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Current hydrogel-based actuators have achieved rapid development due to their excellent performance such as
shape-morphing and color-changing for application in fields such as camouflage, biomimetic soft-robotics and so
on. However, it is still challenging to fabricate soft robots with the capability of simultaneous changes in shape
and fluorescent color at a fast speed when triggered by one single stimulus. Herein, an anisotropic organohydogel
actuator made up of rGO-doped hydrophilic poly(N-isopropylacrylamide) (PNIPAM) network and hydrophobic
poly(lauryl methacrylate) (PLMA) network is prepared via a two-step interpenetrating method. Bearing fluo-
rescent monomer N-(4-(1,2,2-triphenylvinyl)phenyl)acrylamide (ATPE) as well as fluorescent ligand 6-acrylami-
dopicolinic acid (6APA), the PLMA network shows fluorescent changes in color or brightness depending on the
presence or absence of Eu®" ions in response to heat/NIR. In a word, the proposed organohydrogel actuator,
which exhibits simultaneous fluorescence color variation and fast morphing in response to one stimulus, provides

insights in designing and fabricating novel soft robots.

1. Introduction

Stimuli-responsive hydrogels, possessing the capacity of morphology
alteration or color variation when exposed to external stimuli, have
shown various applications in fields of soft actuators [1-4], biological
medicine [5,6], information storage [7,8], sensors [9,10], etc. Among
them, hydrogel actuators with synergetic color changes have aroused
great attention due to their unique ability to imitate living organisms
(chameleons, flowers, cephalopods, etc.) for surviving in their envi-
ronment. From the methods of constructing anisotropic structures
[11-14], including bilayer structure, oriented structure, and gradient
structure, to the introduction of different luminescent forms, much effort
has been devoted to endow soft-robotics with color change performance
[15-19]. Previously, our group has developed a bilayer hydrogel actu-
ator consisting of a thermo-responsive GO-PNIPAM layer and pH-
responsive PBI-HPEI layer, leading to the abovementioned synergistic
functions [20]. More recently, a hydrogel actuator with both color-
changing and shape-morphing capabilities has been developed, which
was based on supramolecular dynamic metal-ligand coordination under

the subtle interplay between acidity/alkalinity, metal ions, and tem-
perature [21].

Though above attempts achieved the coexistence of shape alteration
and fluorescence variation in one system, the change in either fluores-
cence color or shape is triggered by different stimuli. Therefore, it is still
challenging to construct a hydrogel actuator with simultaneous fluo-
rescence variation based on one single stimulus. In order to realize this
goal, Tang et al. had developed hydrogels with simultaneous changes in
fluorescence, brightness and shape in response to a single stimulus of pH
by using aggregation-induced emission luminogen, tetra-(4-pyr-
idylphenyl)ethylene (TPE-4Py), as a core function fluorescence element
[22]. Zhou’s group has also reported a novel lanthanide-ion-coordinated
supramolecular hydrogel, which can respond to different humidity or
hydration/dehydration conditions within dynamical variation of lumi-
nescence and opacity [23]. However, these systems are still lacking in
response speed due to the difficulties in altering pH or humidity.

The development of heterogeneous organohydrogel[24], which was
made up of both hydrophilic and hydrophobic monomers and can swell
in either water or oil, provides a new inspiration for obtaining hydrogel
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Fig. 1. (a) The preparation process of a fluorescent rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel actuator using a hydrogel network as the scaffold to
incorporate organogel network via a two-step interpenetrating method. (b) Schematic illustration of anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel
actuator doped with Eu®* ions, showing simultaneous fluorescence color change as well as complex shape deformation in response to external stimuli such as heat

or NIR.

actuators with simultaneous fluorescence change for the following two
reasons. Firstly, the two-step interpenetrating technique, which includes
a free radical polymerization process and photo-polymerization pro-
cedure, lays the foundation for realizing anisotropic structures by con-
trolling the irradiation time. Furthermore, the coexistence of a
hydrophobic network and hydrophilic network provides a convenience
way for the introduction of oily fluorescent monomers without having to
consider aggregating problems. Herein, we developed an organo-
hydrogel exhibiting simultaneous fluorescence change (intensity or
color) and fast actuation under one single stimulus of heat/NIR. Spe-
cifically, thermal-responsive PNIPAM hydrogel containing rGO sheets
was firstly prepared via radical polymerization within the UV-induced
reduction process of GO. Through a two-step interpenetrating process,

the hydrophobic organogel network was introduced via time-controlled
photo-polymerization, leading to a fluorescent organohydrogel actuator
with anisotropic structure (Fig. 1a). As shown in Fig. 1b, due to the
differences in deswelling rates of the organohydrogel’s two sides, the
initially straight strip could be bend into a circle shape when exposed to
heat or NIR. In the meanwhile, ATPE fluorophores on the hydrophobic
network, which exhibit aggregation induced emission (AIE) behavior,
dramatically enhanced its intensity when PNIPAM polymer chains
shrink above the lower critical solution temperature (LCST). In addition,
once Eu®" ions are introduced and coordinate with the fluorescent
ligand 6APA to form the 6APA-Eu®" complex, the organohydrogel can
be endowed with red fluorescence emission, leading to fluorescence
transition from blue to red after the application of thermal stimulation.
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Furthermore, as rGO possess the ability to display the photothermal
effect, the organohydrogel actuator which exhibits fluorescence emis-
sions varying from blue to red can be remotely controlled. As a result, a
hydrogel actuator with both high response speed and fluorescence
variation such as brightness or emission color can be achieved, acting as
an attractive material in the field of biomimetic soft-robotics.

2. Experimental section
2.1. Materials

N-isopropylacrylamide (NIPAM, >98%) were purchased from TCI
(shanghai) reagent Co. Ltd. Ethylene glycol dimethacrylate (EGDMA,
>98%), 2,2-diethoxyacetophenone (DEAP, >95%), ammonium persul-
fate (APS, >98%), N,N'-Methylene bis(acrylamide) (BIS, >98%), N,N,
N’,N’-Tetramethylethylenediamine (TEMED) were commercially pro-
vided by Aladdin reagent Co. Ltd. Acryloyl chloride (98.0%) was gotten
from J&K Scientific Ltd. Triethylamine (>99.0%), ethyl acetate
(>99.5%), sodium hydroxide (NaOH, 96.0%), and hydrochloric acid
(HC]) were obtained from Sinopharm Chemical Reagent Co. Ltd. Trie-
thylamine, dry dichloromethane and Eu(NO3)3-6H20 (99.9%) were
commercially supplied by Energy Chemical Co. Ltd. 4-(1,2,2-triphe-
nylvinyl)aniline (TPE, 97%) was purchased from Zhengzhou JACS Chem
Product Co. Ltd. Lauryl methacrylate (LMA) was purchased from
Shanghai Macklin Biochemical Co. Ltd. All reagents were used without
any treatment or purification.

2.2. Synthesis of fluorescent monomer N-(4-(1,2,2-triphenylvinyl)
phenylacrylamide (ATPE):

ATPE was synthesized in accordance with our previous report and
the synthetic route was shown in Fig. S1. TPE (2 g) was firstly dissolved
in a mixed solution of dry dichloromethane (10 mL) andtriethylamine
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(5 mL). Then, acryloyl chloride (1 mL) was mixed with dry dichloro-
methane (4 mL) before adding dropwise into above solution under Ny
protection at 0 °C. After stirring for another 3 h at room temperature, the
product was obtained by being successively extracted with hydrochloric
acid (0.02 M), saturated sodium hydrogen carbonate solution and dried
by rotary evaporat.

2.3. Preparation of rGO-PNIPAM hydrogel:

2 g NIPAM, 2.4 mg BIS (0.12 wt% of NIPAM), 20 mg APS (1 wt% of
NIPAM) were firstly dissolved in 10 mL water containing GO (0.5 mg/
mL). Then, 20 uL. TEMED was added into above solution, and the mixed
solution was oscillated rapidly before being transferred into home-made
molds. After polymerization for 8 h, the GO-PNIPAM hydrogel was
exposed to UV light (50 W) for reducing to rGO-PNIPAM hydrogel. At
last, the obtained hydrogel was put into acetone to for removing
unreacted monomers.

2.4. Preparation of rGO-PNIPAM/P(LMA-ATPE-6APA)
organohydrogels:

Organogel precursor solution containing 20 mL LMA, 10 mL ethanol,
150 pL EGDMA, 0.1 g DEAP, 0.06 g ATPE and certain amount of 6APA
were firstly prepared. Dehydrated gels were immersed into precursor
solution for 10 h before being sandwiched between two pieces of quartz
glasses without air bubbles. After being irradiated by UV light (365 nm,
50 W) for a certain time, the prepared organohydrogels were put into
ethanol for getting rid of unreacted monomer and finally being swelled
in deionized water for solvent replacement.
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Fig. 2. The characterization of anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel. (a) Cross-sectional schematic of anisotropic rGO-PNIPAM/P(LMA-
ATPE-6APA) organohydrogel actuator. (b) The photograph of organohydrogel. Scale bar: 1 cm. (c) Cross-sectional SEM image of rGO-PNIPAM/P(LMA-ATPE-
6APA) organohydrogel. (d) The storage modulus (G’) on a temperature sweep (2 °C/min) at a constant shear strain of 1% and frequency of 10 rads™! of rGO-
PNIPAM hydrogel and anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel. (e) Contact angles for both the organohydrogel side and hydrogel side of
the anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel actuator. (f) ATR spectra of pure rGO-PNIPAM hydrogel and anisotropic rGO-PNIPAM/P(LMA-

ATPE-6APA) organohydrogel.
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Fig. 3. The actuating and fluorescent performance of the rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel actuators. (a) The actuating degree of various aniso-
tropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogels prepared by exposing them to a UV lamp with different time (6, 9, 12and 15 min) in 46 °C water. (b) The
actuating degree of organohydrogel prepared by 9 min of UV irradiation with temperature variation. (c) Anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organo-
hydrogel prepared by 9 min of UV irradiation cyclically actuating in water at 20 °C and 46 °C, respectively. (d) The fluorescence spectra of anisotropic rGO-PNIPAM/
P(LMA-ATPE-6APA) organohydrogels with different amounts of ATPE, which were prepared by soaking in various oily precursor solutions containing different
concentrations of ATPE (0.5, 1, 2, 3 and 5 mg/mL). (e) The fluorescence spectra of different anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogels, which
were prepared by immersion in the same oily precursor solution solution (2 mg/mL ATPE) but exposed to UV light with varying time (6, 9, 12 and 15 min). (f) The
fluorescence intensity of anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel (2 mg/mL ATPE, 9 min) at different temperature of 30 °C, 40 °C and 50 °C.

2.5. Preparation of rGO—PNIPAM/P(LMA—ATPE—6APA-Eu""+ )
organohydrogel:

For the preparation of rGO-PNIPAM/P(LMA-ATPE-6APA-Eu")
organohydrogels, rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogels
were immersed in a solution of Eu®* solution (0.1 M) for 15 min, and
then placed in deionzed water to remove excessive Eu>" for another 5 h.

2.6. Characterization

'H NMR spectra were obtained from a Bruker Avance III 400 MHz
spectrometer. UV-Vis absorption and transmittance spectra were
measured on an UV-Vis spectrophotometer (TU-1810, Purkinje General
Instrument Co. Ltd.). ATR-FTIR spectra was recorded on a Thermo Sci-
entific Nicolet 6700 FT-IR spectrometer. The digital photos of the
polymeric films were taken under a UV lamp (ZF-5, 5 W, 254 nm). All
fluorescent photographs were taken using the same UV lamp. Steady-
state fluorescence measurements were obtained from a Hitachi F-4600
fluorescence spectrofluorometer at room temperature and a HPRIBA
FL3-111 fluorescence spectrofluorometer at higher temperature with a
500 W Xenon lamp. The excitation wavelength was 254 nm and the scan
speed was 1200 nm/min. The cross-section morphology of the poly-
meric hydrogel and organohydrogel were performed by a field-emission
scanning electron microscopy (SEM, S-4800, Hitachi) with an acceler-
ating voltage of 8.0 kV. The chemical bonding and bonding state were
measured by Raman using a Renishaw inVia Reflex instrument. Micro-
scopic images were obtained from an OLYMPUS BX51 polarizing mi-
croscope. All water contact angle was measured using Dataphysics
OCA25 instrument by carefully dropping a 3 pL water droplet on the

surface of a fabricated organohydrogel. At least three different spots of
the same sample surface were recorded to receive the mean value.

3. Results and discussion
3.1. Fabrication of rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel

The fluorescent monomer ATPE and fluorescent ligand 6APA were
firstly prepared according to previous work[21]. At the same time, the
fluorescent monomer ATPE showing typical AIE performance was syn-
thesized and characterized (Figs. S1-S3). In order to prove that there is
no photobleaching phenomenon of fluorescent monomers in the process
of UV illumination for a short time such as 9 min, UV absorption spectra
of ATPE solution were recorded (Fig. S4). The hydrogel network was
constructed through polymerization of NIPAM in the presence of gra-
phene oxide (GO), N,N’-Methylene bis(acrylamide) (BIS, crosslinker)
and ammonium persulfate (APS, initiator). In order to obtain a better
photothermal effect, the prepared GO-PNIPAM hydrogel was reduced to
a rGO-PNIPAM hydrogel by the irradiation with a UV lamp (50 W) for 8
h (Fig. S5 and Fig. S6) [20]. After being dehydrated in acetone, the rGO-
PNIPAM gel was immersed in an oily precursor solution containing the
main monomer lauryl methacrylate (LMA), the fluorescent monomer
ATPE and the fluorescent ligand 6APA. As the penetration of UV light is
limited by distance, by controlling the time of photo-polymerization, an
elaborate organohydrogel-based actuator, exhibiting simultaneous
fluorescence brightness/color change and fast shape deformation under
one single stimulus of heat/NIR, was obtained (Fig. S7).
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Fig. 4. The fluorescence changes of the rGO-PNIPAM/P(LMA-ATPE-6APA-Eu®") organohydrogel. (a) Schematic of fluorescence color change of Eu®*-doped orga-
nohydrogel before and after heating. (b) The energies of HOMO and LUMO of 6APA before and after coordinating with Eu®*. (c) The fluorescence spectra and (d)
photographs of the anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA-Eu®") organohydrogels containing different content of 6APA for tuning the ratios of two fluo-
rescent monomer/ligand. (e) The fluorescence spectra of organohydrogel with temperature increasing when the ratios of two fluorescent monomer/ligand fixed at
2:1. (f) The fluorescence color change of organohydrogel before and after heating at a CIE diagram. (g) The circular changes of fluorescence intensity at 391 nm
(black) and 614 nm (red) by adjusting temperature at 25 °C and 50 °C. (h) Raman spectra of anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel and
anisotropic rGO-PNIPAM/P(LMA-ATPE-6APA-Eu®") organohydrogel before and after employing thermal stimulation. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

3.2. Anisotropic structural characterization of prepared organohydrogel

The prepared rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel
shows an obvious anisotropic structure, which can be directly confirmed

both macroscopically and microscopically (Fig. 2a-2c). As LMA was
introduced into the rGO-PNIPAM hydrogel network, hydrophobic
microdomains would form when the solvent was completely replaced by
water, and the gel shows a color gradient from black (on the hydrogel
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side) to gray to white (on the organohydrogel side). In the meanwhile,
compared with pure rGO-PNIPAM hydrogel (Fig. S8), the porous
structure of the organohydrogel with varying sizes was investigated by
Scanning Electron Microscope (SEM), proving the successful introduc-
tion of organogel network. Furthermore, the anisotropic structure could
also be easily observed due to the difference in contrast via optical mi-
croscope (Fig. S9). At a slightly higher transformation temperature, the
organohydrogel also exhibited a more rapid and higher increase of
storage modulus (G’) according to a temperature sweep (Fig. 2d). There
was a marked difference in the contact angle (CA) of two sides of rGO-
PNIPAM/P(LMA-ATPE-6APA) organohydrogel (Fig. 2e). In comparison
to the hydrogel side with a CA of 76°, the organohydrogel side displayed
a bigger CA of 104°, which also indicates the anisotropic structure of the
prepared organohydrogel. To verify the chemical composition and
structure of the hydrogel and organohydrogel, both rGO-PNIPAM
hydrogel and rGO-PNIPAM/P(LMA-ATPE-6APA) organohydrogel were
measured by attenuated total reflection Fourier transformed infrared
spectrometer (ATR-FTIR). As shown in Fig. 2f, within similar spectra,
some new peaks appeared in that of rGO-PNIPAM/P(LMA-ATPE-6APA)
organohydrogel (red line). The emerging absorption peak at 1728 cm ™!
was attributed to the presence of C = O groups in PLMA polymer chains,
and the significantly enhanced peaks at 2923.5 cm ™! were caused by the
asymmetric stretching of —CHy- groups. These can be assigned to the
hydrophobic PLMA polymer chains, which illustrates the successful
introduction of PLMA into the rGO-PNIPAM hydrogel matrix.

3.3. Simultaneous fast morphing and fluorescent brightness variation of
organohydrogel

Our anisotropic structure was obtained by controlling the time of UV
irradiation during the photo-polymerization process[25]. As shown in
Fig. 3a, the actuating speed and driving degree of the organohydrogel
actuators vary with the time of photo-polymerization. Among them, the
anisotropic organohydrogel actuators fabricated by a UV light exposure
of 9 min possessed both fast driving ability and large actuation variation,
showing curvature alteration from 20 mm to 2.5 mm in 80 s. Therefore,
organohydrogel prepared by 9 min of UV irradiation was selected as the
target actuator. As it can be seen in Fig. 3b, the organohydrogel sheet
can adjust its bending angle in response to warm water due to the
anisotropic structure, showing a transition temperature range from
31 °C to 38 °C. The thermal-induced shape deformation performance is
completely reversible and can be repeated at least 6 times without any
obvious changes (Fig. 3c), which indicates the good stability of our
organohydrogel.

As one of the typical AlEgens, the fluorescent monomer ATPE shows
significant changes in fluorescence intensity before and after aggrega-
tion[26-28], which can be easily achieved in our system by thermal-
induced phase transition of PNIPAM chains. Continuous hydrophobic
phase in the heterogeneous structure of our organohydrogel lays a
foundation for the introduction of hydrophobic fluorescent monomer
(ATPE) as well as fluorescent ligand (6APA), that was going to be used in
the following studies. Through adjusting the concentration of ATPE (2
mg/mL) in the oily precursor solution as well as the irradiation time for
polymerization process (9 min), the fluorescence intensity can be
regulated to optimum while taking the actuation performance into
consideration (Fig. 3d and Fig. 3e). Determined by the characteristic
peak of ATPE in the UV-Vis absorption spectra (Fig. S11), the organo-
hydrogel can emit blue fluorescence in response to a certain wavelength
(254 nm), which can be further tuned by temperature changes. As
illustrated in Fig. 3f, the fluorescence intensity can be dramatically
enhanced when the temperature is increased from 30 °C to 50 °C, and is
accompanied by a color change from cyan to blue by visual inspection
(Fig. S12). These all can be derived from the shrinkage of the PNIPAM
polymeric network, resulting in an increase of aggregation degree of
ATPE in the organogel network. As a proof-of-concept, the anisotropic
organohydrogel was tailored into a flower shape, showing simultaneous
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fast morphing and fluorescent brightness variation in warm water
(46 °C) (Fig. S13).

3.4. Fluorescent color change of Eu>*-doped organohydrogel

Since the copolymerized monomer 6APA can coordinate with
lanthanide ion such as Eu®* and lead to red fluorescence emission under
254 nm (Fig. S14)[21], the organohydrogel doped with Eu®* performed
a fluorescence color variation during the process of temperature change.
Owing to the attenuate hydration of Eu>" and the enhanced coordina-
tion between 6APA and Eu®", the related organohydrogel showed a
fluorescence color change from cyan to red with the increase of tem-
perature (Fig. 4a). Molecular orbital amplitude plots of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of 6APA, 6APA-Eu>" complex and ATPE based on
density functional theory (DFT) calculation are shown in Fig. 4b and
Fig. S15 [29-31]. The separation degree of the electron cloud between
HOMO and LUMO of 6APA is obviously larger than that of 6APA-Eu®",
and the energy gap (AE) between HOMO and LUMO of 6APA-Eu®" was
less than that of 6APA, indicating that 6APA-Eu>" is more susceptible
towards excitation. Once Eu®* was introduced into the system, the cyan
fluorescent color of the original rGO-PNIPAM/P(LMA-ATPE-6APA)
organohydrogel can be enriched by adjusting the molar ratio of ATPE
and 6APA. As shown in Fig. 4c, the fluorescent color of the organo-
hydrogel is altered from cyan to red when increasing the amount of
6APA, along with a decrease in FL intensity at 391 nm and an increase in
FL intensity at 614 nm.

One interesting phenomenon of our system is the thermal-induced
fluorescence color change, which happens when the ratio of ATPE and
6APA is appropriate. As shown in Fig. 4d, the fluorescent organo-
hydrogel array displays a rich color variation through the control of
temperature and proportion. When the molar ratio of ATPE to 6APA was
fixed at 2:1, the organohydrogel shows the most striking color change
with the temperature rising, from cyan to purplish-red, and was thus
selected for further study. In addition, the color change can also be
monitored by fluorescence spectra at varying temperatures (Fig. 4e,
Fig. S16 and Fig. S17), showing a significant enhancement in both cyan
fluorescence (350-450 nm) and red fluorescence (550-700 nm) during
the heating procedure. It is worth mentioning that the fluorescent in-
tensity ratios at 391 nm and 614 nm (I391 nm/I614 nm) decreased when the
temperature was raised, leading to the cyan-red transition (Fig. S18).
The Commission Internationale de L’ Eclairage (CIE) coordinates of the
selected organohydrogel before and after heating are (0.22, 0.21) and
(0.23, 0.16), corresponding to cyan and purplish-red (Fig. 4f). What’s
more, owing to the good stability of our organohydrogel, the fluores-
cence color variation can be repeated at least 5 times in the process of
temperature switching via recording the fluorescence intensity at 391
nm and 614 nm (Fig. 4g). The Raman spectrum of the rGO-PNIPAM/P
(LMA-ATPE-6APA) organohydrogel and the rGO-PNIPAM/P(LMA-
ATPE-6APA-Eu®") organohydrogel before and after employing thermal
stimulation were demonstrated in Fig. 4h, through which the water-
polymer interactions can be evaluated[21]. All the spectra were
collected in the wavenumber range of 950-2000 cm ™! and analyzed
separately in two spectral regions corresponding to C = O stretching
(1600-1700 cm™1) and vibrations of the pyridine rings (1000-1100
cm 1) belonging to 6APA. The two peaks respectively located at 1045.8
and 1625.6 cm ™! both shifted to higher wavenumbers after integrating
Eu®", indicating changes in the interactions between 6APA and water
surrounding them due to the formation of 6APA-Eu®' complex.
Furthermore, the heating process can cause the shrinking of organo-
hydrogel, leading to the enhancement of coordination strength between
6APA and Eu* that is manifested in the shifting of peaks towards even
higher wavenumbers.
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3.5. Remotely controlled synergetic color-changing and shape-morphing
of organohydrogel

Due to great photothermal conversion efficiency of rGO, the resul-
tant rGO-PNIPAM/P(LMA-ATPE-6APA-Eu") organohydrogel was
imparted with remotely controlled synergetic color-changing and shape-
morphing properties in response to NIR light. With the irradiation of NIR
(808 nm, 0.478 W/cm?) for 180 s, the planar sheet of organohydrogel
was heated to about 55 °C and can also recover to the initial shape
within 300 s after removing the NIR light, which make it possible for
organohydrogel actuators to conduct NIR-induced actuating perfor-
mance (Fig. 5a). The process of heating and cooling can also be recorded
more intuitively by IR images (Fig. 5b). As a proof-of-concept, a flower-
shaped organohydrogel was studied as a model (Fig. 5¢). When irradi-
ated by NIR (808 nm, 0.678 W/cmz), the temperature of the flower-
shaped organohydrogel could gradually increase, leading to the
closure of the “flower” in 76 s. At the same time, the fluorescent color of
the organohydrogel changed from cyan to purplish-red, which can be
clearly observed after turning off the NIR light. With time going by, both
the fluorescent color and shape of the organohydrogel can recover to its
original state. This phenomenon can be attributed to the good photo-
thermal effect of rGO as well as the inhomogeneous distribution of
PLMA polymer chains that constructing an anisotropic structure. Once
the temperature increased, PNIPAM polymer chains would shrink and
discharge water, which led to the constriction of PLMA, thus resulting in
the aggregation of ATPE and the enhancement of coordination between
Eu>" and 6APA. The ability of simultaneous fluorescence color change
and fast shape deformation endows the organohydrogel actuator with a
broader application space in the field of intelligent biomimetics.

4. Conclusions

In summary, an anisotropic organohydrogel actuator with abilities of
simultaneous fluorescence color or brightness changes as well as fast
shape deformation under one stimulus was fabricated through a two-
step interpenetrating method. By controlling photo-polymerization
time, the intelligent actuator can present fluorescence intensity
enhancement due to the aggregation of ATPE moieties, which were
caused by PNIPAM chains’ contraction above the LCST. Once Eu®" ions
were introduced and coordinated with 6APA ligands, red fluorescence
can be emitted due to the formation of the 6APA-Eu®' complex.

Chemical Engineering Journal 429 (2022) 132290

Fig. 5. Remotely controlled synergetic color-
changing and shape-morphing of organo-
hydrogel actuators. (a) The rising and cool-
ing curves of the anisotropic rGO-PNIPAM/P
(LMA-ATPE-6APA-Eu®")  organohydrogel
obtained by turning on/off NIR light (808
nm, 0.478 W/cm?). (b) Pictures of tempera-
ture rising of anisotropic rGO-PNIPAM/P
(LMA-ATPE-6APA-Eu®") organohydrogel by
using NIR laser. (c¢) Schematic diagram and
photos of flower-shaped anisotropic rGO-
PNIPAM/P(LMA—ATPE—6APA—Eu3+) organo-
hydrogel showing synergistic fluorescence
color alteration and fast shape deformation.

Scale bar: 1 cm.
NIR OFF

— > as

NIR OFF

76 s

Moreover, thermal-induced hydrophobicity of PNIPAM chains could
contribute to the reduction of hydration between Eu®" and H,0, leading
to an increase in red emission. As a result, an organohydrogel-based soft
actuator with fast driving capability, along with fluorescence color
variation from blue to red can be obtained. Our strategy of constructing
anisotropic organohydrogel owning synergistic discoloration and actu-
ation performance can inspire new ideas for fabricating hydrogel actu-
ators, providing more possibilities for introducing various hydrophobic
fluorescent monomers into hydrogel systems, and broadening the po-
tential application fields of multifunctional soft robots.
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