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ABSTRACT: Development of stimuli-responsive materials with complex practical functions is significant for achieving
bioinspired artificial intelligence. It is challenging to fabricate stimuli-responsive hydrogels showing simultaneous chang-
es in fluorescence color, brightness and shape in response to one stimulus. Herein a bilayer hydrogel strategy was de-
signed by utilizing an aggregation-induced emission luminogen (AlEgen) tetra-(4-pyridylphenyl)ethylene (TPE-4Py) to
fabricate hydrogels with the above capabilities. Bilayer hydrogel actuators with ionomer of poly(acrylamide-r-sodium 4-
styrenesulfonate) (PAS) as matrix of both active and passive layers and TPE-4Py as the core function element in the active
layer were prepared. At acidic pH, the protonation of TPE-4Py led to fluorescence color and brightness changes of the
actuators and the electrostatic interactions between the protonated TPE-4Py and benzenesulfonate groups of PAS chains
in the active layer caused the actuators to deform. The proposed TPE-4Py/PAS-based bilayer hydrogel actuators with such
responsiveness to stimulus provide pregnant insights in the design of intelligent systems and are highly attractive materi-
al candidates in fields of 3D/4D printing, soft robots and smart wearable devices.

day. The flowers become pendulous by simultaneously

INTRODUCTION

In nature, numerous biological systems are intelligent."
Many species are able to simultaneously change their col-
ors and shapes in response to stimulus. For an example,
chameleons can rapidly alter their skin color when they
move into a new place to blend into its different sur-
rounding environment.®> Mimic octopuses, on the other
hand, are able to change both their color and shape in
order to camouflage or hunt.** Frilled-necked lizards
spread out their frills and the frills simultaneously turn to
bright yellow, orange or red when they are frightened or
during courtship.®” Besides animals, some plants show
also the ability to simultaneously change their colors and
shapes. Brunfelsia acuminata also known as “Yesterday-
Today-Tomorrow” of which flowers open purple, fade to
lavender and finally to white during blooming process is a
typical example.*® Quisqualis indica, on the other hand,
has white and horizontally oriented flowers that open at
dusk and change to pink and later to red on the following

changing their orientation during their florescence.”"
Tibouchina pulchra flora color changes from white in the
first day to pink in the following days of anthesis.” Such a
process of simultaneous color and shape changes of the
flowers is interpreted as a warning mechanism for polli-
nators to avoid old flowers.”

Scientific researchers are pursuing to fabricate free-
standing intelligent artificial materials. One promising
approach is to use stimuli-responsive materials."" Be-
cause of this, they have been capturing much interest.*"®
Among them, smart hydrogel®** is an important member
and can change its volume or other properties dramatical-
ly under stimuli such as temperature,>> pH,***” irradia-
tion,”®* electric field,* magnetic field,” ionic strength,? a
specific chemical®?* and so on. Inspired by the biological
behaviors, a number of attempts have been reported to
construct stimuli-responsive hydrogels with capacities of
undergoing shape deformation™*™ in the presence of
stimulus utilizing the bilayer technique* or color change
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including fluorescence change.**" However, most of the

hydrogels show either of shape change or color change.
Although there are very few reports on deformable hy-
drogels showing stimulus-induced fluorescence color
change, the shape change and the fluorescence change
are independent. The two changes are based on different
elements in the hydrogel or are triggered by different
stimuli. It is thus challenging to realize response hydro-
gels with simultaneous changes of fluorescence color,
brightness and shape based on one stimulus.

It is critical to select a suitable fluorophore as the sole
source of the changes to realize the above goal. Aggrega-
tion-induced emission luminogens (AlEgens)* are non-
emissive as isolated species in good solvents but are high-
ly emissive in poor solvents as aggregates.” Such an ag-
gregation-induced emission (AIE) phenomenon is be-
lieved to be caused by the restriction of intramolecular
motion (RIM) in the aggregated state.” The strong emis-
sion of AlEgens in the aggregated, solid or restricted
states makes them suitable to be applied in semi-solid
hydrogel systems.””> As a burgeoning scientific research
field, AIE has attracted intense interest and has been ap-
plied in numerous areas.>*”” The fast and wide develop-
ment of AlEgens is due to their superiorities of compre-
hensible mechanism, accessible designability, easy func-
tionalization, large absorptivity, high brightness in the
restricted state and low background noise. Until now, a
large variety of stimuli-responsive AlEgens have been
developed and applied,”*® and many of them experience
fluorescence color or brightness changes when they are
ionized®® and are potential building blocks for the con-
struction of supramolecular materials.””” Therefore,
AlEgens are ideal candidates in the design and fabrication
of stimuli-responsive hydrogel systems fluorescence color,
brightness and shape changes in response to stimulus.

In this study, we reported the design and construction
of bioinspired hydrogels with abilities of simultaneous
fluorescence color and intensity changes as well as com-
plex shape deformation by utilizing AlEgens and the bi-
layer hydrogel technique.** The pH-responsive AlEgen
called tetra-(4-pyridylphenyl)ethylene (TPE-4Py) was
used to impart the formed bilayer hydrogel actuators with
the above changes and an ionomer namely
poly(acrylamide-r-sodium 4-styrenesulfonate (PAS) was
used as the matrix of the actuators. When the actuators
were immersed in acidic aqueous solution, they could
change their fluorescence color, brightness and actuator
shape simultaneously. The ability for shape change was
achieved by asymmetrical distribution of TPE-4Py aggre-
gates in the two layers of the actuators. At low pH, the
protonation of TPE-4Py embedded in the active layer of
the actuators caused altered fluorescence color and inten-
sity. Meanwhile, electrostatic interactions between the
protonated TPE-4Py and the benzenesulfonate groups of
PAS chains led to the shape deformation of the actuators.
The resulting TPE-4Py/PAS-based bilayer hydrogel actua-
tors with simultaneous stimulus-induced fluorescence
color, brightness and complex shape changes provide new
insights in the design of advanced bioinspired intelligent

systems with complex practical functions and may have
potential applications in fields of 3D/4D printing, soft
robots and smart drug delivery systems.

RESULTS AND DISCUSSION

Design of Bilayer Hydrogel Actuators with Sim-
ultaneous Fluorescence Color, Brightness and
Complex Shape Changing Property. It is a key that
the fluorescence color changing function, the fluores-
cence brightness changing function and the complex
shape deformation function are built based on one ele-
ment in the hydrogel actuator to realize its ability of sim-
ultaneous fluorescence color, brightness and complex
shape changing. AlEgen is a good candidate of the ele-
ment. TPE-4Py, a classical AlEgen with pH-
responsiveness was selected.”” It can form aggregates in
water with neutral pH to form a suspension due to its
hydrophobicity. The aggregates emit strong sapphire fluo-
rescent light based on the effect of the restriction of in-
tramoelcular rotation (RIR).”>”® When the pH value of the
suspension is decreased, TPE-4Py is able to protonates to
form the tetra-protonated TPE-4Py (4H-TPE-4Py*") and
the fluorescence color red shifts due to the enhanced in-
tramolecular charge transfer (ICT) process.””® In addition,
the protonation of TPE-4Py increases the solubility of it
largely, which reduces the fluorescence brightness obvi-
ously due to the enhancement of intramoelcular rotation
(EIR) effect. Taking advantage of the protonation process
of TPE-4Py during the pH decreasing process, an ionomer
PAS that carries negatively charged groups was used as
the matrix of the actuator. The PAS hydrogel was fabri-
cated through in situ random copolymerization of mon-
omers acrylamide (AAm) and sodium 4-styrenesulfonate
(NaSS) and a cross-linker N,N’-methylenebisacrylamide
(BIS). TPE-4Py/PAS-based bilayer hydrogel actuators with
TPE-4Py as the functional element and PAS hydrogel as
the matrix were designed, in which a PAS hydrogel layer
acted as the passive layer and a TPE-4Py aggregates en-
capsulated PAS hydrogel layer acted as the active layer
(Figure 1a). In the neutral medium, the TPE-4Py aggre-
gates were physically encapsulated in the PAS hydrogel in
the active layer and didn’t have interactions with network
chains of the hydrogel. When the bent bilayer hydrogel
actuator was immersed in an acidic aqueous solution,
TPE-4Py in the aggregates protonated and dissolved
gradually, and electrostatic interactions were occurred
between protonated pyridyl groups in the formed 4H-
TPE-4Py*" and benzenesulfonate groups on hydrogel
network chains in the active layer (Figure 1b). The 4H-
TPE-4Py*" acted as the additional physical cross-linking
point and caused the active layer to shrink, and the hy-
drogel actuator gradually unbent.” Meanwhile, the fluo-
rescence color of the hydrogel actuator red shifted gradu-
ally due to the protonation of TPE-4Py. Because the dis-
solved 4H-TPE-4Py*" formed electrostatic interactions
with network ionomer chains, the intramolecular rotation
of 4H-TPE-4Py*" were restricted. Thus, the brightness of
the red shifted fluorescent light enhanced and visualized.
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Figure 1. (2) Schematic illustration of simultaneous changes in fluorescent color and brightness and 3D shape of a TPE-4Py/PAS-
based bilayer hydrogel actuator and the mechanism involved. (b) When the medium of the hydrogel actuator becomes acidic,
the TPE-4Py in an aggregate is protonated and dissolves, and electrostatically interacts with benzenesulfonate groups on net-

work chains in the active layer.

The pH-Responsiveness of TPE-4Py. As the core
function element in bilayer hydrogel actuators in the pre-
sent work, TPE-4Py was first investigated. A series of TPE-
4Py aqueous suspensions with different pH values from
2.09 to 10.13 were prepared using pH buffers. Figure 2a
shows their photographs under 365-nm UV illumination.
Their PL spectra were measured (Figure 2b) and the pH
dependences of the wavelength at the maximum PL in-
tensity (An.,) and the maximum PL intensity (I,,.,/I,) were
depicted in Figure 2c. It can be seen from Figure 2c that
Amax has little change and I,,,,,/I, increases slightly with pH
increasing from 6.98 to 10.13. When the pH value decreas-

es from 6.98 to 2.09, A, first decreases slightly, then in-
creases, followed by a sharp decline and a sharp large in-
crement, and reaches the equilibrium of about 536 nm
with pH value below 2.96. Meanwhile, with the pH value
decreasing from 6.98 to 2.09, I;,./I, first decreases slightly,
then increases, followed by a sharp large decrease, and
reaches the equilibrium with pH value below 3.58. In neu-
tral medium, TPE-4Py forms aggregates in amorphous
state (Figure S7, S8 and Sg) in the aqueous buffer solution.
The restriction of intramolecular rotation of TPE-4Py
leads to the strong sapphire emission. When the pH value
gradually decreases into the faintly acidic range, the solu-
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Figure 2. (a) Photographs of TPE-4Py aqueous suspensions (¢ = 10 M) with different pH values. (pH values of the suspensions
from left to right are 2.09, 2.96, 3.34, 3.58, 3.76, 4.03, 4.15, 4.35, 4.48, 4.78, 5.03, 5.22, 5.45, 5.67, 5.89, 6.10, 6.98, 7.91, 8.95 and 10.13
respectively.) (The photographs were taken under 365-nm UV illumination.) (b) PL spectra of the suspensions in (a). Insets are
amplified PL spectra with Y axis being magnified with 230 times. (I is the PL intensity of the suspensions with different pH val-
ues and I, is the maximum PL intensity of the suspension with pH of 2.09.) (A = 365 nm) (c) Wavelength at the maximum PL
intensity (A.x) and the maximum PL intensity (I;,.,/I,) of the suspensions as a function of pH. (I, is the maximum PL intensity
of the suspensions with different pH values.) (d) Molecular structures and molecular orbital amplitude plots of HOMO and

LUMO energy levels of TPE-4Py and 4H-TPE-4Py*".

bility of TPE-4Py increases gradually and the fluorescent
intensity of the suspension decreases slightly due to the
EIR effect. When the pH value continues to decrease be-
low 5 (from 4.78 to 4.15), TPE-4Py gradually protonates.
The emerging obvious intramolecular charge transfter

(ICT) process causes the fluorescent emission to red shifts.

Meanwhile, because the solubility of TPE-4Py further in-
creases, nano-crystals of it form which was demonstrated
by scanning electron microscope (SEM) and polarizing
optical microscope (POM) (Figure S8 and Sg). Crystalliza-
tion-enhanced emission (CEE) effect® leads to the incre-
ment of the fluorescent intensity of the suspension. With
the pH value continuing to decrease to 3.76, further in-

crease of the solubility leads to the formation of TPE-4Py
crystal (Figure S7, S8 and Sg) which rendering the blue
shifted fluorescent emission.**® The CEE effect is sup-
posed to lead to fluorescent intensity increase. However, a
mass of TPE-4Py molecules protonate and dissolve in this
pH medium. The EIR effect causes their emission pretty
weak. Thus the suspension shows reduced intensity and
blue shifted emission. When the pH value further de-
creases below 3.7, all TPE-4Py molecules protonate to 4H-
TPE-4Py*" with yellow emission. The dissolution of the
4H-TPE-4Py*" activates its intramolecular rotation, lead-
ing to a very weak fluorescent intensity.



DFT calculation was used to simulate the molecular or-
bital amplitudes of HOMO and LUMO energy levels of
TPE-4Py and 4H-TPE-4Py*" (Figure 2d). Based on the cal-
culated energy gaps (AE) between HOMO and LUMO
energy levels, UV-Vis absorption spectra of TPE-4Py and
4H-TPE-4Py*" were predicted in Figure Sioa. UV-Vis spec-
tra of TPE-4Py in CHCI3 and TFA/CHCI3 mixture (1/9,
V/V) were measured (Figure Siob). The spectrum of TPE-
4Py in the TFA/CHCI3 mixed solvent is consistent with
that of predicted 4H-TPE-4Py*. In addition, 'H NMR
spectrum in Figure 3e (IT) of the D20 solution of TPE-4Py
with pH value of 2.0 also demonstrates TPE-4Py trans-
forms into 4H-TPE-4Py*" at this pH value. Thus, in the
TFA/CHCI3 mixed solvent, TPE-4Py protonates into 4H-
TPE-4Py*". UV-Vis absorption spectra of TPE-4Py aque-
ous suspensions with pH values from 2.09 to 4.03 were
also measured (Figure Sioc) and they are all consistent
with the spectrum of 4H-TPE-4Py*". Therefore, TPE-4Py
protonates to form 4H-TPE-4Py*" with pH value below 4.

The pH-Responsive Fluorescence Color, Bright-
ness and Volume Changing Properties of TPE-
4Py/PAS-Based Monolayer Hydrogels. After the pH-
responsiveness of TPE-4Py in its aqueous suspension was
made clear, monolayer hydrogels based on the TPE-4Py
aggregate and the PAS hydrogel were constructed. M1 to
M5 monolayer hydrogel film (thickness: 1 mm) samples
with increased TPE-4Py concentration were prepared
according to recipes in Table S1. PAS hydrogel Mo with-
out TPE-4Py was also prepared as the blank sample for
the comparison. The hydrogel films were swollen in DI
water to the equilibrium before further experiments.

Rectangular hydrogel sheets of Mo to M5 with the size
of about 10 mm x 10 mm were immersed in aqueous solu-
tions with pH values from 7.30 to 1.85 for 17 h. Photo-
graphs of the samples under day-light and 365-nm UV
illumination were shown in Figure 3a and Figure Su. Fluo-
rescent emission spectra (Figure Si12) of the samples were
measured and pH dependences of the A, and the maxi-
mum PL intensity (I,..) were depicted in Figure 3b and c.
From the photographs and the figures, it can be seen that
with the decrease of the pH value, the fluorescent emis-
sions of M1 to Ms5 red shift and the fluorescent intensities
of them decrease gradually. Because the blank sample Mo
dose not have fluorescent emission (Figure 3c), the origin
of the fluorescent emission of the monolayer hydrogels is
TPE-4Py. When the pH value decreases, TPE-4Py in the
aggregate in the monolayer hydrogel sample gradually
protonates, which leads to the red-shift of the hydrogel
sample. Meanwhile, the increase of the solubility of pro-
tonated TPE-4Py causes the decrease of its fluorescent
intensity due to the EIR effect though the electrostatic
interaction between formed pyridyl groups and benzene-
sulfonate groups on PAS chains restricts the intramolecu-
lar rotation of the protonated TPE-4Py to some extent. It
can also be seen from the Figure 3c that with the increase
of the TPE-4Py concentration from Mz to Ms, the fluores-
cent intensity of the hydrogel sample at a specific pH val-
ue increases. This phenomenon can be easily understood

that with the increase of the TPE-4Py concentration, the
amount of fluorophores increases.

It can also be seen from Figure 3a that with the de-
crease of the pH value, volumes of the monolayer hydro-
gel samples of M1 to M5 decrease. Masses of Mo to Ms
before (m,) and after (m.) immersing were measured and
the shrinkage ratios (1) of them were calculated by the
following equation:

mo — Me

n=—= X 100 (1)
pH dependences of n of Mo to Ms were depicted in
Figure 3d. With the decrease of the pH value, hydrogels
Mo to M5 shrink. i of Mo slightly increases with pH value
decreasing from 7.30 to 3.00. When the pH value further
decreases, 1 of Mo increases largely up to 59.72%. This
may be caused by the ion-shield effect at low pH medium.
With the introduction of TPE-4Py aggregates, n of the
hydrogel sheets increases compared with that of Mo in
acidic medium. This is caused by the emerged electrostat-
ic interactions between protonated TPE-4Py and ben-
zenesulfonate groups on the hydrogel network chains. In
acidic medium, protonated TPE-4Py acts as additional
physical cross-linking point. The increase of the cross-
linking density causes the hydrogel to shrink. With the
increase of the TPE-4Py concentration, i increases from
M1 to M5 at a specific pH value. This can be easily under-
stood that the higher the TPE-4Py concentration is, the
more amount of physical cross-linking points generate in

acidic medium.

NMR spectroscopy was used to demonstrate the exist-
ence of the electrostatic interaction between protonated
TPE-4Py and benzenesulfonate groups on the hydrogel
network chains. A linear random copolymer PAAm-r-PSS
was synthesized (see Supporting Information) as the
modal of the hydrogel network chain. A D,O solution of
PAAm-r-PSS, a D,O solution of TPE-4Py and a D,O solu-
tion containing both PAAm-r-PSS and TPE-4Py with the
pH value of 2.0 were prepared. A D,O solution containing
both PAAm-r-PSS and TPE-4Py with the pH value of 7.0
was also prepared. 'H NMR spectra of the solutions were
taken and shown in Figure 3e. From the 'H NMR spec-
trum of the PAAm-r-PSS solution (Figure 3e (1)), it can be
seen that signals of protons H, and H, on the benzenesul-
fonate group on PAAm-r-PSS are located at 7.72 and 7.33
ppm. The shapes and chemical shifts of proton signals on
PAAm-r-PSS in Figure 3e (I) are identical with that on
PAAm-r-PSS in D,O with the pH value of 7.0 in Figure S3.
There are four doublet peaks at 8.73, 8.26, 7.80 and 7.48
in the 'H NMR spectrum of TPE-4Py solution in Figure 3e
(I1), which are assigned to protons H,, H,, H; and H, re-
spectively on 4H-TPE-4Py*". When PAAm-r-PSS and TPE-
4Py were mixed in D,O in neutral medium, the 'H NMR
spectrum of the mixture in Figure 3e (III) only contains
signals of PAAm-r-PSS protons. TPE-4Py in the aggrega-
tion state dose not have any proton signals. The spectrum
in Figure 3e (III) is identical with the spectrum in Figure
3e (I). This indicates that PAAm-r-PSS and TPE-4Py ag-
gregate do not have interactions. When the pH
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Figure 3. (a) Photographs of monolayer hydrogel samples Mo to M3 after immersed in aqueous solutions with different pH val-
ues for 17 h under 365-nm UV illumination. (The pH values of every hydrogel samples from left to right are 1.85, 2.77, 3.12, 3.39,
3.56, 3.73, 4.00, 4.13, 4.36, 4.47, 4.66, 4.95, 5.18, 5.70, 5.91, 6.50 and 7.30 respectively.) (b) A, of monolayer hydrogel samples as a
function of pH after immersed in aqueous solutions with different pH values for 17 h. (¢) Maximum PL intensity (I,,,) of the
monolayer hydrogel samples as a function of pH. (d) Shrinkage ratio (1) of the monolayer hydrogel samples as a function of pH.
(e) Molecular structures of copolymer network chain of monolayer hydrogel and 4H-TPE-4Py*", and '"H NMR spectra of (I) a
solution of model copolymer PAAm-r-PSS (6.00 x 10> mM) with pH of 2.0, (II) a solution of TPE-4Py (1.28 mM) with pH of 2.0,
(II1) a solution of PAAm-r-PSS (6.00 x 10> mM) and TPE-4Py (1.28 mM) with pH of 7.0, and (IV) a solution of PAAm-r-PSS (6.00
x 10> mM) and TPE-4Py (1.28 mM) with pH of 2.0. (f) Partial 2D NOESY NMR spectrum of the solution of PAAm-r-PSS (6.00 x

10> mM) and TPE-4Py (1.28 mM) with pH of 2.0.

value of the mixture was decreased to 2.0, TPE-4Py pro-
tonated into 4H-TPE-4Py*" and dissolved, and proton
signals of 4H-TPE-4Py*" appeared in the 'H NMR spec-
trum in Figure 3e (IV). However, the shapes and the
chemical shifts of the signals change compared with that
in Figure 3e (II). The peaks of protons on 4H-TPE-4Py*
broaden largely and upfield shift when PAAm-r-PSS was

added. The broadness is related to the dynamics of phenyl
and protonated pyridyl groups on 4H-TPE-4Py*". When
4H-TPE-4Py** forms electrostatic interactions with
PAAm-r-PSS, the movements of the phenyl and protonat-
ed pyridyl groups on 4H-TPE-4Py*" are restricted and the
rotation of the groups reduces.®” Thus, the proton signals
become broad. Besides, the interaction with the benzene-
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Figure 4. (a) Photographs of monolayer hydrogel samples M1 to M5 after immersed in pH 3.12 aqueous solution with different
time under 365-nm UV illumination. (The immersion time of every hydrogel samples from left to right are about o, 15, 35, 55, 80,
110, 140, 180, 240, 300, 350, 400, 450, 550, 650, 750, 9oo and 1000 min respectively.) (b) A, of monolayer hydrogel samples as a
function of immersion time after immersed in pH 3.12 aqueous solution. (¢) ., of monolayer hydrogel samples as a function of
immersion time after immersed in pH 3.12 aqueous solution. (d) n of monolayer hydrogel samples as a function of immersion

time after immersed in pH 3.12 aqueous solution.

sulfonate groups on PAAm-r-PSS leads to the shielding
effect on 4H-TPE-4Py*" protons, which causes their signal
to upfield shift.” On the other hand, signals of protons H,
and Hy on the benzenesulfonate group on PAAm-r-PSS
shift downfield in Figure 3e (IV) compared with that in
Figure 3e (III). This is caused by the interaction with the
protonated pridyl groups on 4H-TPE-4Py**. 2D NOESY 'H
NMR spectra of the D,O solution containing both PAAm-
r-PSS and TPE-4Py with the pH value of 2.0 was also tak-
en. From the spectrum (Figure 3f) it can be seen that sig-
nals of protons on protonated pridyl groups in 4H-TPE-
4Py*" correlate with the resonance of benzenesulfonate
protons on PAAm-r-PSS. The correlation peaks can not
found in the spectrum of the D,O solution of TPE-4Py
with the pH value of 2.0 (Figure S4). The above NMR re-
sults all indicate that electrostatic interactions exist be-
tween 4H-TPE-4Py*" and benzenesulfonate groups on the
hydrogel network chains.

Dynamic Feature of pH-Responsive Fluores-
cence Color, Brightness and Volume Changing
Properties of TPE-4Py/PAS-Based Monolayer Hy-
drogels. After the study of the pH-responsiveness of flu-
orescence color, brightness and volume of TPE-4Py/PAS-
based monolayer hydrogels in different pH values, 3.12
was selected as the pH value to investigate the dynamic
process of the fluorescence color, brightness and volume
changing of the hydrogels. Swollen hydrogel sheets of M1
to Ms with the size of about 10 mm x 10 mm were im-
mersed in aqueous solutions with the pH value of 3.12.

Photographs under 365-nm UV illumination, fluorescent
emission spectra (Figure S13) and masses of the hydrogel
sheets at different time were measured. Time dependenc-
es of A, and I, were depicted in Figure 4b and c. It can
be seen from the photographs (Figure 4a) and the figures
that for all hydrogels with the increase of the immersion
time, the fluorescent emission red shifts and the fluores-
cent intensity decreases. These were caused by the proto-
nation of TPE-4Py and the EIR effect of protonated TPE-
4Py. With the increase of TPE-4Py concentration from M1
to Ms, the time which the hydrogels spend to reach the
equilibrated A, values about 533 nm and the equilibrat-
ed I, values increases. With the increase of the amount
of TPE-4Py molecules in the hydrogel sheet, the time that
the molecules spend to protonate to 4H-TPE-4Py*" in-
creases. Meanwhile, n of all hydrogel sheets increases
with the increase of the immersion time, and the time
which the hydrogel sheets spend to reach the equilibrated
n values increases with the increase of TPE-4Py concen-
tration from M1 to M5 in Figure 4d. With the increase of
the immersion time, the amount of physical cross-linking
points (protonated TPE-4Py) increases, and the hydrogel
shrink gradually. With the increase of the amount of TPE-
4Py molecules in the hydrogel sheet, the time that the
molecules spend to protonate to 4H-TPE-4Py*" and form
electrostatic interactions with hydrogel network chains
increases. Because changes of the fluorescent emission
wavelength, the fluorescent intensity and the volume of
the monolayer hydrogels root in one element, TPE-4Py,
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Figure 5. (a) Photographs of fully swollen bilayer hydrogel actuator samples D1 to D5 under day-light. (b) Photographs of the
monolayer hydrogel samples after immersed in pH 3.12 aqueous solution with different time under 365-nm UV illumination.
(The immersion time of every hydrogel samples from left to right are about o, 12, 25, 38, 53, 77, 105, 135, 170, 225, 285, 355, 415, 500,
625, and 780 min.) (c) Ay, of the monolayer hydrogel samples as a function of immersion time after immersed in pH 3.12 aque-
ous solution. (d) I, of the monolayer hydrogel samples as a function of immersion time after immersed in pH 3.12 aqueous
solution. (e) Bending angle of the monolayer hydrogel samples as a function of immersion time after immersed in pH 3.12 aque-

ous solution.

the changes of the three properties are simultaneous and
synchronous from Figure 4.

Dynamic pH-Responsive Fluorescence Color,
Brightness Changing and Shape Deformation
Properties of TPE-4Py/PAS-Based Bilayer Hydrogel
Actuators. To transform the isotropic shrinkage of the
monolayer hydrogels into anisotropic 3D shape defor-
mation, bilayer hydrogel actuators were fabricated
through a simple strategy of adding a PAS hydrogel layer

without TPE-4Py (Mo) onto the TPE-4Py/PAS-based
monolayer hydrogels (M1 to Ms). The TPE-4Py/PAS-
based monolayer hydrogel acts as the role of the active
layer and the PAS-based monolayer hydrogel acts as the
role of the passive layer (Figure Ss5). Thus, two layers of
the formed actuators are based on one hydrogel matrix of
PAS with the difference that whether the function ele-
ment TPE-4Py exists. Five bilayer hydrogel actuators D1
to D5 were prepared from M1 to Mg and Mo (Table S2)
according to the procedure in the Supporting Information.



The as-prepared bilayer hydrogel actuators of D1 to D5
were cut into strips with the size of 15 mm x 2 mm, and
were immersed in bulk DI water for 12 h. The equilibrat-
edly swollen actuator strips are arc-shaped (Figure s5a)
with the transparent passive layer at the inner layer and
the white active layer at the outer layer. Auxiliary white
dash lines were depicted in the photographs to facilitate
the recognition of the passive layers.

The arc-shaped bilayer hydrogel actuator strips were
immersed in aqueous solutions with the pH value of 3.12.
Photographs under 365-nm UV illumination, fluorescent
emission spectra (Figure Si4) and bending angles of them
at different time were measured. The fluorescent emission
spectra were measured from the direction of the passive
layer. Time dependences of A, and I,,, were depicted in
Figure 5c and d. It can be seen from the photographs
(Figure 5b) and the figures that for all actuator strips with
the increase of the immersion time, the fluorescent emis-
sion red shifts and the fluorescent intensity decreases.
These were caused by the protonation of TPE-4Py and the
EIR effect of protonated TPE-4Py in the active layer. With
the increase of the TPE-4Py concentration in the active
layer of the actuator strips from D1 to Ds, the time which
the hydrogels spend to reach the equilibrated A, values
and the equilibrated I, values tends to be the same. This
character is different from that of the monolayer hydro-
gels M1 to Ms. The fluorescent emission spectra were
measured from the direction of the passive layer. Thus the
spectra showed the fluorescent properties of TPE-4Py
located at the interface between the active and the passive
layers. The protonated TPE-4Py molecules could migrate
into the passive layer in short distance and form electro-
static interactions with the network chains of the passive
layer. These protonated TPE-4Py molecules mainly con-
tribute to the fluorescent emission spectra of the bilayer
hydrogel actuators. Under this circumstance, the migra-
tion of the protonated TPE-4Py molecules is the key fac-
tor to determine the dynamics of the changing of the flu-
orescent properties of the actuators. The migration rates
of the protonated TPE-4Py are consistent in all bilayer
hydrogels. Thus the dynamics of the fluorescent proper-
ties changing of D1 to D5 are similar. Meanwhile, after the
arc-shaped bilayer hydrogel actuator strips were im-
mersed in aqueous solutions with the pH value of 3.12, the
strips gradually unbent (Figure 5b). Time dependences of
bending angles of the strips were depicted in Figure se. It
can be seen from the figure that with the increase of the
immersion time, bending angles of all strips of D1 to D5
decrease gradually and finally reach equilibriums. With
the increase of the immersion time, the increase of the
amount of physical cross-linking points (protonated TPE-
4Py) causes the active layer to shrink, and the generated
force at the interface between the active and the passive
layers causes the actuator strips to unbend. With the in-
crease of the immersion time, bending angles of actuator
strips D1 and D2 first quickly decrease, then increase a
little, and finally reach equilibriums. After the actuator
strips were immersed in the pH 3.12 aqueous solution, the
TPE-4Py first protonated and formed electrostatic inter-

actions with network chains of the active layer. These
newly formed physical cross-linking points resulted in the
shrinkage of the active layer and the unbending of the
strips. Then a small amount of protonated TPE-4Py mole-
cules migrated into the passive layer and acted as the
physical cross-linking points to interact with its network
chains. This caused the passive layer to shrink slightly,
and the strips recovered slightly. When the TPE-4Py con-
centration in the active layer further increases, this bend-
ing angle recovery phenomenon disappears for D3 to Ds.
The newly formed protonated TPE-4Py could either form
interactions with network chains in the active layer or
migrate and form interactions with network chains in the
passive layer. Nevertheless, the amount of the migrated
protonated TPE-4Py molecules is small and the majority
of the protonated TPE-4Py molecules act as the physical
cross-linking points in the active layer. When the TPE-
4Py concentration increases in the active layer, the pro-
portion of the amount of the migrated protonated TPE-
4Py molecules in all protonated ones decreases, and the
recovery effect can not be appeared. With the increase of
the TPE-4Py concentration in the actuator strips from D3
to Ds, the time which the strips spend to reach equilibri-
ums increases. With the increase of the amount of TPE-
4Py molecules in the strips, the time that the molecules
spend to protonate to 4H-TPE-4Py*" and form electrostat-
ic interactions with hydrogel network chains increases.
From Figure 5b to e, it can be seen that the changes of the
fluorescent emission wavelength, the fluorescent intensity
and the bending angle of the bilayer hydrogel actuators
are simultaneous and synchronous. This is profited from
the core role of TPE-4Py as the origin of the changes of
the three properties. Because the bilayer hydrogel actua-
tor strip D5 had the moderate changing rate of fluores-
cence color, brightness and curvature, it was selected to
prepare the complex-shaped actuator and simulate the
blooming process of natural flowers with the ability of
simultaneous color changing during blooming.

A flower-shaped bilayer hydrogel actuator based on D5
was prepared through cutting of the as-prepared D5 bi-
layer hydrogel film. After the actuator was immersed in
DI water to swell to the equilibrium, it turned into furling
state. Then it was immersed in the aqueous solution with
pH value of 3.12. Photographs of the actuator were taken
every several minutes until 780 min from side and top
views under 365-nm UV illumination. 18 photographs
were selected to show the process of simultaneous fluo-
rescence color and brightness changes and complex shape
deformation of the actuator in Figure 6. It can be seen
that with the increase of the immersion time, the artificial
flower made by D5 gradually blooms accompanied with
simultaneous fluorescence color and brightness changes.
All the photographs are also made into two movies (Mov-
ie M1and M2).

AIE Effect during the Process of the Simultane-
ous Fluorescence Color, Brightness and Shape
Changing of Bilayer Hydrogel Actuators. In the neu-
tral medium, the origin of the fluorescence of the actuator
is aggregated TPE-4Py encapsulated in the active layer.
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Figure 6. Simultaneous emission change and complex shape deformation of M5 based hydrogel actuator. (Photographs were
taken under 365-nm UV illumination. The upper line is flat view and the lower line is plane view.)

AlE effect causes the TPE-4Py to emit strong sapphire
light. TPE-4Py forms aggregates in the neutral water and
emits strong fluorescence. When TPE-4Py protonates to
4H-TPE-4Py* in the aqueous solution, the dissolution of
4H-TPE-4Py*" activates its intromolecular rotation. Thus
the red shifted fluorescent light of 4H-TPE-4Py*" is pretty
weak. The maximum PL intensity of the TPE-4Py suspen-
sion with the pH value of 6.98 (I - 64s) is 221.5 times that
of the 4H-TPE-4Py*" solution with the pH value of 3.34
(Ion=53,) (Figure S16). Quantum yields (QYs) of the TPE-
4Py suspensions with different pH values were also meas-
ured (Figure Si5a), and QY of TPE-4Py suspension with
the pH value of 6.98 (QY,-6s) is 8.6 times that of 4H-
TPE-4Py*" solution with the pH value of 3.34 (QY,u-53,).
However, for the TPE-4Py/PAS-based monolayer hydro-
gels and bilayer hydrogel actuators, the differences of
fluorescence brightness before and after immersed in pH
3.12 aqueous solution are largely reduced. The maximum
PL intensity of D5 before the immersion (Ipefore immersion) 1S
only 10.5 times that of it after the immersion (I ger immersion)s
and QY of D5 before the immersion (QYpefore immersion) 1S
only 2.3 times that of it after the immersion (QY,ger immer-
sion)- After the protonation of TPE-4Py, the formed 4H-
TPE-4Py*" electrostatically interacts with network chains
of the hydrogel. These interactions and the network pol-
ymer chains largely restrict the intramolecular rotation of
4H-TPE-4Py*", which leads to the visible red shifted fluo-
rescent emission.

CONCLUSIONS

In summary, bilayer hydrogel actuators with abilities of
simultaneous fluorescence color and brightness changes
and complex shape deformation under one stimulus were
designed and fabricated using TPE-4Py as the core func-
tion element and PAS as the matrix. TPE-4Py aggregates
encapsulated PAS hydrogel acted as the active layer of the
actuators and blank PAS hydrogel acted as the passive
layer. TPE-4Py/PAS-based monolayer hydrogels and bi-
layer hydrogel actuators with different TPE-4Py concen-
tration were prepared and their pH-responsiveness was
investigated. When the flower-shaped actuator M5 were
immersed in aqueous solution with pH value of 3.12, it
could simultaneously change its fluorescence color,
brightness and shape during 13 h. Protonation of TPE-4Py

led to fluorescence color and brightness changes of the
actuators and meanwhile electrostatic interactions oc-
curred between the formed protonated TPE-4Py and ben-
zenesulfonate groups on PAS chains in the active layer
caused the actuators to deform. The strategy of combin-
ing AlEgens with bilayer hydrogels to construct stimuli-
responsive hydrogels with complex practical functions in
this work provides new insights in the design of intelli-
gent systems. The prepared TPE-4Py/PAS-based bilayer
hydrogel actuators are potential to be applied in high-
tech fields such as 3D and 4D printing, soft robots, smart
wearable devices and drug delivery systems.
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