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a b s t r a c t

Lanthanide coordinated multicolor fluorescent polymeric hydrogels (MFPHs) are quite promising for vari-

ous applications because of their sharp fluorescence bands and high color purity. However, few attempts

have been carried out to locally regulate their fluorescence switching or shape deforming behaviors, but

such studies are very useful for patterned materials with disparate functions. Herein, the picolinate moi-

eties that can sensitize Tb3+/Eu3+ luminescence via antenna effect were chemically introduced into inter-

penetrating double networks to produce a robust kind of lanthanide coordinated MFPHs. Upon varying

the doping ratio of Tb3+/Eu3+, fluorescence colors of the obtained hydrogels were continuously regulated

from green to orange and then red. Importantly, spatial fluorescence color control within the hydrogel

matrix could be facilely realized by controlled diffusion of Tb3+/Eu3+ ions, producing a number of 2D

hydrogel objects with local multicolor fluorescent patterns. Furthermore, the differential swelling capac-

ities between the fluorescent patterned and non-fluorescent parts led to interesting 2D-to-3D shape de-

formation to give well-defined multicolor fluorescent 3D hydrogel configurations. Based on these results,

bio-inspired synergistic color/shape changeable actuators were demonstrated. The present study provided

a promising strategy to achieve the local fluorescence and shape control within lanthanide coordinated

hydrogels, and is expected to be expanded for fabricating useful patterned materials with disparate func-

tions.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Multicolor fluorescent polymeric hydrogels (MFPHs) are found

to have many promising applications such as bioimaging [1–3],

sensing [4–8] and soft actuators/robotics [9–13], as they are ca-

pable of featuring responsive changes in both emission intensity

and color. Usually, MFPHs are produced by the chemical bond-

ing or physical doping of two or more responsive fluorogens

into a single hydrophilic hydrogen matrix [14–21]. The past five

years have witnessed a number of MFPHs based on organic flu-

orophores [22–25], fluorescent proteins [26,27], lanthanide com-

plexes [28–30] or luminescent nanoparticles [31–35]. Among them,

lanthanide-coordinated MFPHs are particularly attracting our in-

terests because lanthanide luminescence has many unique merits,

e.g., sharp fluorescence bands, high color purity and good pho-

tochemical stability [36–38]. In this context, several MFPHs have
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been recently presented by supramolecular assembly of polyca-

tions with lanthanide coordination polyanions or copolymerization

of lanthanide complexes into cross-linked polymer network [39–

43]. These impressive advances have largely enriched the family

of lanthanide coordinated MFPHs and promoted their development

for various demonstrated uses.

In these current studies, fluorescent intensities and colors of the

whole hydrogels were globally varied [36,44,45]. Few efforts have

been conducted to locally tune their fluorescent behaviors for spa-

tial emission control on/within hydrogels, but such attempt is very

useful. For one thing, the capacity for spatial fluorescence control

is able to creating patterned heterogenetic and periodic structures

on 2D hydrogel sheet for providing well-defined areas with dis-

parate functions [46]. For another, such patterned structures stabi-

lized by lanthanide coordination crosslinks potentially cause their

differential swelling ratios with other areas [47,48]. As a result,

responsive 2D-to-3D shape deforming functions may be further

achieved accompanying with simultaneous fluorescence intensity
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Scheme 1. (a) The flower-shaped Agar/P6A hydrogel object and its chemical struc-

ture. (b) Local diffusion of Eu3+ into the hydrogel matrix from the hydrogel edge.

(c) 2D-to-3D shape deformation of the flower-shaped hydrogel due to the differen-

tial swelling capacities between the outer and inner parts. (d) Synergistic shape and

color changing actuation in aqueous Tb3+ solution.

and color responses. These advantages would potentially enrich the

functions of lanthanide coordinated MFPHs. However, such attempt

to fabricate lanthanide coordinated MFPHs with spatial emission

control has been largely ignored.

Herein, we took advantage of dynamic Tb3+/Eu3+ coordination

interactions to present robust MFPH systems, and realized efficient

spatial control of their emission intensity and color, followed by

exploring their potential for bio-inspired synergistic color/shape

switchable actuation. As illustrated in Scheme 1a, the prepared

hydrogel (Agar/P6A) is composed of the chemically crosslinked

poly(potassium 6-acrylamidopicolinate-co-acrylamide) (P6A) con-

taining coordinative picolinate moieties and the hydrogen bonded

Agar network. Taking advantage of Eu3+-picolinate coordination,

aqueous Eu3+ solution was allowed to locally diffuse into the outer

part of the Agar/P6A hydrogel object to achieve spatial emission

color control in the hydrogel matrix (Scheme 1b). Subsequently,

2D-to-3D shape deformation was achieved in water because of the

differential swelling capacities between the outer and inner parts

with different crosslinking density (Scheme 1c). Consequently, bio-

inspired synergistic shape deforming and color changing behaviors

were realized when treating the obtained 3D hydrogel config-

uration in aqueous Tb3+ solution (Scheme 1d). This is because

the abundant Tb3+ ions spontaneously diffused into the hydrogel

matrix to not only transform the red fluorescent Eu3+-picolinate
complex to green fluorescent Tb3+-picolinate complex, but also

eliminate the swelling capacities between different parts of the

hydrogel.

Fig. 1a depicts the general procedure to produce the multi-

color fluorescent polymeric hydrogels. Briefly, all reactants, includ-

ing agar polymer, acrylamide (AAm), potassium acrylamidopicoli-

nate (K6APA), methylene diacrylamide crosslinker and potassium

persulfate (KPS, the initiator), were completely dissolved in hot

deionized water, and then cooled down to room temperature for

30min. During the cooling time, physically crosslinked agar net-

work was formed via hydrogen bond-associated agar helix bundles.

Then, the thermal radical polymerization was initiated to produce

the chemically crosslinked P6A network that interpenetrates with

the first agar network. The as-prepared double-network Agar/P6A

is transparent and colorless under day light (Fig. S1 in Support-

ing information). Its film (thickness ∼2mm) only exhibits a strong

UV absorbance band of the incorporated picolinate moiety around

330nm (Fig. S2 in Supporting information), and thus has a trans-

mittance above 75% over the whole visible light range. Under 254-

nm UV light, weak blue fluorescence was observed (Fig. S3 in Sup-

porting information), as is evidenced by the appearance of the

Fig. 1. Preparation of the multicolor fluorescent polymeric hydrogels (Agar/P6A-

Tb/Eu). (a) Illustration showing the synthetic procedure of Agar/P6A and Agar/P6A-

Tb/Eu hydrogels. (b) Fluorescence spectra of the Agar/P6A-Tb/Eu hydrogels with var-

ied Tb3+/Eu3+ molar ratio. Excitation at 254nm for the fluorescence spectral mea-

surements. (c) CIE (1931) coordinate diagrams of Agar/P6A and Agar/P6A-Tb/Eu hy-

drogels. (d) Photos of the Agar/P6A-Tb/Eu hydrogels with varied Tb3+/Eu3+ molar

ratio, which were taken under a 254nm UV lamp. Scale bars: 5mm.

broad emission band ranging from 350nm to 450nm in the flu-

orescence spectrum of Agar/P6A hydrogel.

To produce multicolor fluorescence, Agar/P6A hydrogel was

globally treated in the aqueous solutions of Eu3+, Tb3+ or their

mixture to introduce the red or green fluorescent centers (K6APA-

Eu or K6APA-Tb). SEM images of Agar/P6A and Agar/P6A-Eu/Tb hy-

drogels indicated different porous structures, suggesting the for-

mation of lanthanide coordination crosslinks (Fig. S4 in Support-

ing information). As shown in Fig. S3 and Fig. 1b, strong green and

red fluorescent bands were observed around 546nm and 617nm

in the fluorescence spectra of Agar/P6A-Tb and Agar/P6A-Eu hy-

drogels, respectively. It was also found that these new green and

red emission bands appeared at the cost of the significant decline

of the blue fluorescence band, suggesting the energy transfer pro-

cess from the picolinate ligand to the center lanthanide ions. This

observation clearly demonstrated that the intense green and red

fluorescence originated from the introduced K6APA-Tb or K6APA-

Eu complexes. As expected, it is very facile to modulate the fluo-

rescence color of the Agar/P6A-Eu/Tb hydrogels by simply varying

the Tb3+/Eu3+ molar ratio (Fig. S5 in Supporting information). As

demonstrated in Figs. 1c and d, the fluorescence color of Agar/P6A-

Eu/Tb gradually changes from green to yellow, orange and red

upon decreasing the Tb3+/Eu3+ molar ratio. These diverse-colored

fluorescent hydrogels are quite beneficial for the following color-

changing hydrogel actuating studies.

Having globally tuned the fluorescence color of the whole hy-

drogels, we next tried to realize spatial emission color control in

the hydrogel matrix. To this end, aqueous Tb3+/Eu3+ solution was

allowed to gradually diffuse into the hydrogel object. As shown in

Fig. 2a, when aqueous Eu3+ and Tb3+ solution (0.1mol/L) was re-

spectively added in the outer and inner space of one circular ring-
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Fig. 2. Spatial fluorescence color control within the Agar/P6A hydrogel matrix

through local Eu3+/Tb3+ diffusion. (a-d) Photos showing the time-dependent flu-

orescent color change within the hydrogel matrix. (e) The diffusion kinetics of Eu3+

and Tb3+ in the hydrogel at room temperature. All pictures were taken under a

254nm UV lamp. Scale bars: 10mm.

shaped Agar/P6A hydrogel, Eu3+ and Tb3+ would spontaneously

diffuse into the hydrogel due to concentration difference. Owing to

the lanthanide luminescence sensitization of K6APA moieties, such

time-dependent diffusion process could be directly observed un-

der 254-nm UV light, resulting in the formation of distinct hydro-

gel objects if the diffusion process was stopped at different time.

Following a similar line, round-shaped or other shaped hydrogel

blocks with two or more round/square cutouts were also utilized

to prepare luminescent hydrogel objects with spatial fluorescence

control (Figs. 2b-d, Fig. S6, Movies S1 and S2 in Supporting in-

formation). Further researches also indicated quite good stability

of these fluorescent patterns (Fig. S7 in Supporting information).

Quantitative study of these processes revealed that Eu3+ and Tb3+

solutions (0.1mol/L) have similar diffusion kinetics at room tem-

perature with an average speed of 7.2mm/h due to the similar

ionic sizes and charge quantity of these two lanthanide ions (Fig.

2e). Moreover, the diffusion speed of Tb3+/Eu3+ ions in the hydro-

gels could be regulated by facilely varying their concentration or

the environment temperature (Fig. S8 in Supporting information).

Therefore, the line width of these fluorescent patterns could be

regulated from hundreds of μm to several cm by delicately con-

trolling the experiment conditions.

Besides spatial fluorescence color control, 2D-to-3D shape de-

formation of these patterned hydrogel objects was further achieved

via subsequent swelling in water. As can be seen from the swelling

kinetics in Fig. 3a and Fig. S9 (Supporting information), the differ-

ential swelling capacities between Agar-P6A and Agar/P6A-Eu/Tb

lays the foundation for the subsequent 2D-to-3D shape defor-

mation. As for the patterned hydrogel samples shown in Fig.

3b and Fig. S10 (Supporting information), the blue fluorescent

part was highly swollen, while the green or red fluorescent part

was less swollen because of the additional Tb3+/Eu3+ coordi-

nated crosslinks. According to the equilibrium deduced from Flory-

Huggins lattice model theory in Note 1 (Supporting information),

the crosslinking degree is positively related to the swelling de-

gree. Therefore, the different crosslinking density between outer

and inner hydrogel parts led to differential swelling capacities in

water, which thus induced out-of-plane deformation of the initial

2D hydrogel into 3D hydrogel structure. This strategy could also

be applied to hydrogel sheets with more complex fluorescent pat-

terns. Fig. 3c and Fig. S11 (Supporting information) depict a flower-

shaped 2D hydrogel sheet with different colors, in which the inter-

nal stamen part and external petal part were doped by Eu3+ and

Tb3+ ions, respectively. After being immersed in water, the differ-

ential swelling extent between the inner red and outer green flu-

Fig. 3. Shape deformation of the patterned hydrogel objects. (a) The swelling ki-

netics of Agar-P6A and Agar/P6A-Eu/Tb in water at room temperature. (b) Photos

showing the 2D-to-3D shape deformation of the patterned hydrogel objects in wa-

ter. (c) Photos showing the 2D-to-3D shape deformation of the flower-shaped hy-

drogel object swelling in water. (d) Photos showing the saddle-like 3D hydrogel

shrinking into a 2D sheet hydrogel in the aqueous solutions of Tb3+ . All pictures

were taken under a 254nm UV lamp. Scale bars: 10mm.

orescent parts and middle blue fluorescent parts forced the initial

2D hydrogel to gradually deform into a complex 3D hydrogel con-

figuration (Movie S3 in Supporting information). Also, the shape

deformation of 3D hydrogel configuration could be restored to the

isotropic 2D sheet shape. For example, when the saddle-shaped 3D

configuration was put into aqueous Tb3+ solution, the 3D profile

was gradually restored to 2D hydrogel sheet because the whole

fluorescent hydrogel was fully coordinated by excessive Tb3+ ions

to reach the isotropic state (Fig. 3d and Movie S4 in Supporting

information). These demonstrated examples suggest the great po-

tential of the proposed strategy to prepare complex 3D hydrogel

structures through pre-designed spatial emission color control.

Enlightened by the above-established multicolor fluorescence

and controlled 2D-to-3D and 3D-to-2D shape deformation, we fi-

nally explored the possibility to fabricate bio-inspired synergistic

shape/color switchable hydrogel actuators, because such multifunc-

tional actuation poses many potential uses for soft display, cam-

ouflaged soft robotics, etc. As a proof-of-concept, a flower-shaped

hydrogel was cut by a laser cutting machine and Eu3+ would lo-

cally diffuse into the hydrogel from the outside due to concen-

tration difference (Fig. S12 in Supporting information). After dif-

fusion for 5 min, the Agar/P6A-Eu was put into water and swelled

into an arched configuration after 12 min (Fig. 4a and Movie S5

in Supporting information). When placed in 0.001mol/L aqueous

Tb3+ solution, the red 3D arched configuration gradually converted

into a green 2D flat shape due to the Tb3+ diffusion into the highly

swollen region and replaced Eu3+. Similarly, leaf-shaped hydrogel

switching from 3D green crimped configuration into 2D red flat

sheet shape was also demonstrated (Fig. 4b, Fig. S13 and Movie S6

in Supporting information).

In conclusion, we have presented a robust kind of multi-

color fluorescent polymeric hydrogels based on K6APA-Eu3+ or

K6APA-Tb3+ complexes, and put forth a promising strategy to lo-

cally regulate their fluorescence switching or shape deforming be-

haviors through local diffusion of Tb3+/Eu3+ ions. The materi-

als were prepared by copolymerizing a picolinate-functionalized

K6APA monomer into the chemically crosslinked poly(K6APA-AAm)

network that are interpenetrated with hydrogen bonded agar net-

work. Since K6APA was able to sensitize the red and green lu-

minescence of Eu3+ and Tb3+ ions via antenna effect, various

3



R. Wang, W. Lu, Y. Zhang et al. Chinese Chemical Letters 34 (2023) 108086

Fig. 4. Bio-inspired synergistic shape/color switchable actuation. (a) Illustration

and photos showing 2D-to-3D swelling deformation in water, and simultaneous

color/shape changes of the artificial flower-shaped hydrogel actuator in aqueous

Tb3+ solution. (b) Photos showing synergistic shape deformation and color change

of the artificial leaf-shaped hydrogel actuator in aqueous Eu3+ solution. All pictures

were taken under a 254nm UV lamp. Scale bars: 10mm.

multicolor fluorescent patterned 2D hydrogel objects were facilely

achieved by the controlled diffusion of Tb3+/Eu3+ into the hydro-

gel. Interestingly, the introduction of additional lanthanide coordi-

nated crosslinks resulted in much less swelling ratio of the fluo-

rescent parts than that of the non-fluorescent parts. Consequently,

such patterned 2D hydrogel objects were spontaneously swollen

into well-defined 3D hydrogel configurations that are difficult to

be obtained by other methods. Based on these results, we fur-

ther demonstrated the possibility to realize bio-inspired synergistic

shape/color switchable actuation that holds wide potential uses in

camouflaged soft robotics, information encryption and so on.
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