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Beyond monofunctionality: a pyridinium-derived
photochromic Zn-MOF with tetracycline
detection/degradation and its Eu/Tb hybrids for
visual monitoring and multi-level security

Jian-Hua Xue,†a Dong-Dong Yang, *†a Yong-Sheng Shi,b Yuan-Yu Yang,a

Yu-Jia Bai,a Qi Ma *a,c and Xiang-Jun Zheng *d

Although progress has been made in recognizing and degrading tetracyclines (TC), integrating multiple

functions—including specificity, intrinsic photoresponsive behavior, targeted pollutant recognition/degra-

dation, and designable luminescence—within a single MOF platform remains a significant challenge. Most

reported systems excel in specific functions but lack synergistic integration. To address this gap, the

rational synthesis and multifunctional exploration of a novel zinc-based MOF (complex 1) was reported.

Complex 1 successfully integrates photochromism with TC management functions, enabling fluor-

escence sensing (LOD = 0.72 μM) while achieving efficient degradation and adsorption (88.08%) driven by

π–π stacking interactions, pore confinement and photoelectron transfer. To enhance functionality, post-

synthetic modification (PSM) was employed to incorporate Eu3+/Tb3+ ions into complex 1, yielding Eu/

Tb@Zn-MOFs hybrids. Strikingly, the Eu3+/Tb3+ doping preserved the parent complex’s photochromic

properties while introducing characteristic f–f luminescence, enabling dual photochromic-fluorescent

responses. By bridging pyridinium-ligand chemistry with MOF-based rare-earth functionalization, this

study advances the design of multi-responsive coordination materials. The synergistic integration of

photochromism, luminescence and structural durability provides a versatile platform for next-generation

anti-counterfeit technologies, fluorescence detection, dynamic optics and stimuli-responsive smart

materials. This work provides a metal-specific design strategy for multi-stimuli-responsive materials and

pioneers a modular approach to advanced anti-counterfeiting and environmental remediation

technologies.

1. Introduction

Tetracycline (TC), a widely used broad-spectrum antibiotic,
poses significant environmental risks. Over 70% of adminis-
tered TC is excreted unmetabolized into aquatic systems via
urine and feces.1–4 Consequently, TC residues are routinely
detected in surface water, groundwater, and even drinking
water, threatening ecosystems and human health at trace
levels.5 This necessitates materials capable of both sensitive

detection and effective degradation of TC. Fluorescence detec-
tion offers advantages (portability, low cost, speed) over con-
ventional methods (e.g., HPLC, ELISA),6–8 yet achieving simple
visual readout remains challenging.9 For degradation, photo-
catalysis surpasses traditional approaches (adsorption, AOPs)
in efficiency and eco-friendliness.10–12 In the search for
efficient photocatalytic TC degradation, various materials such
as MOFs, COFs, LDHs, and CDs have been studied. Each
material family exhibits distinct characteristics: COFs are
known for their high stability and designable porous struc-
tures,13 LDHs for their tunable layered architectures and rich
redox chemistry,14 and CDs for their strong light absorption
and electron transfer capabilities.15,16 However, these
materials often face limitations such as insufficient active
sites, limited light absorption, or rapid charge recombination.
In contrast, MOFs offer exceptional structural versatility, ultra-
high surface areas, and finely tunable chemical environments,
making them highly promising as photocatalysts.17

Specifically, for a Zn-based MOF to achieve high-performance†These authors contributed equally to this work.
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photocatalytic degradation of TC, it should ideally possess the
following attributes: strong visible-light absorption through
ligand design or metal-node coordination, efficient photo-
induced charge separation and migration to minimize recom-
bination, abundant exposed active sites for reactant adsorption
and activation, and excellent chemical stability in the aqueous
reaction environment.18

Stimuli-responsive smart materials capable of reversibly
modulating optical properties under external triggers (e.g.,
light, heat, mechanical force) have attracted significant interest
in recent decades, particularly for applications in information
encryption, sensors, and optoelectronics.19,20 Among these,
photochromic materials hold substantial promise.21–24

However, achieving robust multi-level anti-counterfeiting
within a single system remains challenging, as it necessitates
specific, sequential decryption stimuli (e.g., time and light) to
prevent unauthorized interpretation and replication.25,26

Pyridinium-based ligands, featuring conjugated π-systems and
proton-transfer capabilities electron-deficient capabilities are
prominent building blocks for optically and thermally active
materials. Their ability to mediate intramolecular charge trans-
fer (ICT) and photogenerated radical dynamics underpins
their utility.27–29 Concurrently, lanthanide-functionalized
metal–organic frameworks (Ln@MOFs) represent a paradigm
for luminescent smart materials. Ions like Eu3+ and Tb3+ offer
unique advantages—sharp emission lines, long lifetimes, and
high color purity—making them ideal for optical encoding
and anti-counterfeiting.30–34 However, direct Ln3+ incorpor-
ation during MOF synthesis is often hampered by coordination
mismatches or inefficient energy transfer. Post-synthetic modi-
fication (PSM) offers a versatile solution, anchoring Ln3+ ions
into pre-formed MOF hosts while preserving intrinsic func-
tionality.35 Pyridinium-based zwitterionic MOFs have recently
emerged as particularly promising hosts for PSM with Ln3+

ions. Their charged frameworks facilitate Ln3+ integration, and
their photoactive ligands can act as antennas, harvesting light
and transferring energy to Ln3+ ions via LMCT or FRET
mechanisms.36,37 Despite these synergistic advantages, exploit-
ing this strategy to create stimuli-responsive Ln@MOFs that
dynamically modulate both color and emission intensity
under external triggers—essential for advanced anti-counter-
feiting and multi-level encryption—remains largely unexplored.

Herein, we report the rational design and synthesis of a
novel coordination complex, {[Zn(cbby)]·H2O}n (1), assembled
from Zn2+ ions and the pyridinium-based ligand 5-(1-(3-carbox-
ybenzyl)pyridin-4-yl)isophthalic acid (H3cbby) (Scheme 1).
Complex 1 exhibits intriguing photochromic behavior, attribu-
ted to electron transfer. Remarkably, complex 1 demonstrates
unprecedented simultaneous sensing, adsorption and photo-
degradation of TC. The suspension of complex 1 maintained
good stability and showed obvious luminescence quenching
after gradual addition of TC, achieving a detection limit of
0.72 μM. This sensing capability, coupled with efficient
adsorption and photocatalytic degradation (88.08% efficiency),
arises synergistically from π–π stacking interactions between
TC and the framework’s benzene/pyridine rings, optimal pore

size matching, and photogenerated electron transfer. In
addition, leveraging the inherent porosity of this Zn-based
framework, we performed post-synthetic modification (PSM)
by anchoring Eu3+/Tb3+ ions, yielding lanthanide-incorporated
materials denoted as Eu/Tb@Zn-MOF. Crucially, Eu/Tb@Zn-
MOF retains the photochromic properties and high TC degra-
dation efficiency of the parent framework. Building upon this
multifunctionality, a detection platform for visual detection of
TC is developed by using the color features of Eu/Tb@Zn-MOF.
Moreover, a hierarchical anti-counterfeiting platform integrat-
ing 1 and Eu/Tb@Zn-MOF was developed. This platform
enables multi-level authentication through orthogonal lumi-
nescent responses to specific stimuli (light irradiation, time
evolution and UV observation).

2. Experimental section
2.1 Synthesis of {[Zn(cbby)]·H2O}n (1)

A mixture of Zn(NO3)2·4H2O (31 mg, 0.1 mmol), 5-(1-(3-carbox-
ybenzyl)pyridin-4-yl)isophthalic acid (H3cbby) (41 mg,
0.1 mmol), and DMF–H2O (5 : 1, v/v, 6 mL) was placed in a
PTFE lined stainless steel vessel (25 mL) under self-pressuriz-
ation and 100 °C for 3 days to obtain light yellow crystals. The
reaction yield was about 60% with Zn as the raw material.
Elemental analysis: calcd for C21H15NO7Zn: C, 54.98; H, 3.30;
N, 3.05%. Found: C, 54.81; H, 3.18; N, 3.16%. IR (KBr, cm−1):
3423 s, 3124 w, 3066 w, 1631 s, 1562 m, 1392 s, 1290 w,
1216 w, 1151 w, 863 w, 750 w, 721 w.

2.2 Synthesis of Eu/Tb@Zn-MOF

Crystal 1 (30 mg) was dispersed in 10 mL of methanol solution
containing 10−2 mol L−1 Eu(NO3)3·6H2O/Tb(NO3)3·6H2O. After
continuous stirring of the mixture at room temperature for
24 h, the resulting white powder was washed several times
with methanol and centrifuged to produce Eu/Tb@Zn-MOF.

2.3 X-ray diffraction analysis

The single-crystal X-ray diffraction data of conformationally
changed crystals of complex 1 was collected on an XtaLAB
Synergy-DW diffractometer with Cu-Kα radiation (λ =
0.71073 Å) at room temperature. The crystal structures were
solved and refined using the Olex2 program and all hydrogen
atoms were added automatically. Absorption corrections were
applied by the program SADABS. All hydrogen atoms were
added automatically and non-hydrogen atoms were refined
anisotropically. Crystal data and structure refinement para-
meters are summarized in Table S1. Selected bond distances
(Å) and angles (degree) are displayed in Table S2.

3. Results and discussion
3.1 The characterization of materials

The experimental powder X-ray diffraction (PXRD) pattern of
complex 1 matches well with the simulatedone, confirming its
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phase purity and structural integrity (Fig. S1). Post-synthetic
modification of the complex 1 powder with Eu3+/Tb3+ ions was
also characterized. As shown in Fig. S2, the modified material
retains the framework’s Bragg diffraction positions with only
minor peak intensity variations, likely due to altered electron
density, confirming successful encapsulation of the Eu3+/Tb3+

ions. TGA analysis (Fig. S3) reveals an 8.1% weight loss
between 30–150 °C, corresponding to the release of one dis-
ordered H2O molecule (calcd: 7.84%). Framework decompo-
sition occurs between 350–600 °C.

SEM analysis of complex 1 and its Eu3+/Tb3+-modified ana-
logues reveals their morphology (Fig. S4). Both materials
exhibit 1–50 µm block-like structures (Fig. S4a–4i), with the
modified complexes retaining the original framework mor-
phology, consistent with XRD data. However, their surfaces
appear rougher, indicating successful Eu3+/Tb3+ incorporation.
EDS mapping further confirms uniform elemental distribution
(Fig. S4–S6). N2 adsorption–desorption measurements show
complex 1 has a BET surface area of 5.1320 m2 g−1 and a
maximum pore size of 150 nm (Fig. S7), classifying it as a
macroporous solid.

3.2 Structural analysis and discussion

Single-crystal X-ray diffraction analysis reveals that the
complex 1 crystallizes in the monoclinic system with space
group P2/c (Table S1). The asymmetric unit consists of one
Zn2+ ion, one deprotonated cbby2− ligand and one lattice H2O
molecule (Fig. 1a). The Zn1 atom is four-coordinated and

forms a distorted tetrahedral [ZnO4] geometry, which is com-
pleted by four oxygen atoms from four carboxylate groups
from the four cbby2− ligands. The Zn1–O bond lengths range
from 1.926(3) to 1.987(3) Å and the O–Zn1–O angles are within
the range of 99.63(14)–122.99(15) (Table S2). Notably, every
cbby2− ligand connects four Zn atoms with µ4-(k

1–k1)–(k1–k0)–
(k1–k0)-coordination mode to form a 2D layered structure
(Fig. 1b). The 2D network is further connected along the c-axis
direction via cbby2− ligand to form a three-dimensional (3D)
framework structure (Fig. 1c). Topological analysis using
TOPOS software identifies the network as a 3,6-connected
topology (Point Symbol: {42·6}2{44·62·88·10}), where Zn2+ acts as
a 6-connected node and the cbby2− ligand serves as a 3-con-
nected node (Fig. 1d). The framework exhibits a calculated
solvent-accessible volume of 28% (PLATON),38 suggesting
potential porosity. In addition, there are π⋯π stacking inter-
actions between the pyridine ring and the aromatic ring, and
between the aromatic ring and the aromatic ring with a center
to center distance of 3.591(3) and 3.705(3) Å, respectively,
which contribute to the stability of the molecular structure
(Fig. S8).

3.3 Photochromic properties

The photochromic properties of 1 was studied. As shown in
Fig. 2a, complex 1 exhibits distinct light-responsive color
changes under 365 nm UV irradiation for 5 s and reached sat-
uration after irradiation for 120 s (1P). Complex 1 demon-
strates a remarkable chromatic transition from pale yellow to

Scheme 1 Schematic representation for constructing multifunctional stimuli-responsive 1 and Eu/Tb@Zn-MOF.
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deep blue, the reversibility of photochromism differs signifi-
cantly between the complex 1. Complex 1P achieves complete
color recovery within 3 days under dark conditions. The photo-
chromic processes of complex 1 was further recorded by IR
and XRD. Structural integrity was confirmed through compara-
tive analyses of IR and XRD patterns before and after
irradiation, revealing no significant framework alterations
(Fig. S1 and S9). This observation excludes irreversible struc-
tural isomerization or phase transitions as potential mecha-
nisms. Solid-state UV-vis spectra further corroborate the photo-
chromic behavior, with complex 1 displaying a prominent
absorption band at 620 nm corresponding to radical formation
(Fig. 2c). When the photochromic product (1P) is restored to
the initial yellow state, the corresponding spectrum is also
restored (Fig. S10). The reversible photochromic phenomenon
of complex 1 can be repeated at least five times (Fig. S11). The
changes of the complexes before and after irradiation were
further detected by electron paramagnetic resonance (EPR)
spectroscopy. As shown in Fig. 2d, complex 1 has no EPR
signal before irradiation, and strong EPR signals appear at g =
2.0042 after irradiation, confirming the generation of stable
radical species through photoinduced electron transfer
processes.

The photochromic properties of complex 1 modified by
Eu3+ and Tb3+ (Eu/Tb@Zn-MOF) were also discussed. Eu@Zn-
MOF and Tb@Zn-MOF showed photochromic behavior from
white to light yellow upon irradiation by 365 nm UV light, and
the color became saturated after irradiation within 7 min
(Fig. 2b). Moreover, the fluorescence (365 nm) colors of
Eu@Zn-MOF and Tb@Zn-MOF gradually changed from red to
orange red and light green to yellow green, respectively
(Fig. 2b). Both samples exhibited a gradual recovery to a white
state upon heating at a temperature of 100 °C for a duration of
1 h. In addition, the decoloured sample demonstrated a shift
in colour subsequent to re-irradiation, thereby suggesting that
the colour alteration was reversible. Similarly, the photochro-
mism of Eu@Zn-MOF and Tb@Zn-MOF was detected by solid-
state UV-Vis spectroscopy. The samples of Eu@Zn-MOF and
Tb@Zn-MOF showed a new absorption band at 600 nm after
irradiation, and their intensity gradually increased with the
increase of irradiation time, which indicated that the color of
Eu@Zn-MOF and Tb@Zn-MOF gradually changed (Fig. S12).

The photochromic behavior observed in solid-state MOFs
has been shown to primarily originate from photoinduced
electron transfer processes. This phenomenon demonstrates
critical dependence on the spatial arrangement of molecular

Fig. 1 (a) Coordination environment of 1 (i −x + 1, y − 1, −z + 3/2; ii x − 1, y − 1, z; iii −x + 1, −y + 1, −z + 1). (b) 2D structure of complex 1. (c) 3D
structure of 1. (d) The topological network of complex 1.
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components, where efficient electron transfer pathways are
established through hydrogen bonding between electron-
donating moieties and electron-accepting centers within the
crystal lattice.39,40 The possible electron-transferring hydrogen
bonding information is listed in Table S3. For complex 1, the
oxygen atom O2, O3 and O5 from carboxylate group of cbby2−

ligand are involved in hydrogen bonding with the carbon atom
in the pyridinium ring (Fig. S13), which may construct the
pathways of electron transfer. Moreover, the π⋯π interaction
distance between the pyridine ring and the aromatic ring in
complex 1 is 3.591(3) and 3.705(3) Å (Fig. S8), which facilitate
the requirements for electron transfer upon UV-light
irradiation. Further theoretical calculations were carried out to

elucidate the potential mechanism of photoresponsive radical
emission of complex 1. As shown in Fig. 2e, the highest occu-
pied molecular orbitals (HOMOs) of 1 are mainly located on
the carboxyl groups and metal ions. The lowest unoccupied
molecular orbital (LUMOs) of 1 is mainly located on the pyri-
dine ring of H3cbby ligand, which indicates that the electron is
transferred from the carboxyl oxygen atom to the pyridine
nitrogen atom.

3.4 Luminescence properties

The photoluminescence properties of complexes 1, Eu@Zn-
MOF and Tb@Zn-MOF were studied in solid state at room
temperature. As shown in Fig. S14, complex 1 shows intense

Fig. 2 (a) Photographs of complex 1 before and after UV light irradiation. (b) Photographs of Eu@Zn-MOF and Tb@Zn-MOF before and after UV
light irradiation. (c) UV-vis spectra of 1 for different UV irradiation durations. (d) EPR spectra of 1 before and after irradiation in the ambient environ-
ment. (e) Calculated molecular orbitals (HOMOs and LUMOs) of complex 1.
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strong emission peak at 400 nm when excited at 340 nm (CIE
coordinates: 0.17, 0.10, Fig. 3a), while Eu@Zn-MOF and
Tb@Zn-MOF displayed characteristic red and green lumine-
scence, respectively, corresponding to the typical transitions
of Eu3+ (5D0 → 7F4) and Tb3+ (5D4 → 7F), which is consistent
with the color indicated by the CIE coordinates (0.63, 0.33 of
Eu@Zn-MOF and 0.32, 0.55 of Tb@Zn-MOF, Fig. 3a).
Intriguingly, three complexes demonstrated photochromic be-
havior under light irradiation, accompanied by a gradual
reduction in fluorescence intensity as their coloration dee-
pened, suggesting that the fluorescence of complex 1, Eu@Zn-
MOF and Tb@Zn-MOF is quenched due to the formation of
radicals (Fig. 3). Similarly, this reversible alternation between
the two color states of the complex can be repeated at least five
times without significantly reducing the color saturation or
emission intensity (Fig. S15). These findings collectively estab-
lish complexes 1, Eu@Zn-MOF and Tb@Zn-MOF as promising
candidates for developing optically controlled luminescent
switches, with potential applications in molecular sensing,
anti-counterfeiting systems, and optoelectronic memory
devices.

3.5 Detection of TC

The luminescent properties of complex 1 in water were evalu-
ated. A uniform suspension was prepared by dispersing
10.0 mg of complex 1 in 30 mL of distilled water, followed by
sonication for 30 min. The supernatant was then collected for
fluorescence characterization. The emission spectrum of
complex 1 in aqueous solution is shown in Fig. S16. No signifi-
cant difference was observed in the fluorescence spectrum
after soaking in water for 7 days (Fig. S17), confirming the

good luminescence stability of its aqueous suspension. Given
the strong fluorescence and high stability of complex 1, its
potential application for antibiotic detection was explored.
Eight common antibiotics were selected for investigation
(Fig. S18): theophylline (THEO), tiopronin (Tiopronin), L-dopa
(L-DOPA), D-penicillamine (DP), riboflavin (RFN), aureomycin
(CTC), terramycin (OTC), and tetracycline (TC). As shown in
Fig. 4a, under identical conditions, complex 1 exhibited
quenching rates of 30.2% and 32.8% for CTC and OTC,
respectively, while the quenching efficiency for TC was signifi-
cantly higher at 81.4%. This indicates that complex 1 functions
as a promising fluorescent chemosensor for the specific detec-
tion of TC. The UV-vis spectra of eight antibiotics were com-
pared with the spectra. As shown in Fig. S19, the UV-vis
spectra of CTC, OTC and TC overlap greatly with the spectra of
complex 1, which indicates that the energy absorption of these
three antibiotics has a certain effect on the change and
quenching of fluorescence color.

To further evaluate the sensitivity of complex 1 towards TC,
quantitative fluorescence (FL) titration experiments were per-
formed by adding incremental amounts of a TC solution
(1.00 mM) to the sample suspensions (Fig. 4b and c). The
Stern–Volmer equation (I0/I = 1 + KSV [M]) was applied to
analyze the luminescence quenching, where I0 and I represent
the emission intensities at 395 nm in the absence and pres-
ence of the analyte, respectively, KSV is the quenching con-
stant, and [M] is the analyte concentration. The Stern–Volmer
plot for TC was nearly linear at low concentrations (correlation
coefficient = 0.9907), yielding a KSV value of 1.01 × 104 M−1

(Fig. 4c). The limit of detection (LOD) for TC was calculated
using the equation LOD = 3σ/m, resulting in a value of

Fig. 3 (a) CIE-1931 chromaticity diagram of complex 1, Eu@Zn-MOF and Tb@Zn-MOF. Time-dependent photoluminescence spectra of complex 1
(b), Eu@Zn-MOF (c) and Tb@Zn-MOF (d) before and after irradiation.
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0.72 μM. This LOD is superior to those of most reported MOF-
based fluorescent chemosensors for TC detection (Table S4).

Given the importance of anti-interference capability for
practical applications, complex 1 was tested for TC detection
in the presence of TC and other antibiotics. As shown in
Fig. 4d, the FL intensity of complex 1 decreased only slightly
upon addition of other antibiotics but exhibited rapid decay
upon contact with TC, indicating satisfactory anti-interference
performance.

3.6 Degradation of TC

Given the promising detection performance of complex 1 in
aqueous solution for TC, CTC, and OTC, its photocatalytic
degradation capabilities towards these three antibiotics were
further investigated. Standard solutions of each antibiotic were
prepared at a concentration of 10 mg L−1. Subsequently, 10 mg
of complex 1 was ground into powder and added separately to
80 mL aliquots of each antibiotic solution. After stirring fol-
lowed by a 30 min standing period for adsorption–desorption
equilibrium, 5 mL of the suspension was centrifuged, and the
supernatant absorbance (C0) was measured to establish the
initial concentration. A xenon lamp served as the light source
for photocatalysis. At 10 min intervals over 100 min, 5 mL ali-
quots were sampled, centrifuged, and the absorbance of the
supernatant was determined by UV-Vis spectrophotometry. As
depicted in Fig. S20, the maximum absorption peaks of all
three antibiotic solutions containing complex 1 decreased pro-

gressively with increasing irradiation time. Beyond 100 min,
the changes in the absorption peaks became negligible, indi-
cating that the degradation reaction had essentially reached
completion. Fig. 5a shows that the degradation efficiencies of
TC, OTC, and CTC by complex 1 reached 88.08%, 61.23%, and
14.13%, respectively, demonstrating its effectiveness in degrad-
ing these antibiotics, albeit with varying efficiencies.

Due to the high degradation efficiency of TC by complex 1,
this complex was selected for further study. The degradation
efficiency was calculated using the formula: degradation
efficiency = C/C0, where C0 and C represent the initial and
actual concentrations of tetracycline, respectively. As shown in
Fig. 5b, under xenon lamp irradiation, TC concentration
decreased sharply in the presence of complex 1, achieving a
degradation rate of 88.08% within 100 minutes. In contrast,
control experiments conducted in the absence of light or
complex 1 showed significantly slower degradation, resulting
in much lower efficiencies of only 2.46% and 17.46%, respect-
ively, under the same conditions. This performance of
complex 1 surpasses that of most reported tetracycline-degrad-
ing materials (Table S5). Given the high degradation efficiency
of TC by complex 1, the photocatalytic activity of its Eu3+ and
Tb3+-modified derivatives (Eu@Zn-MOF and Tb@Zn-MOF)
towards TC degradation to evaluate the effect of modification
was also studied to evaluate the modification effect. As shown
in Fig. S21 and Fig. 5c, modification with Eu3+ or Tb3+ had no
significant impact on the TC degradation rate compared to the

Fig. 4 (a) Quenching efficiency of complex 1 in different antibiotic solutions. FL spectra (b) and Stern–Volmer plots (c) of complex 1 in different TC
concentrations. (d) Quenching efficiency of complex 1 facing diverse antibiotics and TC.
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parent complex 1. Collectively, these experiments demonstrate
that complex 1, Eu@Zn-MOF, and Tb@Zn-MOF can effectively
accelerate the degradation of tetracycline.

The mechanism underlying the photocatalytic degradation
was further elucidated. In complex 1, the presence of abundant
benzene and pyridine rings enables π–π stacking interactions
with the benzene rings of TC, facilitating the adsorption of TC
onto the complex.41,42 Notably, the maximum dimension of
the TC molecule (12.69 Å) is smaller than the pore size of
complex 1, and this appropriate pore size matching further
enhances adsorption efficiency (Fig. 5d). Under xenon lamp
irradiation, complex 1 generates a large number of photogene-
rated electrons (e−) and holes (h+). These charge carriers
undergo separation (eqn (1)). Subsequently, photogenerated
electrons migrate from the valence band (VB) to the conduc-
tion band (CB), where they reduce adsorbed O2 to generate
superoxide radicals (•O2

−) (eqn (2)). Simultaneously, photo-
generated holes can directly oxidize TC molecules, initiating
their degradation (eqn (3)). The majority of the photogenerated
holes (h+) contribute directly to TC oxidation, a process that
also promotes charge carrier separation by consuming holes
(eqn (4)). A minor fraction of holes reacts with adsorbed H2O
or surface hydroxyl groups to produce hydrogen peroxide
(H2O2), which rapidly decomposes to yield hydroxyl radicals
(•OH) (eqn (5)). These highly reactive •OH radicals then further
degrade TC (eqn (6)) (Fig. 5e).43,44

Complex 1þ hv ! eCB� þ hVB
þ ð1Þ

eCB� þ O2 ! O2
� ð2Þ

O2
� þ TC ! degradation products ð3Þ

hVB
þ þ TC ! degradation products ð4Þ

hVB
þ þH2O ! H2O2 þHþ ! •OH ð5Þ

•OHþ TC ! degradad products ð6Þ
Overall, the photocatalytic degradation of tetracycline pro-

ceeds via two primary pathways.45,46 The first involves the
initial attack of hydroxyl radicals (•OH), superoxide radicals
(•O2

−), or holes (h+) on the tetracycline molecule, forming
intermediates. Subsequent reactions, including dealkylation
and ring-opening, ultimately lead to the mineralization pro-
ducts H2O and CO2. The second pathway begins with the
direct dealkylation of tetracycline, driven by the strong oxidiz-
ing power of •O2

− and •OH. Ring-opening reactions and term-
inal oxidation then occur, generating various intermediates
before final conversion to H2O and CO2 (Fig. S22).

3.7 Multiple intelligent anticounterfeiting applications

Leveraging the effective tetracycline degradation and adsorp-
tion capabilities of complex 1, combined with the intense
characteristic emissions of its Eu3+/Tb3+-modified forms
(Eu@Zn-MOF and Tb@Zn-MOF), to explored the visual detec-
tion of TC using these materials. As illustrated in Fig. 6a, stan-
dard solutions of TC at varying concentrations were prepared
and introduced into suspensions containing Eu@Zn-MOF or
Tb@Zn-MOF. The samples were dried, and the resulting
changes in fluorescence color were observed under 365 nm UV
light. Under UV irradiation (λ = 365 nm), pristine Eu@Zn-MOF

Fig. 5 (a) Degradation rate of complex 1 in different antibiotic of CTC, OTC and TC. (b) Degradation line diagram of TC in complex 1. (c) The degra-
dation rate of TC by complex 1, Eu@Zn-MOF and Tb@Zn-MOF. (d and e) Possible adsorption and photocatalytic mechanism of TC.
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and Tb@Zn-MOF exhibit bright red and green emissions,
respectively. Upon dropwise addition of increasing concen-
trations of TC solution, the fluorescence color of Eu@Zn-MOF
transitions from red to dark yellow, while that of Tb@Zn-MOF
shifts from green to light blue. These distinct, concentration-
dependent color changes demonstrate that Eu@Zn-MOF and
Tb@Zn-MOF enable the visual detection of trace TC, highlight-
ing their potential for developing portable TC detection
devices.

The growing emphasis on information security in daily life
has spurred the development of novel materials and techno-
logies for encryption, anti-counterfeiting, and secure infor-
mation storage. These systems utilize specific external stimuli
(e.g., temperature, light) for decryption, rendering encrypted
information resistant to interpretation and replication.
Leveraging the synergistic combination of reversible photo-
chromism of complex 1 and the photoactivated fluorescence
modulation of Eu@Zn-MOF/Tb@Zn-MOF, a dynamic anti-
counterfeiting platform with spatial encryption capabilities
was designed. As shown in Fig. 6b, the encryption matrix inte-
grates complex 1, Eu@Zn-MOF and Tb@Zn-MOF. Under con-
tinuous UV light, a bright “956” pattern emerges; extending
irradiation to 7 min induces a gradual shift in fluorescence
from red to orange-red (Eu@Zn-MOF) and from green to
yellow-green (Tb@Zn-MOF). Crucially, the sequence and

content of displayed patterns are dynamically programmable
via UV exposure duration, enabling versatile information
encryption. Thus, the authentic data (“956”) achieves triple
encryption through: (1) the neutral visible state, (2) the time-
dependent photochromic pattern (“11”), and (3) the UV-acti-
vated fluorescent pattern (“956”) with tunable emission.

Fingerprints, serving as unique biometric identifiers, are
widely utilized in identity authentication systems. Capitalizing
on this intrinsic uniqueness, researchers developed a novel
anti-counterfeiting technology by integrating fingerprint pat-
terns with the photoresponsive characteristics of lanthanide-
functionalized metal–organic frameworks (Eu/Tb@Zn-MOFs).
As shown in Fig. 6c, the process involves applying Eu@Zn-
MOF powder onto a fingertip and then transferring the finger-
print onto adhesive tape to preserve the pattern. Remarkably,
exposure to 365 nm UV irradiation under ambient conditions
elicited dual-mode optical responses: the fingerprint visibly
transitioned from white to light yellow while its fluorescence
shifted from red to orange-red. Analogous experiments with
Tb@Zn-MOF demonstrated comparable photochromic be-
havior, with the naked-eye color also transitioning from
white to pale yellow and the fluorescence shifting from blue
to yellow-green. This approach significantly enhances the
application of fingerprints in both identification and anti-
counterfeiting.

Fig. 6 (a) Fluorescence response of Eu@Zn-MOF and Tb@Zn-MOF to different concentrations of TC. (b) Encryption and decryption based on multi-
level information patterns and the corresponding three-layer security system. (c) Preparation of photochromic fluorescent fingerprints with Eu@Zn-
MOF and Tb@Zn-MOF powders. (d) Inkless print photographs and fluorescent photographs of photochromic Eu@Zn-MOF and Tb@Zn-MOF based
photochromism. (e) Photographs of PMMA-1 before and after irradiation and fluorescence photographs of PMMA-2 and PMMA-3 before and after
irradiation.
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The synergistic integration of photochromism and tunable
luminescence within Eu/Tb@Zn-MOF enables their deploy-
ment as smart optical tags for advanced anti-counterfeiting
systems. As illustrated in Fig. 6d, suspensions of Eu@Zn-MOF
and Tb@Zn-MOF were precisely cross-filled and coated to
form a ‘REVOS’-shaped module. Following 5 min of 365 nm
UV irradiation, this module exhibited dual-mode authentica-
tion characteristics: its color transitioned from white to pale
yellow, accompanied by diverse fluorescence color changes.
This dynamic optical response, combined with the high
spatial resolution afforded by the modular pattern, establishes
the Eu/Tb@Zn-MOF composite as an excellent platform for
high-security inkjet printing. This technology facilitates the
encryption and storage of multi-dimensional information via
photon/colorimetric dual-channel encryption.

To demonstrate the UV-responsive characteristics of these
coordination systems, a series of photochromic films were pre-
pared. Solutions of complex 1, Eu@Zn-MOF, and Tb@Zn-MOF
were separately prepared by dissolving each material with poly-
methyl methacrylate (PMMA) powder in an EtOH–H2O mixture
(1 : 1, v/v, 5 mL). These solutions were then uniformly coated
onto glass plates. After drying for 24 hours, hybrid matrix
films were obtained: PMMA-1 (complex 1), PMMA-2 (Eu@Zn-
MOF) and PMMA-3 (Tb@Zn-MOF). As shown in Fig. 6e,
PMMA-1 appears white and highly transparent. Following
3 min of 365 nm UV irradiation, its color shifts to light gray.
Under identical conditions, PMMA-2 exhibits reversible
luminescence switching from pink to yellow-green, while
PMMA-3 demonstrates a transition from blue to blue-green.
The discolored films revert to their original colors after
24 hours in the dark, mirroring the photochromic behavior
observed in the powder samples. This reversibility indicates
that the photochromism in the hybrid matrix films is may also
attributed to the generation of free radicals.

4. Conclusion

In summary, a novel pyridinium-functionalized coordination
complex 1 was synthesized, exhibiting reversible photochro-
mism under UV light irradiation. Under 365 nm UV light
irradiation, the photoresponse time of complex 1 is 5 s.
Complex 1 can selectively detect TC in a variety of antibiotics
with a detection limit of 0.72 μM. Due to the holes and photo-
induced electron transfer of complex 1, the degradation rate of
tetracycline can be increased, and it can be degraded by
88.08% in 100 min. Notably, the porous architecture of Zn-
MOF enabled efficient post-synthetic modification with Eu3+/
Tb3+ ions, achieving rare compatibility between host photo-
chromism and guest-derived lanthanide luminescence. This
dual functionality was leveraged to develope Eu/Tb@ZnMOF
as a bifunctional anti-counterfeiting material, where reversible
color changes under UV irradiation coexist with excitation-
dependent fluorescence switching. Moreover, Eu/Tb@Zn-MOF
was developed into portable colorimetric test strips for real-
time TC monitoring, where concentration-dependent color

transitions enable rapid field detection. Furthermore, a hier-
archical security platform integrating 1 (photochromic) and
Eu/Tb@Zn-MOF (photochromic-fluorescent) was engineered,
enabling multi-level authentication through orthogonal
responses to light and UV observation—a significant advance-
ment over conventional single-mode systems. This work not
only provides mechanistic insights into stimulus-responsive
behaviors of pyridinium-functionalized coordination but also
pioneers a modular strategy for designing multifunctional
MOF-based composites through combined metal–ligand selec-
tion and PSM engineering. The demonstrated applications in
environmental remediation and advanced anti-counterfeiting
systems highlight the material’s versatility in addressing real-
world challenges.
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