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Abstract In this study, we report the preparation, struc-
ture characterization, and application of new MoO;_,
nanowires, promising candidates for lithium intercalation,
hydrogen sensing, and smart windows due to their photo-
chromic property. These nanowires are a mixture of MoOs3
and conductive MosO;4 phase and have been used to pre-
pare composite films based on liquid single crystal elas-
tomers (LSCE). The structure, morphology, and
thermomechanic behavior of these films are discussed. In
particular, we show that the particular combination of
molybdenum-based nanowires and LSCEs allows for
doping of liquid single crystal elastomers, preserving the
pristine mechanical and optical properties of the host
matrix.
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Introduction

The research in molybdenum oxides and their derivatives
has been receiving significant attention especially with
respect to applications in catalysis and as electrochemical
devices [1-4]. The fabrication of molybdenum oxide
material in nanostructured form and with anisotropic
morphology appears to be a particularly attractive goal.
Several preparation strategies to produce molybdenum
oxide in the form of nanorods [5, 6], nanowires [7-9], and
nanocrystals [10—13] are known, with stoichiometry MoOj3
or MoQ,, whereas little is known about a new kind of
nanowires having a not standard stoichiometry, such as
Mos0,4 crystalline phase. On the other hand, Liquid Single
Crystal Elastomers (LSCEs) represent a hot topic in Soft
Matter since they belong to the sub-class of smart materials
with “shape memory” properties, due to their ability to
“memorize” the macroscopic shape [14] under specific
conditions. Inserting nanoparticles into a liquid crystalline
elastomeric matrix is very promising due to potential novel
properties, like an ability to modify the shape by external
electric and magnetic fields, and exploitation of tempera-
ture-controlled geometrical changes, unlike in usual LCE
systems [15]. There are several examples in the literature
[16-18] in which the interaction between nanoparticles,
such as silica-based or carbon nanomaterials, and non-
mesogenic polymeric matrices gives rise to an enhance-
ment of intrinsic elastic and mechanical properties of the
polymer [19-21]. The combination between the particular
physical properties, such as conductivity or ferroelectricity
of the nanoparticles and the thermo-elasticity and revers-
ible thermo-mechanical response characteristic for LSCEs
[22-24] leads to a few examples of composite materials
retaining the shape-memory ability of LSCE systems
[25-28]. Conductive composite systems have been recently
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created by reprocessing standard liquid single crystal
elastomer (LSCE) films with carbon nanoparticles through
a gel-swelling technique [29-31]. These new materials,
consisting of a conductive layer at the surface of the LSCE
films, exhibit interesting properties, such as the piezore-
sistivity [32].

In this study, we are reporting on a successful prepara-
tion of composite films having a liquid crystalline elasto-
mer matrix and Mo-oxides nanowires as inorganic
conductive component. A special kind of nanowires with
non-standard stoichiometry, composed of a mixture of
MoOj3; and Mos0,4 crystalline phases, was prepared and
characterized. Basic features of the morphology and
thermo-mechanic behavior of these new composites will be
discussed. Field Emission (FE) Scanning Electron
Microscopy (SEM), recently used also to study a star-shape
type of MoO, nanomaterials [13], and Atomic Force
Microscopy (AFM) techniques were applied to the study of
the new composite films to clarify the morphology and
averaged dimensions of the nanowires used in the prepa-
ration of the new composite materials as well as their
relative orientation in the LSCE matrix.

Experimental
Synthesis of MoO;_, nanowires

The mixture of MoO; and MosO;4 nanowires was syn-
thesized using MogS,Ig nanowires as a starting material
[33]. The MogS,Ig nanowires were placed into a quartz
tube, closed at one side, with dimensions of 1000 mm in
length and 32 mm in diameter. The material was annealed
in air in one-zone oven at 603 K for 2 h. A trap, cooled
with water, was placed at the open side of the quartz tube.
The trap served for collecting the iodine released and
simultaneously enabled the access of the air to the material
in the boat that enables a growth of MoO;_, phase. The
blue colored nanowires of molybdenum sub-oxides have
grown, retaining the basic shape and a toughness of the
starting nanowires.

Preparation of liquid crystalline elastomer composites

The new composite films based on LSCE matrix were
prepared according to the following procedure. A homo-
geneous dispersion of MoOs_, nanowires, synthesized as
described in “Synthesis of MoOj3_, nanowires,” in toluene
was prepared by ultrasonification for about 30 min. A
concentration of about 1% in weight of nanowires was
used. One milliliter of such dispersion was added to 1 mL
of pre-polymerization toluene-solution, whose components
are: the polymeric chain (1) hydroxymethyl-polysiloxane
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(1 mmol), the mesogen (2) 4-methoxyphenyl 4-(but-3-
en-1-yloxy) benzoate (0.85 mmol) and the crosslinker
(3) 1,4-bis(undec-10-en-1-yloxy) benzene (0.075 mmol). A
sketch of the molecular structure of the main components
of the LSCE is reported in Scheme 1. Syntheses of com-
ponents (2) and (3) were performed as described in [34].
The chemical structure and purity of all these compounds
were checked by means of 'H and '>C 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 crosslinking
technique, pioneered by Kupfer and Finkelmann [35]. The
prepared mixture was inserted into a circular reactor inside
a modified centrifuge. A rate of 4500 rpm and an average
temperature of 343 K were set for an hour to prepare a
partially crosslinked film network, swollen by the solvent.
The second step of crosslinking reaction consists of slowly
removing the solvent under progressive increasing loads at
room temperature, followed by 3 days of drying at 343 K
under constant load.

Following this procedure, we have obtained several
composite films of similar thickness and shape, with a
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Scheme 1 a Liquid single crystal elastomer film: the director, n,
along the stress direction, is shown with a double arrow. The inset on
the right shows an illustrative sketch of the composition of the liquid
crystalline elastomeric matrix at the nanoscale and the main
components: polysiloxane chains, mesogenic units and crosslinker
moieties. b Chemical formula of the polysiloxane chain (1),
mesogenic unit (2) and crosslinker (3) used in the preparation of
the investigated samples
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uniaxial orientation of the local directors, which results in
monodomain stripes. A standard LSCE stripe, without
nanowires, was also prepared by following exactly the
same procedure (without adding the nanowires dispersion
to the pre-polymerization mixture) with the same chemical
composition [36], namely n = 85% of (2) and m = 7.5%
of (3). Polydomain samples, obtained without mechani-
cally loading the gel-films during the second crosslinking
step, were also prepared. In all cases, the completeness of
the crosslinking reaction was verified by means of Fourier
Transform Infrared (FTIR) spectroscopy, by looking at the
disappearance of the typical Si-H signal (¥ ~ 2200 cm™").
All the prepared films were then swollen in toluene and
dried in the oven at about 320 K. This procedure was
repeated several times, depending on the sample, to ensure
that no unreacted mesogens or crosslinkers were still
present in the network. The absence of unreacted com-
pounds was also checked by "H NMR and FTIR.

Characterization

MoOs5_, nanowires were studied using electron transmis-
sion microscopy 200 keV Jeol 2010F, scanning electron
microscopy (FE-SEM, Supra 35 VP, Carl Zeiss), and
X-ray diffraction (Siemens D-5000). The chemical com-
position of the basic components (2 and 3) of the LSCE
composites was investigated by means of NMR (Varian
VXR 300 spectrometer working at 300 MHz (lH) and
75 MHz ("*C) using TMS as internal standard and CDCl;
as solvent). Infrared spectra were recorded on a Perkin-
Elmer FTIR 1725x spectrometer. The mesophase behavior
of the new composite materials has been investigated by
Perkin-Elmer DSC 7 calorimeter (DSC) at the second
heating and cooling cycles with a rate of 10 K/min.
Thermo-mechanic measurements have been performed
on a home-built set up, constituted of a temperature-
controlled glass tube, in which the composite film was
suspended, and a computer-controlled digital camera. The
variations of the film length were recorded as a function
of temperature at different heating/cooling rates. Atomic
force microscopy (AFM, Veeco Instruments, Multi Mode
AFM, Nanoscope V) in tapping mode has been applied to
image the soft surface of composite films and organization
of inserted MoO;_, nanowires. This method enables to
obtain both topographical data of the sample and phase
images with enhanced contrast, where the phase angle that
measures the phase lag of the cantilever oscillation rela-
tive to the excitation force contains the information about
the interaction between the tip and the sample. To probe
the surface, we used TESPA Veeco probes with a hard tip
of elastic constant 20-80 N/m and frequency between 310
and 337 kHz.

Results and discussion
Structure and morphology of the MoOj3_, nanowires

The MoO;_, nanowires have diameters up to 500 nm and
length of several millimeters as determined by means of
TEM and SEM techniques (Fig. 1a, b). TEM images
(Fig. 1c) show that triangular thin flakes protrude in radial
direction with respect to the nanowire axis. These protru-
sions enlarge the reactive surface of the nanowires and
evidence that the temperature during the transformation
process was sufficiently high for translocation of part of
molybdenum by diffusion. The nanowires are partially
polycrystalline, although the electron diffraction resembles
a single crystal pattern. This can be explained in terms of
strong texturing of the crystallites. The particular MosO 4
phase was determined on a single nanowire based on
transmission electron diffraction patterns (Fig. 1d), while
the X-ray spectrum is not distinguishable from the MoO5;
one (Fig. 2). Moreover, these nanowires are found to be
electrically conductive and highly porous, with promising
applications in lithium intercalation, catalysis, field emis-
sion devices, and as strengthening fibers.

Thermal and thermomechanic behavior of LSCE-based
composites

Differential scanning calorimetry of the new LSCE-based
composites confirmed the typical thermal behavior of
polysiloxane-based LSCEs: all samples have a nematic
phase stable in a large temperature range (from ~ 269 to
~347 K). The presence of a low concentration of MoO5_,
nanowires (~ 1 wt%) is responsible of a slight shift of the
transition temperatures of a few degrees (both isotropic-
nematic and nematic-glass phase transitions) with respect
to the standard LSCE stripes prepared with the same pro-
cedure and chemical composition [15, 36]. Significantly,
the presence of nanowires does not alter the thermal
properties of the LSCE matrix and the thermal behavior is
reproducible after several heating—cooling cycles. The
mesophase transitions of the prepared standard LSCE and
LSCE-based composite stripes, as determined by DSC, are
reported in Table 1.

The most important feature of the LSCE-based com-
posite films is the homogeneous distribution of the local
nematic director, n, along the stretching direction. The
preparation procedure, known as two-step crosslinking
technique pioneered by Kupfer and Finkelmann [35],
ensured the homogeneity of the monodomain films, as it
can be seen from the transparency of the films shown in
Fig. 3a. The obtained composite films have similar thick-
ness (~ 150 um) and a rectangular shape (~2/3 cm in
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Fig. 1 The MoOj;_, nanowires. a A typical TEM image of millimeter-
long nanowires; b a SEM image revealing sufficient electrical
conductivity of 10 keV observation without a special sample prepa-
ration; ¢ a TEM image of a single nanowires with polycrystalline
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Fig. 2 XRD spectrum of molybdenum oxide nanowires synthesised
by oxidation of the MogS,Ig precursor nanowires at 603 K. In the
spectrum the MoOj phase can be identified with the most intensive
peaks assigned to reflections according to the orthorhombic primitive
lattice [JCPDS 05-0508]

length and ~5 mm in width), with a uniaxial orientation of

the local directors, n, as shown in Scheme 1 and Fig. 3a.
Figure 3b reveals the trend of the mechanical elongation

ratio (=L/Ly) of a LSCE-based composite stripe with
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structure and tip-shaped protrusions on the surface; d A transmission
electron diffraction on a single nanowire revealing a single crystal
pattern and assigned in accordance with JCPDS No. 074-1415

Table 1 Temperatures, 7 (K), enthalpies, AH (J/g), and specific heat,
AC, (J/gK), of the phase transitions of the investigated samples

Sample Glass AC, T Nematic AH T Isotropic
Standard [ ] 033 2692 @ 298 3468 @
LSCE

LSCE-based @ 0.25 2658 @ 276 3475 @
composite

The bullets indicate the existence of the mesophase

temperature. The reproducibility of this trend after many
sweeps is an indication of the quality of the composite with
no degradation effect produced by the added nanowires
[37]. The temperature trend of the ratio L/L, confirms that
the LSCE-based composite films have a homogeneous
orientation of the nematic director (Fig. 3a). The elonga-
tion (L/Ly) of the composite film under minimal stress
(~ 100 mg) is about 58% at room temperature with respect
to its length in the isotropic phase (Lg). This value is
comparable with the elongation of the standard LSCEs
[36], which is about 68%, and it proves that the peculiar
LSCE properties are retained in the nanowires-LSCE
composite films investigated in this study.
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Fig. 3 a Two monodomain
stripes of the LSCE-based
composites containing the
MoO;_, nanowires; the director
n is displayed.

b Thermomechanic
measurements of the composite
LSCE-based monodomain films
under minimal stress

(~100 mg) obtained in the
process of cooling the sample
from the isotropic phase down
to room temperature

Morphology and nanowire distribution in the LSCE-
based composites

The morphology and in particular the distribution of the
nanowires in the LSCE matrix were investigated by means
of optical microscopy, field emission SEM, and AFM
microscopy. Optical microscope in transmission mode with
crossed-polarisers reveals the MoO;_, nanowires as white,
while LSCE matrix is black. The distribution of nanowires
and their orientation with respect to the local nematic
directors is shown in Fig. 4.

The homogeneity of the LSCE nanocomposite cross
section (Fig. 4a) is demonstrated via the uniformity of light
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extinction when viewed with polarized light; the film
thickness is around 0.3 mm. Most of the MoO5;_, nanowires
are distributed on the top surface of the composite films.
This is probably due to the fact that, during the first cross-
linking step, the Mo-oxides nanowires tend to separate from
the rest of pre-polymerization components because of the
different relative weight [15, 36]. In fact, Mo-oxides
nanowires are deposited at the inner side of the swollen film
inside the centrifuge rotor. Moreover, the white lines seen in
Fig. 4b indicate a uniform alignment of the nanowires along
the director n, thus indicating that the adopted procedure
allowed us to induce a preferred alignment of the nanom-
aterials into the top surface of the LSCE matrix.

Fig. 4 Optical images of the LSCE-based composite film: a cross section, b, ¢ the top surface MoO;_, nanowires are shown as white stripes in
contrast with the black matrix. The alignment direction of the local director n is shown as well
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Fig. 5 AFM topography image
(left) and phase image (right) of
composite film surface showing
MoO;_, nanowires dipping into

the polymer matrix |

Topography and phase imaging modes were used to
probe the surface of LSCE-based composite films and
organization of MoOj_, nanowires. As shown in Fig. 5,
the surface of these composites is inhomogeneous with
roughness of the order of tenths of nanometers. Although
the nanowires are positioned close to the surface of LSCE,
they are well embedded into the surface layer of the
polymer matrix.

In addition, on some parts of the new composite films,
we observe characteristic surface deformations (Fig. 6)
which appear due to minimization of free energy. In elas-
tomeric systems, chemically similar to LSCEs [38], these
deformations have been described by Euler strut instabili-
ties, typical for a pair of adjacent elastic media of a
different Young modulus. Specifically, since the surface
layer has different elastic moduli from the bulk, it is
spontaneously deformed when a compressive force is
applied in the direction along the surface. This phenome-
non results in a sinusoidal modulation of the surface height,
with a well-defined periodicity [30, 39]. The mechanism of
deformation, however, strongly depends on the ratio of
elastic contributions of the surface and bulk material as
well as the layer thickness. According to the available data
for similar LSCE-composites [31, 32, 36, 39], the ratio
between elastic Young modulus at the surface and in the
LSCE bulk well justifies the observed wrinkle wavelength
2 of few microns [40].

Moreover, the different temperature dependences of the
surface and bulk Young modulus [41] does not exclude the
possibility to tune the wrinkle wavelength as a function of
the temperature, opening to new applications.

269.4

Fig. 6 Surface of the composite film with characteristic undulations
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Conclusions

The composite films described in this study contain con-
ductive MoOj3_, nanowires as inorganic component and
LSCE matrix as organic one. The properties of these
composite films show several similarities with those of the
conductive LSCE-nanocarbon systems prepared by
Chambers et al. [29-32, 39], made of a conductive thin
layer of carbon nanoparticles on the top surface of a LSCE
matrix. However, the peculiarity of these films is that the
Mo-oxides nanowires are homogeneously distributed on
the top surface of the film [38] with a homogeneous
alignment parallel to the local nematic directors, n. The
particular distribution of the nanowires reflects the influ-
ence of the first step of crosslinking inside the centrifuge
rotor, which is responsible of the deposition of the MoO;_,
nanowires on one side of the film. On the other hand, the
parallel alignment of the nanowires with respect to the
nematic director is a direct consequence of the second step
of crosslinking reaction and indicates a coupling between
the local mesogen orientational order and the spatial dis-
tribution of nanowires. A similar behavior has been
observed on PbTiOj3 nanoparticles-doped LSCE [15, 28]; in
that case, the ferroelectric nanoparticles (of quasi-spherical
shape) were distributed in stripes perpendicularly to the
director, n. These works clearly show that the adopted
preparation procedure is crucial to get aligned nanomate-
rials within the LSCE matrix.

In the case reported in this article, the peculiar align-
ment of the MoO;_, nanowires is most probably due to a
coupling between the dipoles of the LC mesogens and that
of the nanowires.

Compared with other nanoparticle-elastomer composite
materials [15, 28-32, 42-44], the conductivity of the
MoOs5_, nanowires is expected to give a more immediate
application of these films as conductive actuators.
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