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Ferroelectric PbTiO3 nanoparticles were synthesized to be used as inorganic components of new composite
materials based on a liquid crystalline elastomer (LCE) matrix. The preparation and characterization of the
composite materials, with a relatively high concentration of PbTiO3 nanoparticles, in the form of thin films
is described. The composite films retain the thermomechanical response typical of standard LCEs and the
nanoparticles are distributed in the film in anisotropic structures indicating the presence of a coupling between
the LCE ordered matrix and the nanomaterials. The nematoelastic coupling and the supercritical nature of the
paranematic-nematic transition of the LSCE-based composites was verified also in the presence of ferroelectric
nanoparticles.

1. Introduction

Liquid crystalline elastomers (LCEs) belong to the subclass
of smart materials called shape memory materials, which
typically have the ability to “memorize” the macroscopic shape1,2

under specific conditions. Several types of shape memory
polymeric3 materials exist based on biopolymers,4 composites,5

hydrogels,6 and liquid crystalline elastomers.7 Inserting indi-
vidual nanoparticles in a liquid crystalline elastomeric environ-
ment is expected to give to the new composite materials novel
properties, like for example the ability to modify the shape by
external electric and magnetic fields. There are several examples
in the literature8-13 in which the combination between nano-
particles, such as silica-based or carbon nanomaterials, and
nonmesogenic polymeric matrices gives rise to an enhancement
of the elastic and mechanical properties of the polymer by
itself.11,12 In recent years, the field of nanostructured composite
materials has been developing in a very fast and intense
way.14-18 On the contrary, very little is known about composites
made of liquid crystalline polymers and nanoparticles19,20 and,
in particular, about liquid crystal elastomers and ferroelectric/
dielectric nanoparticles. Several improvements have been made
in preparing LCE composites by using nanotubes,21 such as
carbon nanotubes.22,23 Different methods have been explored
in order to obtain composite films with special electrical
properties without losing the peculiar mechanical response of
LCEs, but none of them revealed to be successful.24,25 Conduc-
tive composite systems have been recently created by reprocess-
ing standard liquid single crystal elastomer (LSCE) films with

carbon nanoparticles through a gel-swelling technique.26,27 These
new materials, consisting of a conductive layer over the surface
of the LSCE films, showed interesting properties, such as the
piezoresistivity.28,29 On the other hand, the interest in new
functionalized LSCE systems, for instance by introducing azo-
dyes to have photo- and optomechanical effects,30,31 is rapidly
increasing due to the possibility to alter the physical dimensions
of the LSCE films (Scheme 1) by a controlled change of the
order parameter of the networked mesogen, which is a very
promising property for applications as artificial muscles, mi-
cropumps, microvalves, and so on.32,33

In this work, we have used perovskite-based nanoparticles
as ferroelectric inorganic components of the composite materi-
als.34 Titanates derivatives11,35 are ceramic systems known for
their high piezoelectric activity, ferroelectricity, and dielectric
properties.36-39 In particular, lead-based relaxor ferroelectric
ceramics are very attractive materials for actuator applications.40

The ferroelectricity of lead titanates is the main reason for our
interest in this particular material, in addition to our expertise
in the field of ceramic relaxors.41-43 In this paper, the preparation
and characterization of polysiloxane-based liquid single crystal
elastomers containing highly polarized and electrically active
nanoparticles, namely lead titanates (PbTiO3), are reported.44

In particular, the morphology of both nanoparticles and com-
posite films was investigated by means of Field Emission
Scanning Electron Microscopy (FE-SEM). The thermal and
thermomechanical responses of the composite films were studied
by Differential Scanning Calorimetry (DSC) and thermome-
chanic measurements, while the ordering properties and ther-
modynamic nature of the paranematic-nematic transition were
detected by Deuterium Nuclear Magnetic Resonance (2H NMR)
of a deuterium-enriched LSCE composite film.

2. Experimental Section

2.1. Synthesis of Nanoparticles. Synthesis of PbTiO3 nano-
powder was performed by the method of sequential precipitation
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in a 0.1 M water solution of TiCl4 and Pb(NO3)2. Precipitants
were NH4OH and (NH4)2CO3. At the first stage, a certain amount
of TiCl4 solution was pumped into a reactor with a constant
mass flow. A solution with a pH of 3.9 was stabilized by
ammonia. After precipitation of TiCl4, pH in the reactor was
increased to 8.5 by adding (NH4)2CO3. The precipitate was then
intensely mixed for 30 min in the reactor and subsequently for
another 30 min in a water bath at 353 K. The PbTiO3 precipitate
was dried at 323 K and calcinated for 2 h at different
temperatures, from 473 to 1223 K. The composition and
morphology properties of the nanopowder were characterized
by means of X-ray and FE-SEM techniques, as reported in
section 3.

2.2. Preparation of Composite Elastomers. A homoge-
neous dispersion of PbTiO3 nanoparticles, synthesized as
described in section 2.1, in toluene was prepared by mechanical
mixing. Different concentrations of nanoparticles were used,
ranging from 1% to 5% in weight. A 1 mL sample of such
dispersion was added to 1 mL of prepolymerization toluene
solution, whose components, reported in Figure 1, are the
following: the polymeric chain (1) hydroxymethyl-polysiloxane
(1 mmol), the mesogen (2) 4-methoxyphenyl 4-(but-3-en-1-
yloxy)benzoate (0.85 mmol), and the cross-linker (3) 1,4-
bis(undec-10-en-1-yloxy)benzene (0.075 mmol). Synthesis of
components 2 and 3 was performed as described in refs 45-47.
The chemical structure and purity of these compounds was
checked by means of 1H and 13C NMR in solution. A
commercial platinum catalyst (COD from Wacker Chemie) was
added to the final mixture. To produce monodomain LSCE films,
we used the well-known two-step cross-linking technique,
pioneered by Kupfer and Finkelmann.45 The prepared mixture
was indeed inserted in a circular reactor inside a modified
centrifuge. A rate of 4500 rpm and an average temperature of
343 K were set for an hour in order to get a partial cross-linked
film-network, still partially wet by the solvent. The second step
of the cross-linking reaction consists of slowly removing the

solvent under progressive increasing weights at room temper-
ature followed by 3 days of drying at 343 K under constant
weight. In this way, we obtained several composite films having
similar thickness and shape, with a uniaxial orientation of the
local directors, which results in monodomain nano-LSCE stripes.
Similar stripes have also been prepared by using a cross-linker
(3) deuterium-labeled on the phenyl ring as indicated in Figure
1. The purpose was to perform 2H NMR studies on these
composites directly deuterium-enriched in the elastomer matrix.
A standard LSCE stripe, without nanoparticles, was also
prepared by following exactly the same procedure (without
adding the nanoparticle dispersion to the prepolymerization
mixture) with the same chemical composition, namely 85% of
2 and 7.5% of 3. Polydomain samples, obtained without
mechanically loading the gel-films during the second cross-
linking step, were also prepared. In all cases, the completeness
of the cross-linking reaction was checked by means of FTIR
spectroscopy, by looking at the disappearance of the typical

SCHEME 1: Sketch of the Main Components of the LSCE-Based Composite Films and the Direction of the Local
Nematic Director n

Figure 1. Main components of the LSCE matrix: (1) polysiloxane,
(2) mesogen, (3) not labeled cross-linker (X ) H) and deuterium labeled
cross-linker (X ) 2H).
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Si-H signal (ν̃ ≈ 2200 cm-1). All the prepared films were
swollen in toluene and dried in the oven at about 320 K. This
procedure was repeated several times in order to ensure that no
unreacted mesogens or cross-linkers were still present in the
network. The absence of unreacted compounds was checked
by 1H NMR and FT-IR. The mesophase transition temperatures
and enthalpies of the prepared composite films, as determined
by DSC, are reported in Table 1.

2.3. Physical and Chemical Characterization. 2.3.1. Solu-
tion NMR Spectroscopy. The chemical composition of basic
components 2 and 3 needed to prepare both standard LSCE and
new composite films was investigated by means of NMR on a
Varian VXR 300 spectrometer working at 300 (1H) and 75 MHz
(13C) with TMS as internal standard. CDCl3 was used as a
solvent.

2.3.2. FT-IR Spectroscopy. Infrared spectra were recorded
on a Perkin-Elmer FTIR 1725x spectrometer.

2.3.3. X-ray Diffraction. X-ray Diffraction (XRD) measure-
ments on PbTiO3 nanoparticles were made on a DRON 3 M
powder diffractometer (Cu KR radiation, 40 kV, 18 mA).
Structural parameters and phase composition were determined
by a Rietveld profile analysis method, by using the Fullprof
program48 and JCPDS Powder Diffraction File data. XRD
patterns were run in the angular range 2θ ) 10-100° in steps
of 0.05°.

2.3.4. Field-Emission Scanning Electron Microscopy. The
new materials (both nanoparticles and LSCE composites) have
been studied by means of Field-Emission Scanning Electron
Microscopy (FE-SEM) with a Supra 35 VP, Carl Zeiss
microscope.

2.3.5. Differential Scanning Calorimetry. The mesophase
behavior of the new composite materials has been investigated
by DSC with a Perkin-Elmer DSC 7 calorimeter. The values of
transition temperatures and corresponding enthalpies are given
for the second heating and cooling cycle. Each sample was
placed into a DSC heating cell at room temperature, cooled to
223 K and after 5 min heated to 415 K, maintained at 415 K
for 5 min, cooled to 223 K and after 2 min reheated once again.
The heating and cooling rate was 10 deg/min.

2.3.6. 2H NMR Spectroscopy. 2H NMR experiments were
carried out on a 9.40 T Varian InfinityPlus400 spectrometer,
working at a Larmor frequency of 61.4 MHz for deuterium,
with a 90° pulse of 5.9 µs. Temperature was controlled within
0.2°. Thermal equilibration of the sample was 20 min for each
temperature. Spectra were recorded as a function of temperature
by applying the quadrupolar echo sequence (90x-τ-90y-
τ-ACQ) with the EXORCYCLE49 phase scheme, the delay τ
was fixed to 25 µs, and 10 000 scans were acquired for each
temperature. A delay between consecutive acquisitions of 200
ms was used.

2.3.7. Thermomechanic Measurements. Thermomechanic
measurements have been performed by using a homemade setup,
constituted by a temperature-controlled vacuum glass bulb, in
which the composite film was hanged, and a camera directly
connected with a computer. The variations of the film length

were registered as a function of temperature with different
heating/cooling rates.

3. Results and Discussions

The PbTiO3 nanoparticles have been synthesized as reported
in section 2.1. They were characterized by X-ray Diffraction
(XRD) measurements and Figure 2 shows that a pure perovskite
phase with tetragonal symmetry appears already at the calcina-
tion temperature of 773 K. The size of PbTiO3 nanoparticles
(Figure 3) determined by FE-SEM ranges between 800 and 70
nm. Their average shape is slightly elongated and rounded. The
nanoparticles are weakly agglomerated in a form of neck-laces.

We have studied the behavior of these nanoparticles diluted
in different solvents. In the case of toluene, which is the solvent
used for the LSCE preparation, the PbTiO3 nanoparticles start
aggregating only after 5-6 h if mechanically mixed for at least
30 min. On the contrary, if ultrasounds are used, the PbTiO3

TABLE 1: Temperatures, T (K), Enthalpies, ∆H (J/g), and Specific Heat, ∆Cp (J/gK), of the Phase Transitions of the Prepared
Samples

sample glass ∆Cp T nematic ∆H T paranematic

standard LSCE � 0.33 269.2 � 2.98 346.8 �
nano-LSCE (1%) � 0.54 268.1 � 2.02 345.3 �
nano-LSCE (5%) � 0.45 265.7 � 1.96 344.3 �
nano-LSCE Da (5%) � 0.49 264.1 � 1.86 347.9 �

a D is for sample deuterated on the cross-linker (3).

Figure 2. X-ray diffraction patterns of the precipitated PbTiO3 powders
calcined for 2 h at different temperatures. C ) PbCO3, R ) Pb3O4, O
) Pb2O3, P ) PbTiO3.

Figure 3. A FE-SEM picture of PbTiO3 quasispherical nanoparticles.
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nanoparticles do not agglomerate and form a stable layer at the
inner glass surface. For this reason, the preparation of the LSCE
composites was performed by mechanically mixing the nano-
particles in the toluene solvent before adding the prepolymer-
ization reactants.

The new LSCE-based composite materials in the form of
monodomain films (about 4 cm × 0.4 cm with thickness
∼150-250 µm depending on the samples) were prepared by
using different concentrations of PbTiO3. Details of the prepara-
tion procedure are reported in section 2.2. Figure 4 shows two
photographs of (a) a monodomain stripe of nano-LSCE contain-
ing ∼5% in weight of PbTiO3 nanoparticles (nano-LSCE (5%))
and (b) polydomain stripes of nano-LSCE containing ∼1% in
weight of PbTiO3 nanoparticles (nano-LSCE (1%)). Both
samples are in the nematic phase at room temperature (see Table
1). The color of the stripes is due to the original color of the
nanoparticles (yellow ochre). The film displayed in Figure 4a
is transparent, thus indicating that the alignment of local nematic
directors is homogeneous along the elongation direction: this
confirms that the composite film is a monodomain system. On
the contrary, polydomain samples (see Figure 4b) are not
transparent due to the isotropic distribution of local phase
directors, n.

The mesophase behavior of the new composite nano-LSCE
films was determined by means of DSC. Results are summarized
in Table 1. The thermal stability of the prepared composite
LSCE films is evidenced by good reproducibility of the DSC
curves after first/second heating-cooling cycles (see Figure 5).
These results answer important concerns about retaining the
thermal properties, in particular the stability of the nematic phase
over a wide temperature range and the reproducibility after
several heating-cooling cycles. The presence of nanoparticles
in different percentages is responsible for a slight shift of the
transition temperatures of a few degrees (both paranematic-
nematic and nematic-glass phase transition) with respect to the
standard LSCE prepared with the same procedure and chemical
composition.

The characterization of the distribution of nanoparticles in
the nano-LSCE stripes was carried out by means of FE-SEM
technique. The presence of single particles indicates that the
quasispherical shape of the PbTiO3 nanoparticles enables an easy
des-assembly of the observed agglomerates (see Figure 3) by
mechanical forces occurring during the film preparation (namely
the first step of cross-linking reaction inside the centrifuge). As
shown in Figures 6 and 7, the PbTiO3 nanoparticles in the nano-

LSCE (with 5% in weight of PbTiO3) films are situated at and
near the top-external surface of the film.

Figure 4. Photographs of (a) a monodomain nano-LSCE stripe
containing about 5% of PbTiO3 nanoparticles (nano-LSCE (5%)); (b)
two polydomain nano-LSCE stripes containing about 1% of PbTiO3

nanoparticles (nano-LSCE (1%)).

Figure 5. Differential scanning calorimetric curves of the monodomain
nano-LSCE (1%) sample under first (black) and second (red) heating
and cooling cycles. Black arrows indicate the transition temperatures
paranematic-nematic and nematic-glass, as reported in Table 1.

Figure 6. FE-SEM images obtained on a small piece of monodomain
nano-LSCE (5%) stripe. The cross-section, or lateral view, of the sample
(a) reveals an inhomogeneous distribution of the nanoparticles along
the thickness of the stripe, whose total shape is also shown (b).
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The segregation of the nanoparticles near the top surface is
caused by the centrifugation process (first step of cross-linking
reaction) due to their relatively high molecular weight. The
forced sedimentation determines the formation of a thin layer
of nanoparticles on the external side of the gel-film, which is
then preserved in the next steps of preparation of the final
composite films. In Figure 6 it is also possible to see that
buckling of the surface and/or nanoparticle penetration causes
a modification of the surface layer up to 10 µm in depth. The
distribution of PbTiO3 nanoparticles on the top surface shown
in Figure 7 is homogeneous and, more significant, there is an
evident regular and anisotropic distribution with a particular
orientation of nanoparticles with respect to the nematic director,
n. In fact, FE-SEM microscopy of the top surface of the nano-
LSCE (5%) film reveals stripes with des-assembled nanopar-
ticles separated by depleted areas, which might influence the
electrothermal response of these new materials. The stripes with
a typical period of a few micrometers are perpendicular to the
nematic director n as reported in Figure 7, where the morphol-
ogy of the top surface is seen at different magnifications.

The anisotropic distribution of the nanoparticles and their
orientation with respect to the nematic director indicates that

the particular procedure adopted allows one to obtain a preferred
orientation of the nanoparticles due to a coupling between the
LSCE orientational order and nanoparticles’ orienting properties.
In our case, the formation of the network occurs in the presence
of nanoparticles which are “free” to move since they are not
chemically bonded with any of the polymer units. On the
contrary, due to the external mechanical load, which is parallel
to the longest dimension of the films (see Figure 4a), the
mesogenic units are “forced” to orient along the loading
direction. This may lead to preferred distributions of the
nanoparticles in terms of free energy of the system.

The transparency of the stripes in the nematic phase indicates
the perfect alignment of local domains along the vertical
direction. The orientational order of these composite systems
was investigated by studying the temperature dependence of
the 2H NMR spectra31,50,51 across the paranematic-nematic
phase transition of a monodomain nano-LSCE stripe deuterium
labeled directly on the cross-linker (see Figure 1). [So far, 2H
quadrupole-perturbed NMR spectroscopy was applied to doped
LSCE films with deuterated probes.50,51] A selection of spectra
is reported in Figure 8. The appearance of the characteristic 2H
NMR doublet is observed when gradually cooling the sample
from the paranematic phase to the nematic one. As shown in
Figure 8 the 2H NMR spectra in the paranematic (far from the
transition) and in the nematic phases are well fitted by one and
two Lorentzian functions, respectively.

The quadrupolar splitting ∆νq can be related to the orienta-
tional order S of the deuterated moiety according to the
following relationship:52

qaa and η are the quadrupolar coupling constant and asymmetry
parameter, respectively. The standard values of qaa ) 185 kHz
and η ) 0.04 have been used in the following analysis.53 �
defines the angle between the CD bond and the para axis of the
deuterium labeled phenyl ring, which is fixed to 60° by assuming
no distortions from the hexagonal geometry. S is the main
orientational order parameter defined with respect to the para
axis of the phenyl ring of the cross-linker unit. The biaxiality
of the phenyl ring is here neglected. The values of the
orientational order parameter S obtained from the analysis of
the quadrupolar splittings by using eq 1 are displayed in Figure
9. The trend of S across the paranematic-nematic transition is
analogous to those observed for standard LSCE systems31,50,51

and, in particular, a residual orientational order persists above
this transition, as shown in Figure 9. The supercriticality of the
paranematic-nematic transition is indeed confirmed also in the
presence of nanoparticles on the top surface of the LSCE-based
composites. The continuous character of the temperature
dependence of S, evidenced by the blue curve in Figure 9, means
that the internal mechanical fields, namely the g term in the
Landau-de Gennes expression54 of the free energy density of
LSCE systems (see eq 2), is higher than the critical value, gC.

Here, the term f0 is the free energy in the “isotropic” phase
(Tf∞). A0, B, and C are coefficients related to the symmetry

Figure 7. FE-SEM images of the PbTiO3 nanoparticles distributed on
the top surface of the nano-LSCE (5%) obtained at different magnifica-
tions: (a) 50 and (b) 2 µm. The direction of the nematic director, n, is
indicated by a white arrow.

∆νq(T) ) 3
2

qaa[S(T) · (cos2 � - 1
2

sin2 � - η
6

cos2 � +

η
6
+ η

3
sin2 �)] (1)

f(T) ) f0 - gS(T) + 1/2A0(T - T*)S2(T) - 1/3BS3(T) +
1/4CS4(T) + ... (2)
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of the mesophase and fixed accordingly to thermodynamic
quantities (such as the measured latent energy), and T* is the
metastable supercooled “isotropic-nematic” temperature transi-
tion.54 In the present case, the fitting of the trend of Szz(T) (Figure
9), according to this theoretical approach,50,51,54 resulted in a
ratio g/gC ≈ 5, sensibly higher than in standard LSCEs. The
interesting aspect is that the new composite LSCE stripes show
a remarkable high orientational order (∼0.4 at low tempera-
tures), which is comparable with that measured in standard
LSCEs.50,51 This is also in agreement with the observed high
thermomechanical response discussed in the following paragraph.

To prove the preservation of the shape-memory properties
in the new composite materials, several thermomechanical
measurements under different heating and cooling rates were
performed. In Figure 10, the trends of the mechanical
elongation ratio ()L/L0) of the nano-LSCE (1%) and nano-
LSCE (5%) are compared with that of the standard LSCE
prepared with the same procedure and chemical composition.
The reproducibility of these trends after several sweeps is

Figure 8. 2H NMR spectra of a monodomain nano-LSCE D (5%) stripe with the nematic director n aligned parallel to the magnetic field: (a, left)
in the paranematic phase (T ) 364 K) and (b, right) in the nematic phase (T ) 336 K).

Figure 9. Orientational order parameter S vs temperature T (K)
determined by analyzing the 2H NMR quadrupolar splittings as
described in the text. The fitting curve obtained according to the Landau-
de Gennes theory54 is in blue. A dashed line is in correspondence with
the T* value obtained from the fitting procedure (see eq 2).

Figure 10. Thermomechanical behavior of the standard monodomain
LSCE film (blue symbols), monodomain nano-LSCE (1%) (red
symbols), and monodomain nano-LSCE (5%) (black symbols) com-
posite films under the effect of minimal stress (∼100 mg). Correspond-
ing colored lines indicate the temperature transition detected by DSC
between the paranematic and nematic phases.
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an indication that the addition of nanoparticles does not
produce degradation of the films. Moreover, the temperature
behavior of the ratio L/L0 confirms that the nano-LSCE films
have a homogeneous orientation of the nematic director. The
elongation (L - L0) of the composite film containing the
higher concentration of nanoparticles (nano-LSCE (5%)),
under minimal stress (∼100 mg), is about 55% at room
temperature with respect to its length in the paranematic phase
(L0) at T f ∞. This value is comparable with the elongation
of the standard LSCE, which is about 68%, and it proves
that the peculiar LSCE shape-memory properties are retained
in the nanocomposite films investigated in this work.
However, the fact that the elongation of the composite films
is less than the standard one induces us to several additional
conclusions: (i) The presence on the composite films of a
thin layer formed by nanoparticles acts as a reinforcement
and partially reduces the ability to extend and therefore the
actuation properties of the film. (ii) The composite films
prepared in this work show several similarities with the
conductive LSCE-nanocarbon systems prepared by Cham-
bers et at.,26-29 made of a conductive thin layer of carbon
nanoparticles on the top surface of a LSCE matrix. However,
in our case, the orientation of the nanoparticles on the top
surface of the composites indicates the presence of a coupling
between the LSCE network and the nanoparticles. (iii) the
particular geometry of the composite films and in particular
the anisotropic distribution of ferroelectric nanoparticles
observed in the present case do not exclude new mechanisms
for actuation (i.e., by applying external voltage) by exploiting
different geometries (i.e., perpendicular to the thin layer of
nanoparticles). This aspect needs further investigation both
from the theoretical and experimental point of view, but the
results presented here open up new possibilities of application
for LSCE-based composites.

4. Conclusions

The preparation and chemical physical characterization of
both ferroelectric PbTiO3 nanoparticles and new composite
films based on liquid single crystal elastomers (LSCE) and
PbTiO3 nanoparticles are reported here. The main conclusions
of this work concern the orientational ordering, thermal, and
thermomechanical properties of the new composites, as well
as the particular distribution of the ferroelectric nanoparticles
in the composite films in view of possible technological
applications.

Stable LSCE-PbTiO3 nanoparticle composites were pre-
pared by using the well-known two-step “Finkelmann”
polymerization technique. DSC curves were recorded to
investigate the mesomorphic behavior and confirmed the
thermal stability of the new composite systems. 2H NMR
measurements of a composite film deuterium-labeled on the
cross-linker showed a rather high degree of orientational order
directly related to that of the LSCE matrix thanks to a
selective deuteration on the cross-linker units. The thermo-
mechanical measurements performed on several films with
different PbTiO3 concentrations indicate that the composite
films retain the typical LSCE shape memory property, even
though the maximum elongation is slightly less than in
standard LSCEs. The concentration profile of the ferroelectric
nanoparticles in the elastomeric film is not homogeneous in
the volume: their density is higher at the outer surface of
the film. The formation of a thin layer rich in PbTiO3

nanoparticles at one side of the films reinforces it and affects
the actuation properties of the LSCE composite films

evidencing the coupling between ferroelectric nanoparticles
and LSCE matrix. This aspect represents a peculiarity of these
composite materials in view of actuation mechanisms dif-
ferent from those known for standard LSCE films.
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