystal/montmorillonite clay nanocomposites have been
studied in search of new materials with improved electro-optical properties. Clays
have been increasingly selected as fillers in polymer composite research and indus-
trial applications [1-4]. In dispersions, the particles form internal interfaces with
large specific surface, making possible to stabilize different director configurations.
Properties of heterogeneous liquid crystal-clay nanocomposites are of great interest
[5] and complex system such as Polymer Dispersed Liquid Crystals Hybridized with
nanoclays have also been studied [6,7].
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For a good interaction with the liquid crystals, particles should present on their
surface compatible functional groups or groups capable of strong physico-chemical
interactions. Thus, surfactants [8,9] or modifications of the montmorillonite by
hydrophobic organic substances [5] have been intensely used.

Polymer—clay nanocomposites are formed by dispersion of the clay nanometer
silicate layers into polymers. The key to formation of nanocomposites with property
improvements is to facilitate the dispersion of single silicate layer into the polymer
matrix.

In this paper are presented new nanostructured systems containing a known
nematic liquid crystal and newly synthesized copolymer-clay particles [10]. The dop-
ing particles are surface surfactant free and the good compatibility with the LC is
ensured by chemical groups integrated in their structure, during the polymerization.
The systems to be investigated were obtained by dispersing the polymer-clay nano-
composite in the nematic liquid crystal K15 (Merck) [11]. The electrical and
electro-optical properties of nanocomposites have been explored and compared with
the behavior of the pure liquid crystal and related systems based on a mixture of
nematic liquid crystals [12].

2. Experimental
2.1. Synthesis of Copolymer-Clay Nanocomposite Particles

Cloisite layered silicates are structured in tactoids (parallel orientated layers), which
are regularly stacked along the [001] or out-of-plane direction. Cloisite was used as
nanofiller for the further generated polymer matrix. Na cloisite (as supplied by
SothernClay Product Inc.) has Na™ interstitial cations, and the interlayer distance
is 1.17nm. The synthesis conditions of the nanostructured composites have been
described previously in detail [11]; in principal, these are as follows: first 1 g Na
Cloisite was dispersed in a mixture (40/60v/v) of methyl ethyl cetone and heptane,
then 4 g maleic anhydride (MA), 4 g divinyl benzene (DVB) were added [10]. The
polymerization reaction was performed at 70°C for 4 hours, adding 0.2 g azoisobu-
tytironitrile (AIBN) as initiator, twice, every 2 hours. Finally the solvent system was
removed through evaporation. The final functionalized copolymer-clay nanocompo-
site (DVB-MA/clay) has intercalated structure according to X Ray Diffraction
(XRD) pattern [10]. To ensure a better interaction of the nanostructured organic-
inorganic particles with liquid crystal molecules, a reactive surfactant, namely the
maleic monoester of MEMNPO, [10] was included in the synthesized particles.
The nonylphenol group of MEMNPO, is compatible with the phenyl groups existing
in the liquid crystal K15. A so called “hairy” particle [4], has thus been obtained
(see Table 1 for the particle dimensions).

The copolymer-clay nanocomposite was dispersed in a nematic liquid crystal
K15 (4-cyano-4’-pentyl biphenyl) having the transition temperatures K-N: 23.8°C,
N-I: 35.3°C (K - crystalline, N — nematic and I — Isotrop) provided by Merck
[11], 5% b.w. In Table 1 is presented the composition of the studied samples.

The particles sizes have been analyzed by dynamic light scattering with the
equipment Zetasizer Nano ZS (from Malvern). One notices from Table 1 that the
dopant P5 has smaller particle dimension than P3.

In the resulted hybrids two ordered media interact: the organically modified
layered silicates and the nematic liquid crystal.
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Table 1. Composition of the studied samples

No. COD/sample description Particle description
1 Liquid crystal K15 -
2 K15/P3 Nanostratified particles of
Composite sample: K15/nanostratified copolymer DVB-MA and
copolymer sodium silicate DVB-MA Cloisite Na, Mean diameter
(hybrid of K15 with DVB-MA and 1020 nm
Cloisite Na)
3 K15/P5 Nanostratified particles of
Composite sample: K15/ nanostratified cloisite-DVB-MA,
copolymer DVB-MA-MEMNPEOQO, and functionalized and stabilized
Cloisite Na (hybrid of K15 with Mean diameter 266 nm

DVB-MA-MEMNPEOQO, and Cloisite Na)

The pure liquid crystal K15 and the mixtures were filled in 18 um thick glass cell,
having the glass plates covered with a transparent conductive Indium Tin Oxide
(ITO) layer. The cells have been further used for electrical and electro-optical
measurements.

2.2. Experimental Set-Up

2.2.1. Scanning Electron Microscopy Image Acquisition. The morphology of the
mixtures was examined by scanning electron microscopy (SEM) with a FEI
QUANTA 200 instrument, using low vacuum working mode and 20kV
accelerating voltage. A drop of the sample was placed on the stage of a Peltier
device. The temperature was lowered to —5°C, with a cooling rate of 5°C/min,
starting from room temperature. The sample was visualized after the sublimation
of the ice formed on the stage. The morphology change was observed in the
images registered in the (—5 <+ +20)°C temperature range.

2.2.2. Current-Voltage Curves. The I(V) measurements were made by using a
Keithley 2400 electrometer, a temperature-controlled hot stage Mettler-Toledo
3200 series and an adequated homemade software [13].

2.2.3. Electro-Optical Measurements. The experimental set-up used to measure the
optical response when applying different voltages and heating—cooling cycles has
been described elsewhere [14,15]. In short, it contains a computer that controls the
temperature variation rate of a home made hot stage and the applied voltage, a
photomultiplier and a microscope. The light is transmitted through the sample
placed between crossed polarizers and detected by a photomultiplier whose
response U, is proportional to the input light intensity.

The thermal cycles applied on the sample are illustrated in Figure 1. In the first
heating step (0), from room temperature T; to a pre-established temperature (7), higher
than the nematic-isotropicic transition temperature of the liquid crystal, initial depolar-
ization of the sample takes place. During the steps 1, 2, and 3 the polarizing field E=0;
these steps are performed to erase the eventual memory of the sample, by eliminating
the eventually existing charges, due to previously treatments applied on the sample
(manufacturing or previously applied heating cooling cycles and electric field).



Downloaded by [University of California, San Diego] at 12:21 07 August 2012

146/[1616] D. M. Maximean et al.

0 t(s)

Figure 1. Heating-cooling cycles applied on the samples. (Figure appears in color online.)

During step 4, at temperature 7, a polarizing field E=U/g is applied, (where g is
the thickness of the sample, U the applied voltage) and the LC dipoles orient. During
steps 4,5,6,7 the same applied voltage is maintained and we measured the optical
response by registering a photomultiplier signal. The heating-cooling rates were of
1°C/min, and the duration of steps 2, 4 and 6 where of 5 minutes. In this experiment,
the polarization temperature is 7= 50°C and T,,=25°C.

2.2.4. Measurements by Dielectric Spectroscopy. In the aim to characterize the
interaction of the liquid crystal and nanocomposites with the electric field,
dielectric spectroscopy was applied as well. The equipment to measure the
complex dielectric function was a high-resolution “Alpha” analyzer (Novocontrol,
Germany) working in the frequency domain between 10 to 10’ Hz.

The complex dielectric permittivity was measured from 24 to 40°C at the follow-
ing frequencies: 10 Hz, 100 Hz, 1 kHz, 10kHz, 100kHz and 1 MHz. Measurements
were performed in one cycle of heating and cooling with 0.5°C/min continuous tem-
perature ramp (with a precision better than 0.1°C). Temperature was controlled via a
controller of the Quatro Cryosystem type (Novocontrol). Isothermal frequency
scans were carried out as well on a series of temperatures with a stability better than
0.1°C. The complex dielectric function is defined by:

&' (f) =& (f) —ie(f) M

where & (w) and ¢’(w) describe the real and imaginary part of the dielectric complex
function [16]. Another quantity of interest is the complex conductivity which con-
tains information on the d.c. conductivity and is related to the complex dielectric
function by the relation:

0" = iwepe” (2)
The samples for dielectric measurements were sandwiched between two plane paral-

lel circular electrodes at a distance of 50 um (quartz fiber spacers) and measured
either under an applied bias (+/—30V) or without electric field.

3. Results and Discussions
3.1. SEM Images

In Figure 2a is presented the SEM image of the liquid crystal/nanostructured
copolymer-clay K15/P3 and in Figure 2b, that of the K15/P5 system.

The SEM images although taken at the pm scale show a rather uniform
distribution with well defined particles, despite the fact that the clay particles are
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Figure 2. (a) SEM images for K15/P3 and (b) for K15/P5 mixtures at temperature —5°C.

embedded in the organic material. The dimensions are consistent with the ones
previously reported [10]. The mixture containing the PS5 particles is more diffuse,
because of a more intimate interaction with the liquid crystal and a greater total
content of organic material of the P5 particles as compared to P3 particles.

3.2. Electrical Measurements

We have plotted the current-voltage (I-V) characteristics for a voltage range between —30'V
and 430 V. The measurements have been performed in the nematic phase at 24 and 27°C
and in the isotropic phase at 37°C. The results are presented in Fig. 3a) for the K15 liquid
crystal, 3c) for the composite K15/P3 and 3e) for K15/P5. From the I-V plots we observe
relatively small differences between the behavior in the nematic and isotropic phase.

We notice for all I-V representations a linear (Ohmic) variation, corresponding
to lower applied d.c. electric fields and a nonlinear part, corresponding to higher
values of electric field. Trying to linearize this part of the graph, we have plotted
In(1vVU) = f(VU) [17-21].

The distinct regions of the curves In(7v/U) = f(v/U) from Figure 3b and 3d
might by interpreted in terms of the Schottky effect [22] (field-lowering of interfacial
current at the injected electrode interface) in the first part of the I( V) curve, up to
approx. 2-10°V/m, and the Poole-Frenkel effect (field-assisted thermal detrapping
of carriers), at greater electric fields.

For sample K15/P5 we have found a better linearization for the function
I=f{U?), presented in Figure 3f. This might correspond to Mott’s steady-state
space-charge-limited conduction model [23].

3.3. Electro-Optical Measurements

We applied heating—cooling cycles on the samples as presented in Figure 1. In
Figures 4a and b are presented the transmitted optical signal versus temperature
for the liquid crystal K15 in step 5 (cooling) and step 7 (heating) respectively of
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Figure 3. Current-voltage characteristics and corresponding In (I \/U) =f(v/U): (a) and (b)
for K15 liquid crystal; (c) and (d) for K15/P3; (e) for K15; (f) graphic representation /= f(Uz)
for the K15/P5 sample. (Figure appears in color online.)

the heating—cooling cycles. In figures 4 ¢ and d are presented the same for the com-
posite sample K15/P3 while in Figs. 4 ¢ and f) for the composite sample K15/P5.

Analyzing the curves presented in figures 4 one observes that:

a. the optical signal increases with the applied voltage at relatively small voltages,
see Figures 4a and b (for U=2 and 7V) and Figures 4 e) and f) (for U=2, 4
and 7V). The same behavior was found for the system ZLI1221/P3 particle
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Figure 4. Transmitted light intensity versus temperature for different applied voltages: (a)
liquid crystal K15, at cooling; (b) liquid crystal K15 at heating; (c) K15/P3 sample at cooling,
(d) K15/P3 sample at heating; (e) K15/P5 sample at cooling; (f) K15/P5 sample at heating.

[12]. This can be explained as follows: by applying the electric field in step 5, an
electrically induced order is superposed to the existing nematic order; according
to [24,25] for K15 the dipole is along its molecular long axis. The more ordered
system would have a higher optical transmission. Indeed, as observed for
in Figures 4, up to a certain value, at the increase of the electric field, the
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transmitted light intensity also increases. When further increasing the electric field,
the optical transmission decreases. The phenomenon is more evident in Figures 4
b-e, at 10V (~5-10° V/m) and as we have seen in section 3.2, at this value of the
electric field, the shape of the current-voltage characteristics is nonlinear.

. The transmittance of the composite samples is higher than that of the pure

LC in the region of smaller temperatures, at variance of the behavior found
for related systems such as carbon nanotubes or organomodified montmoril-
lonit particles dispersed in 5SCB [26,27], probably due to the different particle
shape.

the nematic-isotropic transition observed by the detection of the optical signal
takes place at temperatures greater than 35°C, when heating the sample, for all
studied samples (see Figs. 4b,d,f). When cooling down the samples, the
isotropic-nematic transition takes place at temperatures lower than 35°C.

For a better observation of this phenomenon, we studied the optical signal in a

heating-cooling cycle, for 0V applied voltage, for all samples. The results are
presented in Figures 5.

Transmitted light intensity (a.u.)
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Figure 5. Hysteresis loop for the transmitted light obtained in heating-cooling cycles, without
applied electric field for: (a) K15 liquid crystal; (b) K15/P3 sample; (c) K15/P5 sample.
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These results confirm the previous observations, the N-I transition temperatures
at heating are greater than the I-N transition temperatures when cooling. The
scanning temperature rate being the same at heating and cooling (1°C/min), the sys-
tem preserves the nematic order up to a higher temperature than the one reported in
the literature, and when cooling down, it passes in the nematic phase to a relatively
lower temperature.

3.4. Measurements by Dielectric Spectroscopy

The mixtures and the pure liquid crystal have been characterized by dielectric spec-
troscopy. The dielectric properties of bulk 5CB have been known for a long time.
During the last decade such measurements were performed under special conditions
(unaligned samples, enlarged frequency/temperature interval, high pressure) [28-31]
or were related to the properties of complex composite systems [32-34]. In the liquid
crystalline state due to its anisotropic structure several relaxation process are
observed which are predicted also theoretically [35].

However, in order to characterize our samples and get new information useful
for other electrical measurements, in this work we focus on the conductivity part.

In Figure 6 a 3D plot of the dielectric loss is given for the mixture K15/P3, as
function of the frequency and temperature, as being representative for all the sam-
ples. As expected with increasing temperature the maximum of dielectric loss shifts
to higher temperatures but at the temperature of the phase transition nematic-to-
isotropic a jump is obvious in Figure 6.

A quick comparison of the investigated samples as concerning the dielectric loss
dependence on the temperature, during the heating and cooling cycle, allowed the
observation of a decrease of the nematic-to-isotropic transition temperature from
K15 to K15/P5 and to K15/P3. This is an expected behavior and is sustained by
other measurements.

To analyze the data quantitatively and to separate the different relaxation
processes the model function of Havriliak-Negami (HN) [16] is employed as shown
in figure 8a for the same sample considered in Figure 6. As it is known the

Permitivity"

Permittivity"

10!

Figure 6. (a) 3D representation of the dielectric loss for the mixture K15/P3 at U=-30V; (b)
Variation of the dielectric loss with the frequency for U=0V and U=30V in the inset. The
same sample as in part a.
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HN-function reads

Ae
(L+ (if 1)

where f, is a characteristic frequency related to the frequency of maximal loss f,
(relaxation rate) of the relaxation process under consideration, ¢, describes the value
of the real part ¢ for f>>f, f and y are fractional parameters (0<f <1 and
0 < fy<1) characterizing the shape of the relaxation time spectra. Ae denotes the
dielectric strength, which is proportional to the mean squared effective dipole
moment and to the number of the fluctuating dipoles per unit volume. Conduction
effects were treated in the usual way by adding a conductivity contribution oo/
eo(2nf)" to the dielectric loss. oy is related to the d.c. conductivity of the sample
and ¢, is the dielectric permittivity of vacuum. The parameter x (0 < x < 1) describes
for x<1 non-Ohmic effects in the conductivity [16].

A typical decomposition is illustrated in Figure 7a where the arrows indicate the
two model Havriliak-Negami functions and the calculated d.c. conductivity. The
model functions represent two relaxation processes: one so-called hf (high frequency)
process and the second If (low-frequency) one. The continuous line passing through
the experimental points represents the sum of the three above mentioned fitted com-
ponents. These processes can be assigned to the relaxation of the LC molecules in the
bulk phase and of the species upon the particle surface.

The variation of the calculated dc conductivity is represented in Figure 7b for
the sample K15/P3, the same as in Figure 7a. The d.c. conductivity as resulted from
the decomposition is lesser for an applied electric field than without it. In addition,
the parameter x related to the conductivity contribution has values close to 1,
indicating an Ohmic character of the conductivity. Moreover the slope of the plots
in Figure 7b changes at the temperature of the phase transition.

ex(f) — ex = (3)

T T T T T T T
: 5] v
v
v
v
v
vl
Y o = Y., U=30v
T opti e T o £ v,
z If relaxation g .
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Figure 7. (a) Decomposition of dielectric spectrum (experimental points) into two model func-
tions Havriliak-Negami (continuous curves) and a contribution of the d.c. conductivity
(straight line). The spectrum belongs to K15/P3 sample at a temperature of 33.4°C, applied
voltage being 30V. (b) Conductivity variation with the inverse temperature for the sample
K15/P3 at the indicated applied voltage. The vertical line shows the temperature of the phase
transition in the bulk K15.
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The found behavior is in agreement with the transport properties in nematic
liquid crystal 4-cyano-4'-pentyl biphenyl [19]. Thus, it was discussed a charge injec-
tion from the electrode at the lower applied d.c. voltages, while the steady state cur-
rent is due to the generation of mobile ions by the Poole-Frenkel effect in the bulk at
the higher applied d.c. voltages.

The Ohmic behavior is foreseen by Naemura and Sawada [20] especially when
high voltage was applied; the dissociation of ion pairs and the recombination of free
ions could be the dominant mechanisms.

Conclusions

We have obtained new systems containing nematic liquid crystal/copolymer-clay
composites. The nanostructured organic-inorganic particles were not treated with
a surface surfactant after the polymerization. To ensure a good compatibility with
the LC, a reactive surfactant was integrated in the particle structure during polymer-
ization. The resulted liquid crystal-nanostructured composite hybrids form a com-
plex structure, in which two ordered media interact: the organically modified
layered silicates and the nematic liquid crystal.

The current-voltage curves show a linear (Ohmic) variation corresponding to
lower values of the applied d.c. electric field, followed by a nonlinear region. After
the linearization of these characteristics, we assumed that the Ohmic variation region
might be attributed to the Schottky-like effect, while the nonlinear region to the
Poole-Frenkel-like effect. For the sample containing liquid crystal doped with parti-
cles having integrated chemical groups compatible with the LC (“hairy” type), we
found a variation that might be attributed to the Mott’s steady-state space-charge
limited conduction model.

We applied consecutive heating-cooling cycles on the samples and different d.c.
voltages and the transmitted light intensity were registered, showing an increase of
the birefringence, at relatively moderate values of the d.c. electric field. When
measuring the transmitted light in heating-cooling cycles with constant scanning
temperature rate we found a thermal hysteresis behavior. The sample liquid crystal-
functionalized copolymer-clay particles (K15/P5) show a better optical transmission
when increasing the electric field, (at relatively moderate values), this fact and a good
stability recommending the K15/P5 material for electro-optical applications.

In the aim to better characterize the interaction of the complex systems with the
electric field, dielectric spectroscopy in the low frequency domain was also used. The
sample temperature was varied between 24 and 40°C in a heating and cooling cycle.
The measurements have shown that the temperature dependence of the dielectric
loss is related to the nature of the sample and to the applied voltage. The results
of the measurements performed with a low temperature variation rate, present hys-
teresis loops, similarly to the behavior of the transmitted light in the electro-optical
experiments.
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