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Lanthanide-MOFs as multifunctional luminescent
sensors†
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Five isostructural lanthanide metal–organic frameworks [Ln(BDPO)(H2O)4] (Ln = Eu for CUST-623, Tb for

CUST-624, Gd for CUST-625, Dy for CUST-626, and Sm for CUST-627, BDPO = N,N’ bis(3,5-dicarboxy-

phenyl)-oxalamide) were synthesized by the solvothermal method. Single-crystal X-ray diffraction shows

that Ln-MOFs manifest framework structures with two kinds of 1D open channels in the b-axis direction.

Dual emission luminescent thermometer films were successfully prepared by immobilizing EuxTb0.02−x-

BDPO into polyvinyl alcohol (PVA) aqueous solution, which features the integrity of MOF powders,

proving their excellent processability. Moreover, Eu0.002Tb0.018-BDPO@PVA shows excellent temperature

sensing performance with a high sensitivity of 3.7% K−1 in the temperature range of 303 K–423 K.

CUST-623 and CUST-624 can be used as multiresponse fluorescent sensors for detecting Fe3+, Cr2O7
2−,

CrO4
2− and TNP. In addition, the mechanism of fluorescence sensing is investigated by infrared (IR) spec-

troscopy, powder X-ray diffraction (PXRD) and ultraviolet–visible (UV-vis) spectroscopy. This work pro-

vides a general method for constructing Ln-MOF sensor materials with multifunctional luminescence

characteristics.

1. Introduction

The living environment of humankind is facing diverse chal-
lenges due to industrial development and increasing popu-
lation.1 Excessive emission of pollutants, which can quickly
spread to air, soil and water, has become a pressing global
problem, triggering a serious threat to the environment and
biological health.2 In industrial waste, heavy metal contami-
nations, due to the extreme toxicity and non-biodegradability,
lead to a variety of incurable diseases and seriously affect bio-
logical health.3 Meanwhile, nitroaromatics are also considered
to be serious pollutants in the environment, which endanger

human health and disrupt social security.4 Thereinto, the
excessive usage of TNP molecules, which are the most essen-
tial raw materials for explosives, affects the decomposition of
organisms in the aquatic environment and can cause serious
health dilemmas.5 At present, conventional inspection
methods rely mainly on detection instruments, which require
frequent and careful calibration and maintenance, with many
inconveniences.6 More and more researchers are focusing on
the fluorescence sensing method, which exhibits high sensi-
tivity, high selectivity and simple operation. Hence, it is
necessary and urgent to develop affordable, convenient, fast
and sensitive detection tools for real-time analyte detection.7

Temperature is a fundamental physical quantity whose
precise measurement has great significance in science and
industry.8 Traditional thermometers are primarily based on
contact measurements, restricted in many practical situ-
ations.9 Luminescence temperature measurements have been
authenticated to be a promising temperature measurement
method owing to the advantages of being non-invasive, con-
venient, and sensitive in the temperature measurement
process.10 Luminescent thermometer measurements mainly
depend on the change of luminescence intensity or fluo-
rescence lifetime with temperature changes.11 Luminescent
thermometers are mainly divided into two types: single and
double luminescent centers, among which dual luminescent
centers can be constructed into ratiometric luminescent
thermometers, possessing higher accuracy in the temperature
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measurement process.12 Such luminescent thermometers can
be applied to fast-moving objects, biological systems, strong
electromagnetic fields, etc. At present, luminescent materials
for temperature measurements include organic dyes, fluo-
rescent probes, phosphors, quantum dots, and organic–in-
organic hybrid materials (complexes and MOFs).13

As emerging porous materials, luminescent metal–organic
frameworks (LMOFs) have received extensive attention due to
their rich structures, high surface areas, adjustable pores,
etc.14 In LMOFs, fluorescence is produced mainly from organic
ligands, luminescent guests or metal ions. Due to the special
luminescence characteristics of lanthanide metal ions, lantha-
nide metal–organic frameworks (Ln-MOFs) have been compre-
hensively used in tunable phosphors, fluorescent sensors, and
luminescent temperature sensors.15 Different Ln3+ ions doped
in isomorphic Ln-MOFs to fabricate luminescent thermometers
possess the advantages of high precision, self-calibration, and
high resolution, and have become a greatly promising tool for
ratiometric temperature measurements.16 Thereinto, the detec-
tion of harmful substances, such as heavy metals, explosives,
small organic molecules, antibiotics, etc., by fluorescence
sensing technology has received widespread attention.17 In Ln-
MOFs, organic ligands as sensitizers can effectively transfer
energy to lanthanide metals, making Ln-MOFs possess high
luminescence intensity. Among the multifunctional ligands,
organic moieties with a π-conjugated system can effectively
sensitize Ln3+ ions through the antenna effect, resulting in
enhanced overall luminous intensity.18

For practical applications, incorporation of metal–organic
framework powders into organic polymers is a straightforward
and effective strategy for the development of novel composites
that combine the excellent properties of MOFs with the robust-
ness of organic polymers.19 Meanwhile, polymers are the ideal
base for providing unique softness, thermal and chemical
stability, and photoelectric properties.20 The functionality of
Ln-MOFs is combined with the flexibility and machinability of
polymers by physical mixing methods to prepare functional
composite films used in luminescence fields.21 Membranes
with optical functions can be directly produced in factories
and applied in practical situations, largely expanding the
scope of application and improving the utilization efficiency.22

In summary, the use of Ln-MOFs and polymer composites as
luminescent materials deserves attention.

In this work, five isomorphic Ln-MOFs were successfully
synthesized using H6BDPO and lanthanide metal ions.
Employing polyvinyl alcohol (PVA) as the polymer substrate,
EuxTb0.02−x-BDPO@PVA polymer membranes were synthesized
by physical mixing. These membranes retain the crystallinity
and luminescence properties of EuxTb0.02−x-BDPO as well as
the flexibility of polymers. Subsequently, we systematically
researched the temperature sensing performance of
EuxTb0.02−x-BDPO and EuxTb0.02−x-BDPO@PVA. In the temp-
erature range of 303 K–423 K, EuxTb0.02−x-BDPO@PVA was
used as a ratiometric luminescent thermometer, which can
realize visible color changes, which can be observed with the
naked eye with a high sensitivity of 3.7% K−1. Furthermore,

CUST-623 and CUST-624 exhibit fluorescence quenching
effects on Fe3+, Cr2O7

2−, CrO4
2−, and TNP, and the detection

limits are in the low-level range, achieving the ppm level for
the detection of TNP.

2. Experimental section
2.1 Synthesis of Ln-MOFs

A mixture of Ln (NO3)3·6H2O (20 mg, 0.06 mmol) (Ln = Eu, Tb,
Gd, Dy, Sm) and H6BDPO (10 mg, 0.03 mmol) is dissolved in
DMA (3 mL), deionized water (3 mL) and six drops of formic
acid, and then the mixture is put into a sealed 10 mL vial and
heated at 80 °C for 72 h and cooled to room temperature in
12 hours. Colorless block crystals were obtained and washed
with DMA and H2O. The synthesis of EuxTb0.02−x-BDPO, film
preparation and other experimental details are shown in the
ESI.†

3. Results and discussion
3.1 Structure description of Ln-MOFs

CUST-623–CUST-627 possess the same crystal structure, so
CUST-623 is selected as the representative for discussion.
Single crystal data analysis shows that CUST-623 crystallizes in
the monoclinic system with the P21/c space group. The asym-
metric unit contains one Eu3+, a fully deprotonated BDPO6−

ligand, and four coordinated H2O molecules. Each Eu atom
possesses a nine-coordination mode, in which five oxygen
atoms come from the carboxyl groups of three BDPO6−

ligands, and four oxygen atoms come from coordinated water
molecules (Fig. 1a). The asymmetric units build framework
structures through BDPO6− linkers. Fig. 1b shows dual alter-
nating channels from the b-axis direction. In topological ana-

Fig. 1 (a) Coordination environment of Eu3+. (b) 3D framework in the
b-axis of CUST-623. (c) Node splitting diagram. (d) The topological
structure of CUST-623.

Research Article Inorganic Chemistry Frontiers

3260 | Inorg. Chem. Front., 2022, 9, 3259–3266 This journal is © the Partner Organisations 2022

Pu
bl

is
he

d 
on

 1
0 

m
aj

 2
02

2.
 D

ow
nl

oa
de

d 
on

 3
1.

 0
7.

 2
02

4 
10

:0
8:

42
. 

View Article Online

https://doi.org/10.1039/d2qi00682k


lysis, the ligand and the metal center are 3-linked points
(Fig. 1c). The dot symbol is {4·82} in TOPOS software (Fig. 1d).

3.2 Stability of Ln-MOFs

The thermal stability of Ln-MOFs was studied under a N2

atmosphere from 25 to 800 °C (Fig. S1†). Ln-MOFs exhibit
similar TGA curves, so we selected CUST-623 as a representa-
tive example to analyze their thermal stability. From 25 to
158 °C, the weight lost is 11.95% (calculated, 11.32%) due to
the loss of coordinated water molecules. Subsequently, the
framework collapsed. The PXRD patterns of Ln-MOFs are
shown in Fig. S2.† The peaks in the PXRD patterns are consist-
ent with single-crystal X-ray simulation results, proving the
good phase purity. Furthermore, the stability performance in
water was studied on CUST-623 and CUST-624, and the PXRD
results show that the PXRD peak position remains unchanged
after as long as seven days of immersion in water, which
proves satisfactory water stability (Fig. S3†). As expected, the
PXRD peak positions of EuxTb0.02−x-BDPO are consistent with
those of Ln-MOFs (Fig. S4†). Inductively coupled plasma (ICP)
spectroscopy confirms the metal content of EuxTb0.02−x-BDPO
(Table S4†).

3.3 Luminescence properties

The antenna effect is commonly presented in Ln-MOFs, where
organic ligands acting as “antennas” are effectively sensitized
to Ln3+ ions, ensuring stronger emissions as a whole.23

According to the literature the single re-excited state energy of
the ligand ΔE = 3.77 × 104 cm−1 (4.69 eV). The triple excitation
energy ΔE1 is 1.84 × 104 (2.29 eV).24 Referring to Reinhold’s
rule of thumb,25 the energy difference between ΔE and ΔE1 is
ΔE2 = 1.94 × 104 cm−1 (2.40 eV), much higher than that of the
ISC (5000 cm−1) process (Scheme S1†). Therefore, the energy
in the ligand is easily transferred to Ln3+. The solid-state exci-
tation spectra and the emission spectra of H6BDPO and Ln-
MOFs were studied at room temperature (Fig. S5 and S6†).
H6BDPO shows luminescence at λem = 425 nm (λex = 352) due
to π–π charge transfer. The fluorescence spectra of Ln-MOFs
present the characteristic emission peaks of lanthanide ions
and the H6BDPO ligand. The emission peaks of CUST-623 at
580 nm, 593 nm, 617 nm, 651 nm, and 700 nm are attributed
to 5D0–

7FJ ( J = 0–4), in which 5D0–
7F2 (617 nm) occupies the

entire spectrum, exhibiting red light (Fig. 2a). The emission
spectrum of CUST-624 consists of four emission peaks at
494 nm, 547 nm, 587 nm, and 622 nm, attributed to 5D4–

7FJ
( J = 6, 5, 4, 3), where 5D4–

7F5 (547 nm) is the most prominent
one, resulting in green light emission (Fig. 2b). CUST-625–
CUST-627 are dominated by the wide emission belt emitted by
ligands (Fig. S6†). EuxTb0.02−x-BDPO possesses the character-
istic emission of Eu and Tb (Fig. 2c). As the Eu content
increases, the color changes from green to red under a UV
lamp (Fig. 2d). Based on the above results, the emission color
can be easily changed by adjusting the content ratio of Eu and
Tb ions.

3.4. Characterization of Ln-MOFs@PVA

EuxTb0.02−x-BDPO crystal powders were immersed in water
through sonication to make a suspension. The suspension is
thoroughly mixed with an aqueous solution of PVA by stirring,
and subsequently poured into the mold to prepare the films.
EuxTb0.02−x-BDPO@PVA films show the integrated structure
and performance of MOFs and polymers. The PXRD patterns
of EuxTb0.02−x-BDPO@PVA reveal the characteristic peaks of
the Ln-MOFs, confirming that Ln-MOF particles retain good
crystallinity during the preparation process (Fig. S7†). The
FT-IR spectra also prove the presence of Ln-MOFs (Fig. S8†).
The scanning electron microscopy (SEM) images of the
Eu0.002Tb0.018-BDPO@PVA membrane show the surface and
cross-sections, in which MOF particles are uniformly dispersed
in the membrane. Meanwhile, EDS mapping images further
confirm the uniform dispersion of intact MOF particles
(Fig. 3e and f). Eu0.002Tb0.018-BDPO@PVA can be bent at will,
manifesting excellent processing performance (Fig. 3g).
Meanwhile, CUST-623@PVA and CUST-624@PVA display the
fluorescence properties from pristine MOFs (Fig. S9†).

3.5. Temperature sensing

The temperature dependence of CUST-623, CUST-624 and
EuxTb0.02−x-BDPO doping systems was studied systematically.
From 303 K to 423 K, the fluorescence intensity of CUST-623
and CUST-624 gradually weakens as the temperature increases
(Fig. 4a and b). To evaluate the ratiometric luminescent
thermometer potential for the Eu and Tb mixed system,
Eu0.002Tb0.018-BDPO as a representative was investigated sys-
tematically. With the increase of temperature from 303 K to
423 K, the fluorescence intensity of Eu3+ ions (5D0–

7F2) slowly
decreases, while the fluorescence intensity of Tb3+ ions
(5D4–

7F5) drops significantly (Fig. 4c and d), which can be
explained by the energy transfer from Tb to Eu. The emission
intensity ratio of the Tb3+ (5D4 → 7F5, 545 nm) to Eu3+ (5D0 →

Fig. 2 Fluorescence spectra of solid CUST-623 (a), CUST-624 (b) and
EuxTb0.02−x-MOFs (c). (d) CIE of EuxTb0.02−x-MOFs. Inset: a picture of
CUST-623 and CUST-623 under a UV-lamp.
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7F2, 617 nm) transition (ITb/IEu) demonstrates a good linear
relationship with increasing temperature (Fig. S10a†), so the
Eu0.002Tb0.018-BDPO can be used as a ratiometric luminescent

thermometer. The sensitivity is 2.4% K−1 at 423 K (Fig. S10b†).
Eu0.004Tb0.016-BDPO also displays a similar phenomenon, with
a maximum sensitivity of 1.7% K−1 at 423 K (Fig. S11†). The
above result illustrates that EuxTb0.02−x-BDPO can be promis-
ing as excellent sensors in non-contact temperature measure-
ments. Meanwhile, the energy transfer process is necessary to
construct a proportional luminescent thermometer. The
energy level diagram also confirms the energy difference
between Tb3+ and Eu3+.25 As the temperature increases, energy
shifts from Tb3+ to Eu3+ (Scheme 1). Compared with ratio-
metric luminescent thermometers, Eu0.002Tb0.018-BDPO and
Eu0.004Tb0.016-BDPO as ratiometric luminescent thermometers
possess great merits in the sensitivity and applicable tempera-
ture range (Table S5†).

Eu0.002Tb0.018-BDPO@PVA also exhibits excellent tempera-
ture dependence (Fig. 5a and b). At 303–423 K, the emission
intensity ratio (ITb/IEu) of Tb

3+ to Eu3+ features a good linear
relationship with temperature (Fig. 5c) and the relationship
can be expressed as: Δ = 20.31156 − 0.04519 T. The maximum
sensitivity of Eu0.002Tb0.018-BDPO@PVA is 3.7% K−1 at 423 K
(Fig. 5d). The result indicates that the Eu0.002Tb0.018-
BDPO@PVA membrane can be used as a good candidate for
membrane self-referencing ratiometric luminescent thermo-
meters. Under the ultraviolet lamp, the color of the membrane
changes from green to red as the temperature increases, which
can be observed with the naked eye (Fig. 5e).

3.6. Chemical sensing

Iron and chromium ions play significant roles in industrial
production, and iron ions are also essential trace elements for
the human body. However, excessive intake of heavy metals in

Fig. 3 (a) and (c) Plane SEM images of Eu0.002Tb0.018-BDPO@PVA. (b)
and (d) Cross section SEM images of Eu0.002Tb0.018-BDPO@PVA. (e) (f )
The corresponding EDS mapping. (g) Processability of Eu0.002Tb0.018-
BDPO@PVA.

Fig. 4 Emission spectra of CUST-623 (a), CUST-624 (b) and
Eu0.002Tb0.018-BDPO (c) recorded at 303 K–423 K. (d) The normalized
intensities of Eu0.002Tb0.018-BDPO.

Fig. 5 (a) Emission spectra of Eu0.002Tb0.018-BDPO@PVA recorded at
303 K–423 K. (b) The normalized intensities of Eu0.002Tb0.018-
BDPO@PVA. (c) Fitted curves of the integrated intensity ratio for
Eu0.002Tb0.018-BDPO@PVA. (d) Relative sensitivity of Eu0.002Tb0.018-
BDPO@PVA. (e) The luminescence picture of Eu0.002Tb0.018-BDPO@PVA
under the UV lamp from 303 K to 423 K.
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the human body can cause a range of health problems, includ-
ing organ failure, neurological diseases, cancer, etc. Owing to
their excellent stability in water and unique light-emitting
characteristics, CUST-623 and CUST-624 can be used as prom-
ising fluorescent sensors for detecting noxious substances in
water. CUST-623 and CUST-624 were soaked in solutions con-
taining different metal ions to observe fluorescence intensity
changes. When Fe3+ ions were added, the fluorescence inten-
sity of CUST-623 and CUST-624 arose quenching (Fig. 6a and
b). To further explore the quenching effect of Fe3+ ions, fluo-
rescence titration experiments were carried out in a continu-
ous concentration range. As the concentration of Fe3+ ions
increases, the fluorescence intensity decreases (Fig. 6c and d),
and the quenching efficiency is linear in a low concentration
range (0–100 μM) (Fig. S12†). After being mixed with other
metal ions, Fe3+ ions can still exhibit an excellent quenching
effect on CUST-623 and CUST-624 (Fig. S13†). After seven
cycles of experiments, the results prove fabulous recyclability
of CUST-623 and CUST-624 (Fig. 6e and f). In a likely manner,
the fluorescence intensity of CUST-623 and CUST-624 is also
rapidly decreased by Cr2O7

2− and CrO4
2− (Fig. 7). Circulatory

experiments demonstrate that CUST-623 and
CUST-624 manifest ideal cycling performance (Fig. S14†). The
quenching efficiency is linear in the concentration range of
0–100 μM (Fig. S15†). Meantime, CUST-623 and CUST-624
express excellent anti-interference when detecting Cr2O7

2−

and CrO4
2− (Fig. S16†). The R2, Ksv constants and DOLs of

CUST-623 and CUST-624 detection ions are summarized in
Table 1.

As a class of nitroaromatic molecules, nitro explosives are
highly toxic and extremely explosive, requiring fast and suscep-
tible detection in water. Hence, the sensing experiments of
nitro explosives by CUST-623 and CUST-624 were studied sys-
tematically. We selected several ordinary nitroaromatic explo-
sives, including 1,3-dinitrobenzene (1,3-DNB), 1,2-dinitro-
benzene (1,2-DNB), nitrobenzene (NB), 1,4-dinitrobenzene (1,4-
DNB) and 2,4,6-trinitrophenol (TNP). The luminescence inten-
sity of CUST-623 and CUST-624 is distinctly lessened in TNP
solution (Fig. 8). The S–V plots of CUST-623 and CUST-624 are
nearly linear in low concentrations (Fig. S17†). Meanwhile,
CUST-623 and CUST-624 display excellent anti-interference
(Fig. S18†) and cycling performance (Fig. 8e and f). The values
of R2, Ksv constants, and DOLs for the detection of TNP by

Fig. 7 Fluorescence spectra of CUST-623 (a) and CUST-624 (b) in
anion aqueous solution. Fluorescence spectra of CUST-623 (c) and
CUST-624 (d) upon incremental addition of Cr2O7

2−. Fluorescence
spectra of CUST-623 (e) and CUST-624 (f ) upon incremental addition of
CrO4

2−.

Table 1 R2, Ksv constant, and the detection limit for the detection of
Fe3+, Cr2O7

2−, CrO4
2− and TNP by CUST-623 and CUST-624

CUST-623 CUST-624

R2 Ksv DOLs R2 Ksv DOLs

Fe3+ 0.9875 2.44 × 104 1.17 μM 0.9935 2.07 × 104 1.31 μM
Cr2O7

2− 0.9930 3.26 × 104 0.88 μM 0.9855 4.01 × 104 0.68 μM
CrO4

2− 0.9883 3.54 × 104 0.81 μM 0.9882 3.25 × 104 0.83 μM
TNP 0.9878 6.03 × 105 0.21 μM 0.9941 6.288 × 105 0.20 μM

Fig. 6 Fluorescence spectra of CUST-623 (a) and CUST-624 (b) in
metal ion aqueous solution. Fluorescence spectra of CUST-623 (c) and
CUST-624 (d) upon incremental addition of Fe3+. Titration and cycling
tests of CUST-623 (e) and CUST-624 (f ) in water of Fe3+ ions.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2022 Inorg. Chem. Front., 2022, 9, 3259–3266 | 3263

Pu
bl

is
he

d 
on

 1
0 

m
aj

 2
02

2.
 D

ow
nl

oa
de

d 
on

 3
1.

 0
7.

 2
02

4 
10

:0
8:

42
. 

View Article Online

https://doi.org/10.1039/d2qi00682k


CUST-623 and CUST-624 are shown in Table 1. For accomplish-
ing ratiometric fluorescence sensing and visual detection,26,27

we investigated the sensing effect of the doping system for
several harmful substances. A quenching response is shown.
The quenching efficiency of the detected substances for Eu3+

and Tb3+ is almost the same, similar to the quenching
efficiency for single CUST-623 and CUST-624. Therefore, the
effect of visual inspection is not obvious (Fig. S19†).

3.7. Luminescence quenching mechanism

To investigate the mechanism of fluorescence quenching, IR,
PXRD and UV tests were carried out on the crystals soaked in
solutions containing ions or TNP. First, the infrared spectra of
CUST-623 and CUST-624 did not change before and after
immersion, indicating that the test substance did not react
with the crystal (Fig. S20†).28 In addition, the peaks in the
PXRD patterns of the immersed crystal powders are consistent
with the fitted peaks, indicating the intact crystal structure
without framework collapse (Fig. S21 and S22†).29 Finally, in
the UV absorption spectra, CUST-623 and CUST-624 exhibit a
large degree of overlap with Fe3+, Cr2O7

2−, CrO4
2−, and TNP

(Fig. S23†).30 Therefore, the reason for the quenching of the
fluorescence sensing can be explained by resonance energy
transfer. The fluorescence excitation spectra of CUST-623 and
CUST-624 overlap with the ultraviolet visible absorption

spectra of the detected substances (Fig. S24†), showing that
the fluorescence quenching is also due to the fluorescence
resonance energy transfer process.31

4. Conclusions

In summary, five lanthanide MOFs based on ligands were suc-
cessfully prepared. Among them, CUST-623 and CUST-624
exhibit excellent fluorescence characteristics, used for temp-
erature and chemical sensing. Eu0.002Tb0.018-MOF possesses
potential as a ratiometric luminescent thermometer. At the
same time, the combination of MOFs with the polymer can
further enhance the fluorescence properties. CUST-623 and
CUST-624 manifest high stability and recyclability as fluo-
rescent sensors for detecting Cr2O7

2−, CrO4
2−, Fe3+ and TNP.

On the whole, Ln-MOFs are expected to be applied as ideal
chemical sensors and ratiometric luminescent thermometers.
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