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ABSTRACT: Stimuli-responsive materials integrating
photochromism and luminescence switching are widely utilized in
anticounterfeiting, data encryption, optical storage, green printing,
and sensing. Here, a series of photoresponsive composite films with
tunable multicolor luminescence were fabricated by doping
lanthanide—polyoxotungstates into an agarose matrix via a combined
sol-gel and casting method. Characterization via X-ray
photoelectron spectroscopy, Fourier transform infrared
spectroscopy, scanning electron microscopy, transmission electron
microscopy, and elemental mapping confirmed the successful
fabrication and uniform doping of the films. Spectroscopic analyses
revealed that the dopant content effectively tuned the optical
transmittance and emission intensity of the films. Crucially, the films
exhibited reversible photochromism and synchronous luminescence
switching upon alternating ultraviolet irradiation and oxygen
exposure. This switching behavior was repeatable for a minimum of 10 cycles with minimal fatigue, underscoring their
potential as multifunctional, stimuli-responsive smart optical materials.
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emission colors, rapid stimulus-responsive kinetics, and high on/off
contrast [12]. Nevertheless, key obstacles to their practical
application persist, including poor photostability and thermal
stability, low fatigue resistance, and a pronounced environmental
dependence of their emission behaviors [13]. These limitations

1 Introduction

Stimuli-responsive smart materials integrating photochromism and
luminescence switching have attracted significant attention for their
vast potential in applications, such as anticounterfeiting [1], data

encryption [2], optical information storage [3], green printing [4],
bioimaging [5], and sensing [6]. The conventional strategy for
constructing these dual-signal readout materials involves
integrating luminescent moieties into photochromic molecular
skeletons [7, 8]. Considerable progress has been achieved in the
field of luminescent photoswitches, mainly driven by the
isomerization and ring-opening/closing reactions of a family of
organic photochromic units, including diarylethenes [9],
hydrazones [10], spirooxazines, and spiropyrans [11]. These
systems are characterized by high fluorescence brightness, tunable
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necessitate the urgent need for advanced dual-signal readout
materials integrating photochromism and luminescence switching
and characterized by cost-effective, facile preparation; high
photostability; and excellent switching performance.
Polyoxometalates (POMs), i.e., metal-oxygen anionic clusters
assembled from early transition metals (V, Nb, Ta, Mo, and W)
coordinated with oxygen atoms, exhibit a range of desirable
properties, including diverse compositions and structures, well-
defined crystal structures, oxygen-rich surfaces, high photostability/
thermal stability, and reversible redox properties [14-16].
Furthermore, they exhibit reversible electrochromism and
photochromism under light or electric field stimulation without
suffering structural alteration [17, 18]. The colored species
(heteropoly blue or brown) exhibit broad absorption in the visible
region, making them promising energy acceptors in luminescence-
switching materials [19, 20]. Lanthanide-containing POMs (Ln-
POMs), synthesized by coordinating lanthanide ions with POM
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frameworks, combine the reversible photochromism of POMs with
the exceptional luminescence of the ions (e.g., high color purity,
large Stokes shifts, long lifetimes, and environmental insensitivity).
These make them promising candidates for bifunctional
photochromic and luminescence-switching materials [21-24].

To date, only a few studies have explored synchronous
photochromism and luminescence switching in Ln-POM
composite thin films. For instance, Yao et al. [25] first constructed
an agarose-europium-substituted silicotungstomolybdate
(EuSiW,(Mo) composite film via a sol-gel technique, leveraging
intermolecular hydrogen bonding between the agarose matrix and
the EuSiW,;Mo clusters. The film exhibited reversible
photochromism and luminescence switching upon alternating
ultraviolet (UV) and oxygen (UV/O,) stimulation, with the
luminescence-quenching mechanism attributed to intramolecular
luminescence resonance energy transfer. Similarly, Gao et al. [26]
reported the reversible photochromism and luminescence-
switching behavior of an agarose-europium decatungstate (EuW )
composite film upon high-energy UV photoreduction and humid-
air oxidation. The UV-reduced film exhibited a relative humidity
(RH)-dependent luminescence recovery, demonstrating its
potential for applications in UV and moisture dual-responsive
materials. Li et al. [27] fabricated a photoresponsive EuW-gelatin
film via solution casting. The reversible photochromism of the film
coupled with luminescence switching upon UV/O, exposure
positioned it as a promising candidate for rewritable inkless security
printing media. Multiple encryption strategies have been developed
to strengthen information security. Overall, current studies on
synchronous photochromism and luminescence switching in rare
earth POM films have mainly explored the red emission of Eu
systems, with analogous studies on Sm (orange), Tb (green), and
Dy (white) remaining unexplored. Thus, exploring photochromic
luminescence-switching materials based on Ln-POM with diverse
emission colors is essential for cross-field applications.

Here, a series of distinct lanthanide-polyoxotungstate (LnW)-
agarose (Ln = Sm*, Eu*, Tb*, Dy*) composite films with diverse
luminescent properties were fabricated via a combined sol-gel and
casting method, leveraging hydrogen bonding interactions between
the stimuli-responsive LnW, clusters and the agarose matrix. All
four films exhibited reversible photochromism coupled with
luminescence switching upon alternating UV/O, stimulation,
demonstrating several advantages that make them promising
candidates for developing smart materials. First, the preparation
process is facile and cost-effective, with readily tunable thickness
and dimensions. Second, films incorporating different lanthanide
ions displayed distinct luminescent colors: orange for Sm™, red for
Eu*, green for Tb*, and white for Dy*, rendering them suitable for
cross-field applications. Third, the reversible redox properties of
LnW,, imparted the films with excellent photochromism and
luminescence-switching reversibilities upon UV/O, stimulation.
Fourth, the luminescence on/off contrasts (E) of the four film types
were systematically compared, reaching a peak value of 97.3%.
These results suggest that Ln-POM-based films, owing to their
notable advantages, are highly promising candidates for stimuli-
responsive smart materials.

2 Experimental

2.1 Materials and measurements

As all reagents were of analytical grade, they were used as received.
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Sodium tungstate dihydrate (Na,WO,2H,0), europium(III) nitrate
hexahydrate (Eu(NO,);-6H,0), glacial acetic acid, and agarose were
purchased from Sinopharm Chemical Reagent Co., Ltd. Fourier
transform infrared (FT-IR) spectra were recorded on a Shimadzu
IRAffinity-1S spectrometer in the 4000-400 cm™ range. Powder X-
ray diffraction (PXRD) patterns were observed on a Rigaku
SmartLab diffractometer with Cu Ka radiation (A = 1.5418 A).
Scanning electron microscopy (SEM) was performed with a Hitachi
$4800 instrument at a 5 kV accelerating voltage. High-resolution
transmission electron microscopy (HRTEM) imaging was
performed using a Hitachi H-7650 microscope at a 200 kV
accelerating voltage. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Shimadzu Kratos AXIS
SUPRA+ spectrometer; the binding energy scale was calibrated
using the C 1s peak (C-C was set to 284.8 eV). UV-visible
(UV-Vis) absorption spectra were recorded using a Shimadzu UV-
2600 spectrophotometer, and luminescence spectra were recorded
using a Hitachi F-4600 fluorescence spectrometer equipped with an
Xe lamp as the excitation source. The excitation wavelengths were
set at 255, 278, 315, and 318 nm for the decatungstosamariate(III)
(SmW ,)-agarose, EuW ,-agarose, decatungstoterbiate(III) (TbW)-
agarose, and decatungstodysprosiate(IIll) (DyW )-agarose films,
respectively. Time-resolved luminescence decay analysis was
performed on an Edinburgh FLS1000 photoluminescence
spectrometer. The composite films were irradiated with UV light
from a Xe lamp (CEL-HXUV300, Beijing Zhongjiao Jinyuan
Technology Co., Ltd.) to induce synchronous photochromism and
luminescence quenching. The output power in the UV region
(< 390 nm) was approximately 2.6 W, with the emission spectrum
of the light source shown in Fig. S1 in the Electronic Supplementary
Material (ESM). The bleaching and luminescence-recovery
experiments were conducted in a closed container filled with O,
and maintained at 98% RH. RH levels of 33%, 68%, 86%, and 98%
were established using saturated aqueous solutions of magnesium
chloride, copper(Il) chloride, potassium chloride, and distilled
water, respectively.

2.2 Synthesis of lanthanide-polyoxotungstate

Sodium decatungstolanthanate(IlI) (NagLnW,,O55 Ln = Sm, Eu,
Tb, or Dy) was synthesized following the procedure in Ref. [28].
For sodium decatungstoeuropate(Ill) (NagEuW4Oss): Na,WO,:
2H,0 (8.30 g) was dissolved in deionized water (20 mL), and the
pH was adjusted to 7.0-7.5 using glacial acetic acid. Thereafter,
Eu(NOs);:6H,0 (0.92 g) in water (2 mL) was added dropwise to
this solution over approximately 10 min. The resulting mixture was
stirred and heated at 85 °C. After cooling to room temperature
(~ 25 °C), the solution was filtered, and subsequent slow
evaporation of the filtrate yielded white rod-shaped crystals of
NagEuW jO5. The Sm, Tb, and Dy analogs were prepared similarly
using the corresponding rare earth nitrates. The yields (based on
Na,WO,) were 56.4%, 72.6%, 43.9%, and 56.8% for SmW,;, EuW,,
TbW,,, and DyW,,, respectively. The structures of these LnW,
compounds were characterized using PXRD and FT-IR
spectroscopies. The PXRD pattern (Fig. S2 in the ESM) displayed
characteristic ~ diffraction ~ peaks of the  Weakley-type
polyoxotungstate within the 26 range of 5°-30°, consistent with the
single-crystal simulation [29]. The FT-IR spectrum (Fig. S3 in the
ESM) displayed key stretching vibrations at 934 cm™ (W = O,), 841
cm” (W-Op-W), and 787 and 706 cm” (W-O-~W) [30],
confirming the successful synthesis of LnW/,
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2.3 Preparation of the lanthanide-polyoxotungstate-
agarose films

Four distinct LnW 4-agarose (Ln = Sm, Eu, Tb, and Dy) composite
films with different Ln compositions were prepared via a combined
sol-gel and casting method [31]. A representative EuW -agarose
film was fabricated by dissolving agarose (1 g) in boiling water
(50 mL), followed by adding a predetermined amount of EuW,,
solid and heating to form a homogeneous sol. This product (2.5
mL) was subsequently cast onto a glass slide (2.5 cm x 7.5 cm),
cooled, dried in a vacuum oven at 30 °C for 1 day, and peeled to
yield a colorless, transparent, flexible, and self-supporting film.
Films containing SmW,, TbW,, and DyW,, were prepared
similarly by substituting EuW,, with the corresponding rare earth
polyoxotungstates. Under UV excitation of 365 nm, the films
exhibited characteristic lanthanide-ion-dependent luminescence:
orange, red, green, and white for Sm, Eu, Tb, and Dy, respectively.
Figure 1 illustrates the proposed hydrogen bonding interactions
and the preparation process.

3 Results and discussion

3.1 Compositional and microstructural characterization of
the lanthanide-polyoxotungstate-agarose films

XPS was performed to analyze the oxidation states and chemical
environments of the elements in the four LnWy-agarose (Ln = Sm,
Eu, Tb, or Dy) films (Figs. 2, and Figs. S4-56 in the ESM for Eu,
Sm, Tb, and Dy, respectively). The full spectrum of the EuW -
agarose film displayed the characteristic peaks (Eu 3d, W 4f, Na 1s,

(a) EuW -agarose film 01s (b) —— Original Cls

Na ls

Intensily (a.u.)

: =Fu 3d

1 1 1 1 1 1 L 1 1 1
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LnW,,-agarose film

Figure1 Preparation process and photographs of the LnW ;-agarose films.

C 1s, and O 1s) of EuW,, and agarose (Fig. 2(a)). The
deconvolution of the C 1s region yielded three distinct carbon
environments at binding energies of 284.8, 286.3, and 2882 eV
(Fig. 2(b)), corresponding to C-C, C-OH, and C-O-C,
respectively. The W 4fspectrum exhibited peaks at 356 and
37.8 eV, which were assigned to the W* 4f,, and 4f;, states,
respectively, with no detectable W** (Fig. 2(c)). The Eu 3d spectrum
displayed characteristic Eu** 3ds, and 3d;, signals at 1135.1 and
1164.5 eV, respectively (Fig. 2(d)) [32].

FT-IR spectroscopy was used to probe structural changes and
elucidate the interactions between the LnW,, species and the
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Figure 2 XPS spectra of the EuW -agarose film: (a) full spectrum, (b) C s, (c) W 4f, and (d) Eu 3d.
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agarose matrix. Compared with the FT-IR spectra of the pristine
LnW,, solids, those of the as-prepared LnWy-agarose (Ln = Sm,
Eu, Tb, or Dy) films (Fig. S7 in the ESM) confirmed successful
doping and structural preservation of the LnWj, units.
Characteristic peaks were retained, with measurable shifts in all
cases (Table S1 in the ESM). These shifts demonstrate the hydrogen
bonding interactions between the LnW, clusters and the agarose
matrix [33, 34].

The dispersion of the EuW, nanoclusters in the EuW ;-agarose
film was examined via HRTEM and selected-area electron
diffraction (SAED). Black spots ranging from several to tens of
nanometers in size were uniformly distributed throughout the film,
indicating that EuW,, existed as monodisperse entities or
aggregates within the agarose matrix (Fig. 3(a)) [35]. The SAED
pattern exhibited distinct lattice fringes with an interplanar spacing
of 3.13 A, which indexes perfectly to the (140) lattice plane of
EuW,, (Fig. 3(b)). The morphology and elemental composition of
the DyW y-agarose nanocomposite film were characterized by SEM
and energy-dispersive X-ray spectroscopy (EDX) mapping. The
cross-sectional image revealed a smooth surface and a uniform
thickness of approximately 5.1 um (Fig. 3(c)). Furthermore, the
EDX elemental maps displayed the homogeneous distributions of
C, O, Na, Dy, and W (Figs. 3(d)-3(h)), further confirming the
uniform dispersion of DyW , within the agarose matrix [36].

3.2 Photophysical lanthanide-

polyoxotungstate-agarose films

properties of the

UV-Vis spectroscopy characterized the optical absorption of the
LoW -agarose (Ln = Sm, Eu, Tb, and Dy) films. Similar to the
corresponding LnW, solutions, the films exhibited absorption
peaks at ~ 195 and 260 nm, corresponding to the ligand-to-metal
charge transfer (LMCT) transitions of Oy > W and Oy > W,

Figure3 (a) HRTEM image and (b) SAED pattern of the EuW,j-agarose film;
(c) cross-sectional SEM image of the DyW g-agarose film and (d)-(h) elemental
distribution maps of C, O, Na, Dy,and W.
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respectively [24, 37]. This result confirms the retention of the
optical activity of LnW,. Notably, the O4 > W absorption peaks of
the films were redshifted relative to those in solution (Fig. S8 in the
ESM), likely because of the hydrogen bonding interaction between
LnW, and the agarose matrix. Transmittance decreased gradually
with increasing LnW, loading (Fig. S9 in the ESM). Even at a
70 wt% loading, the films maintained a transmittance of more than
60% in the visible region, demonstrating high optical transparency.

The luminescent properties of the LnW,, (Ln = Sm, Eu, Tb, or
Dy) solids and composite films were also examined. All films
exhibited characteristic emission peaks of each lanthanide ion (Fig.
4): Sm™ at 564 nm (‘G > ‘Hsp), 602 nm (‘Gy, > ‘Hy),), and
649 nm (‘Gy;, > ‘Hy),) (Fig. 4(a)) [23]; Eu* at 585 nm (D, > "F),
598 nm (°D, > ’F,), 619 nm (°D, > ’F,), 658 nm (‘D, > F;), and
709 nm (D, > 'F,) (Fig. 4(b)) [31, 32]; Tb** at 492 nm (D, > 'Fy),
547 nm (°D, > ’Fs), and 588 nm (‘D, > ’F,) (Fig. 4(c)) [38]; and Dy™
at 481 nm (‘Fy;, > ‘Hy5,) and 577 nm (‘Fy, > ‘Hy;p,) (Fig. 4(d)) [39].
The insets show the luminescence photographs of the LnW solids
and films under a UV excitation of 365 nm: orange (Sm*), red
(Eu™), green (Tb*), and white (Dy*). The films displayed the same
emission peaks as the solids, indicating the preservation of their
luminescent properties. However, relative intensities differed across
the solid and film samples. For example, in the EuW, system, the
intensity ratio of the electric (D, > ’F,) to magnetic (D, »> F))
dipole transitions increased from 0.297 (solid) to 0.747 (film)
because of the sensitivity of the magnetic dipole transition to the
symmetry of the Eu™ coordination environment. The hydrogen
bonding between the EuW,, clusters and the agarose matrix
lowered the symmetry around Eu*, accounting for the observed
variation in the emission-intensity ratio [27, 31]. Furthermore, the
effect of doping content of LnW,, (10 wt%-70 wt%) on
luminescence was also investigated. As shown in Fig. S10 in the
ESM, the emission intensity increased progressively with the doping
content, with no concentration quenching occurring even at 70
wt.%. This was attributed to the excellent compatibility between the
LnW , clusters and the agarose matrix.

3.3 Photochromic and luminescence-switching properties

The photochromic behavior of the LnW-agarose (Ln = Sm, Eu,
Tb, or Dy) films was analyzed via UV-Vis absorption spectroscopy.
Upon UV irradiation, a broad absorption band emerged around
630 nm (400-900 nm), and the films changed from colorless to
blue (Figs. 5(a)-5(d)). Both absorption and the blue color
intensified with the irradiation time. Subsequent kinetic profiles
(insets of Figs. 5(a)-5(d)), plotting the absorbance at 630 nm vs.
time, displayed similar response dynamics and a saturation time of
approximately 25 min across all four films. Furthermore, the
logarithm of the absorbance at this wavelength increased linearly
with the irradiation time (Fig. S11 in the ESM), indicating that the
photochromic processes for all LnW,-agarose films (Ln = Sm, Eu,
Tb, or Dy) followed pseudo-first-order kinetics, yielding rate
constants (k) of 0.029, 0.060, 0.039, and 0.033 min™ for Sm, Eu, Tb,
and Dy, respectively. Conversely, upon exposing the colored films
to O, at approximately 25 °C, the absorption peak gradually
diminished, accompanied by fading. Kinetic analysis of the fading
process, performed by plotting the absorbance at 630 nm against
the exposure time, revealed a fading response time of approximately
75 min for all films (Figs. S12(a)-S12(d) in the ESM). Similarly, the
logarithm of the absorbance decreased linearly with the exposure
time (Fig. S13 in the ESM), suggesting that the fading processes also
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followed pseudo-first-order kinetics, with rate constants (k) of
approximately 0.011, 0.011, 0.012, and 0.016 min™ for Sm, Eu, Tb,
and Dy, respectively.

Accompanying the color change, the luminescence of the LnW
films was significantly altered upon UV irradiation. The pristine
films exhibited characteristic emission peaks: Sm* at 601 nm (*Gg,
> °H,),), Eu* at 598 nm (D, > ’F,), Tb* at 547 nm (°D, > 'F;), and
Dy at 481 nm (‘Fy, > ‘H,s,). Concurrent with film coloration,
these emissions were heavily quenched, as visually evidenced by the
fading of orange, red, green, and white luminescence profiles (Fig.
6). The quenching kinetics (insets of Fig. 6) demonstrated a
progressive intensity decrease, reaching a minimum within 25 min,
matching the photochromic response and indicating concurrent
processes. E was calculated at the strongest emission peak using Eq.
ey

F,—F,
!t 100%

. M

E=

where F; and F, denote the luminescence intensities before and after
UV irradiation for 25 min, respectively. The contrast values were
84.3% (Sm*), 92.5% (Eu™), 97.3% (Tb*), and 924% (Dy™), as
shown in Fig. S14 in the ESM. Conversely, upon O, exposure, the
quenched luminescence recovered gradually, as confirmed by the
reemergence of the characteristic emissions (Fig. S15 in the ESM).
Kinetic analysis (insets of Figs. S15(a)-S15(d) in the ESM) showed
full recovery within 75 min, consistent with the fading time and
indicating synchronous processes.

Thus, the effects of RH and temperature on the bleaching and
luminescence-recovery kinetics of the EuW ,-agarose films upon O,
exposure were investigated. At approximately 25 °C, the time

evolutions of the UV-Vis absorption (Fig. S16 in the ESM) and
luminescence (Fig. S17 in the ESM) spectra were recorded at RH
33% (Figs. S16(a) and S17(a) in the ESM), 68% (Figs. S16(b) and
S17(b) in the ESM), and 86% (Figs. S16(c) and S17(c) in the ESM).
The absorbance at 630 nm (Fig. S16(d) in the ESM) and the
emission intensity at 598 nm (Fig. S17(d) in the ESM) were
examined as a function of the O, exposure time. The results
indicate that the bleaching and luminescence-recovery rates
increased with RH, with corresponding response times of 290, 175,
and 120 min, respectively. Similarly, the temperature dependence of
these processes was examined at a constant RH of 98%. The
temporal evolutions of the UV-Vis absorption (Fig. S18 in the
ESM) and luminescence (Fig. S19 in the ESM) spectra were
recorded at room temperature (25 °C; Figs. S18(a) and S19(a) in the
ESM), 40 °C (Figs. S18(b) and S19(b) in the ESM), and 60 °C
(Figs. S18(c) and S19(c) in the ESM). The absorbance at 630 nm
(Fig. S18(d) in the ESM) and the emission intensity at 598 nm
(Fig. S19(d) in the ESM) were examined against the O, exposure
time, revealing that both bleaching and luminescence recovery were
accelerated at higher temperatures, with corresponding response
times of 70, 60, and 40 min, respectively.

34 Mechanisms of the photochromic and luminescence-
switching process

To elucidate the mechanisms of synchronous photochromism and
luminescence switching, the EuW -agarose film was analyzed by
combining the UV-Vis and luminescence spectral overlap, XPS,
and luminescence lifetime (7) measurements. Control experiments
on pure agarose films (Fig. S20 in the ESM) did not reveal
significant absorption (Fig. S20(a) in the ESM) or luminescence
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Figure6 Luminescence spectral evolution of LnW s-agarose films under UV irradiation: (a) SmW,, (b) EuW,, (c) TbW g, and (d) DyW . Insets show photographs of
the films under 365 nm UV excitation and plots of luminescence intensity versus irradiation time.
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(Fig. S20(b) in the ESM) signals in the visible region before or after
UV irradiation, confirming that EuW,, is the active component
driving the observed photochromic and switching properties.
Before UV irradiation, the EuW,j-agarose film did not exhibit
absorption in the visible region (black line, Fig. 7(a)). However,
upon UV irradiation, O > W LMCT was induced, triggering the
reduction of W* to W*, followed by proton transfer from a
hydroxyl group of agarose to an O atom at the photoreduced W*
site. This yielded a broad absorption band around 630 nm (blue
line, Fig. 7(a)), which was attributed to the W* - W*" intervalence
charge transfer (IVCT), which changed the color of the film to blue
[25, 40]. Consequently, the Eu™ emission spectrum (red line,
Fig. 7(a)) overlapped with this IVCT absorption of photogenerated
W, with this favorable spectral overlap enabling intramolecular
Forster resonance energy transfer (FRET) from excited Eu* (donor)
to W* (acceptor), leading to luminescence quenching (Fig. 7(b))
[25,27].

XPS confirmed the photoreduction of W* to W*. The W 4f
spectrum of the initial film displayed two peaks at 37.8 and 35.6 €V,
which were assigned to W* 4f;;, and W* 4f,,, respectively. After 25
min of UV irradiation, these peaks broadened, shifting by
approximately 0.2 eV to lower binding energy. Subsequently,
deconvolution revealed that each peak split into two components,
resolving into W/W* pairs at 37.8/37.3 and 35.6/35.2 eV [41].
Quantitative analysis indicated that approximately 35.9% of the W
species was W™ after UV irradiation, confirming that
photochromism originated from the UV-induced reduction of W**
(Fig. 7(c)). The FRET hypothesis was further supported by the
luminescence decay curves (Fig. 7(d)). The decay curves exhibited
double-exponential behavior before and after UV irradiation for

25 min, indicating the coexistence of two distinct EuW, states in
the film: one that is hydrogen-bonded to agarose and another that
is nonhydrogen-bonded. The average 7 of the EuW y-agarose film
in different states was calculated using Eq. (2)

T=1,X0%+1, X 0, % 2)

where 7, and 7, are the short and long decay components,
respectively, and «, and «, are their corresponding fractional
amplitudes, respectively (Table S2 in the ESM). Notably, T
decreased sharply from 2809.96 to 376.80 ps upon UV irradiation,
with a concomitant decrease in the luminescence quantum yield
from 19.68% to 0.11%. This significant decrease is attributed to
energy transfer, which provides an additional nonradiative decay
pathway for the excited Eu*, as described by Eq. (3)

1

= 3
kr+km+kET ( )

where k,, k,,, and kgr denote the rate constants for radiative decay,
nonradiative decay, and energy transfer, respectively. The reduced
excited-state 7 confirmed that the intramolecular energy transfer
from excited Eu* to W™ was the dominant luminescence-
quenching mechanism [42, 43].

Similarly, upon UV irradiation, the LnW -agarose films (Ln =
Sm*, Tb*, or Dy*) exhibited phenomena that are analogous to
those of the EuW  system, including a spectral overlap between the
photoreduced W** absorption and the Ln* luminescence (Fig. S21
in the ESM), a shift in the XPS W 4f signals to lower binding energy
(Fig. S22 in the ESM), and a decrease in t (Fig. S23 and Tables
S3-S5 in the ESM). Together, these observations indicate that
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Figure7 (a) Luminescence (red) and UV-Vis absorption spectra of the EuW -agarose film in pristine (black) and colored (blue) states. (b) Schematic mechanism of
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intramolecular energy transfer from excited Ln* to W* also occurs
in these systems.

3.5 Reversibility of photochromic and luminescence
switching

The reversibility of photochromic and luminescence switching in
LoW -agarose (Ln = Sm, Eu, Tb, or Dy) films was evaluated across
10 UV/O, alternating stimulation cycles. After each cycle, the
UV-Vis absorption (Fig. S24 in the ESM) and luminescence
(Fig. S25 in the ESM) spectra of the colored and bleached states
nearly overlapped with those of the initial cycle, demonstrating
highly repeatable switching behavior. This excellent reversibility was
attributed to the inherent reversible redox process of LnW/j,

Upon partial irradiation via a photomask bearing the hollow
letters "IMUN" (abbreviation for Inner Mongolia University for
Nationalities), the films exhibited a blue "IMUN" pattern in the
exposed regions owing to LnW,, reduction (Fig. 8(a)).
Concurrently, the irradiated regions exhibited quenched
luminescence, whereas the masked regions retained their
characteristic emissions: orange (Sm™), red (Eu*), green (Tb*), and
white (Dy*), as shown in Fig. 8(b). The blue "IMUN" pattern was
fully erasable (Fig. 8(c)), and the luminescence recovered (Fig. 8(d))
upon O, exposure via the reoxidation of LnWj, These results
demonstrate the suitability of the composite films for erasable
inkless security printing, anticounterfeiting labels, and rewritable
optical memory.

4 Conclusions

Four distinct LnW -agarose (Ln = Sm, Eu, Tb, or Dy) composite
films with high transparency and distinct luminescent colors were
prepared via a combined sol-gel and casting method using different
Ln compositions. FT-IR, TEM, SEM, and EDX mapping analyses
confirmed that the Ln-LnW, films were uniformly doped into the
agarose matrix through hydrogen bonding. As the LnW, doping
content increased, the transmittance of the films gradually
decreased, whereas their luminescence intensity increased. Notably,
the films exhibited photochromism and luminescence quenching
under UV irradiation, with quenching efficiencies of 84.3% (Sm*),
92.5% (Eu™), 97.3% (Tb”), and 92.4% (Dy*). Upon O, exposure,
both color and luminescence recovered to their initial states. The
films maintained robust, reversible photochromism and
luminescence switching across a minimum of 10 alternating UV/O,
exposure cycles. These rewritable properties highlight their potential
for applications in erasable inkless security printing,

Erasing

N LnW ,-agarose films
N

L) N (Ln=Sm, Eu,Th, Dy)
U UV-irradiated
' e —
M Exposed to O,
I BVENJ | \Sm %
E

u

?‘\\m %) Tb

b [3 er
E Dy Y o
Luminescence on

ence off

Figure8 Digital photographs of LnWy, (Ln = Sm, Eu, Tb, Dy) films: (a)
coloring and (b) luminescence quenching after UV irradiation through a mask;
(c) erasing and (d) luminescence recovery after reoxidation in oxygen.
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anticounterfeiting labels, and rewritable optical memory devices.
Furthermore, this study opens pathways for diverse next-generation
applications, including near-infrared-emitting Ln-POM systems
based on Yb*, Nd*, and Er*, as well as multistimuli-responsive
materials sensitive to light, electricity, and humidity.

Electronic Supplementary Material: Supplementary material
(PXRD, FT-IR, XPS, UV-vis spectra, luminescence spectra, etc.) is
available in the online version of this article at https://doi.org/
10.26599/POM.2026.9140145.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.

Acknowledgements

The work was financially supported by the National Natural
Science Foundation of China (Nos. 21501102, 21661026, 22261042,
and U24A20544), Natural Science Foundation of Inner Mongolia
Autonomous Region (Nos. 2024LHMS02016 and 2019MS02002),
and Inner Mongolia Autonomous Region Key Laboratory
Innovation Platform Construction Project (Nos. KJJH2402 and
SYS25003).

Declaration of competing interest

The authors declare no competing interests relevant to this article.

Author contribution statement

H.: Investigation, software, writing original draft. X. L.: Software,
investigation, analyzing. A.: Investigation, data curation. Y. T. Y.:
Investigation. X. H. W.: Supervision, data curation, investigation. P.
H. L.: Data curation, review. Y. W.: Investigation, data curation. J.
H. L: Data curation, review. B. W.. Experimental design,
supervision, writing — review, editing, and funding acquisition.

Use of Al statement

None.

References

[1] Wang, H. R.; Li, Q. Y.; Zhang, J. Y.; Zhang, H. K.; Shu, Y. H.; Zhao,
Z.; Jiang, W.; Du, L. L.; Phillips, D. L.; Lam, J. W. Y. et al.
Visualization and manipulation of solid-state molecular motions in
cocrystallization processes. J. Am. Chem. Soc. 2021, 143, 9468-9477.

[2] Ma, Y.; She, P. F.; Zhang, K. Y.; Yang, H. R.; Qin, Y. Y.; Xu, Z. H.;
Liu, S. J.; Zhao, Q.; Huang, W. Dynamic metal-ligand coordination
for multicolour and water-jet rewritable paper. Nat. Commun. 2018, 9,
3.

[3] Zhao, W. J; Liu, Z. Y.; Yu, J.; Lu, X. F.; Lam, J. W. Y.; Sun, J. Y ;
He, Z. K.; Ma, H. L.; Tang, B. Z. Turning on solid-state luminescence
by phototriggered subtle molecular conformation variations. Adv.
Mater. 2021, 33, 2006844.

[4] Luo, W. H.; Tang, Y. Y.; Zhang, X.; Wu, Z.; Wang, G. J.
Multifunctional fluorescent materials with reversible
mechanochromism and distinct photochromism. Adv. Opt. Mater.
2023, /1,2202259.

122w | Sci@pen

singhua University Pr


https://doi.org/10.26599/POM.2026.9140145
https://doi.org/10.26599/POM.2026.9140145
https://doi.org/10.1021/jacs.1c02594
https://doi.org/10.1038/s41467-017-02452-w
https://doi.org/10.1002/adma.202006844
https://doi.org/10.1002/adma.202006844
https://doi.org/10.1002/adom.202202259
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145

O

Huhe et al.

[5] Wang, Z.; He, X. W.; Yong, T. Y.; Miao, Y.; Zhang, C.; Tang, B. Z.
Multicolor ~ tunable polymeric nanoparticle from the
tetraphenylethylene cage for temperature sensing in living cells. J.
Am. Chem. Soc. 2020, 142, 512-519.

[6] Chen, J. R.; Tian, H. Y.; Yang, Z.; Zhao, J.; Yang, Z. Y.; Zhang, Y.;
Aldred, M. P.; Chi, Z. G. A multi-stimuli-responsive molecule with
responses to light, oxygen, and mechanical stress through flexible
tuning of triplet excitons. Adv. Opt. Mater. 2021, 9, 2001550.

[7] Yildiz, 1.; Deniz, E.; Raymo, F. M. Fluorescence modulation with
photochromic switches in nanostructured constructs. Chem. Soc. Rev.
2009, 38, 1859-1867.

[8] Uno, K.; Bossi, M. L.; Irie, M.; Belov, V. N.; Hell, S. W. Reversibly
photoswitchable diarylethenes against
photobleaching in aqueous solutions. J. Am. Chem. Soc. 2019, 141,
16471-16478.

[9] He, X.; Wei, P. F. Recent advances in tunable solid-state emission
based on a-cyanodiarylethenes: From molecular packing regulation to
functional development. Chem. Soc. Rev. 2024, 53, 6636—6653.

[10] Shao, B. H.; Qian, H.; Li, Q.; Aprahamian, I. Structure property
analysis of the solution and solid-state properties of bistable
photochromic hydrazones. J. Am. Chem. Soc. 2019, 141, 8364-8371.

[11] Kortekaass, L.; Browne, W. R. The evolution of spiropyran:
Fundamentals and progress of an extraordinarily versatile
photochrome. Chem. Soc. Rev. 2019, 48, 3406-3424.

[12] Huang, Y. J.; Ning, L. J.; Zhang, X. M.; Zhou, Q.; Gong, Q. Y.;
Zhang, Q. C. Stimuli-fluorochromic smart organic materials. Chem.
Soc. Rev. 2024, 53, 1090-1166.

[13]Wu, Y. Z.; Zhu, Y. Q.; Yao, C. Y.; Zhan, J. L.; Wu, P. L.; Han, Z. D.;
Zuo, J. Q.; Feng, H.; Qian, Z. S. Recent advances in small-molecule
fluorescent photoswitches with photochromism in diverse states. J.
Mater. Chem. C 2023, 11, 15393-15411.

[14] Cameron, J. M.; Guillemot, G.; Galambos, T.; Amin, S. S.; Hampson,
E.; Haidaraly, K. M.; Newton, G. N.; Izzet, G. Supramolecular
assemblies of organo-functionalised hybrid polyoxometalates: From
functional building blocks to hierarchical nanomaterials. Chem. Soc.
Rev. 2022, 51, 293-328.

[15]He, P. L. Cluster-nuclei coassembled ultrathin materials: Recent
progress and applications. Polyoxometalates 2026, 5, 9140118.

[16] Sun, J. Y.; Zheng, Y.; Zhang, Z.; Li, X. H.; Liu, G. C.; Wang, X. L. In
situ carboxylate-functionalized {Mo;,0s3}*-based three-dimensional
supramolecular framework as a copper-triggered heterogeneous
catalyst for alkene oxidation. /norg. Chem. 2025, 64, 9631-9638.

[17] Liang, Z. J.; Cheng, H. B.; Wang, H. Y.; Zhong, L.; Mao, Q. H.;
Zhang, D. D. Obtaining reversible, durable, high-contrast
photochromism and antibacterial properties in a flexible, wearable
fiber using nanometer-sized polyoxotungstate. ACS Appl. Nano
Mater. 2022, 5, 19043-19052.

[18] Zhu, M.; Xu, B. G.; Chen, T. D.; Zhang, J. Z.; Sun, W. W. Advanced
functional photochromic wearables with superior durability and
stability for sustainable applications. Adv. Funct. Mater. 2024, 34,
2406840.

[19] Qin, B.; Chen, H. Y.; Liang, H.; Fu, L.; Liu, X. F.; Qiu, X. H.; Liu, S.
Q.; Song, R.; Tang, Z. Y. Reversible photoswitchable fluorescence in
thin films of inorganic nanoparticle and polyoxometalate assemblies.
J. Am. Chem. Soc. 2010, 132, 2886-2888.

[20] Pramata, A. D.; Akaishi, Y.; Sadowara, K.; Mokuge, Y.; Kodama, N.;
Shimoyoshi, M.; Kida, T. TiO,/CsPbBr; quantum dots coupled with
polyoxometalate redox clusters for photoswitches. ACS Appl. Nano
Mater. 2020, 3, 11184-11193.

[21] Colliard, L.; Lee, J. R. I; Colla, C. A.; Mason, H. E.; Sawvel, A. M.;
Zavarin, M.; Nyman, M.; Deblonde, G. J. P. Polyoxometalates as
ligands to synthesize, isolate and characterize compounds of rare
isotopes on the microgram scale. Nat. Chem. 2022, 14, 1357-1366.

[22] Granadeiro, C. M.; Julido, D.; Ribeiro, S. O.; Cunha-Silva, L.; Balula,

fluorescent resistant

(@ w7 mme | Sci@pen

9140145 (9 of 11)

S. S. Recent advances in lanthanide-coordinated polyoxometalates:
From structural overview to functional materials. Coord. Chem. Rev.
2023, 476, 214914.

[23] Zheng, K. T.; Ye, Y. J.; Shi, Y. N.; Xu, Y. X; Yang, Z. Y.; Ma, P. T ;
Wang, J. P.; Niu, J. Y. p-serine covalently ornamented and Ln*'-
incorporated arsenotungstates with fast-responsive photochromic and
photoinduced luminescent switchable behaviors. Inorg. Chem. 2022,
61, 15871-15879.

[24] Cui, H.; Yang, Y. L.; Bai, X.; Han, X.; Zhang, W. S.; Lu, Y.; Liu, S.
X. Rare earth inorganic-organic hybrid compounds based on Keggin-
type polyoxometalate {SiW,,} with fast-responsive photochromism
and switchable luminescence properties. J. Rare Earths 2024, 42,
286-292.

[25] Wang, Z. L.; Ma, Y.; Zhang, R. L.; Peng, A. D.; Liao, Q.; Cao, Z. W.;
Fu, H. B.; Yao, J. N. Reversible luminescent switching in a
[Eu(SiW,;;M00;),]" -agarose composite film by photosensitive
intramolecular energy transfer. Adv. Mater. 2009, 21, 1737-1741.

[26] Qiu, Y. F.; Liu, H.; Liu, J. X.; Zhang, C.; Ma, Z.; Hu, P. A.; Gao, G.
G. Moisture-responsive  films  consisting of  luminescent
polyoxometalates and agarose. J. Mater. Chem. C 2015, 3,
6322-6328.

[27] Peng, N.; Li, J. F.; Hua, Y. M.; Zhao, S. C.; Li, G. M. Lanthanide-
polyoxometalate-based film with reversible photochromism and
luminescent switching properties for erasable inkless security printing.
ACS Appl. Mater. Interfaces 2024, 16, 7973-7982.

[28] AIDamen, M. A.; Cardona-Serra, S.; Clemente-Juan, J. M.; Coronado,
E.; Gaita-Arifio, A.; Marti-Gastaldo, C.; Luis, F.; Montero, O.
Mononuclear lanthanide single molecule magnets based on the
polyoxometalates [Ln(W;505),]° and [Ln(B,—SiW,,039),]" (Ln" = Tb,
Dy, Ho, Er, Tm, and Yb). /norg. Chem. 2009, 48, 3467-3479.

[29] Yan, Y.; Li, B.; Li, W.; Li, H. L.; Wu, L. X. Controllable vesicular
structure and reversal of a surfactant-encapsulated polyoxometalate
complex. Soft Matter 2009, 5, 4047-4053.

[30] Hu, G. C.; Wu, Z. H,; Cai, A. L.; Xing, X. Z.; Chang, W.; Qiao, Q. L;
Qi, B.; Song, Y. F. A two-dimensional confined polyoxometalate-
based chiral luminescence sensor for highly enantioselective sensing.
Inorg. Chem. Front. 2025, 12, 1716-1728.

[31] Wang, Z. L.; Zhang, R. L.; Ma, Y.; Peng, A. D.; Fu, H. B.; Yao, J. N.
Chemically responsive luminescent switching in transparent flexible
self-supporting [EuW,,05¢]" -agarose nanocomposite thin films. J.
Mater. Chem. 2010, 20, 271-277.

[32] Zhang, H.; Guo, L. Y.; Jiao, J. M.; Xin, X.; Sun, D.; Yuan, S. L. Ionic
self-assembly of polyoxometalate-dopamine hybrid nanoflowers with
excellent catalytic activity for dyes. ACS Sustainable Chem. Eng.
2017, 5, 1358-1367.

[33] Wang, R.; Wan, X. H.; Zhang, J. Multi-stimuli-responsive induced
chirality of polyoxometalates in natural polysaccharide hydrogels.
Chem. Commun. 2019, 55, 4711-4714.

[34]Li, S. L.; Zhang, S. S.; Feng, N.; Zhang, N.; Zhu, Y.; Liu, Y. H.;
Wang, W. J.; Xin, X. Chiral inversion and recovery of supramolecular
luminescent ~ copper  nanocluster  hydrogels  triggered by
polyethyleneimine and polyoxometalates. ACS Appl. Mater. Interfaces
2022, 14, 52324-52333.

[35]Hu, J.; Diao, H. L.; Luo, W. J.; Song, Y. F. Dawson-type
polyoxomolybdate anions (P,Mo,30¢,") captured by ionic liquid on
graphene oxide as high-capacity anode material for lithium-ion
batteries. Chem.—Eur. J. 2017, 23, 8729-8735.

[36] Sadjadi, S.; Rezadoust, A. M.; Yaghoubi, S.; Monflier, E.; Heydari, A.
3D-printed cyclodextrin polymer encapsulated Wells-Dawson: A
novel catalyst for Knoevenagel condensation reactions. ACS Omega
2023, 8, 45844-45853.

[37] Zhang, J.; Niu, C. Y.; Yang, X. K.; Liu, J. Q.; Wu, Q. L.; Tan, J. J;
Wei, X. H.; Tang, Z. Y. Redox-modulated circularly polarized
luminescence in chiral photonic films derived from cellulose

Polyoxometalates, 2026, 5, 9140145


https://doi.org/10.1021/jacs.9b11544
https://doi.org/10.1021/jacs.9b11544
https://doi.org/10.1002/adom.202001550
https://doi.org/10.1039/b804151m
https://doi.org/10.1021/jacs.9b08748
https://doi.org/10.1039/D4CS00325J
https://doi.org/10.1021/jacs.9b03932
https://doi.org/10.1039/C9CS00203K
https://doi.org/10.1039/D2CS00976E
https://doi.org/10.1039/D2CS00976E
https://doi.org/10.1039/D3TC02383D
https://doi.org/10.1039/D3TC02383D
https://doi.org/10.1039/D1CS00832C
https://doi.org/10.1039/D1CS00832C
https://doi.org/10.26599/POM.2026.9140118
https://doi.org/10.1021/acs.inorgchem.5c00646
https://doi.org/10.1021/acsanm.2c05008
https://doi.org/10.1021/acsanm.2c05008
https://doi.org/10.1002/adfm.202406840
https://doi.org/10.1021/ja908201x
https://doi.org/10.1021/acsanm.0c02323
https://doi.org/10.1021/acsanm.0c02323
https://doi.org/10.1038/s41557-022-01018-8
https://doi.org/10.1016/j.ccr.2022.214914
https://doi.org/10.1021/acs.inorgchem.2c01806
https://doi.org/10.1016/j.jre.2022.12.002
https://doi.org/10.1002/adma.200803321
https://doi.org/10.1039/C5TC00421G
https://doi.org/10.1021/acsami.3c14953
https://doi.org/10.1021/ic801630z
https://doi.org/10.1039/b912011d
https://doi.org/10.1039/D4QI03006K
https://doi.org/10.1039/B917739F
https://doi.org/10.1039/B917739F
https://doi.org/10.1021/acssuschemeng.6b01805
https://doi.org/10.1039/C9CC01981B
https://doi.org/10.1021/acsami.2c16428
https://doi.org/10.1002/chem.201701121
https://doi.org/10.1002/chem.201701121
https://doi.org/10.1002/chem.201701121
https://doi.org/10.1021/acsomega.3c06592
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145

Huhe et al.

©

nanocrystals and polyoxometalate. Adv. Opt. Mater. 2023, 11,
2300618.

[38] Muchlis, A. M. G.; Yang, C. N.; Tsai, Y. T.; Ummartyotin, S.; Lin, C.
C. Multiresponsive self-healing lanthanide fluorescent hydrogel for
smart textiles. ACS Appl. Mater. Interfaces 2023, 15, 46085-46097.

[39] Xiao, H. P.; Zhang, R. T.; Li, Z.; Xie, Y. F.; Wang, M.; Ye, Y. D;
Sun, C.; Sun, Y. Q.; Li, X. X.; Zheng, S. T. Organoamine-directed
assembly of 5p-4f heterometallic cluster substituted polyoxometalates:
Luminescence and proton conduction properties. /norg. Chem. 2021,
60, 13718-13726.

[40] Chen, Y. N.; Gong, T. T.; Han, Q. X.; Liu, J. C.; Chen, L. J.; Zhao, J.
W. Photochromic film based on a mixed-heteroatom-templated Er"-
incorporated polyoxometalate used for inkless prints and anti-
counterfeiting. ACS Appl. Mater. Interfaces 2025, 17, 1682—1693.

properties.

performance.

[41] Guo, K. K.; Song, J. M.; Li, W. J.; He, Y. H.; Yang, B.; Wei, H. T.
Water-stable and sensitive X-ray detectors by supramolecular
interaction-enhanced polyoxometalates. J. Am. Chem. Soc. 2024, 146,
26207-26215.

[42] Gong, T. T.; Wang, S.; Chen, Y. N.; Chen, L. J.; Zhao, J. W.
Tetrahydroxyhexanedioic acid-ornamented phosphite-and-bismuth-

phospho(Ill)tungstate ~ and  its
photochromic and photoluminescence switching properties. ACS Appl.
Mater. Interfaces 2025, 17, 63642—63651.

[43] Guo, Z. L.; Bian, Y. F.; Zhang, L. Y.; Zhang, J. Y.; Sun, C. X.; Cui,
D. Y.; Lv, W. Z,; Zheng, C.; Huang, W.; Chen, R. F. Multi-stimuli-
responsive carbon dots with intrinsic photochromism and in situ
radical afterglow. Adv. Mater. 2024, 36, 2409361.

bridging  Eu"-encapsulated

Hubhe received her master’s degree in Inorganic Chemistry from Inner Mongolia Minzu University. Her research interests include the
preparation of rare-earth polyoxometalate hydrogel films, and their photochromic and photocontrolled fluorescence switching

Xu Liu is currently pursuing a Master’s degree in Inorganic Chemistry at Inner Mongolia Minzu University. Her research interests
include the synthesis of trisalkoxide-functionalized polyoxovanadates, fluorescence switching and chiral switching properties.

Acaiya is pursuing a master’s degree in Inorganic Chemistry at Inner Mongolia Minzu University. His research interests include the
synthesis of trisalkoxide-functionalized polyoxovanadate and polyoxomolybdate clusters and the regulation of molecular switch

Yuting Yang received her master’s degree in Inorganic Chemistry from Inner Mongolia Minzu University. Her research interests
include the fabrication of polyoxometalate-based composite films and their multi-stimuli-responsive chromic fluorescent switching

properties.

Polyoxometalates, 2026, 5, 9140145

Xiaohong Wang received her master’s degree in Organic Chemistry from Inner Mongolia Minzu University. She is currently a
laboratory engineer at the College of Chemistry and Materials in the Inner Mongolia Minzu University. Her research interests include
the synthesis of polyoxometalates, photocatalytic degradation of organic pollutants, and acid-catalyzed preparation of tributyl citrate.

9140145 (10 of 11) (B 7% 2 | Sci@pen

Y
2 Tsinghua Universi ty


https://doi.org/10.1002/adom.202300618
https://doi.org/10.1021/acsami.3c10662
https://doi.org/10.1021/acs.inorgchem.1c02099
https://doi.org/10.1021/acsami.4c19437
https://doi.org/10.1021/jacs.4c07798
https://doi.org/10.1021/acsami.5c19350
https://doi.org/10.1021/acsami.5c19350
https://doi.org/10.1002/adma.202409361
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145

Huhe et al.

© The author(s) 2026. Published by Tsinghua University Press.

Peihe Li received his PhD in Inorganic Chemistry from Beijing Institute of Technology. Currently, he is an independent researcher at
the College of Chemistry and Materials Science at Inner Mongolia Minzu University. His research interests include the precise
synthesis of functional carbon nitrogen/inorganic solid materials modulated using polyoxometalates/transition metals/small organic
molecules at the nano/atomic scale for photocatalysis, green chemistry, and organic small molecule conversion.

Yin Wang received his Ph. D. in College of Chemistry and Chemical Engineering from Beijing Institute of Technology. Currently, he
is associate Professor at the College of Chemistry and Materials Science in the Inner Mongolia Minzu University. His research
interests include the precise synthesis, rational designs and electrocatalytic applications of inorganic solid materials for carbon dioxide
reduction reaction, nitrate reduction reaction, nitrogen reduction reaction, water splitting and metal air batteries.

Jinghai Liu received his Ph.D. in Physical Chemistry from Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO), Chinese
Academy of Sciences in 2012. Currently he is a professor, and serves as the dean of both the College of Chemistry and Materials
Science and the Nano Innovation Institute (NII) at Inner Mongolia Minzu University (IMUN). His research interests include precise
synthesis of functional inorganic solid/carbon materials and devices at nano/atomic scale for photocatalysis, battery and bioelectronics
with an emphasis on the interdisciplinary solid state chemistry and nanoscience, and very impactful “Fundamental to Applied”
research.

Bin Wang received his Ph.D. degree in Polymer Chemistry and Physics from Jilin University He is currently an Associate Professor at
the College of Chemistry and Materials in the Inner Mongolia Minzu University. His research interests focus on the synthesis of rare-
earth polyoxometalates and organo-functionalized polyoxometalates, photochromic/electrochromic fluorescence switching properties,
and bio/chemical sensing.

Open Access This article is licensed under the terms of the Creative Commons Attribution 4.0 Intemational License (http:/creativecommons.orgllicenses/by/
4.0/), which permits use, sharing, distribution and reproduction in any medium, provided the original work is properly cited.

o j .
(B d# 22w | Sci@pen 9140145 (11 of 11) Polyoxometalates, 2026, 5, 9140145


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145
https://www.sciopen.com/article/10.26599/POM.2026.9140145

	1 Introduction
	2 Experimental
	2.1 Materials and measurements
	2.2 Synthesis of lanthanide-polyoxotungstate
	2.3 Preparation of the lanthanide-polyoxotungstate-agarose films

	3 Results and discussion
	3.1 Compositional and microstructural characterization of the lanthanide-polyoxotungstate-agarose films
	3.2 Photophysical properties of the lanthanide-polyoxotungstate-agarose films
	3.3 Photochromic and luminescence-switching properties
	3.4 Mechanisms of the photochromic and luminescence-switching process
	3.5 Reversibility of photochromic and luminescence switching

	4 Conclusions
	Electronic Supplementary Material
	Data availability
	Acknowledgements
	Declaration of competing interest
	Author contribution statement
	Use of AI statement
	References

