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Photodeformable polymer materials have recently attracted
increasing attention owing to their promising applications in
a wide variety of fields, such as artificial muscles, micro-
machines, and sensing devices."? Among these materials,
liquid-crystalline polymers containing photoresponsive com-
ponents, such as azobenzene, are probably one of the most
studied systems.”>*) Azobenzene-containing liquid-crystalline
polymers (ALCPs) showed a reversible photodeformation
that is typically induced by isomerization of azobenzene
between frans and cis under alternate ultraviolet (UV) and
visible-light irradiations.**! Generally, ALCPs cannot deform
reversibly under irradiation of the same light,l'! though it is
necessary for many applications where the switches between
two different lights are not available or allowed.

Carbon nanotubes have been widely studied for their
extraordinary physical properties, such as good absorption in
the visible/near-infrared region, high mechanical strength of
100 GPa, and electrical conductivity of 10° Scm™1% Further-
more, nanotubes were found to obviously affect the structure
and property of incorporated organic molecules by non-
covalent interactions.”! Therefore, nanotubes had been suc-
cessfully incorporated into thermoresponsive liquid crystal-
line polymers (LCPs) to produce a reversible contraction
upon irradiation by the near-infrared light.™* In this case, the
nanotube mainly functioned as a nanoscale heat source, which
absorbed the light and converted it into thermal energy with
a thermal contraction. However, important as they are, the
sensitivity and stability are relatively low in the case of an
indirect photoactuation. Furthermore, the nanotubes are
randomly dispersed in LCPs without post-treatment and
could not be used to induce and control the orientation of
LCPs.

Recently, nanotubes have been highly aligned into sheets
or yarns at macroscopic scale, and the resulting bulk material
retained the excellent property of individual nanotubes.” !
Herein, we further present a general but simple method to
synthesize ALCPs by using the aligned carbon nanotubes to
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orient azobenzene mesogens. Specifically, nanotube arrays
were first synthesized by a chemical vapor-deposition process.
Aligned nanotubes in a strip format were then pulled out of
the array according to our previous reports,”"'”! followed by
the addition of precursor solutions for the desired ALCP.
Finally, the ALCP/nanotube composite could be easily
produced after insitu photopolymerization. The resulting
nanocomposite showed an unusual reversible deformation,
which had been realized by the use of UV light alone. This
photomechanical actuation released an unexpected high
stress of near 260 times of the strongest natural skeletal
muscle.""! Considering other remarkable properties, such as
high mechanical strength of about 1 GPa and high electrical
conductivity of 10>-10° Scm™, we have demonstrated it for
a remote electric switch.

The precursors include two monomers and a cross-linker
with 1 mol % of a photoinitiator for the photopolymerization.
The chemical structures of the two monomers and cross-
linker are shown in Scheme 1. The nanotube strip was
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Scheme 1. Chemical structures of the two monomers and cross-linker.

obtained from a nanotube array with a height of about
300 pum, and the distance of less than 20 nm among the
nanotubes were investigated. The used nanotubes showed
a multiwalled structure with a diameter of about 10 nm.
Figure 1a,b show typical SEM images of an ALCP/nanotube
composite strip at low and high magnifications, respectively.
Compared with a pure nanotube strip in Figure 1c, the
aligned structure of nanotubes had been well-maintained,
which was further confirmed by transmission electron mi-
croscopy (Supporting Information, Figure S1). The ALCP
molecules are mainly oriented on the nanotubes and among
their voids.!

The ALCP/nanotube composite strip reversibly and
rapidly responds to the UV irradiation. Figure 2 exhibits the
reversible bending of an ALCP/nanotube composite strip
before and after UV irradiation. The UV source could be
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Figure 1. Scanning electron microscopy (SEM) images of pure nano-
tube and ALCP/nanotube composite strips. a) A composite strip at
low magnification; b) the composite strip in (a) at high magnification;
c) a pure nanotube strip at high magnification.
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Figure 2. Reversible deformation of an ALCP/nanotube composite
strip under the same UV light. a) Photographs of the tunable direction
during the photomechanical deformation; b) the reversible deforma-
tion characterized by tracing the bent distance from the upright line.

located at the right or left in Figure 2a. Obviously, the
composite strip was mainly bent away from the UV source.
For instance, when the UV light was irradiated from the right,
it bent to the left; when the UV light was at the left side, the
composite strip switched back to the right. A bending cycle of
left-right-left was completed in two seconds. The reversible
deformation could be repeated over one hundred cycles, and
the high sensitivity and stability was maintained; Figure 2b
shows the initial ten cycles of the reversible deformation.
Note that the composite strip showed a transmittance of
almost 0 in the wavelength range of 300-800 nm (Supporting
Information, Figure S2), so UV light could be effectively
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used. The deformation speed was very rapid (two seconds)
under the irradiation typically used for UV light (50-
100 mWcm?). A further increase of exposure time beyond
two seconds did not obviously improve the deformation. No
obvious dependence of the deformation on strip thickness and
width was observed in the studied range.

It is well-known that UV light may induce a trans—cis
isomerization of an azobenzene unit and even a phase
transition from liquid-crystalline to isotropic.”? Both size
and alignment of azobenzene units are reduced with a volume
change during the process. The volume change mainly occurs
at the irradiated surface of an ALCP material, as more than
99 % incident photons are absorbed by the irradiated top
surface (thickness of less than 1pm below). An ALCP
material can bend to or away from the UV source, depending
on the oriented structure of azobenzene mesogens.'? A
homogeneous structure with azobenzene mesogens parallel to
the irradiated surface favors the bending to UV source as the
irradiated surface contracts. As a contrast, a homeotropic
structure with azobenzene mesogens normal to the irradiated
surface produces a bending away from the UV source as the
irradiated surface expands. Therefore, the azobenzene meso-
gen in this composite should be perpendicular to the nano-
tube-aligned direction, which was confirmed by the polarized
UV/Vis absorption spectroscopy. The composite strip shows
a low absorption when the polarization degree of measure-
ment light is either 0 or 90° relative to the aligned direction of
nanotubes (Figure 3a). As a comparison, a pure ALCP film
with a homogeneous structure exhibits much larger absorp-
tion for the polarization parallel to mesogen orientation than
the normal polarization.!"

Small-angle X-ray scattering (SAXS) was further used to
confirm the oriented structure of azobenzene mesogens in the
composite strip (Supporting Information, Figure S3).1%4
When the azobenzene mesogens were aligned in a vertical
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Figure 3. Mechanistic study on the ALCP/nanotube composite.

a) Polarized UV/Vis spectra. Polarization is parallel and perpendicular
to the nanotube-aligned direction. b) Small-angle X-ray scattering
profile (inset: two-dimensional pattern) showing that the mesogens
are oriented in a direction perpendicular to the nanotube-aligned
direction. c) Illustration of an ALCP/nanotube composite; d) illustra-
tion of the deformation of the ALCP/nanotube composite under UV
light.
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direction, two sharp arc-shaped reflections appeared at the
top and bottom in the SAXS pattern with g, c~0.15 A~
When the nanotubes were aligned in the vertical direction,
two dense reflection areas were observed at the left and right
in the SAXS pattern with a genp~ 0.07 A Figure 3b showed
a typical SAXS profile of a composite strip with two peaks at
about 0.07 A~' and 0.15 A~', which corresponded to the
reflections of nanotubes and mesogens, respectively. The two-
dimensional pattern in Figure 3b further indicated that the
mesogens were aligned in a direction perpendicular to the
nanotube length (Figure 3¢; Supporting Information, Fig-
ure S4). Figure 3d further shows the structure evolution of the
composite strip during the deformation.

For a pure ALCP with homeotropic structure, a cis—trans
transition of azobenzene unit is responsible for the recovery
of its shape under a visible light. However, the reversible
mechanism of ALCP/nanotube composite strip is different as
the same UV light was applied to the opposite direction of
composite strip without the use of visible light. Therefore, the
deformation reversibility should be derived from the unique
alignment of nanotubes and may be summarized as below. For
the first UV irradiation on the right side, for instance, the
azobenzene units at the right side in the strip showed
a transition from trans to cis, while those at left remained
almost unchanged in conformation as the strip thickness was
much higher than 2 pm. For the second UV irradiation on the
left, the azobenzene units at the left side showed a trans—cis
transition, which produces a force to recover the strip shape.
During the recovery process, the azobenzene units at the right
side should be returned to trans in conformation. Otherwise,
upon the UV irradiation at the right again, no deformations
could be observed as azobenzene units could not change their
conformations. Similarly, after the third UV irradiation, the
azobenzene units at the left also recover from cis to trans.
Therefore, the reversible deformation can be repeated for
hundreds of cycles without obvious decay.

To further understand this unusual photodeformable
reversibility under UV irradiation, the right and left sides of
a composite strip were alternately irradiated for half an hour
by UV light each time. It generally took less than a second to
induce the photodeformation of composite strip upon irradi-
ation by UV light. In other words, all available azobenzene
units had been transformed from trans to cis after half an
hour. The composite strip maintained a good reversibility in
deformation after more than ten cycles. Therefore, reversible
conformation changes of azobenzene units must occur during
the repeated photodeformations. To understand the driving
force of the reversible conformation in azobenzene units
under UV light, Raman spectroscopy was used to study the
interaction between ALCP molecules and nanotubes through
a comparison of D and D* bands with pure nanotubes
(Supporting Information, Figure S5). For the pure nanotubes,
the D and D* bands appeared at about 1325 and 2645 cm ™',
respectively. Here D band corresponds to defects originated
from the structural imperfections and associated with the
disordered sp® hybridized carbon network, while D* band
reflects a breathing vibration mode by which all atoms of
a graphene sheet undergo an in-plane movement. The D and
D* bands in the ALCP/nanotube composite shifted to 1328
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and 2655 cm ™!, respectively. This result indicates a strong st
interaction between ALCP molecules and nanotubes.!"”
Therefore, the aligned nanotubes strongly interact with
azobenzene units and induce their conformation to switch
back when the nanotubes are recovered by the expansion
from the opposite side under UV irradiation in structure and
shape. As a comparison, no reversible deformation had been
observed for either a pure ALCP or nanotube strip under the
same conditions. The reversible isomerization between trans
and cis has been further confirmed by FTIR spectroscopy.
The same plane of a composite strip was traced during the
deformation process (Supporting Information, Figure S6).
The characteristic peak that is assigned to the asymmetric C—
N stretching mode between 1250 and 1260 cm ™' is closely
related to the different conformation of trans and cis."" It was
located at 1255 and 1251 cm ™ in the conformation of trans
and cis, respectively. Obviously, this peak shifted from 1255 to
1251 cm ™ after UV irradiation at the studied face and then
switched back to 1255 cm™ after another UV irradiation at
the opposite face. In other words, a reversible isomerization
between trans and cis occurred during the reversible defor-
mation.

Deformable liquid-crystalline polymers have been widely
explored for various applications, such as artificial muscles.”
To this end, it is critically important to further improve their
mechanical strength, which are typically tens of megapascals
or lower. Carbon nanotubes have been recognized as the
strongest material yet discovered and proposed to reinforce
the other materials.””'”! Thus, highly aligned nanotubes were
introduced to improve the mechanical property of ALCP.
Figure 4a compares stress—strain curves of an ALCP/nano-
tube composite strip and a pure ALCP strip under the same
condition. The composite strip achieves a tensile strength of
about 1 GPa, compared with about 16 MPa of the pure ALCP
(Supporting Information, Figure S7) and more than ten times
of the other high-strength liquid-crystalline polymers."”! The
excellent mechanical properties of composite strip were
further investigated by tracing the produced stress according
to the experimental setup in Figure 4b. A composite strip was
fixed and tightly pulled with a load of 30 MPa. Upon
irradiation by UV light, the stress gradually decreased. The
released stress achieved a value of 26 MPa, which is much
higher than 0.1 MPa of the strongest natural skeletal muscle
and typically several megapascals of the other artificial
muscles.>' It should be noted that no stress had been
released from a pure nanotube strip under the same
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Figure 4. a) Stress—strain curves of pure ALCP and ALCP/nanotube
composite strips. b) Mechanical stresses produced by a composite
strip during the deformation under UV light.
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condition, so the expansion of irradiated surface should be
responsible for the stress change, while the aligned nanotubes
further increase the released stress. On another hand, this
result also further confirms that the photoactive mesogens are
oriented in the direction normal to the strip surface.

The introduction of nanotubes had also provided an
electrical conductivity for the ALCP composite strip, for
example about 350 Scm™" along the CNT length at room
temperature (Supporting Information, Figure S8). Further-
more, the conductivity can be increased under UV irradiation
and recovered to the original value after removal of UV
irradiation. The conductivities of a composite strip were
improved by 2 % under UV irradiation. The reversible change
of conductivity may be realized in less than a second for over
one hundred cycles with stable values. According to the three-
dimensional hopping conduction mechanism of aligned nano-
tube strips (Supporting Information, Figure $9),7'! the
resistance of a composite strip is mainly composed of two
parts; that is, the resistance of individual nanotubes and
contact resistance among nanotubes. As the resistance of
individual nanotubes remained almost unchanged, the
increased conductivity should be derived from the decreased
contact resistance among nanotubes. In other words, the
distance among nanotubes slightly decreased during the UV
irradiation with the trans—cis transition, which pulled the
neighboring nanotubes to be a little closer. However, it is
difficult to directly detect the slightly decreased thickness of
composite strip by optical microscopy or scanning electron
microscopy.

This electrically conductive ALCP material is promising
for many unique applications. We have demonstrated it as
a remote electric switch with a high efficiency. Figure Sa
shows the experimental setup. The composite strip was bent
to contact the left conductive wire to connect the left electric
circuit upon UV irradiation from the right. It can be returned
to the original upright state to disconnect the left electric
circuit upon UV irradiation from the left, or further bent to
contact the right conductive wire to connect the right electric
circuit by slightly increasing the irradiation time. The above
connections and disconnections could be repeated for more
than a hundred cycles without obvious decay for the
measured current in both electric circuits when a constant
voltage was applied. Figure 5b shows the stable operation of
this photomechanical electric switch between connection and
disconnection of the left electric circuit.
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Figure 5. Application of the electrically conductive ALCP/nanotube
composite strip for a remote electric switch. a) Illustration of the
experimental setup. b) The reversible switch between connection and
disconnection for the left electric circuit in (a).
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In summary, an ALCP/nanotube composite strip shows
rapid and reversible deformation under UV irradiation alone.
The aligned nanotube structure also provides the composite
strip with much higher mechanical strength than pure ALCPs
and very high electrical conductivity, which is not available for
other liquid-crystal materials. This work sheds further light on
and promotes the design and practical applications of a new
high-performance actuation material to drive actuators and
microrobots.

Experimental Section

Aligned nanotube strips with lengths of up to meters were spun from
a nanotube array, which was synthesized by a chemical vapor
deposition.'”! The synthetic details of monomer 1, monomer 2, and
cross-linker are described elsewhere.'™! A mixture of monomer 1,
monomer 2, and cross-linker (molar ratios of 1:1:3) with 1 mol% of
a photoinitiator, bis(cyclopentadienyl)bis [2,6-difluoro-3-(1-pyrryl)-
phenyl]titanium, dissolved in dimethyl formamide (concentration of
10 mgmL™") was dropped onto the nanotube strip in the dark,
followed by evaporation of the solvent. The resulting composite strip
was sandwiched between two glass slides and slowly cooled down
(—0.1°Cmin™") from a melting (90°C) to polymerization temperature
of 77°C. The ALCP/nanotube composite could be then prepared by
an insitu photopolymerization which was performed at 545 nm
(2mWem™) by a 500W high-press mercury lamp for 2h. The
resulting composite strip typically showed lengths of 2-2.5 cm, widths
of 200-500 pum, and thicknesses of 2-5 um.

Received: March 13, 2012
Revised: June 1, 2012
Published online: July 10, 2012

Keywords: carbon nanotubes - composite materials -
liquid crystalline polymers - photomechanical actuation

[1] a) M.-H. Li, P. Keller, B. Li, X. Wang, M. Brunet, Adv. Mater.
2003, 15, 569; b) Y. Zhao, T. Ikeda, Smart Light-Responsive
Materials, Wiley, Hoboken, 2009; c) T. Ikeda, J. Mamiya, Y. Yu,
Angew. Chem. 2007, 119, 512; Angew. Chem. Int. Ed. 2007, 46,
506.

[2] a) T. Ikeda, O. Tsutsumi, Science 1995, 268, 1873; b) Y. Yu, T.
Ikeda, Macromol. Chem. Phys. 2005, 206, 1705.

[3] a) H. Yang, G. Ye, X. Wang, P. Keller, Soft Matter 2011, 7, 815;
b) C. Ohm, M. Brehmer, R. Zentel, Adv. Mater. 2010, 22, 3366.

[4] C.L.van Oosten, C. W. M. Bastiaansen, D. J. Broer, Nat. Mater.
2009, 8, 677.

[5] S. V. Ahir, E. M. Terentjev, Nat. Mater. 2005, 4, 491.

[6] a) B. G. Demczyk, Y. M. Wang, J. Cumings, M. Hetman, W. Han,
A. Zettl, R. O. Ritchie, Mater. Sci. Eng. A 2002, 334, 173; b) A.
Bachtold, M. Henny, C. Terrier, C. Strunk, C. Schonenberger, J.-
P. Salvetat, J.-M. Bonard, L. Forro, Appl. Phys. Lett. 1998, 73,
274.

[7] H. Peng, X. Sun, F. Cai, X. Chen, Y. Zhu, G. Liao, D. Chen, Q. Li,
Y. Lu, Y. Zhu, Q. Jia, Nat. Nanotechnol. 2009, 4, 738.

[8] a) Y. Ji, Y. Y. Huang, R. Rungsawang, E. M. Terentjev, Adv.
Mater. 2010, 22, 3436; b) C. Li, Y. Liu, C. Lo, H. Jiang, Soft
Matter 2011, 7, 7511; ¢) L. Yang, K. Setyowati, A. Li, S. Gong, J.
Chen, Adv. Mater. 2008, 20, 2271.

[9] a) M. Zhang, S. Fang, A. A. Zakhidov, S. B. Lee, A. E. Aliey,
C. D. Williams, K. R. Atkinson, R. H. Baughman, Science 2005,
309, 1215; b) L. Xiao, Z. Chen, C. Feng, L. Liu, Z. Q. Bai, Y.
Wang, L. Qian, Y. Zhang, Q. Li, K. Jiang, S. Fan, Nano Lett. 2008,
8, 4539.

www.angewandte.org

8523


http://dx.doi.org/10.1002/adma.200304552
http://dx.doi.org/10.1002/adma.200304552
http://dx.doi.org/10.1002/ange.200602372
http://dx.doi.org/10.1002/anie.200602372
http://dx.doi.org/10.1002/anie.200602372
http://dx.doi.org/10.1126/science.268.5219.1873
http://dx.doi.org/10.1002/macp.200500318
http://dx.doi.org/10.1039/c0sm00734j
http://dx.doi.org/10.1002/adma.200904059
http://dx.doi.org/10.1038/nmat2487
http://dx.doi.org/10.1038/nmat2487
http://dx.doi.org/10.1038/nmat1391
http://dx.doi.org/10.1063/1.121778
http://dx.doi.org/10.1063/1.121778
http://dx.doi.org/10.1038/nnano.2009.264
http://dx.doi.org/10.1002/adma.200904103
http://dx.doi.org/10.1002/adma.200904103
http://dx.doi.org/10.1039/c1sm05776f
http://dx.doi.org/10.1039/c1sm05776f
http://dx.doi.org/10.1002/adma.200702953
http://dx.doi.org/10.1126/science.1115311
http://dx.doi.org/10.1126/science.1115311
http://dx.doi.org/10.1021/nl802750z
http://dx.doi.org/10.1021/nl802750z
http://www.angewandte.org

Angewandte

Communications

[10] a) H. Peng, J. Am. Chem. Soc. 2008, 130,42;b) T. Chen, S. Wang, [13] T. Kajitani, H. Onouchi, S. Sakurai, K. Nagai, K. Okoshi, K.
Z. Yang, Q. Feng, X. Sun, L. Li, Z. Wang, H. Peng, Angew. Onitsuka, E. Yashima, J. Am. Chem. Soc. 2011, 133, 9156.
Chem. 2011, 123, 1855; Angew. Chem. Int. Ed. 2011, 50, 1815; [14] a) B.N. Wang, R. D. Bennett, E. Verploegen, A.J. Hart, R. E.

c) W. Wang, X. Sun, W. Wu, H. Peng, Y. Yu, Angew. Chem. Int. Cohen, J. Phys. Chem. C 2007, 111, 5859; b) M. Bedewy, E. R.

Ed. 2012, 51, 4644; d) Z. Yang, T. Chen, R. He, G. Guan, H. Li, Meshot, M. J. Reinker, A. J. Hart, ACS Nano 2011, 5, 8974.

L. Qiu, H. Peng, Adv. Mater. 2011, 23, 5436. [15] N. G. Sahoo, H. K. F. Cheng, H. Bao, Y. Pan, L. Li, S. H. Chan,
[11] P. M. Chaplya, M. Mitrovic, G. P. Carman, F. K. Straub, J. Appl. Soft Matter 2011, 7, 9505.

Phys. 2006, 100, 124111. [16] H. Fliegl, A. Kohn, C. Hittig, R. Ahlrichs, J. Am. Chem. Soc.
[12] M. Kondo, Y. Yu, T. Ikeda, Angew. Chem. 2006, 118, 1406; 2003, 725, 9821.

Angew. Chem. Int. Ed. 2006, 45, 1378. [17] P. M. Ajayan, J. M. Tour, Nature 2007, 447, 1066.

8524 www.angewandte.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 85208524


http://dx.doi.org/10.1021/ja078267m
http://dx.doi.org/10.1002/ange.201003870
http://dx.doi.org/10.1002/ange.201003870
http://dx.doi.org/10.1002/anie.201003870
http://dx.doi.org/10.1002/anie.201200723
http://dx.doi.org/10.1002/anie.201200723
http://dx.doi.org/10.1002/adma.201103509
http://dx.doi.org/10.1063/1.2407269
http://dx.doi.org/10.1063/1.2407269
http://dx.doi.org/10.1002/ange.200503684
http://dx.doi.org/10.1002/anie.200503684
http://dx.doi.org/10.1021/ja201133d
http://dx.doi.org/10.1021/jp068895a
http://dx.doi.org/10.1021/nn203144f
http://dx.doi.org/10.1039/c1sm05360d
http://dx.doi.org/10.1021/ja034433o
http://dx.doi.org/10.1021/ja034433o
http://dx.doi.org/10.1038/4471066a
http://www.angewandte.org

