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Abstract

A new biodegradable photoresponsive material was developed using poly(lactic acid) (PLA) as
the matrix material and Disperse Orange 3 (DO3) as photoisomerizable azo-dye. It was
observed that the addition of multi-walled carbon nanotubes (MWCNTs) leads to a new
phenomenon consisting of an enhancement of the optical anisotropy in a wide range of
temperatures. In particular, the optical anisotropy increases 100% at room temperature.
Moreover, the material containing MWCNTSs shows a faster optical response that is evidenced
as an increase in the growth rate of optical anisotropy. Spectroscopic data is provided to study
the interaction among DO3, MWCNTs and PLA. The enhancement of optical anisotropy
obtained with the addition of MWCNTs was related to the glass transition temperature (1) of
each material. Maximum optical anisotropy was obtained 15 °C below the 7, for both
materials. Results are interpreted in terms of the interactions among DO3, MWCNTs and PLA

and the packing density of the dye into the polymer chains.

Keywords: optical properties, photosensitive material, biodegradable material, azo-dye,

carbon nanotubes

(Some figures may appear in colour only in the online journal)

1. Introduction

The specific response of azo-dyes to visible light makes them
perfect candidates for the development of a broad kind of
optical devices. The addition of these azo-dyes chromophores
into different polymers allows the development of new
materials with applications to waveguides, optical memories,
optical information storage and optical processing devices
[1-7]. In all cases, the characteristic photoisomerization
process of azo-dyes plays a prominent role. The azo-dye
molecules successively change from trans to cis configurations
when they are irradiated with light of the proper wavelength.
If the light is linearly polarized, molecules having some
component of their dipole moment in a direction parallel to the

* In memory of Professor Ifiaki Mondragon.
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polarization axis will undergo the photoisomerization process.
As a result, molecules will gradually accumulate in the trans
form in the normal direction of the light polarization axis.
This gradual accumulation of molecules in their frans state
leads to optical anisotropy. In general, the development of
devices containing azo-dyes involves the study of their optical
response. This optical response is generally understood as the
optical anisotropy that can be photoinduced in the material
as well as the rate at which this occurs. One important
feature of polymeric devices containing azo-dyes is the fact that
the polymer host is transparent to visible light whereas their
optical properties are entirely given by the azo-dyes. From a
practical point of view, availability and easy manipulation of
the polymer host are also important factors to consider. In this
study poly(lactic acid) (PLA) was chosen as the polymer host
as it combines the mentioned physical characteristics and also

© 2014 I0P Publishing Ltd  Printed in the UK
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biodegradability [8]. PLA is one of the most studied materials
for applications in the packaging industry because of its
biodegradability and its mechanical properties. In this sense,
the idea was to look for an additional functionality (optical
properties) when developing the photosensitive composites.
Even though the T, of the PLA is around 50 °C, many sensors
are used in frozen products or products at a temperature below
room temperature and then the value of the 7, would not be
a problem for these applications. Also, the idea is to develop
materials with optical properties that can be manipulated at
room temperature (that they are not fragile), since this is a great
problem for industrial applications. These features render
PLA as a promising host for photoresponsive devices since
international agreements encourage the use of biodegradable
materials as a replacement for petroleum-based polymers.

Otherwise, the combination of carbon nanotubes, azo-
dyes and polymer has been used for different applications
from photodeformable materials to optical memories [9-14].
In particular; it has been recently shown that the addition
of carbon nanotubes into azo-containing polymers eventually
improves the optical response of the hybrid material when
compared to its parent polymer at room temperature [14].
In azo-containing polymers the azo moieties are covalently
bonded to the polymer backbone to form side-chain systems.
Thus, this kind of system is more complex to prepare than
guest-host systems. In addition, the optical response of
materials containing azo-dyes depends on temperature. Some
reports explored the temperature effect on the optical response
of photoresponsive materials without filler and explained the
results in terms of the free volume concept [3, 15].

As reported by our group, multi-walled carbon nanotubes
(MWCNTSs) can efficiently interact with a specific azo-
dye, Disperse Orange 3 (DO3) by means of w—m stacking
interactions [16]. The interaction between MWCNTs and
the azo-dye led to good stable dispersions in tetrahydrofuran
(THF). Considering these results, it could be expected that
the addition of MWCNTSs into a photoresponsive polymer
(PLA with DO3) generates some interaction with the azo-
dye modifying the optical response. To the best of the
authors’ knowledge, the effect of carbon nanotubes addition
in polymer/azo-dye guest—host systems has not been reported
previously. Moreover, there are no reports of the temperature
effect on the optical response of photoresponsive materials that
contains MWCNTs.

The aim of this work is to show that the addition of a
small amount of MWCNTs into a photoresponsive polymer
(PLA with DO3) improves the optical response of the material
in a wide temperature range. The improvement of the optical
response is obtained as an enhancement of the degree of
photoinduced optical anisotropy and as an increment in the
rate at which this effect occurs. It should be remarked that this
work presents the first experimental research on the optical
response of a biodegradable polymer/azo-dye film. Moreover,
low concentrations of MWCNTs and DO3 were used in order
to avoid disrupting the biodegradable character of PLA. The
obtained results show that these materials are promising for
the development of optical storage of information devices that
could be applied, for instance, in environmentally friendly
photosensitive secondary packaging.

PLA

Figure 1. Chemical structure of DO3 and PLA.

2. Experimental

Two different kinds of biodegradable polymer/azo-dye films
were prepared in order to study the optical anisotropy as a
function of temperature: PLA containing an azo-dye, DO3,
and PLA containing DO3 and MWCNTs.

2.1. Materials

Pellets of PLA (10% D-Lactide, 90% L-Lactide), manufac-
tured by Shenzhen Bright China Industrial Co. Ltd (Wuhan,
China), were used as the matrix material in this study. The
weight and number averaged molecular weight of the polymer
are 67.600 g mol~! and 49.900 g mol~!, respectively. DO3 dye
is an azobenzene derivative that has the appearance of orange
powder and it was used as received from Sigma-Aldrich. The
chemical structures of the polymer and the dye are shown in
figure 1. MWCNTSs were purchased from Nanocyl (NC3100).
Their length is about 1.5 um and their diameter is around
20-40nm [17]. The MWCNTs were dried in a vacuum oven
at 120° C during 3 h (to remove adsorbed water) and they were
left in vacuum at room temperature until use. Chloroform was
chosen as solvent for the following reasons: because DO3 and
PLA are soluble in it and because a good stable dispersion
of MWCNTs in a DO3/chloroform solution can be obtained.
Reagent grade chloroform from Biopack (Argentina) was used.

2.2. Preparation of films

Photoresponsive PLA. Photoresponsive PLA was prepared by
the following protocol: the calculated amount of DO3 in order
to have a final concentration of 0.25 wt% was dispersed in
50 mL of chloroform using a bath sonicator. After 60 min, 1 g
of PLA was added to the solution and sonication continued for
other 60 min. Immediately after that, the final solution was cast
into flat-bottom glass Petri dishes. The solution was dried for
24 h at room temperature. Finally, the films were oven dried
under vacuum at 40 °C for two days and then at 60 °C for 24 h.
The complete removal of residual solvent was confirmed by
proton nuclear magnetic resonance (' H-NMR) dissolving the
film in dimethyl sulfoxide (DMSO).

Photoresponsive nano-composite. A similar protocol to
that one previously described was used to prepare the nano-
composites. The only difference is that in this case 0.0005 g
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Figure 2. Experimental setup used to induce and measure optical
anisotropy in the materials at different temperatures.

of MWCNTs were put together with 0.0025 g of DO3 in 50 ml
of chloroform and then sonicated for 60 min. It should be
mentioned that a good dispersion of MWCNTs in PLA was
obtained.

A neat PLA matrix without DO3 or MWCNT was also
prepared using the same protocol as for the other materials,
including the drying process. The neat PLA film is transparent
to visible light and it is not photoresponsive since it does not
contain any azo-dye. However, neat PLA was prepared in
order to evaluate changes in the physical properties distribution
introduced by the addition of DO3 and MWCNTs. Five
different films of each kind of sample were prepared. The
mean thickness of each set of five samples was 75 um with
a dispersion of 2 um. The thickness of each sample was
determined using a digital micrometre with a precision of
0.1 um. Thicknesses variations within a single sample were
below 0.2 um. It should be mentioned that developing thick
films (.vm) allows obtaining films that can be self-supported (in
contrast to spin-coated films, for example, where a coverglass
is needed). Moreover, a film that preserves its shape without
any additional substrate becomes useful from both sides, which
allows broadening its applications. For instance, it could be
used as a sensor in a secondary packaging (not in contact with
eatables).

2.3. Characterization

Dynamic mechanical characterization of all films was
performed using a dynamic mechanical thermal analyser
(DMTA IV Rheometrics) working in rectangular tension mode
at 1 Hz, in the temperature range between 30 and 90 °C, at a
heating rate of 2°C min~'. Glass transition temperatures (7)
were determined as the maximum of the loss tangent curve
(Tan §). The T, for all films was also determined by differential
scanning calorimetry (DSC) at a heating rate of 10°C min~!
(DSC-60 Shimadzu). Fourier transform infrared (FTIR)
spectroscopy by attenuated total reflectance (ATR) using a
Nicolet 8700 spectrometer was performed for all materials.
The spectra were recorded by the average of 512 scans in
the wavenumber range of 4000525 cm™!. Ultraviolet—visible
(UV-Vis) spectroscopy measurements were performed using
a HP 8453 spectrophotometer. All measurements were done
at room temperature.

The successive photoisomerization processes were
characterized by measuring the time dependence of the
transmittance. Figure 2 shows the experimental setup used

for these measurements. This arrangement is similar to
experimental configurations that were previously discussed
in the literature [18]. Taking into account the absorption
wavelengths of the dye, optical anisotropy was induced using
a solid state laser (writing beam) at 473nm. The power
of the writing beam was set to 1 mW in all experiments
using a neutral filter (F). The response was monitored using
a He—Ne laser (probe beam) at 633nm in a configuration
of polarizer/sample/analyser (P1, S and A in figure 1). Pl
was oriented with its axis normal to the incident plane (s
polarization) and A was oriented with its axis parallel to
the incident plane (p polarization). The writing beam was
also linearly polarized after passing through a polarizer (P2)
which axis was set to 45° with respect to the polarizer/analyser
orientation in order to measure maximum response. A red filter
(RF) was placed right before the photodiode (PD) to avoid
detecting light from the writing beam. The temperature of
all films was controlled with a hollow cylindrical-shaped oven
drawn with a dotted line in figure 2. The main axis of the oven
was placed in the direction of the optical axis. Films were
placed inside the oven with a film holder specially designed
for this purpose. The oven plateau was 5cm guaranteeing
thermal stability in that region where the film was placed. The
photoinduced optical anisotropy was monitored at different
temperatures. Each measurement began after 15min of
temperature stabilization. The temperature was varied in steps
of 5 °C from 20 to 75 °C for photoresponsive PLA and from 20
to 45 °C for photoresponsive nano-composite. It is known that
for temperatures near the 7, of the material, thermal agitation
becomes more relevant and competes with the photoalignment
of the azo-dye molecules. In particular, beyond the T, the
optical anisotropy strongly decreases. The temperature was
determined with variations less than 1 °C using a temperature
controller (TC). For each temperature, films were exposed to
linearly polarized light for 1.5 h. After 1.5 h of photoinducing
anisotropy, the writing beam was turned off and measurements
of the transmittance continued for 30 min.

All the experiments were performed over five different
films of each kind of sample in order to ensure the
reproducibility of the results. Moreover, the optical response
of the films was also evaluated in different regions of each
single sample leading to similar results. As the different
experiments over each set of five samples did not show
significant differences, in the following section the results are
shown for one sample only.

3. Results and discussion

Figure 3 shows the loss tangent, Tan §, as a function of
temperature, for neat PLA, photoresponsive PLA and for the
photoresponsive nano-composite. For neat PLA, the T, was
54°C, for photoresponsive PLA the T, was 59 °C (increasing
5 °C) while for the photoresponsive nano-composite the 7, was
40 °C. Itis well known that an increment in the 7} is associated
to a decrease in the free volume. The differences in 7, between
the photoresponsive PLA and the neat PLA can be explained
in terms of the packing density of the azo-dye molecules in
the polymer. According to the literature, the ester group of the
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Figure 3. Loss tangent as a function of temperature for neat PLA,
photoresponsive PLA and photoresponsive nano-composite.

PLA interacts with the amino terminal group of DO3 molecules
[19]. Then the addition of DO3 into PLA might correspond
to a more compact arrangement, reducing the free volume and
giving rise to an increment in the 7T, value. In the case of the
photoresponsive nano-composite, the addition of MWCNTSs
introduces two different processes. One of them could be
associated to an increment in the free volume (i.e. a decrease
in the T, of the material) due to the steric hindrance generated
by the MWCNTs in the PLA chains arrangement. The other
process is due to the m—m stacking interaction between the
MWCNTs and the azo-dye molecules [16]. The result of
this interaction leads to a different organization of the azo-dye
molecules within the free volume holes as a consequence of the
preparation process of the photoresponsive nano-composite.
As MWCNTs will be non-covalently functionalized with the
DO3 molecules it could be expected that a lower amount of
DO3 molecules were available to interact with the PLA chains.
Thus, this second process also increases the free volume of the
material with respect to photoresponsive PLA.

The relative differences between the 7, values of
the three materials (neat PLA, photoresponsive PLA and
photoresponsive nano-composite) obtained from DMTA
measurements were confirmed by DSC study.

As mentioned previously, the results of the DMTA
analysis suggest that the addition of DO3 into PLA would
reduce the mean value in the free volume size distribution.
Therefore, it could be expected that DO3 molecules affect the
characteristic vibrations of PLA in some way. However, the
situation is quite different when adding MWCNTs because
there is no physical chemistry reason for which MWCNTSs
should interact with PLA. In the case of adding MWCNTs,
there is a new spatial distribution of PLA chains. First, the
m—m interaction of DO3 and MWCNTs prevails on the PLA
and DO3 interaction decreasing the number of interactions
between PLA and DO3. Second, MWCNTSs increase the PLA
free volume. Therefore, the addition of MWCNTSs might turn
back the changes produced in the PLA vibration modes due
to the inclusion of DO3. This idea is supported by the FTIR
study.

Figure 4 shows four regions of the FTIR spectra in order to
visualize the more meaningful changes which are introduced
by the addition of only DO3 or both DO3 and MWCNTs
into the PLA. For each region, the spectra of neat PLA,
photoresponsive PLA and photoresponsive nano-composite
are shown. The transmittance in arbitrary units is plotted
against the wavenumber. Figure 4(a) shows the spectra in
the range 1320-1270cm~'. The band around 1300 cm™' in
neat PLA, associated to the CH bending mode, is narrowed
for photoresponsive PLA [8]. Besides, in this last spectrum
a new band appears around 1294cm~'. This new band in
photoresponsive PLA can be assigned to the C-N stretching
mode of C—NH,; of DO3 [18]. Having in mind that the NH;
group of DO3 can interact with the PLA ester group [18], the
region around the frequencies corresponding to the vibration
of the carbonyl group (C=O0) in neat PLA spectrum should
be modified. This effect is shown in figure 4(b). As it
can be seen in this figure, neat PLA has a band assigned
to the C=0 around 1750cm~' which is modified in the
photoresponsive PLA spectrum. Moreover, the addition of
DO3 into PLA also modifies the band around 1452cm™!
assigned to the asymmetric bending of PLA methyl group
(figure 4(c)). For photoresponsive PLA this band looks
narrower when compared to neat PLA and it also loses the
shoulder around 1460cm™". At last, figure 4(d) shows the
spectra in the range 800-600cm~'.The wide band around
700cm™! assigned to the C=0 out of plane bending in neat
PLA is strongly modified in photoresponsive PLA. This is
probably due to the fact that DO3 has a strong absorption
in 690 cm~! (assigned to C=C-H bending) [20]. As shown
in figure 4, the spectrum of photoresponsive nano-composite
does not substantially differ from that of neat PLA. This result
suggests that the addition of both MWCNTs and DO3 would
turn back the effects of the addition of only DO3. Moreover, the
fact that the DO3 bands are not observed in the photoresponsive
nano-composite spectrum suggests that the interaction DO3-
MWCNT limits the intrinsic vibration modes of the dye.

According to previous reports [16], the interaction
between MWCNTs and DO3 can also be detected by UV—
Vis spectroscopy. In figure 5 the UV-Vis absorption spectra
forneat PLA, photoresponsive PLA and photoresponsive nano-
composite are shown. Asitcanbe seen from these curves, PLA
has an absorption band in the UV range, around 231 nm. As
expected, this band appears in all the spectra. In the absorption
spectra of photoresponsive PLA and photoresponsive nano-
composite two new bands appear: one around 273 nm and
the other around 428 nm. It should be noted that the relative
intensity of the band around 273 nm with respect to the band
at 428 nm is lower for photoresponsive nano-composite. Both
bands (273 and 428 nm) are characteristic of DO3 molecules.
The one at lower wavelengths corresponds to a w— * electronic
transition assigned to the benzene ring of the dye and the
other at 428 nm corresponds to the stronger w—m * electronic
transition of the azo group [16]. DO3 molecules interact
with MWCNTs via m—m stacking [16]. This interaction
occurs by the stacking of the rings of the outer surface of
MWCNTs with the DO3 benzene ring. The results shown
in figure 5 indicate that the addition of MWCNTSs modifies the
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spectrum of photoresponsive PLA in the region around 273 nm
evidencing the interaction MWCNTs-DO3.

As it was previously mentioned in the introduction section,
from a thermodynamically point of view the frans isomer

is the most stable. Successive frans-cis-trans configurations
can be photoinduced when irradiating them with light of
the proper wavelength. If the light is linearly polarized, all
molecules having some component of their dipole moment
in a direction parallel to the polarization axis will undergo the
photoisomerization process. As a consequence, after exposing
a film with an azo-dye to linearly polarized light, the molecules
will gradually accumulate in the frans isomer with its dipole
moment perpendicular to the polarization axis of the light. In
this way, optical anisotropy can be photoinduced. When the
light is turned off, thermal relaxation occurs and some degree
of the anisotropy previously achieved is lost. The optical
anisotropy, denoted as An, was derived from the equation:

I = Ipsin*(w And /1), (D)
where [ is the registered signal during the measurement, I
is the signal in the configuration of parallel polarizer/analyser
(without a sample), d is the thickness of the film and A is the
wavelength of the probe beam.

Figure 6 shows curves of the induction and relaxation
of the optical anisotropy behaviour with temperature for
photoresponsive PLA (figure 6(a)) and photoresponsive
nano-composite (figure 6(b)). In both cases, the response
of the optical anisotropy at three different temperatures is
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Figure 6. Photoinduced anisotropy curves at different temperatures for: (a) photoresponsive PLA at 20, 45 and 75 °C and (b)

photoresponsive nano-composite at 20, 25 and 45 °C.

shown: the curve at the minimum measured temperature (room
temperature), the curve at which there was maximum response
and the curve at the maximum temperature beyond which no
optical anisotropy could be detected. For all measurements,
the pumping laser was initially turned on and the photoinduced
anisotropy appears. Light exposure time was kept fixed for all
measurements in order to avoid extra physical factors that could
interfere with the present analysis. After 90 min of exposure,
the laser was turned off and thermal relaxation occurred.

As it can be observed from figure 6, photoinduced
anisotropy strongly depends on temperature. Moreover, the
presence of MWCNTs modifies the rate at which the anisotropy
grows as well as the maximum degree of reached optical
anisotropy. In order to quantify this rate, a biexponential
function was used to fit the growth in the anisotropy [21]:

(©))

In (2) the variable ¢ is the irradiation time and A and B are
amplitudes related to two different processes characterized
with rate constants k¢ and k;, respectively. The ‘fast’ process,
with rate constant k¢, is related to the photoalignment of azo-
dye molecules and the ‘slow’ process, with rate constant ks,
is related to the accommodation of polymer chains. When
comparing the curves for a given temperature results show
that the addition of MWCNTs fastens the alignment of DO3
molecules [14]. Results are summarized in table 1; the values
of k¢ for both materials are shown at two different temperatures.
In the table, T}, is defined as the temperature at which the
induced optical anisotropy is maximum and 7j;y, is defined as
the maximum temperature beyond which no optical anisotropy
could be detected. Particularly, at the temperature at which
each material presents the highest photoinduced anisotropy,
the rate constant k; for photoresponsive nano-composite is
twice larger (0.74 min~!) than that for photoresponsive PLA
(0.37 min™").

In figure 7(a) the maximum degree of photoinduced
anisotropy as a function of temperature for both materials
is shown: photoresponsive PLA and photoresponsive nano-
composite.  Usually, many polymer properties and its
dependence with temperature are visualized as a function of
the difference between the temperature of the experiment and

An = A[1 — exp (—kt) 1+B] 1 — exp (—k)].

Table 1. Values of &; for photoresponsive PLA and photoresponsive
nano-composite at Ty, and Ty, .

k¢ k¢ for

for photoresponsive  photoresponsive

PLA (min™") nano-composite (min~")
Tor 037 0.74
Tim 1.85 2

the T, of the material. Taking this into account, in figure 7(b)
the maximum degree of photoinduced anisotropy is plotted
against the temperature difference T — T.

As can be seen from figure 7, photoresponsive PLA
exhibits two different behaviours for the range of explored
temperatures: the optical anisotropy grows to a maximum
value and then it decreases. This can be understood if one
considers that there are two competing processes involved
in the photoalignment of azo-dyes doped polymers. On
one hand, successive photoisomerization processes lead to
the alignment of azo-dye molecules. On the other hand,
thermal relaxation has an opposite effect, leading to the
misalignment of molecules [22]. These two competing
effects may explain the fact that the maximum degree of
photoinduced optical anisotropy was reached at 45°C for
photoresponsive PLA. It is already known that a minimum size
of the local free volume is needed for photoisomerization to
occur [23,24]. As temperature increases from 25 to 45°C
the volume in which the azo-dye molecules may undergo
photo-orientation processes also increases until reaching a
distribution of free volumes in which the degree of optical
anisotropy becomes maximum. After 45 °C, the free volume of
photoresponsive PLA dramatically increases (I, ~ 59°C)
and so DO3 molecules have higher mobility. Additionally,
thermal agitation increases and some degree of anisotropy
is lost. As a result, thermal agitation dominates over the
alignment of DO3 molecules for temperatures above 45 °C in
photoresponsive PLA.

For the photoresponsive nano-composite the behaviour of
its maximum optical anisotropy versus temperature is similar
to photoresponsive PLA: there is a maximum optical response
for a given value of temperature. This behaviour could be
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explained taking in mind the existence of the already men-
tioned competing processes. Moreover, the results can be
compared considering the T, of each material. As observed
from figure 7(b) the maximum of the optical anisotropy was
obtained 15 °C below their 7}, for both photoresponsive mate-
rials. For both materials, the photoinduced optical anisotropy
decreases for temperatures above their respective 7, — 15°C.

‘When comparing the curves for the different photorespon-
sive materials depicted in figure 7 it can be observed that
the degree of optical anisotropy for photoresponsive nano-
composite was higher than for photoresponsive PLA for all
the temperature range. Particularly, the addition MWCNTSs
increased the optical anisotropy at room temperature in a
100%. In photoresponsive nano-composite, the explanation
of its higher degree of photoinduced anisotropy can be under-
stood as a combination of two effects. On one hand, due to
their electronic structure, both MWCNTs and DO3 molecules
interact via w—m stacking [16]. This interaction would keep
DO3 molecules in the neighbourhoods of MWCNTSs prevent-
ing them from being confined within the PLA chains and thus
changing the packing density of azo-dye molecules [14]. On
the other hand, the presence of MWCNTs introduces steric hin-
drance changing the PLA chains arrangement and generating a
larger mean value in the free volume size distribution. This can
be related to the fact that photoresponsive nano-composite has
alower T, with respect to photoresponsive PLA, which enables
DO3 molecules to increase their mobility. As a consequence,
an increment in the optical anisotropy and its growth rate (as
mentioned in the description of figure 6) is obtained. Another
point to note about the results shown in figure 7 is that the
photoresponsive nano-composite reaches its maximum optical
anisotropy around room temperature.

4. Conclusions

The optical response of a biodegradable matrix (PLA)
containing an azo-dye (DO3) can be remarkably enhanced
by the addition of a small amount of MWCNTs. This
behaviour occurs for all the studied temperature range. In
particular, at room temperature, the optical anisotropy for the
photoresponsive nano-composite was 100% larger than that

obtained for the material without carbon nanotubes. In both
materials, photoresponsive PLA and photoresponsive nano-
composite, the temperatures at which the maximum optical
anisotropy occurs are around 15 °C below their respective glass
transition temperatures. Moreover, when the photoinduced
anisotropy curves are compared, the growth rate of the optical
anisotropy for the material with MWCNTs is twice higher than
the one for the material without MWCNTSs. These results were
discussed considering the interactions among DO3, MWCNTs
and PLA and the packing density of the dye into the polymer
chains. The enhancement of the optical anisotropy and its
growth rate render the photoresponsive nano-composite a very
attractive material for the future development of biodegradable
photonic devices.

Acknowledgments

This work was supported by CONICET PIP 2010-2012,
Project 11220090100699 and 112-200801-03047, UBA,
UBACYT 20020100100689 and 20020100100350 and AN-
PCYT, PICT 2010-02179 and European Community (POCO
project, 7th FP, NMP-213939). We thank Professor Analia
Vazquez from the School of Engineering of the University of
Buenos Aires for her help with the DSC measurements.

References

[1] Mendonga C R, Misoguti L, Andrade A A, Yamaki S B,
Dias V D, Atvars T D Z and Oliveira O N Jr 2007 Opt.
Mater. 30 216-21

Pan L, Yang Q, Jin M, Sun G and Jiang Z 2004 J. Phys. D:
Appl. Phys. 37 1002-6

Dall’Agnol F, Silva J R, Zilio S C, Oliveira O N Jr and
Giacometti J A 2002 Macromol. Rapid Commun. 23 948-51

Priimagi A, Kaivola M, Rodriguez F J and Kauranen M 2007
Appl. Phys. Lett. 90 121103

Bach H, Anderle K, Fuhrmann Th and Wendorff J H 1996
J. Phys. Chem. 100 413540

Orofino A B, Camezzana M F, Galante M J, Oyanguren P A
and Zucchi I A 2012 Nanotechnology 23 115604

Sanfelice R C, Pavinatto F J, Cardoso M R, Mendonca C R,
Balogh D T and Oliveira O N Jr 2011 Polymer 52 4703-8

Auras R, Lim L, Selke S and Tsuji H 2010 Poly(lactic acid):
Processing, and Applications (New York: Wiley)

(2]
(3]
(4]
(5]
(6]
(7]
(8]


http://dx.doi.org/10.1016/j.optmat.2006.10.033
http://dx.doi.org/10.1088/0022-3727/37/7/008
http://dx.doi.org/10.1002/1521-3927(200211)23:16<948::AID-MARC948>3.0.CO;2-W
http://dx.doi.org/10.1063/1.2714292
http://dx.doi.org/10.1021/jp952094i
http://dx.doi.org/10.1088/0957-4484/23/11/115604
http://dx.doi.org/10.1016/j.polymer.2011.08.032

J. Phys. D: Appl. Phys. 47 (2014) 135103

G D Costanzo et al

(9]
[10]

[11]

[12]

[13]
[14]

[15]
[16]

Sun X, Wang W, Qiu L, Guo W, Yu Y and Peng H 2012
Angew. Chem. 51 85204

Sun X, Chen T, Yang Z and Peng H 2012 Acc. Chem. Res.
46 539-49

Koskela J E, Vapaavuori J, Hautala J, Priimagi A, Faul CF J,
Kaivola M and Ras R H A 2012 J. Phys. Chem. C
116 2363-70

Priimagi A, Vapaavuori J, Rodriguez F J, Faul CF J,
Heino M T, Ikkala O, Kauranen M and Kaivola M 2008
Chem. Mater. 20 6358-63

Vapaavuori J, Priimagi A and Kaivola M 2010 J. Mater. Chem.

20 52604
Vijayakumar C, Balan B, Kim M J and Takeuchi M 2011
J. Phys. Chem. C 115 4533-9
Mohajerani E and Nataj N H 2007 Opt. Mater. 29 140815
Diaz Costanzo G, Ledesma S, Mondragon I and Goyanes S
2010 J. Phys. Chem. C 114 14347-52

[17]
(18]
[19]
(20]
[21]
[22]
(23]

[24]

Zilli D, Chiliotte C, Escobar M M, Bekeris V, Rubiolo G R,
Cukierman A L and Goyanes S 2005 Polymer 46 6090-5

Fernandez R, Mondragon I, Oyanguren P A and Galante M J
2008 Reactive Funct. Polym. 68 70-6

Tawa K, Kamada K, Sakaguchi T and Ohta K 2000 Polymer
41 323542

Jong Jenga R, Cheng Changa C, Ping Chena C, Ti Chenb C
and Chiung Suc W 2003 Polymer 44 143-55

Ho M S, Natansohn A and Rochon P 1995 Macromolecules
28 6124-7

Cojocariu C and Rochon P 2004 Pure Appl. Chem.
76 1479-1497

Xie S, Natansohn A and Rochon P 1993 Chem. Mater.
5403-11

Blanche P A, Lemaire Ph C, Maertens C, Dubois P and
Jérdme R 2000 J. Opt. Soc. Am. B 17 729-40


http://dx.doi.org/10.1002/anie.201201975
http://dx.doi.org/10.1021/ar300221r
http://dx.doi.org/10.1021/jp210706n
http://dx.doi.org/10.1021/cm800908m
http://dx.doi.org/10.1039/c0jm00021c
http://dx.doi.org/10.1021/jp111248r
http://dx.doi.org/10.1016/j.optmat.2006.06.013
http://dx.doi.org/10.1021/jp102580b
http://dx.doi.org/10.1016/j.polymer.2005.04.086
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.10.016
http://dx.doi.org/10.1016/S0032-3861(99)00533-9
http://dx.doi.org/10.1016/S0032-3861(02)00730-9
http://dx.doi.org/10.1021/ma00122a020
http://dx.doi.org/10.1351/pac200476071479
http://dx.doi.org/10.1021/cm00028a003
http://dx.doi.org/10.1364/JOSAB.17.000729

	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Preparation of films
	2.3. Characterization

	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References

