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ABSTRACT

We explore the possibility of producing polymer nanocomposites with an ordered distribution of
nanoparticles by using an electropolymerizable liquid crystal (LC) monomer. The nanoparticles
are added to the monomer before polymerizing it. We study the polymer derived from the LC (£)-
6-(3-hydroxy-4-(((4-octyloxy)phenyl)imino)methyl)phenoxy)hexyl methacrylate (M6R8) both pure
and in the presence of 3.4 nm TiO, nanoparticles, at 30 wt%. This particular system is chosen
since (1) the LC polymers we work with have the added advantage of having a specific orienta-
tion and structure which allows us to study its effect in the nanoparticles and (2) when
considering the nanocomposite, it is polymerized with the nanoparticles included. The system
is studied using grazing incidence small angle X-ray scattering and in-plane direction X-ray
scattering. The polymer obtained alone appears to be tilted with respect to the surface of the
substrate. The structure adopted by the nanoparticles in the nanocomposite is layered and
apparently incommensurate with the polymer. It is formed through the association of the
nanoparticles with the M6R8 aromatic cores during the process of electropolymerisation. This
interpretation of the data is supported by the nanoparticle structures formed when the related,
non-polymerizable LC, (E)-6-(3-hydroxy-4-(((4-octyloxy)phenyl)imino)methyl)phenoxy)hexyl isobu-
tyrate (I6R8), is analysed. We find that for both, the pure polymer poly-((E)-6-(3-hydroxy-4-(((4-
octyloxy)phenyl)imino)methyl)phenoxy)hexyl) methacrylate (EPM6R8) as well as the polymer with
nanoparticles (EPM6R830TO), the electropolymerisation imposes a preferred growth direction of
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the polymer side chains, and therefore for the nanoparticle arrangement in the polymer.

1. Introduction

Liquid crystals (LCs) are materials that combine the
characteristics of a crystalline solid and an isotropic
liquid. Low molar mass liquid crystalline molecules
are in the order of 2-5 nm in length for the calamitics.
These can be combined with nanoparticles of compar-
able size to form nanocomposites. Composites consist-
ing of a mixture of nanoparticles and ordered LCs have
been considered for bioengineering applications [1-5],

for membrane fabrication and drug delivery [6,7],
photovoltaic [8-12], photonics [13-15] and metama-
terials [16,17]. These nanocomposites also serve as a
model for the interfacial interactions of bilayer systems
with nanoparticles. The bilayer systems are similar to
those found in biological systems [5,18,19]. LCs are
used also as the dispersing medium for colloidal parti-
cles, and as a flexible matrix for generating and con-
trolling self-assembly into complex structures [20].
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a)

I6R8

Figure 1. Sketch showing (a) the structure of M6R8 and 16R8 as well as (b) the attachment of M6R8 to the TiO, particle.

The effects of a colloidal particle in a nematic phase
LC and the effects of the nematic LC on the structure
the colloids form have been studied extensively [20-
32]. On the other hand, interactions of nanoparticles
with smectics have not been studied as widely
[10,11,33-38]. Previously, we have shown that the
ordering of bulk smectic LCs is influenced by the pre-
sence of functionalized nanoparticles [10,11,35,39]. The
influence of other materials, such as polymers on the
orientation the nanoparticle adopts, has also been
reported [6,7,40-45].

In the samples used in this study, the nanoparticles
have been prepared such that they are terminated in
hydroxy groups and form hydrogen bonds [46-49]
with the LCs. The hydrogen bonds can be disturbed
through the process of electropolymerisation [50,51].
We are not aware of any groups that are developing a
strategy that includes the nanoparticles in the mono-
mer nanocomposite before a polymeric matrix is
formed and uses electropolymerisation to align both
the resulting polymer and the nanoparticles. We can
control the structure and the orientation in space, both
for the LC polymers and the nanocomposites in ways
that have not been explored before by using both of
these methods.

The organised structures that we obtain offer
another alternative to the development of applications,
particularly photovoltaic applications. We studied the
polymer nanocomposites for their potential applica-
tions in photovoltaics. It is well known that a polymer
has a higher mechanical integrity compared with low
molar mass molecules due to the polymeric network.
In addition, a LC polymer has the advantage of being a
more ordered system as compared to the more com-
monly used amorphous polymers.

Previously, we have investigated LC-nanoparticle
interactions of two different monomeric LCs combined
with TiO, to form a nanocomposite [52]. The LCs are
M6R8 and I6R8, which are shown in Figure 1(a). The
two low molar mass compounds differ in the final
group at the end of one of the carbon chains [52].
We have a double bond conjugated with a carbonyl
group or methacrylate group in the case of M6R8. We
believe that the nanoparticles locate themselves at the
layer interface where the methacrylic groups are
present.

The conjugated double bond seems to be energetically
more favourable to form hydrogen bond interactions
with the TiO,, most probably due to structural considera-
tions, in this case. The electron availability in the carbonyl
moiety is enhanced due to the presence of the double
bond, which in turn will interact with the OH groups
present at the surface of the nanoparticles. This is shown
in Figure 1(b). The double bond itself can also interact
with the electrophilic surface of the nanoparticles rich in
titanium atoms, in a sort of m-complex interaction. The
carbon-carbon double bond for I6R8 is missing, and this
group is then an isobutyric ester. In the case of I6R8 with
TiO, particles, the observed decrease of the enthalpy and
therefore the phase stability can be understood as a dis-
tribution of more nanoparticles at the aromatic cores
since no places are allowed at the layer interfaces, due
to the absence of methacrylic groups.

The 30-wt% concentration of TiO, yields the most
organised nanocomposite for the monomer M6R8 [52].
This result has been previously observed with ZnO in 8CB
[10,11,35].

We have observed that in addition to obtaining the
alignment of the polymer by the process of electropoly-
merisation, we obtain the alignment of the nanoparticles



because of the electropolymerisation in the study of the
polymeric sample EPM6R830TO. The structures obtained
with the nanoparticles in the nanocomposite are incom-
mensurate. This is an ongoing programme that combines
LCs and polymer LCs and that seeks to promote the
formation of organic-inorganic systems of molecular
diodes where a strict molecular distribution must be
achieved.

This paper presents a series of X-ray scattering studies
taken in order to confirm the alignment of the pure
polymer and polymer nanocomposite, to confirm the
orientation of the interaction of the TiO, nanoparticle
with the polymer and to determine the ordering of the
nanoparticle with respect to the polymer and the sub-
strate. Our results are quite promising about the order
we are achieving in our structured nanocomposites.

2. Experimental
2.1 Materials

The monomer M6RS8 is obtained using a procedure
described elsewhere [52-54]. The LC properties corre-
spond to a C-54.7°C-SmC-80°C-SmA-97.0°C-1 [55].
The synthesis of I6R8 will be reported elsewhere, and
it has a phase transition temperature C-62.7°C-SmC-
89.4°C-SmA-98.3°C-1. The temperatures are C-55.1°
C-SmC-68°C-SmA-97.1°C-1, in the case of M30, a
nanocomposite of M6R8 with 30 wt%. TiO, Np. For
the corresponding I6R8 nanocomposite (I30), the
phase transitions are C-61.8°C-SmC-70°C-SmA-97.3°
C-I [52].

The nanocomposites are prepared taking about
150 mg of the liquid crystalline matrix dissolved in
DMEF. The required amounts of a suspension of nano-
particles are measured to obtain a mixture of 30 wt%.
The solutions are subjected to ultrasound for about
30 min and dried under vacuum at 80°C, for a quick
but gentle solvent evaporation.

In Ref. [52], the characterisation of TiO, nanoparti-
cles was carried out. Particle size was quite homoge-
neous, at around 3-4 nm, or in our case, approximately
3.4 nm. Figure 2 shows a HR-TEM of a 5-nm nano-
particle in the left top side of the figure. Besides, it is a
diffraction pattern which shows numerous rings
because the beam of electrons included a large number
of particles with different orientations. It shows rings
of spots corresponding to the random orientation of
the nanoparticles. The bottom picture is a low-resolu-
tion image of TiO, showing the size uniformity of the
particles.
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Figure 2. TEM images for TiO,. Upper images: HR-TEM image of
a single particle and an electron diffraction pattern for the
particles. Lower image: a low-resolution TEM showing the
relative uniformity of the particles.

2.2 Electropolymerisation

The polymer EPM6R830TO was obtained by filling
INSTEC cells with the nanocomposite via capillary
action in the isotropic phase. The cells used
(INSTEC) are comprised indium-tin-oxide electrodes,
covered with polyimide with antiparallel planar align-
ment layers. The cell gap is of 6.8 um. The electropo-
lymerisation was conducted by applying a DC field of
about 100 V at 120°C for about 1 h.

2.3 X-ray analysis

The electropolymerised polymer obtained from M6R8
without nanoparticles (EPM6R8) was studied using the
small angle X-ray scattering facility at the University of
Sdo Paulo, Brazil. A Xenocs Xeuss system was used,
which consists of a GeniX3D beam delivery system
with a Cu anode X-ray tube (A = 1.5419 A), a collima-
tion composed of two scatterless slits and a Pilatus 300K
detector (Dectris, Baden, Switzerland). The beam has a
square cross section of 0.8 x 0.8 mm?®. The beam centre
correction and the sample to detector distance of
83.5 cm were measured using silver behenate [56].

The X-ray experiments on the polymer LC-nanoparti-
cle (EPM6R830TO) were performed using a Rigaku rotat-
ing anode with a Cu (1.54 A) source, and a bent graphite
monochromator with a resolution of Ag = 0.012¢, (A,
operating at 50 kV and 100 mA, where g, = 27/1.5442 [57].

The polymer nanocomposite, prepared as described
above, was measured on an opened cell placed along the
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Figure 3. (Colour online) (a) Definition of directions used to study the polymer nanocomposites shown from the top and from the
side view. The nanoparticles are not drawn for clarity; (b) geometry of the parallel X-ray scattering: the two directions shown above
are aligned such that the scattering wavevector direction coincides with the direction along the grooves or perpendicular to it.

direction of the rubbed polyimide grooves (see Figure 3
(a)). The sample was then rotated 90° with respect to the
aforementioned direction in order to observe if there
was any order along this direction. This last direction is
called the perpendicular (perp) direction in the discus-
sion that follows. Figure 3(a) sketches both directions.
The X-ray measurements were taken with the substrate
in what is called the parallel geometry, sketched in
Figure 3(b). This geometry is similar to the one used
in grazing incidence X-ray scattering (GIXS), except it
accepts a wider angular distribution. The angle &, shown
in Figure 3(b) also, covers angles beyond the critical
angle [39,57] which corresponds to an « of 0.12° for
most organic materials [58]. The X-ray scans are ana-
lysed by taking a background with a clean substrate and
subtracting this background from the signal.

2.4 Other analysis techniques

The electropolymerisation requires the monomers or
composites to be confined in a 6.8-pm thick sandwich
glass cell. The polymerisation takes place mostly at the
negative electrode surface and the structural charac-
terisation must be performed on the glass substrate to
determine the direction of the orientation of the poly-
mer and the resulting structure adopted by the nano-
particles. The amount of material is too small to
obtain adequate results using complementary techni-
ques such as NMR. Other techniques require the
material to be released from the substrate, which
may mean a loss of the aforementioned desired struc-
tural properties.

3. Results

The polymer in both cases is obtained through the
process of electropolymerization [50,51], mentioned
above. Electro-polymerisation is carried out in the

isotropic state of the monomer and the monomers
are aligned with the direction of the polyimide
grooves. The process of electro-polymerization by
itself makes the preparation of nanocomposites easier
by including the nanoparticles inside the monomeric
matrix, in this case, 30 wt% TiO,.

The results for the polymer with nanoparticles
(EPM6R830TO) were compared to the results obtained
when the polymer is grown without them (EPM6RS).
The polymer structure was studied using the grazing
incidence small angle X-ray scattering (GISAXS) tech-
nique, using a grazing incidence angle of 0.2° on
uncovered glass samples as mentioned in Section 2.
The samples were placed in the direction along the
grooves, as shown in Figure 3(a).

Comparison of Figure 4 and the lower panel of
Figure 5 shows the formation of polymer peaks. Only
two are visible in Figure 5 lower panel. The polymer

001
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003

Log Intensity (arb units)

* T i T J T

0.0 0.1 0.2 0.3
q [A1]

Figure 4. GISAXS scan for the EPM6R8 polymer showing the
first three reflections.
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Figure 5. (Colour online) A comparison between the mono-
meric composites M6R8 (M30 - top panel) and I6R8 (130 —
middle panel) with the polymer produced from M6R8
(EPM6R830TO - lower panel). All samples have a 30-wt%
concentration of TiO,. Notice that the peaks at about 0.5, 0.7
and 0.9 A™" between 16R8 and the polymer coincide.

alone was found to be at an angle with respect to the
surface of 38.7° calculated from the 001 reflection in
Figure 4. The polymer-nanoparticle system, on the
other hand, seems to be completely lying down and
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longer than what is expected. The results for the
polymer—nanoparticle nanocomposites were com-
pared to the results from the two monomer LCs—
nanoparticle nanocomposites, the M6R8 and the
I6R8. We include the results for I6R8 because this
sample does not polymerise, and we know how it
interacts with the TiO,. As mentioned before, the
TiO, is located at the Schiff base central group for
I6R8, whereas for M6R8, the preferred position for
TiO, is at the methacrylate group [52]. We find that
the peaks associated with the nanoparticle-LC inter-
action for the nanocomposite EPM6R830TO are
similar to those of the monomeric nanocomposite
of TiO, with I6R8, as can be observed if we compare
the last two panels of Figure 5. This provides evi-
dence that the nanoparticles migrate from the edge
of the molecule to the centre group, as sketched in
Figure 6. The migration is a consequence of the
polymerisation of the M6R8 monomer. The polymer-
isation happens through the methacrylic groups
where the TiO, groups are located.

We consider now the fact that the signal from the
nanoparticle is small and noisy, as can be observed in
Figure 7. Taking into account the well-known density
of rutile and anatase and that our TiO, samples are a
mixture of both structures, we may assume an average
density of 4 g/cm’. For an average size of the TiO, Np
of 3.4 nm, we can consider that roughly each Np has a
volume of 20.6 x 107" cm’. With these data, it is
possible to find out the amount of Np for the 30
wt%, if we also consider that the diameter of the
nanoparticle amounts to at least five side chains in
the polymer. It gives a ratio of 1 TiO, Np per 50
polymer ensembles, which is quite far away from an
ideal ratio of 1:1.

The nanoparticle shown in Figure 6 as a cut line is
because the concentration of the nanoparticle is 30 wt
% and not 1:1. Thus, the second nanoparticle may be
there or not, depending on how the nanocomposite is
mixed and how the nanoparticles migrate to the centre
group. This explains in part why the signal tends to be
noisy.

Another possible explanation for the peaks being
noisy is the localisation of the nanoparticles due to
phase separation [57]. The nanoparticles accumulate
mostly in the defects exhibited by the LC after some
time. When the process of electropolymerisation
occurs, the defects disappear since the sample is taken
into the isotropic and the nanoparticles are free to
migrate. This process is limited by the formation of
the LC polymer whose branching represents a steric
hindrance to the advancement of the nanoparticles.
Thus, the structure of the nanoparticles can be very
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Figure 6. (Colour online) Sketch showing the migration of the TiO, particle while the polymer is formed.

well ordered locally but not globally in the sample,
which gives again a very noisy signal. This means that
a very well-organised structure can happen locally,
separated by a distance that is much larger than the
atomic distance, in the order of micrometres. This
signal is noisy and wide at all g values. This can explain
why lower g peaks are not observed. The signal coming
from the nanoparticles structure will be very small
compared to the more ordered polymer signal. The
lower the angle, the closer to the polymer peak the

1- T =73 °C paraltet

Intensity (arb. units)
Intensity (arb. units)

a) | A/AN

peak from the nanoparticles will be. We look at the
signal we observe in detail now.

We show in Figure 7 the results of X-ray measure-
ments taken both along the direction of the grooves
(see Figure 7(a)) and perpendicular to it (see Figure 7
(b)) for three different temperatures that correspond to
the crystalline (21°C), the smectic C (56°C) and the
smectic A (73°C) of the parent monomer, M6R8[52].
The scans taken along the groove direction show an
extra peak close to g = 0.47 A, as seen in Figure 7(a).
This peak corresponds to one of the peaks designated
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= -
]
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Figure 7. (Colour online) X-ray scans showing the structure of EPM6R830TO in the direction (a) parallel to the polyimide grooves
and (b) perpendicular to this direction. The lines are fits to Gaussians.
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Figure 8. (Colour online) A possible structure derived from the X-ray scans shown. All nanoparticles are presented for clarity.

for the nanoparticle interacting with the LC in
Figure 5. The scans along both directions exhibit a
peak corresponding to the polymer peak at low angles,
as seen in Figure 7.

The scans along the direction of the grooves (Figure 7
(a)) exhibit more ordered peaks in the region of
0.25 < q < 0.33 A", These peaks correspond to the
polymer peaks shown in Figure 4. The scans designated
as ‘perp’ to these have a very disordered peak centred at
g ~ 025 A" with a Aq that varies between 0.3 and
0.6 A™%, with the more disordered being in the smectic
C phase and the more ordered being in the smectic A
phase. No higher order peaks are observed, even though
we note a small peak at the position of the (0 0 1) of the
polymer. See Figure 7(b) and note that the polymer
(0 0 1) peak is smaller than the value for the polymer
peak given in Figure 7(a), even though it appears com-
parable. This is because of the sum of this peak with the

very wide peak mentioned above. These results show
that for the polymer nanocomposite, the electropoly-
merisation imposes a preferred direction.Figure 4

The electropolymerisation imposes also a preferred
direction to the nanoparticle’s structure, as seen in
Figure 7(a) compared to Figure 7(b). The figure
shows a peak at around 0.47 A™', which is the same
one attributed to the interaction of the LC or its corre-
sponding polymer with the nanoparticles in Figure 5
(EPM6R830TO). This wide peak has a value that varies
between 0.2 and 0.4 A" with a Aq that varies between
0.2 and 0.3 A~ for all samples presented in Figure 7(b).
This peak is more disordered than the polymer peaks
and does not coincide with any of the reflections of the
polymer structure.

The structure of the nanoparticle appears to be
incommensurate with the structure of the polymer
[59], probably because of the size and shape of the
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nanoparticles. We analyse more closely the peak
observed at 0.47 A™'. This peak corresponds to a
separation of 13.4 A. There is no evidence from
Figure 5 or Figure 7(a) that there is a lower angle
reflection. The gs corresponding to the polymer peaks
in Figure 7(a) do not show an underlying wide peak
that would correspond to a lower g peak. We cannot
access any reflection below 0.09 A7!, and hence we
cannot say if there is a lower g peak. The nanoparticle
must rest at the centre of the side chain molecules, as
seen in Figure 5. The theoretical side chains lengths
may vary between 33.95 and 37.1 A. The nanoparticle
size is about 34 A, so this direction corresponds to a
scattering angle of at least 67°. This means that the
distribution of the nanoparticles is probably as
sketched in Figure 8, with the nanoparticles alternating
positions in the side chains of the polymer. This can be
understood if we consider that the nanoparticles are
slightly larger than the side chains of the polymer and
accommodate this difference adopting the mentioned
oblique structure. The length in the direction perpen-
dicular to the direction of the grooves is at least
31.30 A, which corresponds to g = 0.201 A™". This is
the maximum value of g expected, which will be
reached if the nanoparticles touch. We do not expect
higher order peaks to appear since the peak is very
disordered. Therefore, we believe that the value for
the very wide peak observed along the perp direction
is probably due to the disordering of the polymer in
that direction (see Figure 7(b)).

The structure the nanoparticles adopt is an oblique
one that does not correspond to a 2D face centred
rectangular structure because of the preferred direction
of the polymer backbone and the fact that this back-
bone cuts the centred rectangle. Figure 8 shows a
sketch of how this structure may look. The structure
is then a lamellar one bounded by the polymer chains,
which is consistent with the structure predicted for
nanoparticles with very small coverage of the functio-
nalization or none in the nanoparticles [16], and
observed with mixtures of nanoparticles and liquid
crystalline polymers [46,60]. Because none of the g
values correspond to the gs of the polymer, this struc-
ture can be considered an incommensurate one.

The nanoparticles are of comparable size to the side
chains of the polymer and force them to lie flat and
extend to their maximum size, which is theoretically
37.1 A. The layer thickness exceeds the theoretical 62 A
for a completely extended side chain EPM6RS8. The
value for the length of the polymer is 65 A for the
samples studied at 21 and 56°C. This value is somewhat
larger than 62 A and it is much larger than the 48.3 A
reported for EPM6R8 and presented in Figure 4. We

note that at 73°C, the distance is of 74 A, the tempera-
ture corresponding to the smectic A in the parent LC
monomer M6R8, which means that the polymer
appears more elongated than expected for the polymer
alone and at lower temperatures. We believe the
decrease in viscosity due to the higher temperature
increases to some extent the diffusion of the nanopar-
ticles thus causing the increase in the interlayer
distance.

4. Conclusions

We have studied the polymer formed from the mono-
mer M6R8 both in pure form and as a nanocomposite
with 30 wt% of TiO, nanoparticle of average size
3.4 nm (34 A), grown by electropolymerisation. The
electropolymerisation imposes a specific direction of
growth of the polymer in both cases. The polymer
grown in pure form appears to be at an angle with
respect to the surface of the substrate. We have
observed that the interaction of the nanoparticle and
the polymer EPM6R830TO is similar to that of the
monomer I6R8 and the nanoparticle, which suggests
that the nanoparticle migrates as the polymer is
formed. The size of the TiO, particle seems to force
the polymer to be flat with the surface of the substrate
to relax and expand on it. This effect is observed at
three different temperatures characteristic of the crys-
tal, the smectic C and the smectic A phases of the
parent monomer M6RS8. Finally, the structure of the
nanoparticles seems to be incommensurate with the
structure of the polymer and aligned by the electropo-
lymerisation method. It is lamellar and oblique in
nature. This can be understood if the nanoparticles
group themselves through the polymer and the oblique
nature appears if the slight difference in size between
the side chains of the polymer and the nanoparticles is
taken into account.
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