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ABSTRACT

In this work we show the feasibility of using an azopolymer as an actuator to induce nano-
and microscale movements controlled with light from the far field. We study azopolymers
and their inter- action with multi-walled carbon nanotubes (MWCNTs) by inducing
surface relief gratings (SRG) through optical illumination. Upon different optical
treatments, the MWCNTs are organized in the troughs or the crests of a surface relief
grating. Large scale organization of MWCNTs has potential in applications such as
transparent electronics.
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Introduction

Light activated optical actuators are probably the least devel- oped force-generating
structures, however they offer several interesting features based on the capability to
transform the properties of light (radiation pressure, intensity, wavelength, phase) in
displacements and forces. A distinctive characteristic is that they allow the remote optical
to mechanical energy conversion and its coupling into small systems. Consequently, they
enable the electro-mechanical decoupling since they are activated by light instead of
currents or voltages, eliminating the need of circuitry [1]. Among other materials such as
single-DNA nanomotors [2], molecular photo-switches [3] or liquid crystal molecules
[4], azo- polymers are one of the most promising photo-responsive mate- rials since they
exhibit large macroscopic directional motion and changes in shape when exposed to light.
In fact, the works of Ikeda et al. about photo induced motion in liquid crystalline azo-
polymers, have had remarkable impact in the scientific community [5-7]. An azopolymer
is a physical mixture or a chemical functionalization of a polymer and an azobenzene dye.
Under exposure to light with a particular wavelength, azobenzene molecules undergo a
reversible conformational E-Z transition (be- tween the cis and trans states) [8]. When the
irradiation light is polarized, photo-selective isomerization conducts to the orienta- tion
of the transition dipole moment of the molecules perpendic- ular to light polarization [9].
The same effect, observed as optical induced anisotropy (birefringence and dichroism)
when illumi- nating a material in bulk, has proven useful for applications in reversible
optical memory storage [10-12].

The nanoscale photoisomerization reaction is also responsible for the large scale
molecular motion of the polymer when the azo dye is chemically bonded to the polymer
chain. In this case, the collective motion of the azopolymer molecules is observed as a
macroscopic mass transport driven by light. Despite the fact that the phenomenon of mass
transport is still under debate, the large deformation of the material that is observed when
the azopolymer is illuminated with light polarization or intensity gradients (even below
Tg), opens up the possibility of creating a wide variety of applications. Besides the
classical applications like lithography [13,14], optically induced mass transport in
azopolymers is suited for new innovative applications like cell culture [15,16], plasmonic
sensors [17] or lasers [18,19].

Few works can be found using azo compounds as light driven technologies to manipulate
nano and microscale objects. The photo-responsive properties of the material have been
used to organize polystyrene nano particles [8,20], to selective pattern self- organized
colloids through photo-immobilization [21] or through azopolymer nanosphere
deformation [22,23]. However, azopol- ymers haven't been used to organize carbon
nanotubes (CNT) until now. CNT have diameters of tens of nanometers but their length
is in the microscale, which makes them excellent candidates to con- nect the nano and
micro world. In fact, it is well known that carbon nanotubes have exceptional strength
and stiffness as well as extraordinary thermal and electrical properties. Large scale orga-
nization of CNT is interesting because of its potential use in appli- cations such as
transparent electronics. Achieving parallel aligned and interconnected conducting CNT,
could help to produce elec- trical contacts with lateral dimension in the nanoscale while
con- necting components at meso or microscale distances.



In this work we report large area organization of multiwall carbon nanotubes (MWCNTs)
using azopolymer films. This is accomplished by the inscription of surface relief gratings
before and after the deposition of a solution containing the dispersed MWCNTs. This
kind of organization could have potential applica- tions where long linear contacts or an
array of parallel aligned contacts are required.

Experimental

Materials

Reagent grade methanol, ethylene glycol and tetrahydrofuran (THF) from Biopack
(Argentina) were used in our experiment to develop the materials. Dispersed Orange 3
(DO3) dye and poly[1- [4-(3-carboxy-4-hydroxyphenylazo) benzenesulfonamido]-1,2-
ethanediyl, sodium salt] (PAZO) were acquired from Sigma- Aldrich and MWCNTs from
Nanocyl (NC3100). The mean length of the MWCNTs is about 1.5 mm and their diameter
is around 20 nm [24].

We fabricated an azo compound based on a commercial azo- polymer (PAZO), a
plasticizer (ethylene glycol) and a solvent (methanol). DO3 was used as a dispersive agent
of MWCNT. As it was demonstrated by our group in previous works [24], DO3 is an
excellent disperser of MWCNT when using THF. Since DO3 is used in a solution, its
molecules are found as a monomer or dimer. In addition, the DO3/PAZO ratio is less than
0.03. As a consequence, DO3 has a negligible influence in the photo induced properties
of the material, being PAZO the most significant component of the azo compound.

Film preparation and characterization

Azopolymer compound was fabricated by dissolving 100 mg of PAZO in 1 mL methanol
and 0.3 mL ethylene glycol using an ul- trasonic bath for 30 min. The resulting
homogeneous solution was deposited as thin layers on a clean coverslip by spin coating
at a speed of 3600 rpm. We dropped a 100 mL volume of the solution, and let it spin for
1 min, repeating the process 3 times. The methanol in the samples was evaporated in a
furnace, using a stepped rising temperature protocol that allows for the production of
homogeneous thin films without bubbles. The temperature sequence used was 12 h at 50
0 C, 2 h at 60 oC and 2 h at 80 o C. The resulting film thickness of about 0.9 mm was
measured from cryo- genic fractured surface of the samples using an SEM. Fig. 1 shows
the absorption UVevisible spectrum of a typical sample that is composed of a wide band
peak centered in 360 nm and FWHM of 100 nm. In order to isomerize the azopolymer,
we used photons at 473 nm wavelength from a diode laser with 50 mW power. This
wavelength falls into the absorption band of the samples.

Samples were characterized by Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM). For the second technique we sputtered a thin layer of platinum (10
nm thick) to avoid charging of the polymer film while electrons hit the sample.
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Fig. 1. UV-vis spectra of a sample prepared as a thin film consisting of a strong ab- sorption band peaking
at360 nm and 100 nm FWHM. Inset: schematic of the E-Z photo-isomerization (cis-trans) of azo dye
molecule. The molecule switches between the cis and trans states by absorbing photons. Thermal
relaxation is also possible from cis to trans state.

MWCNTs solutions

In order to prevent MWCNT agglomeration, we dispersed them in THF by the addition
of a small amount of DO3. As it was demonstrated by Costanzo et al. [24], the p-p
stacking interactions between MWCNTs and an azobenzene derivative (DO3) allows
debundling of MWCNTs in a dispersed solution persistent for days. The main advantage
of using THF is that PAZO is not soluble in it, making feasible the deposition of
MWCNTs on the azopolymer films. Before preparing the dispersed solution, MWCNTs
and DO3 were dried in a vacuum furnace at 120 o C during 2 h to remove adsorbed water
and they were left in vacuum at room temperature until used. In order to study the ordering
capability of the polymer to organize either well dispersed MWCNTs or its agglomerates,
we produced solutions with different concentrations of MWCNTSs. We kept constant the
amount of THF (3.5 mL) and DO3 (10 mg), being the last one the only photo-isomerizable
component in the mixture. Herein we used2.4 mg of MWCNTs for the lower con-
centration and 4.8 mg of MWCNTs for the higher one. The MWCNTs solution was
deposited on the sample by spin coating, either before or after illuminating the sample.
We spin coated drops with a volume of 100 mL, during 1 min at a speed of 3600 rpm.

SRG recording

The Lloyd's mirror interferometer scheme used in this experi- ment was previously
employed to study photo-induced properties in azopolymer films [10,25] in our group. In
this wavefront division interferometer, part of a beam impinged on the mirror at grazing
incidence angle (q) and was reflected to interfere with the remaining undeflected portion
of the beam. Beam interference gave rise to a sinusoidal intensity pattern of period d 7
1/2sin(q), defined by the angle q and the wavelength of the light 1. The complete schematic
of the experimental setup used in this experiment is shown in Fig. 2 (a). A 473 nm laser
was filtered and magnified using a spatial filter composed by a 10x objective Melles Griot



(O), alens (L) and a50 mm diameter pinhole (PH). The resulting beam width was 2 mm
FWHM. The transmission axis of the polarizer (P) was set in the x direction, so the
interference beams were p-polarized. A half wave plate (HWP) was used to optimize the
intensity on the sample. The Lloyd mirror (M) was set at an angle of 50 respect to the
incident beam direction. The sample (F) was mounted perpendicular to the mirror. The
average power density on the sample was 0.2 W/cm2 approximately. In this experiment
a p-polarized laser impinged on the mirror at an angle of about 5o obtaining a fringe
period of about 2.7 mm. When the laser is p-polarized laser and the incidence angle is
smaller than p/4, a large modulation of the polarization is obtained across the fringes aside
from the intensity gradient. In this case the intensity (I) distribution can be computed
using simple geometrical optics:

2 .
I=1,(1+ p2)[1+ ﬁcos 26 cos (2k,sin (6) w)] (1)

where /o is the incident intensity, p is the reflectivity of the mirror for photons of
wavelength 1 at the angle of incidence q, ko = 27/A, and u the coordinate along the sample.
A schematic of the distribution of intensities and polarization can be observed in Fig.
2(b).

Results and discussion

Azopolymer SRG was imprinted on a large area of the film that corresponds to the portion
of the sample illuminated by the beam. Fig. 3 (a) shows a picture of the diffraction on
SRG that was recor- ded during 13 h, on an area of about (~6 mm?2). The filtered and
expanded laser used for illumination has a Gaussian intensity dis- tribution profile. Since
Lloyd mirror interferometer produces the superposition of two halves of the beam, the
irradiance on the sample, that is the interference pattern, is modulated by a squared
Gaussian distribution with a maximum near the center of the flat edge where the beam is
folded, as is indicated in Fig. 3(a). As a result, it is expected that the modulation depth of
the recorded SRG decreases radially from the location of the maxima. Fig. 3(b) and (c)
show an AFM image and an image profile of the SRG measured in the area where the
intensity has a maximum value, i.e. where the modulation is higher. The modulation depth
measured from the AFM profile is about800 nm (1.69 1).

In order to study MWCNTs organization in azopolymer films, two fabrication processes
were used: the deposition of MWCNTs before or after illumination. In the first case, we
show the results for the lower concentration of MWCNTs, where they are completely
dispersed or in small agglomerates. In second case, we show the results for the higher
concentration, where the MWCNTs are part of larger agglomerates.

The results for lower concentration are shown in Figs. 4e6. Fig. 4



(a) shows a SEM image of a large area (~31mmX23 mm) of a sample where we spin
coated 3 drops of the MWCNTs solution on a recorded SRG. The SRG crests in the image
are clean of MWCNTs, instead they are located in the troughs. This organization could
be attributed to the fact that there are different mechanical forces acting at different
locations. MWCNTs that initially fall in the crest, could be flung out of the sample or fall
into a trough, because of the action of the inertial forces (that are parallel to the substrate)
during the spinning of the spin coater. On the other hand, a MWCNT that falls in the
trough will probably stay in there. This could be due to the existence of an additional
contact force between the MWCNTs and the walls of the SRG, parallel to the inertial
forces but in opposite direction. In order to get an insight about the film evolution and the
initial smoothness of the film before irradiation, we show in the Supplementary Materials,
SEM images of the different stages on fabrication. It could also be possible another
interaction force related to the p-p stacking between the phenyl rings in the azocompound
DO3 that is linked to the MWCNTSs and the phenyl rings in the chromophore in PAZO.
Fig. 4 (b) shows a magnified area of the sample where MWCNTs are located, with some
of them aligned along the trough of the SRG. This indicates that this method could be a
route to produce long MWCNTs con- tacts or an array of MWCNTs contacts, taking
advantage of the fact that MWCNTs can conduct electricity.

The results change significantly when the SRG is recorded after the deposition of the
MWCNTs. Fig. 5(a) shows an SEM image of a sample in which we spin coated 3 drops
of MWCNTs solution and then it was irradiated with the interference pattern for 13 h.
Very few MWCNTs are visible in the surface suggesting they were covered by the
material while the relief grating was recorded. Fig. 5(b) shows a magnified view of a
bundle of MWCNT sunk partially in the SRG. Despite the fact that some part of the
MWCNT bundle is outside of the material, it is clearly seen that the MWCNT are coated
by the polymer since they have greater thickness than the MWCNT measured on Fig.
4(b). However, in general, there are some irregularities on the surface of the SRG crests,
indicating that there are more MWCNT deep into the material. It is possible that these
MWCNTs were moved to the crest, while the mass was transported from higher to lower
intensity illuminated areas. Moreover, regarding the high volume of mass transported, the
MWCNT ended up completely covered by the azopolymer. When the concentration of
MWCNTs increases the surface is more irreg- ular as it will be shown later.

Fig. 2. (a) Experimental setup used for recording the SRG. A spatially filtered and expanded 473 nm laser
beam impinges on a Lloyd mirror interferometer. The sample (F) is mounted normal to the mirror. HWP:
half waveplate, O: objective, PH: pinhole, L: lens, P: polarizer, M: mirror. (b) Schematic of the intensity
(pseudo color blue) and polarization (arrows) distribution for p-p interfering beams, along the coordinate
u measured on the sample, for a small angle of incidence q < 4. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Picture of a large area printed SRG, the square indicates the imprinted area of larger
modulation depth. Scale bar equals 1 mm. (b) AFM image of a 10 mm x 10 mm area, measured on the
higher modulation depth expected location. (c) Profile taken on a line perpendicular to the grating grooves
on the AFM image.

Fig. 6 shows that higher concentrations of MWCNTSs have the same behavior in terms of
organization, i.e. when nanotubes were deposited before or after the recording of the SRG,
they locate in the crests or troughs of the SRG respectively. In the case of higher
concentrations, we found the MWCNTs being part of an inter- connected spatially
extended network that occupied a large area of about the same order of the SRG period,
instead of a small agglomerate of MWCNTs or single nanotubes. This is probably due to
the lower availability of DO3 for dispersing higher amount of MWCNTs. As it was
expected from the results for low concentration (Figs. 4 and 5), when MWCNTs networks
were deposited after irradiation, they were mainly distributed in the troughs of the SRG.
On the other hand, when the MWCNTs networks were deposited before irradiation they
were mainly distributed in the crests. Fig. 6 shows SEM images exhibiting the same
behavior discussed previ- ously. However, a huge deformation of the polymer matrix is
observed when MWCNTs networks are deposited before the irra- diation of the sample.
This deformation could arise from the dif- ferences in the dragging forces required for the
azopolymer to move the different objects. Higher dragging forces are expected when
trying to move the MWCNTs network due to the higher surface to volume aspect ratio in
comparison with the more compact configurations (small agglomerates or single objects).
This explains why in the first case, the SRG is more regular. In spite of pristine organized
matter, there might be a limit in the surface to volume ratio of the nanostructure that
allows the azopolymer to move the nanostructures without changing the morphology of
the SRG. This kind of deformation was previously observed by Snell et al. [8] using silica
nanoparticles in azopolymers and it was attributed to the migration of the azopolymer
around the undisplaced particle. Moreover, the large photo-induced collective me-
chanical forces can be affected by the p-p interaction, between the different components.
MWCNTs, PAZO and DO3 can interact elec- trostatically through the different electronic
clouds belonging to phenyl rings of DO3, PAZO or MWCNT. For higher surface/volume
ratio, and therefore larger the area in contact between the MWCNT/ DO3 agglomerate



and PAZO, there is a higher probability of p-p stacking interaction between
MWCNT/DO3 and PAZO.
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Fig. 4. (a) SEM image of a 13 h recorded SRG. MWCNTs were deposited after recording the grating. (b)
Magnified area where CNTs are observed in the troughs of the SRG.
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Fig. 5. (a) SEM image of a 13 h recorded SRG. MWCNTs were deposited before recording the grating.
(b) Magnified area where CNTs are partially sink in the SRG crest.

In addition to the organization effect that we want to show in this work, a closer
examination of the images reveals a secondary effect. All samples exhibit a sub pattern
that consists of fringes of smaller period than the SRG. This effect is clearly visible in all
the SEM images shown previously (Figs. 4e6). Fig. 7(a) shows a SEM of a cryogenic cut
of'a sample, from which we determine that the modulation depth of the secondary pattern
is on the order of 15 nm. Supposing that the material is homogeneous, this small detail
turns out to be more visible when the e-beam impinges normal on the sample substrate
(Figs. 4e6), because of the scattering of electrons impinging at different angles on the
sample surface. The darker areas are horizontal, while the shiny areas are at an angle
different from zero with respect to the e-beam direction.
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Fig. 6. SEM images of two samples fabricated from a solution with higher concen- tration of MWCNTs
that were irradiated with an interference pattern before (a) and after (b) the deposition of the solution.

Fig. 7(b) shows a MWCNT that lies down on the surface following the shape of this
smaller period pattern. This fact suggests that once well dispersed MWCNTs are
organized over the SRG in such a way that isolated MWCNT can be found over the
surface of the polymer, the re- shaping of the polymer's surface through the mass transport
could be potentially used to re-shape the MWCNT, as we will study in future work.
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Fig. 7. (a) SEM image of a transversal section of a sample. (b) Isolated single MWCNT that lies on the
subwavelength pattern that builds up on the crest of the SRG.

Conclusions

In this work we demonstrate the capability of using an azo- polymer film for large area
organization of MWCNTs. Azopolymers were found to be an excellent platform to
produce motions in the micro and nanoscale controlled remotely by light from the far
field. Organization was achieved independently of the concentra- tion of MWCNTs, but
their location in different regions of the SRG was found to be dependent on the fabrication
process. On the one hand, it was observed that depositing the MWCNTs after the
recording of a SRG resulted in their localization in the troughs of the SRG. This was
attributed to the mechanical forces acting dur- ing the spin coating of the MWCNTs
solution. On the other hand, when depositing the MWCNTs before recording the SRG,
the large photoisomerization forces dragged them to the crests of the SRG, that are located
at the minima of the intensity distribution. Different concentrations of MWCNTs in the



initial solution pro- duces different structures of MWCNTs: isolated, small agglomer-
ates or entangled nanotubes as a part of an expanded network. The latter produces a large
deformation of the SRG due to the large dragging forces required to move an object with
a high surface to volume ratio. Also, a larger surface to volume ratio maximizes the area
in contact between the MWCNTs and the azopolymer. This increases the probability of
interaction through p-p stacking be- tween the MWCNTs and any of the azo-compounds
(DO3 and PAZO) as well as the interaction between the two azo-compounds themselves.
In the second case, DO3 can also mediate the inter- action between MWCNTs and PAZO.
When MWCNTs are dispersed in THF solution, one phenyl ring of a DO3 molecule is
linked to a MWCNT through p-p stacking interaction, and the other remains free of
interactions. The azobenzene molecule that is already present in the azopolymer has also
one free phenyl ring, the other one is linked to the polymer backbone. The free phenyl
rings (one in DO3 and other in PAZO) can also interact through p-p stacking, and then
mediate the interaction between MWNTs and PAZO. Consequently, the surface to
volume ratio matters when orga- nizing nanostructures without SRG deformation. An
interesting observation is that in the case of the SRG exhibiting a smaller modulation, a
single MWCNT will locate on the surface following the shape of this modulation.
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