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Multi-responsive Hydrogel Featuring Synergistic Regulation of AIE and
Mechanical Behaviors via Dynamic Hydrogen Bonding Network
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College of Chemistry, Jilin University, Changchun 130012, China)

Abstract A multi-stimuli-responsive hydrogel, P (VI-co-MAAC-NE) , was successfully constructed by covalently
integrating the aggregation-induced emission (AIE) moiety (Z) -N- (4- (1-cyano-2- (4- (diethylamino ) phenyl) vinyl ) -
phenyl) methacrylamide (NE) into a dynamic hydrogen-bonding network composed of 1-vinylimidazole (VI) and
methacrylic acid (MAAC) groups. The dense hydrogen-bonding network not only provides enhanced mechanical
robustness, but also significantly enhances the AIE effect of NE by restricting its molecular motion. Under various
external stimuli, the hydrogen bonds within the hydrogel network undergo reversible dissociation and reformation,
thus enabling synergistic modulation of the hydrogel’s mechanical properties and luminescence behavior.
Specifically, organic solvents disrupt the hydrogen-bonding network and the aggregation of the AIE moiety NE,
resulting in macroscopic swelling and fluorescence quenching of the hydrogel. In strongly acidic conditions,
protonation of NE molecules suppresses the intramolecular charge transfer (ICT) process, yielding a blue-shifted
emission band accompanied by intense blue fluorescence; in highly alkaline environments, deprotonation of carboxyl

groups induces hydrogel swelling and disperses NE aggregates, leading to pronounced fluorescence quenching.
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Moreover, the system exhibits thermally activated shape-memory behavior: heating above the glass transition
temperature (7,: ca. 62 °C) softens the hydrogel to allow programmable reshaping, and subsequent hydrogen bond
reformation at ambient conditions locks in the resultant geometries without sacrificing the hydrogel ’s fluorescence
performance. By capitalizing on these multi-stimuli-responsive characteristics and shape-memory behavior, the
potential of hydrogel P(VI-co-MAAC-NE) for advanced information encryption and anti-counterfeiting applications is
demonstrated. This work not only provides a versatile material platform for sensing and information storage, but also
offers new insights into the design of intelligent soft materials integrating AIE features with dynamically regulated
supramolecular network structures.

Keywords Aggregation-induced emission (AIE) ; Multi-responsive hydrogel; Mechanical properties; Hydrogen

bonds network

1 Introduction
Fluorescent hydrogels have attracted considerable interest for applications in sensing ', bioimaging'* ™,

] 9—11]

bionic actuation'”*, and information encoding' , owing to their soft porous structure, tunable lumines-

12,13

cence, and dynamic exchange of substances with the surrounding environment"'>'*. To date, various lumines-

[14] 15,16

cent species such as fluorescent proteins'™*', conventional organic dyes'"”'’, and carbon dots'”"*" have been
incorporated into hydrogel matrices to construct stimulus-responsive intelligent systems. However, these
systems often suffer from intrinsic limitations: hydrophobic planar dyes tend to undergo dense 7 -7 stacking
within hydrophilic polymer networks, leading to aggregation-caused quenching (ACQ) and severe emission
quenching at high concentrations, which significantly restricts their practical applicability'**",

The concept of aggregation-induced emission (AIE) , proposed by Tang Benzhong et al. in 2001, has
opened up new avenues for the design of organic luminescent materials that exhibit intense emission in the

aggregated state'’.

In contrast to traditional ACQ dyes, AIE molecules in a well-dispersed state show weak
emission because intramolecular rotational motion dissipates excitation energy. However, upon aggregation,
restricted molecular motion and twisted conformations effectively suppress detrimental 77-7 stacking interac-
[22—25]

tions, thus enabling bright fluorescence emission Most AlEgens are hydrophobic and therefore tend to
emit intensely in aqueous or hydrophilic environments. Fortunately, hydrogels (highly hydrated three-
dimensional networks) serve as ideal matrices to promote the aggregation of AlEgens, thereby facilitating
strong and stable fluorescence emission %",

Despite such inherent compatibility, the integration of AlEgens into hydrogel matrices remains a
formidable challenge. Physical blending often leads to macroscopic phase separation between hydrophobic
AlEgens and the hydrophilic polymer network, giving rise to heterogeneous fluorescence emission. In
addition, copolymerizing AlEgens into the hydrogel backbone tends to compromise the resultant material ’ s
mechanical strength; conversely, an insufficient loading of AlEgens fails to drive effective molecular
aggregation, thus yielding faint fluorescence output. Therefore, the fabrication of AlE-active hydrogels
simultaneously endowed with superior mechanical strength, intense fluorescence, and homogeneous emission
still constitutes a major bottleneck ***. Moreover, in most reported systems, AlEgens and hydrogel network
respond independently to external stimuli, leading to non-synergistic optical and mechanical behaviors that
severely restrict real-time sensing and feedback capabilities®' .

To address these challenges, we constructed a multi-stimuli-responsive fluorescent hydrogel, P (VI-co-
MAAC-NE), via the copolymerization of the aggregation-induced emission(AIE) monomer(Z)-N-(4-(1-cyano-
2- (4- (diethylamino) phenyl) vinyl ) -phenyl ) methacrylamide (NE) into a dynamic hydrogen-bonding network

composed of 1-vinylimidazole (VI) and methacrylic acid (MAAC) units. The NE monomer possesses a
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cyanostilbene backbone that endows it with AIE characteristics, alongside terminal NV, N-diethylaniline groups

responsible for its stimuli-responsive behavior. The VI and MAAC units form robust yet dynamic hydrogen
bonds, which not only enhance the hydrogel’ s mechanical performance, but also restrict the intramolecular
motion of NE, thereby boosting its fluorescence emission. Crucially, these hydrogen bonds exhibit reversible
responsiveness to multiple external stimuli, enabling orthogonal modulation of the hydrogel’ s fluorescent and
mechanical properties. For instance, organic solvents [e.g., dimethyl sulfoxide (DMSO) ] disrupt the hydro-
gen-bonding network and NE aggregation, resulting in fluorescence quenching, hydrogel swelling, and
mechanical softening. Under acidic conditions, both VI and NE undergo protonation: this breaks hydrogen
bonds and terminates the intramolecular charge transfer (ICT) process in NE, leading to a 39 nm blue-shift
and intense blue fluorescence. In alkaline environments, carboxylate deprotonation induces hydrogel swelling
and disperses NE aggregates, achieving 99. 5% fluorescence quenching. Heating above the glass transition
temperature (7T,) also disrupts hydrogen bonds, enabling programmable shape deformation; subsequent
cooling restores the network structure and permanently fixes the deformed shape. Leveraging these integrated
multi-stimuli-responsive and shape-memory properties, we further demonstrate the great potential of this

hydrogel for fluorescent information storage and encryption applications.

2 Experimental

2.1 Materials and Measurements

All the solvents were purchased from commercial suppliers and used directly without further purification
unless otherwise stated. 1-Vinylimidazole (VI) , methacrylic acid (MAAC) , N, N'-methylenebisacrylamide
(Bis, 99%) , azobisisobutyronitrile (AIBN, 98%) , and potassium persulfate (KPS) were all purchased from
Energy Chemical Co., Ltd.

UV-Vis absorption spectra were recorded on a Shimadzu 3600 UV-Vis spectrometer. Fluorescence
spectra were measured on a Shimadzu RF-5301PC fluorescence spectrophotometer with an excitation
wavelength of 365 nm. Fourier-transform infrared (FTIR) spectra were recorded on a Bruker VERTEX 70
FTIR spectrometer. Scanning electron microscopy (SEM) images were obtained from a JEOL JEM-6700F
scanning electron microscope with 3 kV operating voltage. Differential scanning calorimetry (DSC) was
performed on a DSC Q20 instrument under a nitrogen purge. Rheological measurements were carried out on a
TA HR-2 rheometer with parallel plate geometry. The mechanical property tests were carried out using a
universal testing machine (ITW 5944 2KN).

2.2 Synthesis of NE

The synthesis and characterization of NE has been reported in our previous work */.
2.3 Preparation of P(VI-co-MAAC-NE) Hydrogel

NE (20 mg, 0.05 mmol), VI(370 pL, 4. 10 mmol) , MAAC (1. 985 mL, 23.40 mmol) , Bis(42. 40
mg, 0.27 mmol ), and AIBN (23 mg, 0. 15 mmol) were dissolved in 7. 65 mL. DMSO. The precursor solution
was injected into a mold (composed of a 1 mm rubber spacer sandwiched between glass plates) and thermally
polymerized at 70 °C for 8 h to yield a yellow transparent organogel. Subsequently, the organogel was
immersed in water for solvent exchange (with water replaced 3—4 times daily over 7 d) to remove residual
DMSO, ultimately producing a green fluorescent hydrogel. By varying the NE content (1—30 mg) , hydrogels
with tunable fluorescence emission were successfully fabricated.

2.4 Preparation of P(VI-co-MAAC) Hydrogel

P (VI-co-MAAC) hydrogel was prepared following the procedure for P (VI-co-MAAC-NE) hydrogel,

excluding NE.
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2.5 Preparation of PVI Hydrogel

VI(2.72 mL, 30 mmol) , Bis(42.40 mg, 0.27 mmol), and AIBN(23 mg, 0. 15 mmol) were dissolved
in toluene(7. 29 mL). The mixture was polymerized in an oven at 70 °C for 8 h to yield the PVI hydrogel.
2.6 Preparation of PMAAC Hydrogel

MAAC (2. 55 mL, 30 mmol) , Bis(42.40 mg, 0.27 mmol) , and initiator potassium persulfate (KPS,
27.20 mg, 0. 10 mmol) were thoroughly mixed in deionized water(7. 46 mL). The homogeneous solution was
polymerized in an oven at 70 °C for 8 h to obtain the PMAAC hydrogel.

2.7 Mechanical Measurement

Samples were cut into strips (30 mmx5 mmx1 mm) and clamped onto a universal testing machine.
Tensile tests were performed at a compression speed of 100 mm/min with a 100 N load cell.

For solvent-responsiveness characterization, the hydrogel samples were first fully swollen in deionized
water until reaching equilibrium. The equilibrated samples were then immersed in DMSO until equilibrium
was reached (usually 48 h). After gently removing the surface liquid with filter paper, the DMSO-swollen gel
was subjected to tensile measurement. To evaluate reversibility, the same batch of samples was subsequently
dialyzed back to deionized water to restore the hydrogel state, and measurements were taken again.

For pH responsiveness, the hydrogel samples were immersed in aqueous solutions with different pH
values (adjusted using 1 mol/L. HCI or 1 mol/L. NaOH) until swelling equilibrium was reached (typically 48 h).
The pH value of the surrounding solution was verified using a calibrated pH meter. Before conducting
mechanical measurement, the surface of the pH-treated hydrogel strips was gently blotted dry. Tensile
measurement were performed on samples equilibrated under each specific pH condition.

For temperature-dependent measurement, a water bath attachment was integrated into the testing system.
Samples were equilibrated in water at temperatures ranging from 10 °C to 70 “C prior to measurement.

2.8 Micro Morphology Characterization

Hydrogels were cut into blocks, freeze-dried, and the microscopic morphology of the cross-section was
observed. Due to the poor conductivity of the polymer matrix, gold spraying treatment was used before
characterization to enhance surface conductivity. Then, SEM was performed on the gel samples by using a
JEOL JEM-6700F emission scanning electron microscope , with the accelerating voltage of 3 kV.

2.9 Swelling Ratio Measurement

Identically shaped hydrogel specimens were softly wiped with filter paper to remove surface water and
weighed (m,, g). Later, gels were soaked into aqueous solutions of varying pH value (equilibrated for 24 h).
Swollen gels were re-weighed (m,, g) following surface water removal. Triplicate measurements were aver-

aged, and the swelling ratio(7, %) was calculated as follows*.

n="0 " 5 100%

m

2.10 Glass Transition Temperature Measurement
In Rheological measurement, cylindrical hydrogel specimens (25 mm diameterx50 mm height) were
prepared and coated with silicone oil to minimize solvent evaporation. The samples were loaded onto a
theometer equipped with 25 mm parallel plates. Temperature sweeps were conducted from 30 C to 90 C at a
heating rate of 5 ‘C/min under oscillatory shear conditions (frequency: 1 Hz; strain amplitude: 0.05%).
T, was identified as the peak value of the loss factor (tand) curve. In differential scanning calorimetry (DSC)
analysis, approximately 10 mg of hydrogel was hermetically sealed in an aluminum crucible. DSC scans were
performed from 30 “C to 75 C at a heating rate of 5 ‘C/min. The T, was determined using the midpoint method,

where the intersection of the extrapolated baselines (pre- and post-transition) with the DSC curve’s inflection

region corresponds to the glass transition temperature.
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2.11 UV-Vis and Fluorescent Spectral Measurement of NE
NE was dissolved in DMSO at a concentration of 10~ mol/L. Subsequently, it was diluted with aqueous
solutions containing varying amounts of HCl and NaOH to obtain a mixed solution with a water content of 90%

and a final NE concentration of 107 mol/L. Spectral analysis was then performed.

3 Results and Discussion

3.1 Preparation of P(VI-co-MAAC-NE) Hydrogel

P (VI-co-MAAC-NE) organogel was first prepared through radical copolymerization of NE, VI, and
MAAC in DMSO, using AIBN as the initiator and Bis as the crosslinker (Scheme 1). This organogel
displayed relatively weak mechanical strength and low fluorescence emission, showing a Young’s modulus(E)
of 55. 80 kPa, breaking strain(&,) of 138.47%, and tensile breaking stress () of 77. 27 kPa[Fig. 1(A) 1.
Subsequently, the organogel was transformed into the target hydrogel, P (VI-co-MAAC-NE) , via solvent
exchange with water to remove residual DMSO. This transition led to a remarkable enhancement in both
mechanical and fluorescence properties. Tensile tests revealed typical yielding behavior at low strain,
followed by plastic deformation, strain hardening, and necking at higher strains. The mechanical parameters
increased significantly, with E, &,, and o, reaching 166. 67 MPa, 132.26%, and 2.79 MPa, respectively
[Fig. 1 (A) ]. Meanwhile, the hydrogel showed intense green fluorescence centered at 504 nm, with an
emission intensity approximately 105 times higher than that of the organogel [ Fig.1(B) J.

Precursor solution Organogel Hydrogel
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Scheme 1 Schematic diagram of the preparation of P(VI-co-MAAC-NE) hydrogel

The remarkable concurrent in mechanical strength and fluorescence was attributed to the formation of a
dense hydrogen-bonding network between the imidazole and carboxylic acid groups ™. The FTIR analysis
results showed that in P(VI-co-MAAC) and P(VI-co-MAAC-NE) hydrogels, the C=N stretching vibration of
PVI shifted from 1500 ecm™ to 1545 c¢m™, while the C=0 stretching vibration of PMAAC shifted from
1706 cm™ to 1710 em™, which confirmed the strong intermolecular interactions [Fig. 1(C) and (D) ]. The
overall spectral profile of P (VI-co-MAAC-NE) closely resembled that of PMAAC, consistent with the
dominant content of methacrylic acid in the copolymer. No distinct cyano stretching peak was observed, likely
due to the low incorporation level of NE. Beyond the primary hydrogen bonds between imidazole and
carboxylic acid groups, additional cohesion of the network arose from hydrogen bonding among carboxylic acid
groups themselves and hydrophobic interactions between imidazole moieties in the aqueous environment, all of
which synergistically enhanced the overall mechanical properties®’. The resulting shortened interchain
distances promoted the formation of a densely porous network morphology, as observed by SEM (Fig.S1, see
the Supporting Information of this paper), which further accounted for the improved mechanical performance.

This hydrogen-bonding network also played a crucial role in fluorescence enhancement by effectively
restricting the molecular motion of the incorporated NE. The NE exhibited typical AIE behavior, attributable

to its twisted cyanostilbene backbone. In dispersed states, the free rotation of benzene rings in the
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Fig. 1 Stress-strain curves(A) and fluorescence spectra(B) of hydrogel and organogel, FTIR spectra(C, D) of
PVI hydrogel, PMAAC hydrogel, P(VI-co-MAAC) hydrogel and P(VI-co-MAAC-NE) hydrogel, photo-
graphs of swelling behavior and fluorescence change(E) of P(VI-co-MAAC-NE) hydrogel in DMSO
and water under natural light and UV light after reaching equilibrium, along with a schematic illus-
tration of the internal structural change(the length of each grid is 0. 5 cm)

cyanostilbene unit dissipated absorbed energy via non-radiative pathways, resulting in weak fluorescence. In
contrast, in aggregated states, molecular rotation was restricted®. When copolymerized into the hydrogel
network, the motion of NE molecules was effectively constrained by the strong hydrogen bonds between
polymer chains, promoting radiative transition and leading to intense emission. By varying the amount of NE
incorporated, a series of highly fluorescent hydrogels was obtained. As the NE content increased, the
emission peak exhibited a gradual red-shift (Fig.S2, see the Supporting Information of this paper) , attributed

to the formation of J-aggregates".

For further investigation, we selected the hydrogel containing 20 mg of
NE, which showed an emission maximum at 504 nm, indicating a high degree of NE aggregation suitable for
subsequent modulation.
3.2 Solvent Responsiveness

As established above, the mechanical and fluorescent properties of P (VI-co-MAAC-NE) hydrogel were
governed by its internal hydrogen-bonding network. Therefore, any stimulus capable of altering the hydrogen
bonds could effectively modulate its properties. To verify this, we employed organic solvent to disrupt and
subsequently restore the hydrogen bonds. Upon immersion in DMSO until equilibrium swelling, the hydrogel

exhibited significant volumetric expansion, a pronounced decrease in mechanical strength, and substantial

fluorescence quenching [Fig. 1 (E) ]. This behavior was attributed to the dissociation of hydrogen bonds by
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3381 Concurrently, the

DMSO, which loosened the polymer network and allowed solvent penetration'
disruption of hydrogen bonds reduced NE aggregation, and DMSO, acting as a good solvent for NE, enhanced
molecular mobility, thereby suppressing the AIE effect. Importantly, when the gel was dialyzed back into
water, its fluorescence, volume, and mechanical properties were fully recovered [ Fig.1(A) and (B) ]. This
cycle could be repeated at least 3 times, confirming the highly reversible nature of the solvent-triggered
destruction and reformation of hydrogen bonds(Fig.S3, see the Supporting Information of this paper).
3.3 pH Responsiveness

In addition to solvent, pH stimulation served as another effective approach for tuning the mechanical and
fluorescence properties of P (VI-co-MAAC-NE) through reversible disruption of hydrogen bonds. A series of
hydrogel samples was immersed in aqueous solutions of different pH values until swelling equilibrium. Their
volumetric swelling, mechanical properties, and fluorescence were measured and correlated.

Within the pH range of 2—10, the volume, mechanical properties and fluorescence remained largely

unchanged, indicating the stability of the hydrogen-bonding network under these conditions, and the hydrogel
preserved AIE behavior[Fig.Z(A) 1.
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Fig. 2 Swelling ratio(A), stress-strain curves(B) and corresponding Young’s modulus(E), breaking strain
(£,), and tensile breaking stress(o,)(C) of P(VI-co-MAAC-NE) hydrogel at different pH values, and
schematic illustration of hydrogen-bonding changes in P(VI-co-MAAC-NE) hydrogel under different
pH conditions(D)

However, under strong acidic conditions (pH=1) , the hydrogel exhibited a coupled response. Marked
swelling occurred, with the swelling ratio increasing by approximately 20% compared to the initial state
[Fig.2(A) ]. Correspondingly, the mechanical parameters decreased significantly: E, &,, and o, dropped to
0.12 MPa, 41.99%, and 0. 04 MPa, respectively. The tensile curve no longer exhibited yielding behavior,
indicating a transition to a fully elastic gel state[ Fig.2(B) and (C) ]. This transformation was attributed to the
protonation of imidazole groups under strong acidity, which disrupted the hydrogen bonds between imidazole
and carboxylic acid units®. The resulting electrostatic screening further weakened the polymer network,
leading to volumetric expansion| Fig.2(D) .

At the same time, a pronounced fluorescence change was observed: intense blue emission centered at
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465 nm[Fig.3(A) ]. This emission shift was intrinsically linked to the protonation of the fluorophore NE. NE

featured a cyanostilbene backbone with terminal N, N-diethylaniline groups, where the twisted conformation
endowed it with distinct AIE characteristics. Moreover, the cyanostilbene unit functioned as an electron
acceptor(A), connected via a 7r-conjugated benzene bridge to the electron donating N, N-diethylaniline group
(D), forming a typical D-77-A structure that supported an ICT process™. Building on the established ICT
characteristics of NE, we further investigated how external stimuli could modulate its photophysical properties
through structural alterations. Disturbances to the D-7r-A structure were expected to disrupt the ICT process,
leading to significant changes in emission color and intensity'“*"’. In the case of NE, protonation of the N, N-

diethylaniline group under acidic conditions played a key role.
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Fig. 3 Fluorescence spectra(A, B) of P(VI-co-MAAC-NE) hydrogel measured under different pH conditions,
and schematic illustration of the structural changes(C) of the hydrogel in strongly acidic(pH<2) and

strongly alkaline(pH>11) environments

To simulate the acidic response of NE within hydrogel environment, aggregated states of NE were
prepared in 90% aqueous mixtures at varying pH levels. Under neutral and alkaline conditions, green
emission was observed near 515 nm. In acidic media, however, the absorption peak blue-shifted to 330 nm,
and the emission peak shifted to 466 nm, accompanied by a nearly 30-fold enhancement in intensity
(Fig. S4, see the Supporting Information of this paper). This dramatic transition was attributed to the
protonation of the electron donating diethylaniline group, which converted into an electron accepting moiety.
The resultant disruption of the D-77-A structure suppressed the ICT effect, shifting absorption to the UV region
and turning the weak green emission into intense blue fluorescence. Thus, under strong acid, a single
stimulus triggers two parallel effects: network disruption (governing mechanics/volume) and fluorophore
protonation ( governing emission ) , resulting in a coupled multi-parameter response.

In contrast, under strongly alkaline conditions (pH>11) , deprotonation of carboxylic acid groups
(—COOH) to carboxylate ions (—COO™) broke the hydrogen bonds and formed strong electrostatic repulsion
among polymer chains. This caused rapid swelling and made the hydrogel too fragile for mechanical testing.
As the pH increased beyond 11, a slight contraction in gel volume was observed compared to that at pH=11
[Fig.2(A) |, which was ascribed to the elevated ionic strength in the environment that partially shielded the
interchain electrostatic repulsion. In terms of fluorescence, although the emission remained in the green region
(near 504 nm) , the intensity dropped by approximately 186-fold[Fig.3(B) ]. This severe quenching was a
direct result of the hydrogel’ s extreme swelling [ Fig.3 (C) ], which dispersed the NE aggregates and reac-

14281 Therefore, under strong alkaline conditions, the dissociation of

tivated non-radiative decay pathways
hydrogen-bonding network acted as a common cause, synergistically driving both the macroscopic swelling/

mechanical failure and the microscopic dispersion of AlEgens that leaded to fluorescence quenching.
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The correlation between the swelling ratio, Young’s modulus, and fluorescence intensity at different pH

values is summarized in Fig. S5 (see the Supporting Information of this paper). This quantitative analysis
provides a clear visual demonstration of the synergistic coupling observed under strongly alkaline conditions
and the distinet dual-pathway response occurring under highly acidic conditions. To evaluate the reversibility
of the pH-responsive behavior, the hydrogel was repeatedly subjected to multiple cycles of alternating
immersion in pH=1 and pH=11 solutions, with equilibration in deionized water (pH=7) in between. After
completing each cycle, both the fluorescence intensity and mechanical properties returned to their initial
values, demonstrating excellent reversibility (Fig.S6, see the Supporting Information of this paper).
3.4 Temperature Responsiveness

The hydrogen-bonding network in P (VI-co-MAAC-NE) also exhibited distinct temperature response
behavior. As the temperature increased from 10 “C to 70 °C, the hydrogel became progressively softer and
more stretchable. Its E and o decreased from 173. 17 and 3. 14 MPa to 25. 84 and 1. 02 MPa, respectively,
while the g, increased from 129.52% to 322. 04%. The yielding behavior gradually diminished over this
range, indicating a transition from plastic deformation at low temperatures to elastic deformation at elevated

temperatures[Fig.él(A) and (B) |,
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Fig. 4 Stress-strain curves(A) and corresponding E, £,, and o,(B) of the hydrogel measured at different
temperatures(tensile rate: 100 mm/min), temperature-sweep rheological curve from 30 °C to 90 °C
(frequency: 1 Hz, strain: 0. 05%)(C), DSC thermogram obtained at a heating rate of 5 °C/min(D),
shape-memory behavior of a strip-shaped P(VI-co-MAAC-NE) hydrogel observed under UV light
(the scale bar is 1 cm)(E), and schematic of the proposed shape-memory mechanism during heating

and cooling(F)
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Rheological measurements showed that the storage modulus (G’ ) remained greater than the loss modulus

(G”) throughout the heating process, confirming the structural integrity of the gel. However, above 60 °C,
both moduli decreased rapidly, and a peak in the loss factor (tand) appeared at 62. 39 °C, corresponding to
T,. This transition reflected the change from a glassy to a highly elastic state [Fig.4(C) ]. The 7, value was
further corroborated by DSC analysis, which gave a transition temperature of 62. 06 ‘C[Fig.4(D) |, consistent
with the mechanical and rheological data. At temperatures below 7, strong hydrogen bonds restricted chain
mobility, resulting in a plastic mechanical response. Above T,, hydrogen bonds dissociated, allowing polymer
chains to move freely and imparting soft, elastic behavior.

The temperature response of P(VI-co-MAAC-NE) hydrogel was rapid and reversible. When immersed in
70 °C water, the hydrogel softened quickly. Upon returning to room temperature, it rapidly regained its
original stiffness. This efficient switching enabled robust shape-memory performance. A rigid strip of
P(VI-co-MAAC-NE) was placed in hot water to dissociate hydrogen bonds, softened, and manually bent into
various digital shapes. After being transferred back to ambient conditions, hydrogen bonds reformed
immediately, fixing the deformed configuration [Fig. 4 (E) and (F) ]. Notably, since the shape-memory
process involved negligible volumetric change, the aggregation state of NE molecules and the resulting strong
green fluorescence remained unaltered throughout the deformation and fixation steps.
3.5 Applications

Leveraging the multi-stimuli responsiveness of P (VI-co-MAAC-NE) hydrogel, we demonstrated its
potential for advanced information encryption and anti-counterfeiting through programmable fluorescence and
shape changes mediated by reversible hydrogen-bond interactions. As illustrated in Fig.5, a pristine hydrogel
strip was first heated in hot water to dissociate hydrogen bonds, softened, and physically folded into the digit
“6”. Cooling to room temperature reformed the hydrogen bonds, permanently fixing the shape under green
emission, thus writing the first message. Immersing the “6” -shaped gel in DMSO disrupted both the
hydrogen-bonding network and NE aggregation, causing the gel to swell and become soft and non-emissive,
thereby erasing the message. Dialyzing the organogel back into water restored the original compact structure,,

along with the mechanical strength and green fluorescence.
e Water

pH=4 A || Cooling

e e pH=11

1 i pH:l E o e ] ] Ll bt o
- _

Fig.5 Programmable information encryption and erasure via multi-stimuli-responsive shape and

fluorescence switching

In a second writing step, the same strip was reheated and twisted into a helical shape, which was again
fixed upon cooling. This new configuration could be erased by placing the helix in an alkaline solution
(pH=11), where deprotonation of carboxyl groups broke the hydrogen bonds and induced strong electrostatic
repulsion. This led to extreme swelling and dispersion of NE aggregates, resulting in fluorescence
quenching. Subsequent transfer into an acidic solution (pH=1) protonated the imidazole groups and the N, N-
diethylaniline units of NE, disrupting the ICT process. The gel remained swollen and soft, but its emission

turned to intense blue. Finally, adjusting the pH to 4 allowed reformation of hydrogen bonds between
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imidazole and carboxylate groups, restoring the compact gel structure. The concurrent recovery of the

unprotonated diethylaniline group restored the D-77-A structure and ICT behavior, switching the emission back
to strong green, while the restricted molecular motion within the contracted network enhanced NE aggregation ,

fully recovering the fluorescence intensity.

4 Conclusions

Based on the comprehensive investigations presented in this work, we have successfully developed a
multifunctional fluorescent hydrogel, P (VI-co-MAAC-NE) , via the covalent integration of an AlEgen (NE)
into a dynamic hydrogen-bonding network constituted by imidazole and carboxylic acid moieties. This rational
design enables orthogonal and reversible modulation of fluorescence emission, mechanical strength, and
shape-memory behavior in response to multiple external stimuli, including organic solvents, pH variations,
and temperature fluctuations. The robust hydrogen-bonding network not only endows the hydrogel with
exceptional mechanical robusiness, but also effectively restricts the intramolecular motion of the AlEgen NE,
thereby eliciting intense green fluorescence in the aggregated state. More importantly, the dynamic and
reversible nature of these hydrogen bonds enables the system to exhibit distinct, programmable responses:
organic solvent-induced swelling coupled with fluorescence quenching; acid-triggered blue-shifted emission;
alkali-driven expansion and fluorescence quenching; and thermally activated shape memory with excellent
recyclability. By harnessing these multi-stimuli-responsive characteristics, we demonstrate the great potential
of the P(VI-co-MAAC-NE) hydrogel for advanced information encryption and anti-counterfeiting applications,
wherein visual and geometric outputs can be reversibly manipulated in a highly coordinated manner. This work
not only provides a practical material platform for sensing and information storage , but also offers new insights
into the design of intelligent soft matter systems that synergistically integrate AIE characteristics with

dynamically regulated supramolecular network structures.

The supporting information of this paper see http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20250381.
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