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1. Introduction

Soft fluorescent polymeric films (SFPFs) 
are of great importance in the fields of 
sensing, display, information encryption, 
and so on.[1–4] Over the past decades, a 
number of fluorescent polymeric films 
have been constructed by physically incor-
porating or chemically grafting lanthanide 
complexes,[5–9] organic fluorogens,[10–19] 
or luminescent nanoparticles[20–21] into 
polymer matrix. These recent advances 
have significantly enriched the list of 
SFPFs and widened their potential appli-
cations. For example, Tang and co-workers 
presented an SFPF-based humidity sensor 
by assembling aggregation-induced 
emission-active molecular rotors into a 
moisture-captured poly(acrylic acid) net-
work, which could rapidly report the 
environmental humidity change in high 
spatial-temporal resolution.[22] Zhang and 
co-workers covalently immobilized the 
protoporphyrin IX as internal reference 
and fluorescein isothiocyanate as indi-
cator onto cellulose acetate polymer to 
prepare amine-responsive cellulose-based 
ratiometric fluorescent films that enable 

real-time and visual detection of seafood freshness.[23] Pan 
and co-workers incorporated quantum dots into polydimethyl-
siloxane (PDMS) material to produce multistate tunable fluo-
rescent polymer films suitable for high-level anti-counterfeiting 
uses.[24] However, compared with these numerous studies that 
primarily engineer homogeneous SFPFs to achieve improved 
properties and fascinating functions, a few attempts have been 
conducted to heterogeneously integrate SFPFs with other soft 
polymeric materials with disparate properties into topology-
optimized architectures (e.g., bilayer and pattern), which may 
lead to as-yet-unimagined performance.[25–30]

Herein, we utilized lanthanide-ligand coordination[31–33] to 
construct multicolor fluorescent polymeric films, and further 
integrated them with pan paper via interfacial composition to 
produce novel bilayer polymer actuators with quite unique self-
sustained oscillation behavior at given temperature. The soft 
fluorescent polymeric films were prepared by the coordination 
of the PDMS oligomer containing 2,6-pyridinediimine groups 
with such lanthanide ions as Eu3+ and Tb3+. Their multicolor 
emission comes from the newly formed red/bluish green 
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fluorescent Eu3+/Tb3+ complexes. Interestingly, their emis-
sion colors could be facilely tuned by controlling the ratio of 
these two fluorescent centers. Upon integration of such poly-
meric films with commercially available pan paper via interfa-
cial composition, fluorescent bilayer actuators were obtained. 
Owing to the mismatch of thermal expansion abilities between 
the SFPF and paper layers, the as-prepared bilayer actuator, 
when heated, would bend to paper side. Remarkably, when our 
bilayer actuator with one end fixed was placed near a given heat 
source with constant temperature, the free end would display 
interesting self-sustained oscillation movement. Their potential 
use as new-type alarming devices were further demonstrated by 

synergistically using dynamic oscillation movement and eye-
catching fluorescence properties.

The key step to synthesizing such multicolor fluorescent 
polymeric films is the preparation of the PDMS oligomer con-
taining 2,6-pyridinediimine groups. Figure 1a depicts its typical 
synthetic procedure. Briefly, the commercially available H2N–
PDMS–NH2 was allowed to react with 2,6-pyridinedicarboxal-
dehyde at elevated temperature to give the PDMS oligomer as 
a brown viscous liquid. Its chemical structure was clearly veri-
fied by 1H NMR (Figure 1b) and FI-IR spectra (Figure 1c). As a 
reference, its small-molecule model compound with the same 
2,6-pyridinediimine chromophore was also prepared from the 
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Figure 1. Synthesis of PDMS oligomer and its small-molecule model compound. a) Synthetic procedure of PDMS oligomer. b) Comparison of the 
1H NMR spectra of H2N–PDMS–NH2, PDMS oligomer, and the model compound. c) Comparison of the FI-IR spectra of H2N–PDMS–NH2, PDMS 
oligomer, and the model compound.
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aldimine condensation reaction between 2,6-pyridinedicarbox-
aldehyde and propylamine (Figure S1, Supporting Information), 
and characterized by 1H NMR (Figure 1b), 13C NMR (Figure S2, 
Supporting Information). Compared with H2N–PDMS–NH2, 
additional peaks around 1600 cm−1 appear in the FI-IR spectra 
(Figure  1c) of both PDMS oligomer and its small-molecule 
model compound, suggesting the successful incorporation of 
2,6-pyridinediimine chromophore.

The multicolor fluorescent polymeric films were then pre-
pared and studied. The as-prepared PDMS oligomer is nearly 

non-fluorescent under UV light illumination. Owing to the 
incorporation of 2,6-pyridinediimine ligands, the PDMS oli-
gomer can chelate with such lanthanide ions as Eu3+ to form 
metal complexes (Figure 2a), as is evidenced by the appearance 
of new absorbance bands at longer wavelength in the UV–vis 
spectra (Figure  2b). The red-shifted UV–vis spectra could be 
ascribed to the presence of the metal-to-ligand (Eu3+/Tb3+-
to-2,6-pyridinediimine) charge transfer (MLCT) state located 
at lower energy.[34] In order to investigate their luminescent 
properties in the dry solid state, the lanthanide-coordinated 
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Figure 2. Preparation of the lanthanide coordinated multicolor fluorescent polymeric films. a) Illustration of the fluorescent polymeric films based on 
dynamic lanthanide coordination effect. b) Absorbance spectra of the PDMS oligomer solutions (in CH2Cl2) in the presence of Eu3+ or Tb3+. c) Fluores-
cence spectra of the Eu3+ or Tb3+ coordinated polymeric films. d) Peak emission intensity ratio of the band centered at 468 nm to that around 618 nm.
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polymeric films were first prepared according to a modified 
version of the reported method.[35] In a typical experiment, 
the methanol solution of Eu3+ or Tb3+ salts (0.5  g mL−1) was 
first added into the CH2Cl2 solution of PDMS oligomer 
(0.1  g  mL−1). The mixture was then concentrated and poured 
into the self-made polytetrafluoroethylene mold. After being 
dried at room temperature for 12 h, the mold was transferred 
into vacuum drying oven at 70 °C for 12 h. The fluorescent 
polymeric films were then peeled off from the PTFE mold for 
further use. Because of the efficient resonance energy transfer 
(the well-known antenna effect)[36] from the 2,6-pyridinedi-
imine ligands as sensitizers to center Eu3+ ions, the obtained 
polymer film becomes red fluorescent upon Eu3+ coordination 
(Figure  2c,d). This result is further evidenced by the fluores-
cence spectral study of its small-molecule model compound 
(Figure S3, Supporting Information), which shows bright red 
light emission upon the addition of Eu3+ ions. Notably, upon 
Tb3+ introduction, emission intensity of the polymeric film at 
465 nm increases, making it look bluish green under UV light 
(Figure  2d). This broad emission band centered at 465  nm is 
believed to come from the 2,6-pyridinediimine ligand. After 
chelating Tb3+, its emission intensity increases because of the 
rigid molecular structure and then reduced molecular motion-
caused nonradiative transition.[31,37,38] Besides Eu3+ and Tb3+, 
other lanthanide ions such as (Sm3+, Pr3+, and Gd3+) can also 
chelate with the PDMS oligomer to form fluorescent polymeric 
films (Figures S4 and S5, Supporting Information). Red and 
aquamarine fluorescent polymeric films were then obtained 
by mixing the PDMS oligomer with Eu3+ and Tb3+ ions (molar 
ratio of 2,6-pyridinediimine ligand to lanthanide ions is 2:1), 
respectively. As expected, when the red fluorescent Eu3+ com-
plexes and aquamarine fluorescent Tb3+ complexes were simul-
taneously introduced, multicolor fluorescent polymeric films 
were obtained. As shown in Figure 2c,d, emission color of the 
films could be facilely modulated from red to bluish green by 
varying the molar ratio of these two lanthanide complexes. Flu-

orescence spectral studies reveal that the emission intensity of 
red band around 618 nm decreases, while the intensity of emis-
sion band around 468 nm increases upon increasing Tb3+/Eu3+ 
molar ratio (Figure 2c).

Owing to the reversible nature of 2,6-pyridinediimine-lan-
thanide coordination interactions, as well as the viscous nature 
of PDMS matrix itself (Figure 3a), the fluorescent films were 
proved to have satisfying self-healing properties. To this end, 
Tb3+ and Eu3+-coordinated films of various shapes were first 
prepared in self-made molds (Figure  3b,c). These films were 
then physically placed together at room temperature for 12 h. 
During this time, these separated two films would be gradually 
healed together by the dynamic dissolution and regeneration 
of 2,6-pyridinediimine-lanthanide complexes. The healed film 
could withstand its own weight and be lifted up, demonstrating 
their quite good self-healing properties at ambient conditions 
(Figure 3c).

Next, anisotropic bilayer actuators (Figure 4a) were prepared 
by interfacial composition of the fluorescent film and pan paper 
that is a very thin and soft paper (photos shown in Figure S6 in 
the Supporting Information) and usually used to weigh chemi-
cals in the lab. The SEM image clearly demonstrates its bilayer 
structure (Figure 4b), in which the two layers are connected by 
the interpenetrating polymer chain entanglement. As shown in 
Figure 4d, the straight bilayer actuator with one end fixed will 
gradually bend and curl toward paper side after being heated 
to 100 °C, followed by gradual recovery when cooled to 30 °C. 
This directional actuation deformation is primarily caused by 
the mismatch between thermal expansion abilities of these two 
layers. Their actuation speed could be facilely modulated by var-
ying the environmental temperature (Figure  4c). Remarkably, 
such thermotriggered shape deformation behavior was proved 
to be repeated for more than four cycles without large bending 
curvature loss (Figure S7, Supporting Information), suggesting 
the quite good actuating reversibility of our straight bilayer 
actuators. Furthermore, more powerful bilayer actuators with 
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Figure 3. Study on the self-healing properties of the multicolor fluorescent polymeric films. a) The proposed self-healing mechanism. b,c) Photos 
showing the self-healing process of the fluorescent polymeric films.
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complex 2D/3D shape deformation abilities were demonstrated. 
As can be seen from Figure 4e and Figure S8 (Supporting Infor-
mation), the straight bilayer actuators of different length could 
be combined together to produce complex 2D shape deforma-
tion. As a result, meaningful information could be obtained 
at elevated temperature, suggesting its potential use for infor-
mation encryption. Furthermore, the flower-shaped actuators 
prepared by bundling six bilayer structured petals together was 
first programmed as a dormant bud as the original state (Figure 
S9, Supporting Information). Upon temperature elevation to 
100 °C, all of the petals steadily bend outward owing to the dif-
ferential thermal expansion capabilities of the bilayer materials, 
resulting in gradual opening of the dormant bud to a blooming 
flower within 1 min. Bioinspired leaves with thermotriggered 

shape change were also prepared by interfacial composition 
of different lanthanide coordinated fluorescent films and pan 
papers (Figure S10, Supporting Information).

The most astonishing behavior of our bilayer actuator is 
that it could display the interesting self-sustained oscillation 
when placing such actuator with one end fixed near a given 
heat source with constant temperature (100 °C). As schemed in 
Figure 5a, upon exposure to the heat source, the larger expan-
sion of film layer than paper layer will induce the actuator to 
bend toward the opposite direction of the heat source. When 
the actuating end moves to become far away from the heat 
source (state II), the actuator will be cooled to induce the quick 
shrinkage of the fluorescent film layer, thus causing it recover 
to the state III. Upon approaching the heat source again, the 

Macromol. Mater. Eng. 2021, 306, 2000781

Figure 4. Fluorescent bilayer actuators. a) Illustration of the thermotriggered bilayer actuators. b) SEM image showing the cross-section structure of the 
bilayer actuators. c) Time-dependent bending curvatures at different temperature. d) Photos showing the thermoinduced shape change and recovery 
process. e) Actuators with complex 2D shape deformation.
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actuator will bend again to state IV. In this way, a dynamic and 
self-sustained oscillation behavior was realized (Movie S1, Sup-
porting Information). Figure  5b shows the relative displace-
ment (ΔL) of its actuating end as a function of time. The inter-
esting self-sustained oscillation movement of the established 
actuators, together with their multicolor fluorescence proper-
ties, further encourages us to explore their potential use for 
dynamic alarming. One proof-of-concept example is shown in 
Figure 5c. An arrow-shaped bilayer actuator was first prepared 
and used as dynamic “EXIT” sign. As can be seen in Movie 
S2 (Supporting Information), upon approaching a given heat 
source, the designed “EXIT” sign displays self-sustained oscil-
lation behavior, which is believed to be more efficient to attract 
people's attention than the currently used static “EXIT” sign. 
Besides, a dragonfly-shaped alarming device was also designed 
to remind workers to be careful of the hot pipelines in the fac-
tories (Figure S11 and Movie S3, Supporting Information).

2. Conclusion

In conclusion, we present a new type of PDMS-based multi-
color fluorescent polymeric films, which can be interfacially 
composited with pan paper to produce dynamic bilayer actua-
tors with self-sustained oscillation behaviors. The multicolor 
fluorescent films are prepared by the dynamic lanthanide 
(Eu3+/Tb3+) coordination of the PDMS oligomers containing 

2,6-pyridinediimine ligands, which serve as efficient sensitizers 
to induce intense red and bluish green emission of center Eu3+/
Tb3+ ions. Based on the mismatch between thermal expansion 
abilities of the fluorescent films and pan paper, the as-prepared 
bilayer actuator could display directional actuation deformation 
to form various interesting 2D and 3D structures. Remarkably, 
unique self-sustained oscillation behavior was observed when 
placing our bilayer actuator with one end fixed near a given 
heat source with constant temperature, which could find versa-
tile use as dynamic “EXIT” signs or alarming device to remind 
workers to be careful of the hot pipelines in the factories. The 
present study will broaden the list of polymeric actuators and 
inspire the future development of intelligent actuating systems.

3. Experimental Section
Materials: Poly(dimethylsiloxane) bis(3-aminopropyl) end-capped 

(H2N–PDMS–NH2, Mn  = 900–1000) was purchased from Macleans 
Reagent Network. 2,6-Pyridinedicarbaldehyde, toluene, and acetic acid 
were purchased from Sinopharm Chemical Co., Ltd. Eu(NO3)3 and 
Tb(NO3)3 were purchased from Aldrich.

Characterization: 1H NMR spectra of PDMS oligomer and the 
small molecule model compound, as well as 13C NMR spectrum 
of model compound, were recorded on Bruker Advance AMX-400 
Spectrometer. ATR-FT-IR spectra were recorded on a Micro FT-IR (Cary 
660+620) instrument. Fluorescence spectra of the multicolor fluorescent 
polymeric films were measured by Hitachi F-4600 Spectrofluorometer 
equipped with a xenon (Xe) lamp (150 W). Cross-section morphology 

Figure 5. Bilayer actuators with self-sustained oscillation behavior that are placed near a given heat source with constant temperature (100 °C). 
a) Photos showing its self-sustained oscillation behavior. b) The relative displacement (ΔL) of the actuating end as a function of time. c) Its applica-
tion as dynamic “EXIT” sign. Note that the arrow-shaped bilayer actuator was prepared by interfacial composition of Tb3+-coordinated polymeric film 
and pan paper.
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of the multicolor fluorescent polymeric films was performed by a field-
emission scanning electron microscopy (SEM, S-4800, Hitachi). Digital 
photos were taken by a smartphone (iPhone 11).

Synthesis of the PDMS Oligomer: Under N2 atmosphere, 
2,6-pyridinedicarbaldehyde (1 g, 7.4 mmol) in anhydrous toluene (25 mL) 
was added to H2N–PDMS–NH2 (14.8  g, Mn  = 900–1000) at room 
temperature (the stoichiometry of the NH2 groups and the aldehyde 
groups is about 2:1). 150 µL acetic acid (catalyst) was further added and 
then heated to 130 °C for 12 h. After cooling to room temperature, the 
solvent was evaporated by a rotary evaporator at 45 °C. 5 mL CH2Cl2 was 
added to dissolve the residual product, and then 50 mL methanol was 
poured into the reactor. After being kept still for 30 min, brown viscous 
polymer precipitated. The PDMS oligomer (13 g) was then obtained after 
repeating the dissolution–precipitation–decantation process for two 
times and drying under vacuum at room temperature in a quite high 
yield (82.2%). The residual amino groups in the PDMS oligomer were 
calculated to be 56.9% according to the method described in Figure S12 
(Supporting Information).

Synthesis of the Small Molecule Model Compound: Under 
N2 atmosphere, excess n-propylamine (0.46  g, 4.8  mmol) and 
2,6-pyridinedicarbaldehyde (0.5  g, 2.4  mmol) was added into absolute 
ethanol (20  mL). 100 µL acetic acid was then added as the catalyst. 
After being stirred at 65 °C for 4 h, the solvent was removed by rotary 
evaporation at 45 °C to give a reddish orange oil. The crude product was 
purified by column chromatography by using ethyl acetate/hexane (1/5, 
v/v) as the eluent. 1H NMR (400 MHz, CDCl3, δ): 8.40 (s, 2 H), 7.93 (d, 2 
H), 7.78 (t, 1 H), 3.65 (t, 4 H), 1.72 (m, 4 H), 0.96 (t, 6 H).

Preparation of Multicolor Fluorescent Polymeric Films: The anhydrous 
methanol solution of these lanthanide salts (0.5  g mL−1) was first 
prepared and then added into CH2Cl2 solution of the PDMS oligomer 
(0.1 g mL−1). The mixture was concentrated and poured into the self-made 
polytetrafluoroethylene mold. After being dried at room temperature for 
12 h, the mold was transferred into vacuum drying oven at 70 °C for 12 
h. The fluorescent polymeric films were then peeled off from the PTFE 
mold for further use. As a control experiment, the methanol solution of 
Eu3+ or Tb3+ salts (0.5  g mL−1) was mixed with CH2Cl2 solution of the 
PDMS without the ligands (0.1 g mL−1). The mixture was concentrated 
and poured into the self-made polytetrafluoroethylene mold. However, 
after being dried, no fluorescent polymeric film was obtained. Instead, 
a viscous liquid with very weak fluorescence was obtained (Figure S13, 
Supporting Information). This control experiment clearly demonstrates 
that the amines on the PDMS indeed are poorer ligands and much 
worse energy harvesting chromophores than the 2,6-pyridinediimine 
ligand. These results further demonstrate that the 2,6-pyridinediimine 
ligands in the PDMS oligomer do play important roles in the preparation 
of fluorescent polymeric films.

Preparation of Bilayer Actuators: The concentrated CH2Cl2 solution of 
fluorescent polymeric films was dropped onto the pan paper and then 
evenly spread by the blade coating method. The bilayer actuators were 
then obtained after being dried in a drying oven at 70 °C for 2 h.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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