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ABSTRACT: Regulating reaction conditions to
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of lanthanide metal-organic frameworks (Ln- /O“’-w\ B Yor e
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network structures, significantly enriching the 3-c § % /]</[\r m,‘:@za
connected network family. This work, to our 5"‘?:{\. S /ﬁ;i (/T< . Q@ v
knowledge, is the first to reveal that alterations in B /f

the twist angles of molecular rotor modules in mc %c I
triangular-shaped AlEgens can lead to a serial L8678 545689 I
expansion of the family of topological networks mrsigre - I e
based on 3-c connections. Surprisingly, both Eu- N }355\( /T<% % A e Flora N
MOF and Tb-MOF display linear temperature l/\)\/\l @
responses with varying sensitivities in the high % \ | L 1 {\\j §
and low temperature regions, respectively, it . \< ¥ Ble g
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ratiometric fluorescence thermometer. What is 3 v

more noteworthy is that Tb-MOF can be easily : o é}\

and efficiently fabricated into thin films, S A o’ “:
maintaining stable and bright yellow-green v Ceal® § Sais’
luminescence even after multiple foldings, which ’““i’&\r PR

demonstrates its excellent mechanical flexibility i B

and processability potential. This study not only
charts a new course for expanding the topological network structure of Ln-MOFs through dynamic AlEgens but also
broadens the horizons for the optical applications of multifunctional Ln-MOFs emitters.
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1 Introduction

Metal-organic frameworks (MOFs), a class of long-range ordered
and highly customizable crystalline porous materials, are formed by
alternating connections between secondary building units (SBUs)
and linkers through coordination interactions [1-5]. Currently,
customizing the structure of MOFs mainly depends on the
following two aspects: regulating the type, length, and functional
group of the linker, and systematically regulating the geometric
configuration and connection method of SBUs [6-8]. However, the
structural design of traditional MOFs is often limited to the use of
linear or planar rigid organic linkers, which significantly restricts
the expansion of diversified topological connection networks. After
selecting these rigid linkers, the network structure of MOFs is
mainly expanded by the diverse connection modes of SBUs [9, 10].
In 2001, Tang et al. discovered that organic molecules containing
molecular rotor modules exhibited obvious aggregation-induced
emission (AIE) behavior, and these AIE luminogens (AIEgens)
have obviously received widespread attention [11-13]. More
importantly, AlEgens often possess dynamic molecular rotor
modules, exhibiting non-planar and twisted molecular
conformations. Obviously, using AlEgens as functionalized linkers
and introducing them into the structure of MOFs can effectively
break through the geometric constraints of traditional rigid “static”
linkers [14, 15]. In 2025, our team assembled a smart luminescent
MOF (Zr-TPE-MOF) using tetraphenylethylene-based AlEgen
(4'4"4"4""-(ethene-1,1,2,2-tetrayl)tetrabiphenyl-4-carboxylic acid
(H,TPPE)) with an extended molecular rotor structure as a linker,
and octahedral Zr,O,(OH)s(H,0), clusters as SBUs. This MOF
exhibits a breathing behavior driven by CH,Cl, or CH;COOH
vapor. The entry of trace amounts of CH,Cl, or CH;COOH vapor
into the pores triggers changes in the motion and torsion of the
molecular rotors within the Zr-TPE-MOF structure, leading to a
significant blue shift in the ligand emission wavelength and an
increase in emission intensity [16]. In 2021, Tang et al. synthesized
several dynamic MOFs (Zn/CoMOFs, ZnTCPE, and ZnETTB)
using tetraphenylethylene carboxylic acid derivative ligands. They
demonstrated that perturbations from specific guest molecules,
temperature, or pressure could effectively induce changes in the
movement or twisting degree of the molecular rotor ligands within
the pores, leading to noticeable fluorescence color changes [17, 18].
During the process of coordination self-assembly to form specific
MOFs, the dynamic behavior and conformational flexibility of
AlEgens enable them to respond to changes in external conditions
such as solvent polarity, temperature, pressure, and acidity and
alkalinity, and dynamically adjust their spatial orientation and
coordination mode, thereby significantly broadening the diversified
topological connection network of MOFs [19-23]. The dynamic
adaptive behavior of AIEgens not only helps to guide the formation
of rare topological networks of MOFs that are difficult to construct
with traditional rigid linkers, but also can systematically expand the
diversified topological connection networks of MOFs [24]. Farha et
al. regulated the dihedral angle of V-shaped dicarboxylic acid
ligands by replacing the C-H groups of the aromatic ring with
nitrogen atoms, obtaining three different topological types of Zr-
MOFs. This demonstrated that altering the dihedral angle of the
rotor module can effectively promote the structural design process
of MOFs [25]. However, it is still rare to exploit the twisting and
conformational changes of molecular rotor modules in ATEgens to
serially expand dynamic topologically connected networks of
MOFs. Clearly, the exploration of manipulating twisted and

Nano Research, 2026, 19, 94908442

94908442 (2 of 15)

dynamic AlIEgens as linkers to customize the synthesis of MOFs is
significantly insufficient. Further in-depth analysis of the
controllable assembly of AlEgens containing dynamic modules to
form MOFs and their topological evolution will help expand the
development of diversified topological connection networks.

Using AlEgens as linkers not only expands the topological
connection network of diversified MOFs, but also breaks through
the huge bottleneck of traditional organic fluorophores that are
prone to fluorescence quenching in the aggregated state [26-29].
The AlEgens core, represented by triphenylamine (TPA), has
attracted widespread attention due to its propeller-shaped
configuration and excellent photophysical properties [30, 31]. In
2022, Bu et al. reported a Zn-MOF (NKU-128) assembled from an
AlEgen based on a triphenylamine core (tri(4-(pyridine-3-
y)phenyl)amine (3-TPPA)) and Zn(II) ions. They utilized
temperature, pressure, and solvent-induced dynamic changes in the
motion and distortion of the molecular rotor structure of the ligand
to achieve full-spectrum fluorescence tuning [32]. In 2025, our team
utilized triphenylamine carboxylic acid derivative ligands (4,4,4™
triphenylamine tricarboxylate (TPA-COOH)) to construct
intelligent lanthanide-based luminescent MOFs with adaptive
antenna effects. We precisely controlled the energy transfer
pathways, achieving highly efficient intelligent luminescence
switching behavior and multiple intelligent anti-counterfeiting
applications [33]. Obviously, the optical behaviors and energy levels
of AlEgens with dynamic modules are closely related to their
molecular configurations and the motion of the rotors. Micro-
perturbations of AIEgens by the external environment can easily
cause the molecular rotors to exhibit rapid changes in the degree of
motion or twisting, thereby inducing dynamic changes in their
energy levels [14, 15, 20, 28, 34, 35]. Lanthanide ions or lanthanide
clusters with outstanding photophysical properties and fingerprint
emission spectra are used as SBUs and alternately connected with
dynamic molecular rotors as linkers to self-assemble into dynamic
lanthanide MOFs (Ln-MOFs), which opens up new horizons for
constructing new artificial intelligence luminescent materials
[28, 35]. The changes in energy levels caused by the degree of
distortion and conformational changes of the molecular rotors of
the AlEgens ligands can achieve an adaptive “antenna effect” for
lanthanide ions at different energy levels, thereby effectively
constructing  artificial  intelligence  multicolor/color-changing
materials [33]. Therefore, combining the dynamic responsiveness of
AlEgens with the fingerprint emission characteristics of lanthanide
ions can effectively overcome the shortcomings of traditional Ln-
MOFs, such as single structure, low intelligent response sensitivity,
and delayed response, and open up a new blueprint for the
development of new intelligent luminescent materials.

Herein, the classic AIEgen TPA-COOH and Ln(NOs);:6H,0
(Ln = Eu and Tb) were used to successfully obtain two Ln-MOFs
(Eu-MOF and Tb-MOF) with the same topological network
through “one-pot” solvothermal reaction (Scheme 1 and Table S1
in the Electronic Sullementary Material (ESM)). Although Eu-MOF
and Tb-MOF are highly similar in overall structure and both
exhibit 3,8-c topological connection mode and topological lattice
({4.5},{4°.5".6'7°.8".9}), there are slight variations in the angles of
the benzene rings in the AIEgens within the two structures. By
adjusting the reaction conditions to influence the twisting angle and
conformational changes of the molecular rotor module, Eu/Tb-
MOF-1 and Eu-MOF-2-4 were obtained, respectively. Among
these, Eu-MOF-1 and Eu-MOF-3 form complex 38-c connection
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Scheme 1 Schematic diagram of the topological network of Ln-MOFs with 3-c connections, which was extended by the classic ATEgens TPA-COOH.

networks, with topological point symbols of {4%.5},{4"5°.6°.7°.8’} and
{4.5H{4°.51{4°5".6".7°.8} (Table S1 in the ESM), respectively. Eu-
MOF-2/4 and Tb-MOF-1 developed a more intricate 3°11-c
connection network, with topological point symbols of
{4.5H{4".5".6*.7°.8}{4’}, (Scheme 1 and Table S1 in the ESM). As
far as we know, this work is the first to demonstrate that regulating
the twisting angle and conformational changes of the molecular
rotor module within AIEgens can achieve a serial expansion of the
Ln-MOFs family with 3-c connected networks. AlEgens with
varying torsion angles possess distinct energy levels, allowing them
to meet the excitation wavelength requirements of specific
lanthanide ions. Consequently, Tb-MOF and Eu-MOF exhibit
different optimal excitation wavelengths. Specifically, 365 nm
excitation light aligns better with the energy level of Tb* ions, while
410 nm excitation is more effective for exciting Eu* ions, enabling
selective luminescence control based on the excitation wavelength.
Additionally, Eu-/Tb-MOF displays linear temperature responses
with different slopes in high/low temperature regions, making it
suitable for constructing a dual-segment ratiometric fluorescence
temperature sensing system. It is worth noting that Tb-MOF can be
easily and quickly fabricated into thin film material, maintaining
stable and bright green luminescence even after multiple bends,
indicating good processing performance and potential for device
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applications. This study achieved the systematic construction of Ln-
MOFs with diverse topological connection networks by regulating
reaction conditions to manipulate the twisting angle or
conformational changes of the molecular rotor modules. This work
not only marks significant progress in the crystal engineering of
dynamic Ln-MOFs but also opens new avenues for the systematic
development of multifunctional Ln-MOFs emitters.

2 Results and discussion

2.1 Structural analysis

The classic molecular rotor ligand TPA-COOH was reacted with
Ln(NO;);6H,0O (Ln = Eu and Tb) in a “one-pot” solvothermal
reaction, successfully yielding yellow-brown bulk crystals (Eu-
MOF) and gray-green bulk crystals (Tb-MOF) (Fig. 1(a)). Single
crystal X-ray diffraction (SCXRD) analysis revealed that both Eu-
MOF and Tb-MOF crystallized in the monoclinic P2,/n space
group (Table S2 in the ESM). Eu-MOF features a three-
dimensional layered structure with a fishnet-like structure formed
by staggered and antiparallel TPA-COO" linkers connecting EuOq
polyhedrons (Fig. 1(b) and Fig. S1(a) in the ESM). The SBU within
the Eu-MOF structure consists of two EuO; polyhedra linked by
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Figure1 (a) Schematic diagram of the synthesis of Ln-MOFs from Ln* and TPA-COOH. ((b) and (f)) Crystal structures of Eu-MOF and Tb-MOF. ((c) and (g)) In the
a-direction, TPA-COO- linkers connect the three SBUs of Eu-MOF and Tb-MOF. ((d) and (h)) Topological connection modes of Eu-MOF and Tb-MOF. ((e) and (1))
Angle between benzene rings and ligand coordination mode on TPA-COO. ((j) and (k)) TEM images and EDS elemental mapping of Eu-MOF and Tb-MOF.

eight twisted TPA-COO" linkers (Figs. S1(b) and S1(c) in the ESM).
In addition, the &, 8, and y planes of the phenyl rings of the TPA-
COO- linkers attached to the same SBU are arranged in a clockwise
direction (Fig. 1(c)). Each Eu™ ion in the SBU is connected to five
molecular rotor ligands and two terminally coordinated H,O
molecules (Fig. S1(d) in the ESM). Topological analysis indicates
that the connection mode of Eu-MOF is 3,8-c, with a topological
point symbol of {4.5%},{42.5%.6'7°.8°9"} (Fig. 1(d)). The angles
between the three benzene rings of the twisted molecular rotor
linker are 81.89°, 65.87°, and 62.83°, respectively (Fig. 1(e)). The
structures of Tb-MOF and Eu-MOF are highly similar (Fig. 1(f)
and Figs. Sl(e)-S1(h) in the ESM), both exhibiting a 3,8-c
topological connection mode and a topological point connection of
{4.5%,{42.52.6'.7°.8°.9} (Fig. 1(h)), though there are subtle differences
in the degree of distortion of the dynamic molecular rotor in the
structure. The angles between the three benzene rings of the
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dynamic molecular rotor in the Tb-MOF structure are 80.06°,
67.19°, and 63.40°, respectively (Fig. 1(i)). The &, 3, and y planes of
the linker benzene ring connected to SBU are also arranged in the
clockwise direction (Fig. 1(g)). The TPA-COO" linker in both
structures has only one coordination mode: us-# 'y
(Figs. 1(e) and 1(i)).

Eu-MOF and Tb-MOF exhibit similar Fourier transform
infrared characteristic absorption peaks, with distinct peaks near
3420, 1600, 1400, and 1320 cm™, corresponding to W(HO-H),
Y(C=C), (C-N), and ¥(C-O) characteristic vibration absorption
peaks, respectively, consistent with the functional groups in the
structure (Fig. S7 in the ESM) [36, 37]. Thermogravimetric analysis
results indicate that the guest molecules in both MOFs are DMF,
CH;OH, and water molecules (Fig. S8 in the ESM). The
experimental values of powder X-ray diffraction (PXRD) closely
matched the simulated values, confirming that the obtained Eu-
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MOF and Tb-MOF were pure phases (Fig. S9 in the ESM).
Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HR-TEM) images show that
both MOFs are regular and distinct bulk crystals with very clean
surfaces (Fig. S10 in the ESM). Energy dispersive X-ray
spectroscopy (EDS) measurements performed in HR-TEM mode
show that Eu/Tb, C, N, and O elements are uniformly distributed
(Figs. 1(j) and 1(k)).

To advance the crystal engineering of dynamic MOFs, we
successfully synthesized two crystals with distinct topological
connections by adding camphoric acid (Cam), adjusting the metal-
to-ligand molar ratio, optimizing the solvent composition, and
extending the stirring time: This resulted in rhombus-shaped
orange crystals of Eu-MOF-1 and needle-shaped yellow crystals of
Eu-MOF-2 (Fig. 2(a)). SCXRD analysis revealed that Eu-MOEF-1
and Eu-MOF-2 crystallized in monoclinic C2/c and P2,/c space
groups, respectively (Table S2 in the ESM). The structure of Eu-
MOF-1 is characterized by TPA-COO™ linkers interlacedly
connecting EuOy polyhedra (Fig. 2(b) and Fig. S2(a) in the ESM).
The SBU within the Eu-MOF-1 structure consists of two EuQO,
polyhedra linked by eight twisted TPA-COO- linkers (Figs. S2(b)
and S2(c) in the ESM). Each Eu* ion in the SBU is connected to
five molecular rotor ligands, a bridging oxygen atom, and a
terminally coordinated H,O molecule (Fig. S2(d) in the ESM). Two
SBUs are linked by a TPA-COO" linker to form a staggered
overlapping bilayer structure (Fig. 2(c) and Fig. S2(b) in the ESM).
Topological analysis indicates that the connection mode of Eu-
MOF-1 is 3%8-c, with a topological point symbol of
{4.51,{4'5°.6"7°.8} (Fig. 2(d)). The angles between the three
benzene rings of the twisted molecular rotor ligand are 51.43°,
80.59°, and 86.31°, respectively (Fig. 2(h)). Notably, although there
is only one degree of twisting molecular rotor in the Eu-MOF
and Eu-MOF-1 structures, the dynamic molecular rotor in the Eu-
MOF-1 structure is significantly twisted due to the regulation of
reaction conditions. This affects its spatial lattice arrangement, and
induces the formation of dynamic MOFs structures with different
topological connections, offering a novel method for expanding the
topological structure of 3,8-c. The SBU of Eu-MOF-2 consists of 11
TPA-COO- linkers connecting one EuOg polyhedron and two
EuO, polyhedra, and the two SBUs linked by the linkers form a
staggered and overlapping three-layer structure (Figs. 2(e) and 2(f),
and Figs. S3(a)-S3(d) in the ESM). In each SBU, Eu, and Eu, are
connected to six molecular rotor ligands, while Eu; is connected to
five (Figs. S3(e)-S3(g) in the ESM). The angles between the TPA-
COO' linker benzene rings in Eu-MOF-2 are divided into three
groups, which are 70.73° 51.30° and 71.27°% 61.94°, 67.73° and
67.02% and 67.63° 67.02°, and 69.97° (Fig. 2(i)). Topological
analysis shows that the connection mode of Eu-MOF-2 is 3°,11-c,
with topological point symbols of {4.5}{4".5".6*.7°.8H{4’},
(Fig. 2(g)). The TPA-COO" linker in the Eu-MOF-1 structure has a
single coordination mode: 5114y yy' (Fig. 2(h)). In contrast,
the linkers in Eu-MOF-2 exhibit two different coordination modes:
us-1nnntyt and eyttt (Fig. 2(i)). HR-TEM shows that
both Eu-MOF-1 and Eu-MOEF-2 are blocky crystals with clean
surfaces, and the elements are uniformly distributed (Figs. 2(j) and
2(k)).

When Tb(NO;);:6H,0 replaced Eu(NO;);-6H,0, only one bulk
crystal (Tb-MOF-1) was obtained (Fig. 3(a)). The structure of Tb-
MOF-1 is similar to that of Eu-MOF-2 (Figs. 3(b)-3(d), and Figs.
$4(a) and S4(c)-S4(f) in the ESM), but the SBU of Tb-MOF-1
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consists of one TbO; and two TbO, polyhedra (Fig. S4(b) in the
ESM). The angles between the TPA-COO- linker benzene rings are
72.10°% 66.51° and 71.13% 70.05°, 66.29°, and 64.56% and 51.57°,
71.69°, and 70.70°. Its coordination mode is pg-#":1":17":4":17" 17" and ps-
'yt (Fig. 3(e)). HR-TEM proves that Tb-MOEF-1 is a block
crystal with a clean surface and a uniform element distribution
(3(f)). Overall, adjusting the reaction conditions can significantly
affect the distortion degree of the dynamic molecular rotor, thereby
altering the SBU composition and the coordination mode of the
dynamic molecular rotor. This ultimately leads to the formation of
topologies with varied spatial lattice arrangements, significantly
enriching the diversity of the (3-c) topological family.

One factor that regulates the reaction process is the stirring time.
By simply extending the stirring time to 4.5 h, two crystals with
distinct new topological connections were unexpectedly obtained:
the orange block-like Eu-MOF-3 and gray-green flake-like Eu-
MOF-4 (Fig. 4(a)). SCXRD analysis revealed that both Eu-MOEF-3
and Eu-MOF-4 crystallized in the monoclinic P2,/c space group
(Table S2 in the ESM). Eu-MOEF-3 is composed of TPA-COO"
linkers that alternately connect EuQO, polyhedra, forming a
diamond-shaped three-dimensional layered structure (Fig 4(b) and
Fig. S5(a) in the ESM). The SBU within the Eu-MOEF-3 structure is
composed of two EuOy polyhedra, with Eu* ions in the SBU
connected to five TPA-COQO- linkers, a terminal-coordinated H,O
molecule, and a bridging oxygen atom (Figs. S5(b)-S5(d) in the
ESM). Two SBUs are linked by TPA-COO™ linkers to create a
staggered overlapping bilayer structure (Fig. 4(c), and Figs. S5(e)
and S5(f) in the ESM). In the Eu-MOF-3 structure, the twisted
molecular rotor ligands have two groups of angles between the
three benzene rings: 51.83°, 80.99°, and 85.29°% and 52.14°, 78.89°,
and 87.36°, respectively. The TPA-COO" linkers exhibit only one
coordination mode: us-1:1":n" "' (Fig. 4(h)). Topological analysis
indicates that the connection mode of Eu-MOEF-3 is 3%8-c, with
topological point symbols of {4.5°H{4>.5H{4°.5".6".7°.8°} (Fig. 4(d)). It is
worth noting that the prolonged reaction stirring time caused
significant distortion of the dynamic molecular rotor in the Eu-
MOF-3 structure, which in turn triggered the rearrangement of the
spatial lattice within the crystal, ultimately altering its overall
topological network. The structural features of Eu-MOF-4 closely
resemble those of Eu-MOF-2 and Tb-MOF-1 (Figs. 4(e)-4(g)
and Figs. S6(a)-S6(f) in the ESM); their topological connection
patterns and topological point symbols are 3’11-c and
{4.5}{4".5".6*.7°.8"H{4’},, with the only difference being the varying
dihedral angles of the benzene ring in the TPA-COO" linkers. The
angles between the linker benzene rings in Eu-MOF-4 fall into
three groups: 50.99°, 70.55° and 70.71°% 70.87°, 66.86°, and 69.23%
and 6837°, 67.22°, and 62.90° (Fig. 4(i)). These findings
demonstrate that prolonging the reaction stirring time can
significantly enhance the twisting of the dynamic molecular rotor,
thereby altering the SBU composition and the coordination mode
of the dynamic molecular rotor, ultimately inducing the formation
of two distinct 3-c connection topological networks, achieving
diversified regulation of the topological structure.

By precisely controlling the aforementioned series of structures,
it was successfully demonstrated that the twisting angle control
based on the dynamic molecular rotor ligand can effectively guide
the selection of different coordination assembly paths with the
lanthanide ion SBU, thereby constructing a framework material
with a novel topological structure. This strategy significantly
expands the MOF structural family based on 3-c topology,
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Figure2 (a) Schematic diagram of the synthesis of Eu-MOEF-1/2 from Eu** and TPA-COOH. ((b) and (e)) Crystal structures of Eu-MOF-1 and Eu-MOF-2. ((c) and (f))
In the c-direction, TPA-COO-" linkers connect the two SBUs of Eu-MOF-1 and Eu-MOEF-2. ((d) and (g)) Topological connection modes of Eu-MOF-1 and Eu-MOF-2.
((h) and (i)) Angle between benzene rings and ligand coordination mode on TPA-COO'. ((j) and (k)) TEM images and EDS elemental mapping of Eu-MOF-1 and
Eu-MOE-2.
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Figure3 (a) Schematic diagram of the synthesis of Tb-MOF-1 from Tb* and TPA-COOH. (b) Crystal structure of Tb-MOF-1. (c) In the c-direction, TPA-COO" linkers
connect the two SBUs of Tb-MOF-1. (d) Topological connection mode of Tb-MOF-1. () Angle between benzene rings and ligand coordination mode on TPA-COO-. (f)

TEM image and EDS elemental mapping of Tb-MOF-1.

overcoming the limitations of the original type and greatly
enriching the diversity and complexity of this topological network.
Thus, introducing dynamic molecular rotors into framework
materials can not only imparts dynamic response properties (such
as structural tunability and adaptive behavior to external stimuli)
but also provides a new method for constructing novel topological
structures by regulating reaction conditions to induce the twisting
changes in dynamic molecular rotors, thereby enriching the crystal
engineering of MOFs. Additionally, this type of MOF material with
a novel topological structure shows broad application prospects in
cutting-edge fields such as high-sensitivity dynamic optical sensing,
adaptive photonic devices, and intelligent response systems.

2.2 Photophysical properties

To date, most luminescent MOFs have typically employed planar,
rigid, static structures as linkers [38, 39]. The use of triphenylamine-
based molecular rotor linkers, which exhibit pronounced AIE
properties, offers new opportunities for constructing novel dynamic
luminescent MOFs. Conformational changes in the dynamic
molecular rotor ligands determine their multiple excitation spectral
properties in different Ln-MOFs. We performed ultraviolet-visible
(UV-Vis) absorption spectroscopy tests on Eu-MOF and Tb-MOF,
respectively. Both showed distinct absorption peaks at 315 and
385 nm, attributed to the > * and n > m* electronic transitions in
the TPA-COOH ligand, respectively (Fig. S11(a) in the ESM)
[30, 33, 40]. Based on the excitation spectra of Eu-MOF and Tb-

=
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MOF (Figs. S11(b) and S11(c) in th ESM), it is reasonable to choose
410 and 365 nm as the optimal excitation wavelengths for Eu-MOF
and Tb-MOF, respectively. As shown in Fig. 5(a), Tb-MOF exhibits
emission peaks at 488, 543, 584, and 619 nm, which can be assigned
to the °D, > "F, 3 energy level transitions of Tb* ions, respectively.
Eu-MOF exhibits characteristic emissions of Eu* ions at 590, 614,
649, and 694 nm, respectively, which can be assigned to the °D, >
’F|_, energy level transitions (Fig. 5(b)). The excitation-emission-
dependent three-dimensional spectra of Eu-MOF and Tb-MOF
reveal distinct emission centers within the excitation ranges of
380-460 and 350-420 nm, respectively. Furthermore, none of these
emission peaks exhibits clear excitation-dependent behavior but
rather has an optimal excitation wavelength range (Figs. 5(c) and
5(d)). The luminescence quantum yields of Eu-MOF and Tb-MOF
are 1.58% and 2.12%, respectively; the luminescence lifetimes are
236.37 and 260.34 ps, respectively (Figs. S12(a)-S12(d) in the ESM).
In the Eu-MOF-1/2/3/4 series of structures, the benzene rings
between the TPA-COO" ligands are closely packed, leading to
strong m-7 interactions. This m—mt stacking facilitates the return of
excited state energy to the ground state through non-radiative
transitions, preventing efficient energy transfer to the luminescent
center and thus suppressing radiative emission (Fig. S11(d) in the
ESM).

Literature research revealed that derivatives with triphenylamine
as the core structural unit demonstrate significant and tunable
afterglow luminescence behavior in terms of photophysical
properties [41-44]. Based on the excellent photophysical properties

Nano Research, 2026, 19, 94908442
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Figure4 (a) Schematic diagram of the synthesis of Eu-MOF-3/4 from Eu* and TPA-COOH. ((b) and (e)) Crystal structures of Eu-MOF-3 and Eu-MOF-4. ((c) and (f))
In the c-direction, TPA-COO- linkers connect the two SBUs of Eu-MOF-3 and Eu-MOF-4. ((d) and (g)) Topological connection modes of Eu-MOF-3 and Eu-MOF-4.

((h) and (i)) Angle between benzene rings and ligand coordination mode on TPA-COO'.

of Ln-MOFs, we further examined the delayed luminescence
spectra and lifetime decay curves of Gd-MOF at various
temperatures. The PXRD results of Gd-MOF show that its
diffraction peak positions and intensities are highly consistent with
the simulated pattern, indicating that the synthesized Gd-MOF is a
pure phase and is isostructural with Tb-MOF or Eu-MOF (Fig.
S9(h) in the ESM). Experimental findings indicate that the
phosphorescence  (Phos) intensity of Gd-MOF decreases
progressively with rising temperature (Fig. 5(e)), which aligns with
the general trend observed in typical long-lasting glow materials.
Concurrently, its phosphorescence lifetime shortens from 2419.79
to 164.716 us (Fig. 5(f)). Time-dependent visible light photographs
show that after switching off the 365 nm UV lamp, Gd-MOF
continues to emit a long yellow-green afterglow lasting
approximately 1.25 s (Fig. 5(h)). This afterglow behavior is
primarily attributed to the strong electron donor of the
triphenylamine unit, although the framework coordination
significantly restricts its molecular conformation. Additionally, the
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host—guest interaction between the guest molecules in the pores
and the main framework contributes to the Gd-MOF’s pronounced
long afterglow behavior [45-47]. To further investigate the energy
transfer process of the antenna effect in Ln-MOFs, the Jablonski
energy level diagram was constructed (Fig. 5(g)). First, the energy
level of the singlet excited state S; was determined to be 30,120 cm™
through the UV-visible absorption spectrum of TPA-COOH (Fig.
S13(a) in the ESM). Given that the energy value of the S, state of
TPA-COOH is obviously lower than the ‘I, emission level of Gd*
ions (32,500 cm™), it is evident that TPA-COOH cannot function as
an antenna to sensitize Gd* ions. Therefore, by analyzing the
phosphorescence spectrum of Gd-MOF at 77 K and performing
Gaussian fitting, the energy level value of its T, state was obtained
to be 22,026 cm™ (Fig. S13(b) in the ESM). According to Reinhoudt’
s empirical rule, the energy level difference between the S, and T,
excited states of TPA-COOH (AEs _1,) is 8094 cm™, which is
significantly larger than 5000 cm™, proving that an effective
intersystem crossing (ISC) process can occur between the S; and T,

(® if7 £ fuen | Sci@pen
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Figure5 Emission spectra and energy level distribution of Eu-MOF and Tb-MOF at (a) 365 nm and (b) 410 nm excitation wavelength. Contour fluorescence spectra of
(c) Eu-MOF and (d) Tb-MOF. (e) Phosphorescence emission spectra of Gd-MOF at different temperatures. (f) Phosphorescence lifetimes of Gd-MOF at different
temperatures. (g) Jablonski diagram used to illustrate the ET pathway by which the TPA-COOH ligands act as effective antennas to promote the luminescence of Ln-
MOFs. (h) Phosphorescence image of Gd-MOF taken at 77 K. Fluorescence emission spectra of (i) Eu-MOF and (1) Tb-MOF at different temperatures and ((j), (k), and

(m)—(0)) curve fitting results.

energy levels of TPA-COOH [36, 37, 48, 49]. According to Latva’s
empirical rule, the optimal AE; value for the efficient energy
transfer process between TPA-COOH and Eu* ions is
2000-5000 cm™, and the AE, value between the T, energy level of
TPA-COOH and the °D, energy level of Eu** ions is 4526 cm™,
confirming that TPA-COOH can act as an effective antenna to
transfer energy to Eu* ions. In addition, the T, state energy level of
TPA-COOH is significantly higher than the °D, energy level of Tb*,
proving that the TPA-COOH ligand can undergo energy transfer
(ET) process with Tb* ions, thereby acting as an antenna [50-55].
In addition, we examined the temperature-dependent fluorescence
emission spectra of Eu-MOF and Tb-MOF across a temperature
range of 80-340 K and performing a linear fit on the relationship
between the fluorescence intensity and temperature (Figs. 5(i) and
5(1)). The experimental results indicate that the fluorescence
intensity of both Eu-MOF and Tb-MOF gradually diminishes as
the temperature rises. Specifically, at lower temperatures, the
fluorescence intensity decreases more slowly, whereas at higher
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temperatures, it shows a more pronounced linear decline (Figs. 5(j),
5(k), and 5(m)-5(0)). In the low-temperature region, the molecular
rotor modules within the Eu-MOF and Tb-MOF structures move
slowly, and non-radiative transition pathways are significantly
suppressed. Therefore, in the low-temperature region, the
quenching effect of increasing temperature on the luminescence
intensity of Eu-MOF and Tb-MOF is weaker, and the intensity
decreases more gradually. In the high-temperature region, the
movement of the molecular rotor modules within the Eu-MOF and
Tb-MOF structures intensifies dramatically, leading to a significant
increase in energy dissipation through non-radiative transition
pathways, resulting in a rapid decrease in luminescence intensity
with increasing temperature. It is noteworthy that lanthanide
luminescent MOFs constructed with planar rotor ligands typically
exhibit only a single thermal quenching slope when used as
temperature probes [56, 57]. However, the Eu-MOF and Tb-MOF
prepared in this study demonstrated distinct temperature response
characteristics in the low/high temperature regions. This unique

Nano Research, 2026, 19, 94908442


https://www.sciopen.com/article/10.26599/NR.2026.94908442
https://www.sciopen.com/article/10.26599/NR.2026.94908442
https://www.sciopen.com/article/10.26599/NR.2026.94908442
https://www.sciopen.com/article/10.26599/NR.2026.94908442
https://www.sciopen.com/article/10.26599/NR.2026.94908442
https://www.sciopen.com/article/10.26599/NR.2026.94908442
https://www.sciopen.com/article/10.26599/NR.2026.94908442
https://www.sciopen.com/article/10.26599/NR.2026.94908442

Chen et al.

Nano Research | Vol. 19, No. 5

dual-range response characteristic offers a new method for
constructing a ratiometric fluorescence thermometer with high
sensitivity over a wide temperature range, particularly in the high-
temperature region.

Due to the lanthanide contraction effect, Ln* jons possess similar
coordination structures and physicochemical properties, allowing
different Ln* ions to be uniformly doped in the same framework,
this provides an effective strategy for constructing structurally
consistent multicolor luminescent MOFs materials [58—63]. A
series of Eu,Tb;_,-MOFs doped with Eu** and Tb* ions in different
molar ratios were synthesized under solvothermal conditions.
Inductively coupled plasma mass spectrometry (ICP-MS) results
revealed that the actual ratio of lanthanide ions in the obtained
Eu,Tb_,-MOFs closely matched the feed ratio (Table $4 in the
ESM). In addition, the PXRD spectra of samples with different
doping ratios showed no significant changes, indicating that the

introduction of Eu* and Tb* did not alter the crystal structure of
the parent MOFs (Figs. S14(a) and S14(b) in the ESM). We further
explored the optical properties of Eu,Tb;_,;-MOFs (x = 0.01-0.90)
with different doping ratios. Under 365 nm ultraviolet light
excitation, as the Tb* ion content increases (x decreases from 0.09
to 0.01), the luminescence color of the material transitions
continuously from red, orange, and yellow to green (Fig. 6(a)).
Emission spectrum analysis reveals that as the Tb* ion content
increases from 91% to 96%, the intensity of the characteristic
emission peak at 543 nm (corresponding to the °D, > F; transition)
is notably lower than that of the Eu* emission peak at 614 nm
(Fig. 6(b)). However, when the Tb* content further rises to between
97% and 99%, the emission intensity at 543 nm is significantly
enhanced (Fig. 6(c)). It is worth noting that under 410 nm light
excitation, as the Eu™ content increases (x = 0.1-0.9), the
luminescent color of the material is predominantly red, shifting
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Figure 6 ((a) and (d)) Luminescence photos of Eu,Tb,_,-MOFs under a 365 nm UV light. (b) and (e)) Emission spectra of Eu,Tby,_,-MOFs doped with different ratios
of Tb* and Eu™ ions. ((c) and (f)) Relationship between the emission peak intensity of Eu,Tby,_,-MOFs and the contents of Tb* and Eu* ions, respectively. (g) Schematic

diagram of regulating Ln-MOFs luminescence by different excitation wavelengths.
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from light red to dark red with an increasing doping ratio (Fig. 6(d)).
The emission spectrum indicates that as the Eu™ ion content rises
from 10% to 30%, the characteristic emission peak at 614 nm,
attributed to the *D; > ’F, transition, is significantly enhancesd
(Fig. 6(e)). When the Eu™ content reaches 40%, the intensity of the
emission peak reaches its maximum; further increasing the Eu*
content does not result in a significant increase in emission
intensity, suggesting that the optimal doping ratio of Eu* is 40%,
achieving the best characteristic emission at this composition
(Fig. 6(f)). In Eu,Tb,_,-MOFs, the characteristic emission peak
intensity increases rapidly as the Eu™ ions content increases from
10% to 40%. Furthermore, when the Eu* ions content in the
Eu,Tb,_,-MOFs structure exceeds 40%, the change in its
characteristic emission peak intensity is negligible. This
phenomenon indicates that even a low content of Eu* ions in the
Eu,Tb_,-MOFs structure can still maximize the characteristic
emission of Eu* ions. Conversely, with increasing Tb* ion content
in the Eu,Tby;_,;-MOFs structure (when the content is below 96%),
the characteristic emission peak intensity is weak and the change is
not significant. When the Tb* ions content exceeds 96%, the
characteristic emission peak intensity of Tb* ions in the Eu,Tb_-
MOFs structure gradually increases. This series of changes indicate
that Tb* ions in the Eu,Tb,_,-MOFs structure act as an efficient
energy transfer medium, enhancing the antenna effect of Eu* ions
and promoting the characteristic emission of Eu™ ions. All in all, by
adjusting the excitation wavelength and the doping ratio of
lanthanide ions, it is possible to continuously regulate the
luminescence color of Eu,Tb;_,;-MOFs and effectively enhance the
emission of specific lanthanide ions within it (Fig. 6(g)), providing
an experimental basis and material foundation for applications in
optical modulation and fluorescence coding.

2.3 Smart anti-counterfeiting applications

Against the backdrop of globalization and the rapid evolution of e-
commerce, the pace of commodity circulation has accelerated at an
unprecedented rate. However, this has also led to a surge in the
problem of counterfeit and substandard products. Counterfeiting
not only results in significant economic losses but also poses direct
threats to people’s lives, health, and the stability of social security
and order [64-66]. Consequently, the development of efficient,
reliable, and hard-to-replicate anti-counterfeiting technology is of
critical importance. Leveraging the distinct luminescence behaviors
of Ln-MOFs under 365 and 410 nm excitation, they are applied to
information encryption and anti-counterfeiting design. Eu-MOF,
Eug g Tbyg-MOF, and Tb-MOF were utilized to design a “4 x 4”
lattice system for complex data encryption (Fig. 7(a)). In sunlight,
all the circular filter papers appear white (coded “00”), with the
output information being U (coded “000”). Under 365 nm
ultraviolet light, they appear green (Tb-MOF, coded “01”) and
yellow (Eugg,Tbye-MOF, coded “02”), respectively, with the output
information being X (coded “1217). Under 410 nm ultraviolet light,
only red (Eu-MOF, coded “03”) is visible, and the output
information is G (coded “333”). In addition, Eu-MOF, Eugg; Tbgge-
MOF, and Tb-MOF were dispersed in polyethylene glycol aqueous
solution, and after ultrasonic treatment, a simple ink was formed.
This ink was then evenly coated on a circular filter paper and neatly
arranged on a black background plate after drying. In sunlight, it
appears as a white “8888” pattern, while under 365 nm ultraviolet
light, a yellow-green “3,',,” pattern is visible to the naked eye, and
under 410 nm ultraviolet light, a red “1925” pattern can be
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observed, demonstrating multimodal optical response and effective
visual encryption (Fig. 7(b)). Tb-MOF can also be made into
flexible films that can be bent and folded at will without
deformation or breakage (Fig. 7(c)). The Fourier transform infrared
(FTIR) characteristic absorption peaks of the Tb-MOF thin film are
highly consistent with those of Tb-MOF, proving that Tb-MOF
remains stable after being fabricated into a thin film (Fig. S15 in the
ESM). Furthermore, photonic barcodes, with their small size and
unique recognition mechanism, hold great potential for application
in material management, information security, anti-counterfeiting,
and other fields [67-71]. We achieve anti-counterfeiting and
traceability by embedding the traceability code into the photonic
barcode. By unlocking the triple password designed based on the
“4 x 47 dot matrix system, the cracking instructions are revealed
(Fig. 7(d)). Eu-MOF, Tb-MOF, Euy Tbyg-MOF, and Euy,Tb,e-
MOF were selected to construct the photonic barcode system, with
the detailed design strategy provided in the ESM. The barcode
consists of two sub-barcodes. Under 365 nm UV light, sub-barcode
1, designed from Tb-MOF and Euy, Tb,g-MOF, can be read as
“GX192806” using the “scan” function on a mobile phone.
However, sub-barcode 2, designed from Eu-MOF and Euy;Tb,e-
MOF, is read incorrectly under 365 nm UV light, but is
read as “QKBCHXZX” under 410 nm UV light (Fig. S16 in the
ESM). When combined, the complete traceability code
“GX192806QKBCHXZX” is obtained (Fig. 7(e)). This barcode is
printed on the packaging of valuable medicines, allowing
consumers to enter the code through official channels to query drug
information and verify authenticity, thereby achieving dual
functions of traceability and anti-counterfeiting.

3 Conclusions

In summary, this work is the first to effortlessly obtain three Ln-
MOFs with distinct topological network connections by adjusting
the twisting angle of the molecular rotor within the triangular
AlEgen structure. Specifically, by altering the type of metal salt, two
molecular rotor modules with distinct twisting angles but similar
structures, Eu-MOF and Tb-MOF, were successfully synthesized.
Both feature 3,8-c connection networks, with topological point
symbols of {4.5%},{4’.5".6"7°.8".9%}. By further adjusting the reaction
conditions and inducing conformational changes in the molecular
rotor module of AlEgens, a rare 3%,8-c connection network (Eu-
MOF-1, with topological point symbols of {4’.5},{4'5°.6"7°.8*}) and
a more intricate 3°11-c connection network (Eu-MOF-2 and Tb-
MOF-1, with topological point symbols of {4.5}{4".5".6*.7°.8"}{4°},)
were achieved. Additionally, by extending the stirring time, Eu-
MOF-3 (topological point symbols of {4.5}{4>.5}{4’.5".6".7°.8°}) and
Eu-MOF-4  ({4.5°4{4".5".6*.7°.8'}{4’},) were obtained, with
topological connection networks akin to those of Eu-MOF-1 and
Eu-MOF-2, respectively. To the best of our knowledge, this study is
the first to demonstrate that conformational changes in the
molecular rotor module within the AIEgen structure can induce a
diverse 3-c-connected network in the Ln-MOFs family. AlEgens
with varying twist angles possess different energy levels, allowing
them to selectively match the excitation requirements of different
lanthanide ions. Consequently, Tb-MOF and Eu-MOF exhibit
different optimal excitation wavelengths. In mixed-metal doped
Eu,Tb;_,-MOFs (x = 0.01-0.90), TPA-COOH is highly matched
with the energy levels of Tb* jons at 365 nm excitation wavelength,
while it is more easily matched with the energy levels of Eu* ions at
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instructions. (e) Schematic diagram of the process of obtaining traceability codes through barcodes designed based on Ln-MOFs.

410 nm excitation, enabling excitation wavelength-dependent
selective emission regulation. Eu-/Tb-MOF exhibits linear
temperature responses with varying sensitivities in the high/low
temperature regions, making it suitable for dual-region ratiometric
fluorescence thermometers. In addition, when Tb-MOF is
processed into a thin film, its bright green luminescence remains
stable after multiple bending, demonstrating excellent processing
characteristics and broad device application prospects. This work
achieves the controllable construction of Ln-MOFs with diverse
topological structures by precisely regulating the twisting angle of
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the dynamic molecular rotor. This not only broadens the diversity
of MOFs structures but also paves the way for constructing
multifunctional lanthanide MOFs emitters.

Electronic Supplementary Material: Supplementary material
(experimental section, characterization including crystallographic
details, FTIR, TG, PXRD, UV-visible absorption spectra, decay
curves, SEM, ICP-MS, and QYs of Ln-MOFs) is available in the
online version of this article at https://doi.org/10.26599/NR.2026.
94908442.
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