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Graphene-Enabled Superior and Tunable Photomechanical
Actuation in Liquid Crystalline Elastomer Nanocomposites

Yingkui Yang,* Wenjie Zhan, Rengui Peng, Chengen He, Xinchang Pang, Dean Shi,

Tao Jiang, and Zhiqun Lin*

Reconfigurable materials have the propensity to experience the
shape and functionality changes in response to the external
stimuli and thus convert the electrical, thermal, chemical, and
optical energies into mechanical work.!!l The resulting actuators
built upon them have a wide range of practical applications in
robotics,?! artificial muscles,? switches, motors,’! and micro-
fluidic devices.®! However, electrochemical actuators often
require a high voltage to generate the movement.’! Thermome-
chanical actuators based on phase-transition materials, typically
thermotropic liquid-crystalline elastomers (LCEs),®l are gener-
ally limited to their low intrinsic thermal conductivities, thus
affording a low energy-transfer ability and slow response to
heating. Shape-memory devices produced from alloys and poly-
mers exhibit a one-way response and require a reset after actua-
tion.’) Moreover, the actuators noted above often involve the
complex setup configurations and cannot be operated remotely.
In contrast, light-driven actuators employing photodeformable
materials carry several advantages, including remote control,
convenient manipulation, portability, clean excitation source,
electromechanical decoupling, and low noise.'® Over the past
years, photochromic azobenzene-containing LCEs have been
primarily used for photoactuators triggered by the trans—cis
isomerization upon the alternating ultraviolet (UV) and visible
light irradiations.'!l Clearly, such reversible photomechanical
actuation requires a switching operation of two light sources
at different wavelengths, which are not viable for many prac-
tical applications.[?l In addition, the optically initiated actuation
is often limited to the UV irradiation and has a slow response
(>10 s).112131

Carbon nanotubes (CNTs)!" and graphenel™ possess strong
absorptions in the visible and near-infrared (NIR) regions. They
absorb NIRI' and white lights!!”! and rapidly convert photon
energy into thermal energy. This unique photothermal effect
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together with their high thermal conductivity makes CNTs[!8!
and graphenel' the efficient nanoheaters to generate local-
ized heating, thereby inducing the conformational change and/
or phase transition of the elastomer matrix.?% Recently, com-
paring to its counterparts containing graphite oxide, carbon
black, and CNTs, graphene was found to impart the higher actu-
ation stress to thermoplastic polydimethylsioxane (PDMS).[2!l
A larger amplitude of stress response was also observed for
monolayer graphene/PDMS in comparison with few-layer gra-
phene/PDMS composites under the comparable loadings.??!
However, graphene sheets are often randomly dispersed in the
polymer matrix, providing relatively small deformation, weak
actuation, and slow response due to the composition of local
vectors driven by each graphene.?3l Moreover, graphene sheets
tend to self-aggregate into larger ones and are incompatible
with the most polymers, thereby resulting in inhomogeneous
composites with a weak interfacial adhesion and thus a low
efficiency of load transfer between polymer and graphene.?!
Notably, the homogeneous alignment and binding of graphene
sheets into polymers with highly efficient photoactuation has
yet to be reported.

Herein, we report a robust strategy for the in situ crafting
of reversibly photodeformable graphene/LCE nanocomposites
possessing superior and tunable photomechanical actuation
properties upon the exposure to NIR irradiation. These gra-
phene-containing LCE nanocomposites were judiciously yielded
by combining the in situ UV photopolymerization of liquid-
crystal monomers (LCMs) with the concurrent hot-stretching
process. In this NIR-actuated system, graphene sheets play an
important role of being photoactive constituent. The laterally
attached aromatic mesogens of LCMs ensure the formation of
stable suspension of graphene sheets and, subsequently, their
uniform dispersion in the LCE matrix through the 77 stacking
between LC aromatic rings and graphene, and the hydrogen
bonding between the hydroxyl and carboxyl groups in graphene
and the ester groups in LCMs and the resulting LCEs. It is
noteworthy that the self-orientation of LC in conjunction with
the hot-drawing process synergistically renders graphene to be
highly aligned in the LCE matrix. To the best of our knowledge,
there have been no reports on the creation of aligned graphene/
LCE nanocomposites for photomechanical actuation. The LCEs
exhibit two distinct advantages, that is, the self-organization
nature of LCs and the entropy-driven elasticity that enables
the larger reversible deformations compared to conventional
polymeric materials.”®) More importantly, the photoresponsive
parameters including deformation amplitude, actuation stress
and response rate can be rationally controlled by tailoring the
sp*-hybridized carbon of graphene, its loading content and
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Figure 1. AFM images of a) GO, b) LRGO, and c¢) HRGO sheets and their corresponding height profiles d—f) along the white lines shown in (a—c),

i.e., d) for a), e) for b), and f) for c).

its alignment in LCEs. Remarkably, large strain (35.7%), high
mechanical force (240 kPa), high initial sensitivity (<0.5 s), fast
reversible photoresponse (=8 s), and long-term cyclability were
collectively achieved in graphene/LCE nancomposites com-
posed of aligned graphene with a large fraction of sp?-bonded
carbons.

Graphene sheets with different sp?-hybridized carbons were
first prepared by the solvothermal reduction of graphene oxide
(GO) in N-methyl-2-pyrrolidinone (NMP) at low (150 °C) and
high (210 °C) temperatures, hereafter referred to as LRGO and
HRGO, respectively (see the Supporting Information). The
average height of GO sheets was measured by atomic force
microscopy (AFM) to be =0.98 nm (Figure 1a), corresponding to
a monolayer-thick sheet.?l The decreased heights of =0.85 nm
for LRGO (Figure 1b) and =0.82 nm for HRGO (Figure 1c) are
due to the deoxygenation of GO on its basal planes.

Figure 2a compares the Raman characteristics of G and
D bands appeared at =1590 and =1320 cm™, respectively, for
GO, LRGO and HRGO. Comparing to GO, the G band of
reduced GO shows a redshift of =5 cm™, which is closer to
that of graphite, due to the restoration of graphitic sp? net-
work after reduction. The integrated intensity ratio of D to G
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band increases from 1.35 for GO to 1.47 for LRGO and 1.52 for
HRGO. This can be attributed to the decrease in the average
size of sp? aromatic domains from the reduced GO by creating
numerous new graphitic domains.?’]

The C 1s spectra of GO, LRGO, and HRGO exhibiting two
main peaks in the range of 281-292 eV are shown in Figure 2b.
The peaks centered at 284.6 €V correspond to the sp-hybrid-
ized carbons, while the bands at 285-292 eV can be assigned
to the sp3-bonded carbons originated from the epoxy, hydroxyl,
carbonyl, and carboxyl groups.?’? The fraction of sp? bonds
within GO is 37.8%, which increases to 55.3% for LRGO and
further rises up to 66.3% for HRGO as a result of the restora-
tion of more sp* bonds into sp? hybridization at the elevated
temperature.l28!

Two monomers, namely, LCM-A and LCM-B, were syn-
thesized (see Figure S1 in the Supporting Information). The
chemical structures of commercially available cross-linkers of
RM-82 and 1,6-hexanediol diacrylate (HODA) and photoini-
tiator Irgacure 369 are shown in Figure 3a; and they were
used as received. The solvothermally produced LRGO and
HRGO sheets in NMP can form relatively stable colloidal dis-
persions.?! The laterally attached mesogenic groups in LCMs
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Figure 2. a) Raman spectra (excited at 785 nm) and b) Cls core-level
X-ray photoelectron spectroscopy (XPS) spectra of GO, LRGO, HRGO,
and graphite, respectively.

enable the formation of macroscopically stable suspensions
(Figure S2, Supporting Information) through the effective 7—n
stacking between LC aromatic rings and graphene, and the
hydrogen bonding between the hydroxyl and carboxyl groups
in GO and graphene (i.e., both LRGO and HRGO; possessing
residual oxygen-containing functional groups) and the ester
groups in LCMs. It is important to note that the high disper-
sion capability and good compatibility of LCMs with GO and
graphene impart the successful crafting of homogeneous
graphene/LCE nanocomposites via the in situ UV photopoly-
merization (see the Supporting Information). No phase sepa-
ration was observed for graphene/LCE nanocomposites, and
two transition temperatures corresponding to the glass tran-
sition (T, = 18-25 °C) and the nematic-to-isotropic transition
(Tni = 80-86 °C) were seen (Figure S3, Supporting Information).
They are lower than those of pure LCEs (i.e., 25.1 and 96.5 °C,
respectively) due to the thermal stress of GO and graphene
that promotes the phase transition of the LCE matrix.!'7:1830]

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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A similar trend for T, and Ty for CNT/LCE nanocomposites
has been reported.l'”3%31 The much lowered Ty; is expected to
benefit the fast photomechanical actuation of graphene/LCE
nanocomposites.

The pure LCEs before and after the hot-drawing process dis-
played birefringent textures under the crossed polarizers, sig-
nifying the formation of a nematic phase (Figure S4a,b, Sup-
porting Information).?? The graphene/LCE nanocomposites
appeared nearly dark (Figure S4c,d, Supporting Information)
due to the blocking of light by graphene sheets.’%] However,
upon the rotation of the hot-drawn HRGO/LCE sample to
about 45° with respect to polarizer (analyzer), the birefringence
stripes were seen due to the stretch-induced alignment of LC
mesogens. The aligned stripes along the stretching direction
are clearly observed on the surface of nanocomposites, as evi-
denced by scanning electron microscope (SEM) in Figure 3c.
The dispersion and alignment of graphene in LCEs were fur-
ther examined by SEM imaging in the charge contrast mode. In
the absence of hot drawing, graphene sheets were homogene-
ously yet disorderly dispersed in the LCE matrix (Figure 3b).
In stark contrast, Figure 3d shows that well-dispersed graphene
sheets in the LCE matrix were oriented along the hot-drawing
direction. Previous work has shown that the ordering of CNTs
can be induced by the LC alignment under external fields,?*’]
and, on the other hand, CNTs were found to assist the align-
ment of LCs as well.3 Moreover, the mechanical drawing can
not only lead to the orientation of LC mesogens!**! but also pro-
mote the alignment of CNTs in the polymer matrix.*l Likewise,
the synergistic interactions (i.e., mutual alignment between LC
mesogens and graphene together with the application of the
external hot drawing) facilitate the preferential parallel orienta-
tion of LC mesogens and graphene sheets along the stretching
direction. Interestingly, due to the uniform dispersion and
large surface area of graphene, the fractured surface of LCE
nanocomposites, regardless of even being hot drawn, appeared
to be covered by the wrinkled graphene sheets (Figure 3b,d). It
is not surprising as this observation is originated from the fact
that the secondary electron yield is predominately enriched at
the location of electrically conductive graphene sheets owing to
low charge-transport capacity of the insulating LCE matrix.[24><]

The photomechanical response of LCE nanocomposites to
the NIR light (A = 808 nm at the power density of 50 mW cm™?)
was measured by dynamic mechanical analyzer (DMA) in a
tensile mode (Figure S5, Supporting Information). Under a
constant force (18 kPa) preloaded to the bottom clamp, pure
LCE sample showed a very little shape response to the NIR
irradiation (Figure 4a). The incorporation of GO, LRGO and
HRGO into the LCE matrix resulted in the reversible contrac-
tion and expansion under an on—off switching of NIR light at
an interval of 120 s. The maximum actuation strain depends
strongly on the sp?-hybridization and the loading content of
graphene as well as the extent of hot drawing (accordingly, the
degree of alignment) of LCE nanocomposites. In the absence
of hot drawing, the HRGO sheets were found to actuate with
a larger contraction peak-strain (17.5%) than that of the LRGO
(10.7%) and GO (6.1%) sheets for LCEs at the same amount of
loading of GO and graphene (0.2%) (i.e., curves 1, 3, and 4). For
HRGO sheets in the LCE matrix, the photoinduced deforma-
tion also increased with the increase in the amount of loading
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Figure 3. a) Chemical structures of two LCMs (i.e., LCM-A and LCM-B), two cross-linkers of HODA and RM-82, and a photoinitiator of Irgacure 369.
SEM images of LCE nanocomposites containing 0.2 wt% HRGO sheets: c) the surface topology (top view) and b,d) the cross-sectional view of freeze-
fractured nanocomposites in the charge contrast mode: d) with and b) without the concurrent hot-drawing process.

and the degree of alignment (i.e., curves 2,4,5, and 6). The peak
strain for the 0.2% HRGO/LCE nanocomposite without being
hot drawn increased from 12.7% (0.1% HRGO/LCE nano-
composite; curve 2) to 17.5% (curve 4), and further rose up to
20.5% after subjecting to the 80% hot drawing (curve 5). Par-
ticularly, the photomechanical actuation in the 0.2% HRGO/
LCE nanocomposite with a 160% hot drawing started at time
t < 0.5 s and became saturated at t = 8 s with a large defor-
mation (35.7%). Subsequently, this nanocomposite underwent
a fast relaxation and recovered its original length in less than
8 s upon the switch off of NIR light. We note that the time for
achieving the photoactuation saturation is faster than those pre-
viously reported in photoresponsive systems, such as the NIR-
driven CNT/PDMS (10-15 s),”) white-light actuated CN'T/LCE
(=10 s),”Tand UV-vis light irradiated CNT/LCE (>50 s)!"? nano-
composites as well as azobenzene-containing LCEs (=10 s).1%8
Moreover, the actuation strains (35.7%) imposed by NIR are
comparable to those of CNT/LCE nanocomposites,!'’! but sig-
nificantly larger than CNT/PDMS (2% — 4%)!'8% and graphene/
PDMS (=2% — 5%) nanocomposites.?!]

The exerted force of LCE nanocomposites under NIR irra-
diation was further examined by subjecting a strip-shaped
sample to a constant strain (2%) during the DMA measure-
ment. Figure 4b depicts the actuation stress for pure LCEs and
graphene/LCE nanocomposites as a function of the irradiation
time. The stress change after being exposed to NIR light exhib-
ited a similar trend as those observed in the actuation strains
(Figure 4a). Clearly, comparing to GO- and LRGO-containing
nanocomposites (curves 1 and 3, respectively, in Figure 4b) at a
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0.2% loading, highly sp*hybridized graphene (HRGO) induced
a higher actuation stress (curve 4 in Figure 4b) in the absence
of hot drawing. It is worth noting that the actuation stress in
pure LCE was only =20 kPa, similar to those previously reported
studies.}%31%3% In sharp contrast, the contraction stress was
greatly enhanced by incorporating GO and graphene into LCEs
and further increased with the increase in the amount of gra-
phene loaded and the degree of alignment of graphene in the
LCE matrix. The HRGO/LCE nanocomposites with 160% hot
drawing demonstrated a maximum actuation stress of up to
240 kPa, which is close to the contraction force of human mus-
cles (=300 kPa) yet dramatically higher than that of the CNT/
LCE nanocomposites (1.5-8 kPa).[30.310.39,40]

The long-term NIR response experiments were also con-
ducted to evaluate the stability of the resulting LCE nanocom-
posites. As shown in Figure 4c, the first three cycles and the
48th-50th cycles of the HRGO/LCE nanocomposite hot drawn
to 160% were plotted during a 3.5 h on-off NIR switching at
a 2 min interval. Obviously, the contraction peak strains were
nearly unchanged, and the photoresponsive sensitivity and
reversible stability were well retained over 50 cycles. Such long-
term cyclability from photoactuated polymeric materials has
been rarely reported previously.

The formation of such intriguing reversible photome-
chanical actuation in graphene/LCE nanocomposites may be
rationalized as follows (Figure 4d). The mechanical extension
of graphene/LCE nanocomposites by hot drawing induces
the parallel alignment of side-on mesogens and graphene
along the stretching direction.*!l When the aligned graphene/
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Figure 4. Photomechanical actuation of LCE nanocomposites containing different amount of GO, LRGO, and HRGO sheets and under different degree
of hot drawing. a) Contraction strain induced by NIR irradiation under a constant stress (18 kPa). b) Actuation stress generated under a constant strain
(2%) and NIR irradiation. c) Long-term cycling responses to NIR irradiation under a constant stress (18 kPa). d) Schematic illustration of reversible
photomechanical actuation in graphene/LCE nanocomposites upon an on—off switching of NIR light.

LCE nanocomposites are irradiated by NIR light, the photon
energy would be absorbed by graphene surrounded by the
LCE matrix and then efficiently converted into thermal energy
through phonons in the sp-hybridized carbons.*?! Essentially,
graphene functions as a nanoscopic heat source and provides
a thermally conductive pathway.l'®! Due to the homogeneous
dispersion and alignment of graphene, heat generated by con-
tinuous NIR irradiation can be uniformly and rapidly propa-
gated throughout the nanocomposite, and thus heats up the
LCE matrix and triggers the nematic-to-isotropic phase transi-
tion. As evidenced in Figure S6, upon the NIR irradiation on
graphene/LCE nanocomposites, their surface temperatures
reached a saturation (90-105 °C), which are higher than the
Ty; of LCE (80-86 °C). This in turn induced a macroscopic
contraction under a preload (Figure 4a), and generated an
output force under a constant strain (Figure 4b) parallel to
the hot-stretching direction. Notably, graphene with more sp?-
bonded carbons exhibits higher intrinsic thermal conductivity
and more efficient heat transport via its lattice vibrations,*3!
thereby entailing faster response and larger amplitudes of
photoactuation in HRGO/LCE as compared to LRGO/LCE
nanocomposites.'’) Conversely, GO sheets with a large frac-
tion of sp>-bonds possess low amplitudes of photoactuation
in the resulting nanocomposite. Moreover, the higher HRGO
loading resulted in better actuation performance of nanocom-
posites due to the presence of more nanoheaters in the LCE
matrix. Finally, the hot-drawn LCE nanocomposites comprise
the aligned polymer chains and uniformly distributed, ordered

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

graphene sheets, thus markedly enhancing the thermal
transfer capability and increasing the amplitude of mechanical
actuation unidirectionally.

In summary, we developed, for the first time, graphene-
enabled LCE nanocomposites with tunable photomechanical
actuation properties via a rational combination of in situ
photopolymerization of LCMs in the presence of graphene
and concurrent hot-drawing process during the course of
photopolymerization. The graphene sheets were homogene-
ously aligned in the nematic LCE matrix, yielding NIR-respon-
sive nanocomposites with reversible mechanical actuation.
Remarkably, large contraction strain, high actuation stress,
high initial sensitivity and fast response were simultaneously
achieved as a direct consequence of solvothermally enhanced
sp*-hybridization degree of GO and mechanically induced
alignment of graphene in LCEs. The actuator performances
can be readily tailored by controlling the quality, the loading
content, and the degree of alignment of graphene in the LCE
matrix. The photoactuation characteristics can also be poten-
tially fine tuned by regulating liquid crystal behaviors of the
LCE matrix via internal molecular design (e.g., mesogenic
group, spacing group, and crosslinking density) and control-
ling the external light parameters (e.g., photon energy and
irradiation intensity). Such photoactive nanocomposites effi-
ciently integrating the photothermal effect of graphene with
the mechanical response of LCEs may open up many pos-
sibilities for the exploration of new actuators with tunable
functionalities.
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