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Eu®*-MOF fluorescence sensor based on a dual-
ligand strategy for visualised detection of an
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Bacillus anthracis is an extremely dangerous bacterium that causes high morbidity and mortality.
Developing a simple and effective sensor to detect its unique biomarker 2,6-pyridine dicarboxylic acid
(DPA) is urgently required to prevent anthrax infection. In this work, a ratiometric fluorescence sensor
based on lanthanide—metal-organic frameworks (MOFs) was developed for the sensitive and selective
recognition of DPA. Eu-MOF was successfully synthesised by Eu®*, 2,5-thiophenedicarboxylic acid,
2-aminoterephthalic acid, and dimethylformamide (DMF) through a simple solvothermal method. The
rationally designed Eu-MOF not only exhibited outstanding sensitivity, strong stability and excellent anti-
interference ability for DPA detection but also realised an obvious naked-eye colour change from red to
blue with the increasing DPA concentration under UV light. Moreover, a possible detection mechanism
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involving hydrogen bonding, coordination and photoinduced electron transfer between the Eu-MOF and
DPA was proposed. More importantly, the application of Eu-MOF probes in fetal calf serum and tap water
also obtained satisfactory results, and the Eu-MOF probes were immobolised onto polyvinyl alcohol
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1. Introduction

Anthrax is a severe infectious zoonosis disease caused by
Bacillus anthracis."”” Inhalation of Bacillus anthracis spores
exceeding 104 CFU mL™" is fatal within 24 hours without
proper medical treatments.® Bacillus anthracis spores trans-
form into active pathogenic Bacillus anthracis when heated and
broken down. The pathogens can germinate and grow even
under extreme conditions accompanied by the release of 2,6-
dipicolinic acid (DPA).** DPA is an important component and
a major biomarker for bacillus anthrax spores, which accounts
for 5-15% of their dry weight.®”® Therefore, accurate measure-
ment of DPA is of the utmost importance to prevent anthrax
infection and protect public health.’

At present, many methods have been investigated for
detecting DPA, such as high-performance liquid chromato-
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membrane, achieving a portable and convenient approach to monitoring DPA.

graphy,’® polymerase chain reaction,"" surface enhanced
Raman spectroscopy,'> immunoassays,”® and fluorescence
spectroscopy.’®*® Fluorescent sensors have demonstrated
application potentials because of their simple operation, high
sensitivity, portability, high efficiency, and low cost. Among
many photoluminescent sensors, metal-organic frameworks
(MOFs), especially lanthanide-MOFs (Ln-MOFs), have dis-
played unique optical properties, including long fluorescent
lifetimes, sharp emission, high colour purity, and large Stokes
shifts."*'® More importantly, the highly coordinated lantha-
nide centre ions in Ln-MOFs enable accurate recognition of
DPA because they have a strong binding affinity for DPA and
provide coordination sites to form stable complexes."’
Ln-MOFs with dual-luminescence centres can achieve self-
calibration and reduce the influence of external environmental
disturbance, thereby showing higher sensing performance
than Ln-MOFs with a single emission centre.*® In addition,
dual-emission centres can construct ratio-metric fluorescent
detection, and the ratio of the intensity at two different wave-
lengths exhibits a unique colour change under UV.*' Dual-
lanthanide ions (especially Eu** and Tb*") in Ln-MOFs and
emissive guest-doped Ln-MOFs have been applied to detect
DPA. However, the guest dopants are unstable and may leach
from the framework. The dual lanthanide ions in Ln-MOFs
may lack uniformity, and the analytes may have the same
effects for both lanthanide ions and reduce the anti-inter-

Inorg. Chem. Front,, 2024, 1, 269-277 | 269


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-3342-1966
https://doi.org/10.1039/d3qi01852k
https://doi.org/10.1039/d3qi01852k
https://doi.org/10.1039/d3qi01852k
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qi01852k&domain=pdf&date_stamp=2023-12-18
https://doi.org/10.1039/d3qi01852k
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI011001

Published on 17 November 2023. Downloaded on 7/25/2025 1:12:00 AM.

Research Article

ference ability of the Ln-MOFs testing system.>* To overcome
the above limitations, efforts have been made to choose suit-
able organic ligands to offer another luminescent centre to
realise dual emissions. However, dual-ligand Ln-MOFs based
on single Ln** are seldom reported.

Herein, we synthesised a single-Ln**-based dual-ligand Ln-
MOFs fluorescence probe for DPA sensing by a simple self-
assembly method. Based on our previous work,> 2-aminoter-
ephthalic acid (NH,-BDC) and 2,5-thiophenedicarboxylic acid
(H,TDA) were selected as organic ligands, and Eu®" was
employed as the single Ln®*" luminescent centre. Eu-MOF with
a new crystal structure was prepared under solvothermal con-
ditions and exhibited excellent performance for DPA detection
in ethyl alcohol solutions, real fetal calf serum, and tap water.
Using the ratio between the characteristic fluorescence emis-
sion of Eu** and H,TDA ligand, ratio-metric and visual fluo-
rescent probe was constructed. After Eu-MOF reacted with
DPA, an obvious colour change from red to blue fluorescence
was observed due to the hydrogen bonding and coordination
effects. Eu-MOF was further immobilised in membranes and
exhibited an outstanding response sensitivity and naked-eye
colour change. To our knowledge, it is the first dual-ligand Ln-
MOFs based on a single Ln*" centre for portable DPA detec-
tion, which may pave the way for constructing simple,
efficient, and convenient fluorescence sensors.

2. Experimental
2.1. Synthesis of Eu-MOF

NH,-BDC (1 mL, 0.05 M), Eu(NO;3);-6H,0 (1 mL, 0.1 M),
H,TDA (1 mL, 0.1 M), and dimethylformamide (DMF, 2 mL)
were successively added into a beaker and sonicated for
30 min. Then, the mixture was transferred into a 10 mL Pyrex
vial and heated in an isothermal oven at 120 °C for 72 h, sub-
sequently cooled to 25 °C at 10 °C h™". The colourless crystals
were collected after centrifugation and washed with fresh DMF
and deionised water repeatedly. The yield of Eu-MOF crystals
was 77.2% based on Eu(NOj3);-6H,0.

2.2. Fluorescence sensing of DPA

First, the Eu-MOF powder was uniformly dispersed into an
ethyl alcohol solution (1 mg mL™") to prepare an Eu-MOF sus-
pension. Subsequently, different concentrations of DPA solu-
tion (300 pL) were added into 2.7 mL of Eu-MOF ethyl alcohol
solution, and the resulting mixture was shaken for 3 min at
room temperature to allow a complete reaction. Then, the fluo-
rescence spectra were recorded immediately with an excitation
wavelength of 330 nm. Subsequently, several substances with
similar structures to DPA were added using the same method
for selectivity and anti-interference experiments.

2.3. Preparation of Eu-MOF test membrane for DPA assay

The preparation method is similar to our group’s previous
work.>* Polyvinyl alcohol (PVA 1788, 5 g) was placed in 20 mL
of deionised water and sonicated for 30 min. After soaking
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overnight, the PVA was thoroughly moistened. Then, the above
mixture was stirred and heated at 90 °C in a water bath for 4 h
to allow PVA to dissolve completely. Next, 5 g of Eu-MOF was
added to the cooled PVA solution and stirred vigorously with a
glass stick. The mixture was then coated on a microscope slide
and dried at 60 °C overnight. Finally, the PVA@Eu-MOF mem-
brane was cut into strips of 1 cm x 2 cm or a circle with a dia-
meter of 1 cm.

3. Results and discussion
3.1. Structural analysis

The single-crystal X-ray diffraction (XRD) analysis shows that
Eu-MOF crystallises in a monoclinic C2/c space group and pos-
sesses a three-dimensional (3D) framework. The structure of
Eu-MOF is shown in Fig. 1. The asymmetric unit of Eu-MOF
includes one crystallographically independent Eu®" ion, one
TDA ligand, half NH,-BDC ligand and a free DMF molecule
(Fig. 1a). The centre Eu** atom is coordinated to eight oxygen
ligands and forms a dodecahedron structure (Fig. 1b), wherein
two of them (O5 and 06) are from 1.5 BDC-NH, ligands, five of
them (01, 02, 02, 04, and O7) are provided by carboxyl
oxygen atoms from four TDA ligands, and the other one is co-
ordinated with one free DMF molecule (03). In Eu-MOF, two
adjacent Eu®* ion centres are bridged by surrounding two car-
boxylate groups from two TDA ligands (02, O7), and one car-
boxylate group from NH,-BDC (05, 06) to form a Eu,(COO);
secondary building units (Fig. 1c). These [Eu,(COO);] subunits
interconnect with the organic linker (NH,-BDC) to generate an
infinitely extended one-dimensional (1D) chain structure along
the b-axis. The TDA ligand contains two carboxylate groups
that connect three [Eu,(COO);] subunits (Fig. 1c), i.e., the car-
boxylate (07-C6-02) links two Eu(m) centres in one
[Eu,(COO);] subunit, and the other carboxylate (01-C3-04)
joins two Eu(m) in two separate [Eu,(COO);] subunits. Thus,
the TDA ligand participates in the coordination to form two-
dimensional (2D) lattice-like layers along the ab-plane (Fig. 1d)
and the adjacent layers connected by TDA repeat parallelly and
stack to develop a 3D framework structure (Fig. 1f). Details of
the single crystals are listed in Tables S1, S2 and S3, and the
CCDC number is 2293720.7

3.2. Characterisation of Eu-MOF

Powder X-ray diffraction (PXRD) analysis was used to analyse
the crystal structure of Eu-MOF (Fig. 2a). The PXRD pattern of
Eu-MOF shows sharp diffraction peaks, which are almost iden-
tical to the simulated pattern acquired by the single crystal
structure data of Eu-MOF, suggesting the high purity of the Eu-
MOF phase.>®

The Fourier-transform infrared spectroscopy (FT-IR) spectra
of Eu-MOF, NH,-BDC, and TDA are shown in Fig. 2b. The
characteristic peaks at 3506 cm™, 3442 cm™, and 3455 cm™*
in NH,-BDC, TDA and Eu-MOF are related to the O-H bonds.>®
The peaks at 3393 cm™" and 1623 cm ™" belong to the stretch-
ing absorption and bending vibration of -NH, in NH,-BDC,

This journal is © the Partner Organisations 2024
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Fig. 1 Crystal structures of Eu-MOF. (a) Asymmetrical unit of Eu-MOF. (b) Coordination environment of Eu®* and 1D structure in the b-axis of Eu-
MOF. (c) The [Eux(COO)s] dinuclear cluster structural unit and 1D in the c-axis of Eu-MOF. (d) 2D structure of Eu-MOF from ac plane. (e) 2D structure

of Eu-MOF from ab plane. (f) 3D framework of Eu-MOF.
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Fig. 2 (a) PXRD patterns of Eu-MOF, simulated Eu-MOF, and DPA@Eu-
MOF. (b) FT-IR spectra of Eu-MOF, NH,-BDC and H,TDA.

27-29 1

respectively. The absorption bands at 1665 cm -,
1415 ecm™" in TDA and 1683 cm™', 1419 cm™" in NH,-BDC are
related to the asymmetric and symmetric stretching vibration
of C=0,® respectively. These characteristic peaks shift to
1674 cm™' and 1379 em™' in Eu-MOF, illustrating that the
-COOH groups in the ligands coordinate with Eu*".*" Besides,
the bands observed at 1217 cm™" and 1316 cm™" disappear in
Eu-MOF, also demonstrating the coordination with Eu®*.** All
the above observations confirm the successful synthesis of Eu-
MOF.

The thermal stability of Eu-MOF was determined by the
thermogravimetric analysis (TGA) under N, atmosphere
(Fig. S1at). The TGA curve of Eu-MOF has three main weight
losses during the course of the weight lose. The earliest weight
loss before 100 °C represents the removal of water molecules
in Eu-MOF. The second weight loss (14.41%, calcd: 14.91%)
occurs from 260 °C to 345 °C, which may correspond to the
release of DMF solvent molecule. Further, a sharp weight loss

This journal is © the Partner Organisations 2024

is observed around 470 °C, signifying the decomposition of
the Eu-MOF framework skeleton. The TGA results verify the
high thermal stability of Eu-MOF, which is favourable for its
practical application.

The solid-state luminescence spectra of Eu-MOF are pre-
sented in Fig. S1b.t Upon excitation at 330 nm, the emission
spectra of Eu-MOF exhibit three characteristic peaks at 593,
619, and 654 nm, ascribed to the D, - “F, (J = 1, 2, and 3)
transitions of Eu*" ions,*"** respectively. Under UV irradiation,
the luminescent colour of Eu-MOF appears red. The solid-state
luminescence spectrum of Eu-TDA was also carried out to
understand the influence of TDA and NH,-BDC ligands on the
fluorescence properties of Eu-MOF. The Eu-TDA was syn-
thesised using a similar method to obtain Eu-MOF in the
absence of NH,-BDC. Eu-TDA also displays strong Eu®* charac-
teristic emission peaks, indicating that the TDA ligand can be
a suitable “antenna” for the emission process of Eu** in Eu-
TDA and Eu-MOF. Our previous work also supports this view-
point.*®> The energy gap (AE) between Eu®" and triplet-state
energy (T1) of BDC-NH, is lower than 2500 cm™", which is the
minimum energy range for effective sensitisation.*>3®
Whereas, the AE between Eu®" and T1 of TDA matches the
optimal energy level required for ligand-to-metal charge trans-
fer (LMCT) process. According to the Latva’s rules,”” TDA
ligand is more efficient than NH,-BDC for the fluorescent
luminescence process of Eu-MOF.

3.3. Sensing property for DPA

First, detection medium was selected by immersing the Eu-
MOF in different organic solvents, including ethyl alcohol
(EtOH), methyl alcohol (MeOH), N,N-Dimethylformamide
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(DMF), acetonitrile (ACN), isopropanol (IPA), benzene (PhH),
methylbenzene (PhMe), dichlorotoluene (2,4-DCT), N,N-
Dimethylaniline (DMA), ethyl acetate (EA), and 1-Pentanol
(PEN) (Fig. S27). Ethanol solution shows the minimum inten-
sity ratio of I434/Is10 and the strongest emission peak of Eu**
ions. Therefore, ethyl alcohol was chosen as the detection
medium. Furthermore, the fluorescence stability of Eu-MOF in
ethanol-water (v:v = 9:1) solution was studied. Eu-MOF
showed negligible changes of intensity after immersing in
ethanol-water solution for 10 days (Fig. S37). Stable intensity
at a wide pH range (pH = 3-12) (Fig. S4t) also proved good
fluorescence stability in the detection environment. Then, the
effect of reaction time on the detection of DPA was researched.
The fluorescence emission curves were recorded within
different periods after the DPA aqueous solution was mixed
with Eu-MOF ethanol suspension and shaken for 3 min. As
shown in Fig. S5,f the intensity of the emission peak at
434 nm increases rapidly in the first 1 min. The ratio of I,34/
Is1o reaches equilibrium within 3 min, implying a fast
response of Eu-MOF to DPA.

To research the sensitivity of Eu-MOF for DPA detection,
DPA solutions of different concentrations (0 to 500 pM) were
mixed with Eu-MOF, and the fluorescence spectra were
recorded. As shown in Fig. 3a, the luminescence intensity at
434 nm increases gradually when the concentration of DPA
increases from 0 to 500 pM, while the fluorescence intensity at
619 nm shows insignificant change. Fig. 3b shows the relation-
ship between 1,3, and I with DPA concentration. The I,3,4
increases by 10 times with the DPA concentration and is used
as the identification signal in the sensing, and the unchanged
Is19 is used as the reference signal. Because the characteristic
peak of NH,-BDC ligand is observed in the spectrum, DPA
detection experiments were also conducted using the separate
NH,-BDC ligand. As shown in Fig. S6a,T NH,-BDC only shows
a slight increase in the signal with the increasing DPA concen-

) 3
d —a—,
S 800 4 = L7
fe00 = Al /
2 700
400 2 7 %
§ 3| o
7 ) 200 £ Ss00 _
2 " 40
- % a A
2 30
£ 300 _,l’.
= 200 ).—'( 2
. 100] g 10
F — ES S
—

8
m

(nve) Aysueu|

0 100 200 300 400 500
The concentration of DPA (uM)

400 450 500 550 600
Wavelength (nm)

141 Y=133824+0.02049X
R?=0.99729

liaallero

N a0 o

0 100 200 300 400 500 A,
The concentration of DPA (M) %0 o1 0F 03 04,05 06 07 o8

Fig. 3 (a) Fluorescence spectra of Eu-MOF with 0 to 500 pM DPA. (b)
Relationship between luminescence intensity of 434 and 619 nm versus
DPA concentration. (c) Standard curve of A(l434/le21) versus DPA concen-
tration. (d) CIE chromaticity diagram of Eu-MOF in the presence of 0 to
500 uM DPA.
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tration, and their corresponding CIE coordinates all are
located in the blue area (Fig. S6bt). However, Eu-MOF shows a
distinct emission colour change from red to blue (Fig. 3d),
which can be observed with the naked eye. This is an advan-
tage of the dualligand strategy for constructing Ln-MOF
sensor. The relationship between the I,34/I1o of Eu-MOF and
DPA concentration (0-500 pM) is shown in Fig. 3c. The linear
equation is Y = 1.33824 + 0.02949X (R* = 0.9973). The limit of
detection (LOD) is calculated as 0.41 pM based on a 3o/slope,
which is much lower than the human infection dose of bac-
terial endospores (60 pM).*® In comparison with previously
reported MOF probe, Eu-MOF has higher or equivalent sensi-
tivity for DPA detection (Table S47).

To investigate the selectivity of the proposed DPA sensing
platform, multiple organic molecules with similar structures
to DPA and amino acids were selected for the selectivity test,
including Benzoic acid, p-phthalic acid, Iso-phthalic Acid,
Isonicotinic acid, Gly, Arg, Lys, Asp, Met and the mixture of
these compounds. As presented in Fig. 4a, these compounds
have no obvious changes to the luminescence of Eu-MOF,
while DPA exhibited remarkable enhancement at 434 nm.
Considering the complexity of the test environment, the inter-
ference study were further conducted (Fig. 4b). The Eu-MOF
emitted similar fluorescence upon exposure to DPA despite
coexists with various interfering substances. Therefore, Eu-
MOF has high selectivity and anti-interference ability, reveal-
ing enormous potential in the rapid and accurate detection of
anthrax biomarkers in complex environments.

3.4. Mechanism for Eu®*"-MOF detection DPA

To understand the plausible detection mechanism of Eu-MOF,
PXRD, UV-vis, FT-IR and X-ray photoelectron spectroscopy
(XPS) were conducted on Eu-MOF after DPA sensing (DPA@Eu-
MOF). First, as recorded in Fig. 2a, the PXRD pattern of
DPA@EuU-MOF maintains a high degree of consistency and
structural integrity, ruling out the possibility of crystal collapse
and disintegration. Next, the fluorescence emission spectrum
of DPA ligand, Eu-MOF and DPA@Eu-MOF is compared
(Fig. S7at). It can be obtained that DPA has no fluorescence
emission at 434 nm. Then, it can be seen by the absorption
spectra of DPA and Eu-MOF that there is basically no absorp-
tion peak around 330 nm (excitation wavelength) at the UV-vis
absorption spectrum of DPA, and neither overlaps between
DPA and Eu-MOF (Fig. S7b¥), which illustrates the inexistence
of internal filtering effect process and competitive energy
absorption and between Eu-MOF and DPA.*° Next, the FT-IR of
DPA@Eu-MOF, Eu-MOF, and DPA are compared (Fig. S8at).
The stretching vibration of -NH, group at 3341 cm™" in Eu-
MOF shifts to 3347 cm™" in DPA@Eu-MOF. Meanwhile, the O-
H stretching vibrations at 3436 cm™ in Eu-MOF and
3425 cm™' in DPA shift to 3441 cm™ in DPA@Eu-MOF.
Considering the structure of the ligands, it is inferred that the
-NH, in Eu-MOF forms N-H-::-O hydrogen bond with the car-
boxyl oxygen in DPA,**™** thereby enhancing the luminescence
of the ligand. The interaction between Eu-MOF and DPA was
further examined by XPS. As displayed in Fig. 5b, the binding

This journal is © the Partner Organisations 2024
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Eu-MOF and DPA@Eu-MOF.

energy of N 1s shifts from 400.25 for Eu-MOF to 399.2 eV for
DPA@EuU-MOF, suggesting that the density of the electron
cloud around N changes because of the formation of N-H:--O
hydrogen bond.**"**

In addition, new absorption peaks ascribed to the C-N
stretching vibrations in pyridine ring appear at 1076 and
1281 cm™' on the FT-IR spectrum of DPA@Eu-MOF
(Fig. S8bt), illustrating that DPA coordinates with Eu-MOF.*>
XPS spectra further verify the coordination between DPA and
Eu-MOF. As presented in Fig. 5d, the two peaks at 1135.04 and
1164.68 eV in Eu-MOF shift to 1134.74 and 1164.56 €V, respect-
ively, after interacting with DPA. The O 1s peak also shifts
from 531.5 to 531.35 eV (Fig. 5¢). The variations in the binding
energy of O 1s and Eu 3d suggest that the coordination
between Eu®" and DPA can change the density of the electron
cloud around the coordinated O atom in TDA or NH,-BDC
ligand.*”*®

This journal is © the Partner Organisations 2024

In order to verify the formation of N-H---O functional
groups in DPA sensing process, interaction force between Eu-
MOF and DPA are further studied through the density func-
tional theory calculation. As shown in Fig. 6a. The adsorption
energy generated by the effect of hydrogen bond, van der
Waals and electrostatic force are —2.948, —0.194 and —0.097
eV, respectively, and the proportion 0.91, 0.06 and 0.03,
respectively. The calculation results show that the hydrogen
bond plays a dominant role between two molecules and it is
facilitate to form hydrogen bonds between Eu-MOF and DPA.

Finally, the molecular orbitals of NH,-BDC ligand, H,TDA
ligand are calculated. As showen in Fig. 6b, the lowest unoccu-
pied molecular orbital (LUMO) of H,TDA is —2.36 eV, which is
lower than that of NH,-BDC (—1.87 eV). Hence, the photo-
induced electron transfer (fluorophore as the donor) (d-PET)
process in Eu-MOF could occurred from NH,-BDC to H,TDA,
leading to an extremely weak emission of NH,-BDC in Eu-
MOF. However, when Eu-MOF detected DPA, the hydrogen
bonds of N-H:--O between -COOH in DPA and -NH, in NH,-
BDC were formed. The LUMO energy level of new compounds
decreased to —2.49 eV, which is lower than that of H,TDA.
Thereby, the d-PET process was prevented from the LUMO of
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Fig. 6 (a) Force proportion of hydrogen bond, van der Waals and
electrostatic force (inset: coordination configuration diagram of N-
H---O hydrogen bond). (b) Calculated HOMO and LUMO energy levels of
NH,-BDC and H,TDA. (c) Schematic illustration of the PET process of
Eu-MOF sensing DPA.
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NH,-BDC to that of H,TDA and the fluorescence of NH,-BDC
was recovered at 434 nm (Fig. 6¢).*® Based on the above charac-
terisations, it is concluded that the mechanism of Eu-MOF
sensing is achieved through N-H---O hydrogen bonding, the
coordination and photoinduced electron transfer process
between Eu-MOF and DPA.

3.5. Applications in fetal calf serum and tap water samples

To investigate the practical feasibility of Eu-MOF, fetal calf
serum and tap water were selected as sensing media for
further investigation. The tap water was obtained from the lab-
oratory of Jilin Institute of chemical Technology. All fetal calf
serum samples were diluted 30-fold with ultrapure water and
then filtered with filter paper to remove possible suspended
particles before the experiment. Tap water was filtered by filter
paper and tested directly before analysis with Eu-MOF.
Different concentrations (20, 150 and 300 uM) of DPA solution
were added to the prepared samples separately, and the
luminescence was detected according to the same method
mentioned above. As shown in Table 1, the recovery values of
DPA from fetal calf serum and tap water are in the range of
97.0-101.6% and 97.5-103.4%, respectively. Further, the rela-
tive standard deviations (RSD, n = 3) of detection results are all
under 3.4%. The satisfactory recovery and low RSD further
prove the reliability and feasibility of the Eu-MOF for the detec-
tion of DPA in real environment samples.

3.6 Application of Eu-MOF@PVA test membrane detect DPA

Eu-MOF@PVA test membrane was used to detect DPA in ethyl
alcohol. First, the properties of Eu-MOF@PVA membrane was
characterised. In the PXRD pattern of Eu-MOF®@PVA, the diffr-
action peaks are identical to those of experimental and simu-
lated Eu-MOF, indicating that the En-MOF particles in Eu-
MOF@PVA maintain high phase purity during the progress of
film formation (Fig. S9at).>® In addition, the FT-IR spectra of
Eu-MOF@PVA and Eu-MOF (Fig. S9bt) confirm that all chemi-
cal bonds remain unchanged during film preparation.

Next, scanning electron microscopy (SEM) and energy dis-
persive spectroscopy (EDS) were carried out to characterise the
morphology of Eu-MOF@PVA. As shown in Fig. 7, Eu-MOF par-
ticles are uniformly distributed on the surface and cross-
section of the membrane. EDS mapping shows that the con-
tents of O, S, C, Eu, and N elements are 57.52%, 12.79%,
24.74%, 1.75%, and 3.20%, respectively (Fig. S107), confirming

Table 1 Determination of DPA in fetal calf serum and tap water with
Eu-MOF (n = 3)

Added Detected Recovery RSD (%)
samples (1M) (M) (%) ~N=6)
Fetal calf serum 20 19.4 97.0 3.4

150 148.6 99.1 1.8

300 304.9 101.6 0.3
Tap water 20 19.5 97.5 2.1

150 155.1 103.4 1.5

300 296.7 98.9 0.9
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Fig. 7 (a and b) SEM images of Eu-MOF@PVA surface. (c and d) SEM
image of Eu-MOF@PVA cross sections. (e) EDS mapping of Eu-
MOF@PVA.

the integrity and homogeneity of the Eu-MOF@PVA.
Furthermore, the Eu-MOF@PVA membrane can be bent and
rolled without forming fractures on the surface (Fig. 8b),
demonstrating its excellent mechanical properties. Under
natural light, the Eu-MOF@PVA membrane has a smooth
surface and high transmittance (Fig. 8a and c), which are suit-
able for further senor development. Under UV irradiation at
254 nm, red emission of Eu-MOF@PVA membrane was
observed. When the membranes were immersed in solutions

BEER

50uM 150 M 300 pM 500 uM OpuM 50 M 150 uM 300 M 500 M

& Y- 4 S 4 |
e

Fig. 8 (a) Eu-MOF@PVA under natural light and UV light. (b)
Processability of Eu-MOF@PVA. (c) Transmittance of Eu-MOF@PVA.
Colours of Eu-MOF@PVA test membranes under UV light irradiation with
0, 50, 150, 300, and 500 uM of DPA in (d) fetal calf serum and (e) tap
water.
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of fetal calf serum and tap water samples with 0, 50, 150, 300
and 500 pM of DPA, the fluorescent colour rapidly changed
from red to blue gradually, which can be observed by the
naked eye (Fig. 8d and e). The outstanding response sensitivity
to DPA and the naked-eye visible colour change demonstrate
that Eu-MOF@PVA membranes are promising sensitive, porta-
ble, and convenient sensors for DPA detection.

4. Conclusions

A dual-emission Eu-MOF with a new crystal structure of a
monoclinic system and C2/c space group was successfully pre-
pared by NH,-BDC, H,TDA, Eu(NO;);-6H,0, and DMF through
a dual-ligand strategy. Eu-MOF demonstrates high phase
purity, good stability, and excellent luminescent performance
and can be used as a sensitive, efficient, selective, and con-
venient probe for DPA sensing. It also showed satisfactory prac-
tical applications to detect DPA in fetal bovine serum and tap
water. Furthermore, the detection mechanism involving N-
H---O hydrogen bonding, the coordination and photoinduced
electron transfer process between Eu-MOF and DPA was pro-
posed based on the PXRD, UV-vis, FT-IR, XPS and theoretical
calculation results. More importantly, the successful exploit of
Eu-MOF@PVA membranes provides a simple, convenient, and
efficient platform for DPA detection.
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