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Lanthanide-based metal—organic frameworks (MOFs) are promising probes for photoluminescent sensing
of various chemical substances. In this study, we report the ultrasonication-assisted synthesis of bimetallic
Eu/Tb-MOF nanorods for the highly sensitive detection of 2,6-pyridinedicarboxylic acid (DPA), a major
biomarker for Bacillus anthracis. The prepared Eu/Tb-MOF nanorods exhibited a robust framework
structure, uniform morphology, and strong photoluminescent emissions thanks to the synergy between
Eu®* and Tb>" ions. The photoluminescent quenching effect is clearly observed upon the addition of
DPA to these Eu/Tb-MOF aqueous suspensions, and has been utilized for sensing DPA. We achieved an
impressive detection limit of 60 NM using the Eug 1 Tbg oBTC MOF with a low concentration of 20 mg L™*
in aqueous solvent, attributed to the unique energy transfer process from DPA to the Eu/Tb luminescent
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composition, DPA concentration, type of solvent and interferences were investigated. This work provides
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1. Introduction

Bacillus anthracis (B. anthracis), the causative agent of anthrax,
poses significant threats to public health and security due to its
high morbidity and mortality rates.™ This pathogen exists in
two forms: as vegetative, rod-shaped cells under favorable
growth conditions and as dormant spores when nutrients are
limited. The spore form is particularly concerning because it
can survive for decades and spread via contaminated food,
water, or aerosolized particles, including those dispersed
through ventilation systems, thereby posing risks to both
animals and humans. Diagnosing anthrax is also challenging
since the incubation period in humans can vary from 1 to 60
days, often delaying symptom onset. The remarkable resilience
of B. anthracis spores is largely attributed to their multilayered
protective structure, within which 2,6-pyridinedicarboxylic acid
(DPA) serves as a major component, constituting about 5-15%
of the dry mass.* Owing to its abundance and specificity, DPA
has been widely recognized as a distinctive biomarker for
anthrax spores, making its detection vital for early diagnosis
and rapid response to potential exposure.®

Traditional methods for detecting DPA include chromato-
graphic techniques and mass spectrometry.® While these
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photoluminescent sensors for DPA detection.

methods offer high sensitivity and specificity, they often require
sophisticated instrumentation and extensive sample prepara-
tion, and are not conducive to rapid, on-site analysis. Conse-
quently, there is a pressing need for the development of simple,
rapid, and sensitive detection methods for DPA.> Due to their
low cost, quick reaction, and mobility, optical approaches for
the detection of DPA have recently raised a lot of attention.®’
The recognition of biological substances has been investigated
using surface plasmon resonance biosensors and surface
enhanced Raman spectroscopy.®

Photoluminescence (PL) sensing has emerged as a prom-
ising approach for DPA detection due to its high sensitivity,
selectivity, easy implementation, and potential for rapid and
real-time analysis.” Lanthanide-based metal-organic frame-
works (Ln-MOFs), which exhibit advantageous luminescence
properties, including sharp/tunable emission bands and long
lifetimes, are efficient photoluminescent
materials.'*™® Besides, these Ln-MOFs also offer various bene-
ficial features, including large surface area, high porosity, and
flexible structure thanks to the intrinsic nature of organic
ligand-metal ion bonding. Recent studies have demonstrated
the potential of europium (Eu**) and terbium (Tb**)-based MOF
PL sensors for the visual detection of DPA.** A monometallic Tb-
MOF-based luminescent probe has been used for rapid detec-
tion of DPA in aqueous solution with LOD of 1.7 uM through an
energy transfer mechanism.*

luminescence
10-
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The customizable design of Ln-MOFs is enabled to incor-
porate different types of both metal ions and organic ligands,
which open avenues for exploratory research and applications,
including PL sensing. Recently, bimetallic Ln-MOFs have
gained worldwide interest due to their enhanced structural
robustness, chemical stability, increased metallic sites, and
high porosity for various potential applications.'*"” As a result,
bimetallic Ln-MOFs have shown superior advantages over
monometallic Ln-MOFs in various applications. In the case of
sensing application, the incorporation of both Eu*" and Tb**
ions into a single MOF can lead to synergistic effects, enhancing
the material's luminescent properties and, consequently, its
sensing performance.® Importantly, such a design concept
enable ratiometric PL, a modern sensing technique that
measures the ratio of emission intensities at two different
wavelengths, rather than relying on a single PL signal.>*+'82¢
This method provides more accurate and reliable results
because it minimizes the effects of external factors such as
probe concentration, environmental changes, and instrument
fluctuations.”* By monitoring the emission ratio between Tb**
and Eu®" ions within the bimetallic Ln-MOFs, the distinct and
concentration-dependent changes in the Eu** and Tb** emis-
sion intensities upon DPA binding allow for precise and sensi-
tive detection.

A series of mixed Eu/Tb-BTC (BTC = 1,3,5-benzenetri-
carboxylate) MOFs were synthesized by solvothermal method
and dip-coated on indium-tin oxide glass to form a luminescent
thin film for the sensing of pharmaceuticals.” The film emitted
different luminescence with various intensity ratio of Dy, — “F,
(Ev**, 619 nm) to D, — ’F; (Tb*', 547 nm) transitions
depending on the type and concentration of the guest phar-
maceutical molecules. These luminescent signals are more
stable and accurate than those based on single Eu-BTC MOFs.
Bimetallic Tb,/Eu, ,BTC, prepared by wet grinding, shows
strong red PL at 616 nm due to the energy transfer from Tb** to
Eu®"." These transitions are blocked upon the introduction of
DPA, because of the strong coupling between DPA (in the lowest
triplet excited state, >DPA) and Tb®" nodes. As a result, the PL
turns to green at 544 nm, exhibiting an excellent correlation
with DPA concentrations (50 nM to 3 pM) with a low detection
limit of 4.9 nM. The wet grinding route is favour for scaling up,
but hard to ensure a high degree of uniformity in particle size
and morphology. The Tb/Eu@bio-MOF-1, prepared using
organic solvent (DMF) requires high dosage (250 mg L™ ') for
a limit of detection (LOD) of 34 nM." The detection limits of
Tby.9Eu, 1(BTB)(DMF) and Tb,¢Eu,(BTB)(H,O) for DPA are
78 nM and 240 nM, respectively.’® Therefore, it is highly desired
to develop greener synthetic route with better control over
material properties for optimal sensing characteristics.

In this study, we adapted ultrasonication method to prepare
a series of bimetallic Eu**/Tb**-MOFs from nitrate precursors.
This novel, green and facile route also enable the formation of
robust framework structures with uniform nanorods
morphology, as confirmed by XRD, FT-IR, SEM, EDX, PL and UV
spectroscopy. The PL properties of these bimetallic Eu/Tb MOF
nanorods were thoroughly investigated, focusing on their
selectivity and sensitivity toward DPA. We also examined
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various factors affecting the sensing performance, including the
material system, lanthanide composition, DPA concentration,
solvent type, and potential interferences. Our findings suggest
that Euy 1Tb, oBTC nanorods hold significant promise as effec-
tive sensors for DPA detection in environmental and bi-
oanalytical applications, offering a novel approach to the design
of dual-emissive MOF-based sensors for practical PL sensing.

2. Experimental

2.1. Chemicals

Benzene-1,3,5-tricarboxylic acid (Trimesic acid, H;BTC), meth-
anol (CH3;0H), acetonitrile (CH3CN), and tetrahydrofuran
(C4HgO) were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. 2,6-Pyridine dicarboxylic acid (C;HsNO,,
PDA), europium(m) chloride hexahydrate (EuCl;-6H,0), and
terbium(mr) chloride hexahydrate (TbCl;-6H,0) were acquired
from Macklin. Sodium acetate (CH;COONa) was obtained from
Xilong. All the chemicals used in this work are of analytical
grade (content = 99%) and used without further purification.

2.2. Material synthesis

2.2.1. Synthesis of Tb-BTC. Tb-BTC was synthesized by an
adapted ultrasonication method.?® First, TbCl;-6H,0 (0.2024 g;
0.542 mmol), CH;COONa (0.0164 g; 0.1 mmol) were dissolved in
double-distilled H,O (6 mL). Then, H;BTC (0.2278 g; 1.084
mmol) and CH;0H (8 mL) were added into the above solution
and ultrasonicated for 30 min at 50 °C/40 kHz/407 W using
a Daihan Scientific Ultrasonic Cleaner (Model WUC-D10H). The
resulting powder was crystallized in a refrigerator, repeatedly
washed with double distilled H,O and CH;0H, centrifuged, and
dried at room temperature in a Petri dish to obtain Tb-BTC
(vield: 31.4%).

2.2.2. Synthesis of M, Tb; ,(BTC),. M,Tb; ,(BTC), MOFs
(M = Eu, La, Ce, Pr, Nd; x = 0.1, 0.2, 0.3; n = 1, 2, 3) were also
synthesized using the similar procedure. For example, for the
synthesis of Eu,;TbyoBTC (Fig. 1), TbClz-6H,O (0.1825 g;
0.4887 mmol), CH;COONa (0.0164 g; 0.1 mmol), EuCl;-6H,0
(0.02 g; 0.0543 mmol) were dissolved in double-distilled H,O (6
mL). Then, H;BTC (0.2282 g; 1.086 mmol) and CH;OH (8 mL)
were added into the above solution and ultrasonicated for
30 min. The resulting powder (Product 1) was crystallized in
a refrigerator to obtained Product 2, which was then repeatedly
washed with double distilled H,O and CH;0H, centrifuged, and
dried at room temperature in a Petri dish to obtain Eu,,Tbg o-
BTC (yield: 36.7%). Table S1 shows the molar ratios of precur-
sors used for the synthesis of Eu,,Tb, o(BTC), (n = 1-3).

2.3. Material characterization

The crystal structures of all synthesized MOFs were determined
by powder X-ray diffraction (XRD) on a Siemens D5005 diffrac-
tometer with Cu Ka radiation (1 = 0.15406 nm), scanning rate of
0.9°/min (scan step 0.03°), and 26 ranging from 10 to 70°.
Fourier transform infrared (FTIR) spectra were measured from
500 to 4000 cm ' using a PerkinElmer Spectrum Two spec-
trometer equipped with a universal attenuated total reflectance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic synthesis of Eug1TbgoBTC.

accessory. The morphology of the prepared MOFs was obtained
using scanning electron microscopy (SEM) on a Hitachi S-4800
field emission scanning electron microscope equipped with
a Horiba EMAX energy-dispersive X-ray analyzer.

2.4. Photoluminescent determination of DPA

For DPA detection, the individual MOF (Tb-BTC or M, Th;_,(-
BTC),) (1 mg each) was ultrasonicated for 30 min in 50 mL of
double-distilled water at a concentration of 20 mg L™". Then,
the calculated volumes of DPA solutions were added into the
above solution to achieve desired concentrations (10~ to 10~*
M). The obtained solutions were well shaken, and the PL spectra
were measured with the excitation wavelength of 280 nm. The
similar procedures were performed to investigate the influence
of the Euy 1Tb, oBTC concentrations, material system, lantha-
nide composition, type of solvent, and potential interferences.

3. Results and discussion

3.1. Materials characterization

The powder XRD patterns of the synthesized Tb-BTC and
M,1TbyoBTC (M = Eu, La, Ce, Pr, and Nd) are shown in Fig. 2a.
All observed diffraction peaks of the Th-BTC can be well matched
with the simulated patterns of Tb(BTC)(H,O0)s (CCDC
#1499450),>%° as well as the known crystalline phases of
La(BTC)(H,0)s,”” Eu/Tb-doped La(BTC)(H,0)s,>**" Eu(BTC)(H,-
0)s,*" Ln (BTC)(H,0)(DMF); ;1 (Ln = Tb, Dy, Er and Yb),** and Tb,/
Eu, ,BTC" with monoclinic crystal structure and space group Cc.
Major diffraction peaks were due to (110), (11—1), (021), (130),
and (200) planes. In these isostructures, the trivalent lanthanide
ions are nine-coordinated by three oxygen atoms from -COOH
groups (of BTC ligands) and six oxygen atoms from coordinated
water molecules. In M ; Tb, ¢BTC MOFs, the lanthanide ions and
terbium ions would randomly occupy the sites of lanthanide
ions. Moreover, the presence of noncovalent interactions
(hydrogen bonding and w—m interactions) results in the forma-
tion of a three-dimensional (3D) framework structure.** The peak
positions are slightly shifted among the samples because of the
different ionic sizes; however, the basic crystal structure was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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preserved, and no other side peaks are observed. Thus, the XRD
patterns of M, 1Tb, oBTC (M = Eu, La, Ce, Pr, and Nd) demon-
strate the successful synthesis of bimetallic MOFs by our
ultrasonication-assisted method. The simulated crystal structure
of Eu/Tb-BTC is presented in Fig. 2b.

The IR spectrum of H;BTC shows characteristic bands of the
carboxyl group of BTC ligands at 3090, 1720 and 537 cm ™"
(Fig. 2¢c). These bands were not observed in Tb-BTC; instead, the
valence vibrations of the asymmetric and symmetric carboxylic
ions (v,5(COO7); »(COO7)) were observed at 1556 and
1611 cm™ " (double peaks), 1435 cm™ ', and 1368 cm ™. This was
caused by the overlap of the v, vibrations of the surface acetate
group and the backbone carboxylate group of BTC." The peak at
516 cm™ ' is the Ln-O valence vibration and the broad band at
3328 em ™' is characteristic of the O-H group. The disappear-
ance of the peak at 1720 cm ™" (of H;BTC) is due to the complete
deprotonation of the carboxylic acid and the coordination of the
COO~ groups to Eu®** and Tb*" centers.™

SEM images of Tb-BTC and Eu, ;Tb, ¢BTC (Fig. 2d-f) display
uniform, well-defined nanorod bundles with an average size of
ca. 1-2 pm and highly crystalline structure. The formation of
these nanostructures is directly related to the use of CHj-
COONa, which modulates the pH and coordination interactions
between Eu/Tb and BTC ligands. Its presence helps to maintain
a mildly basic environment, which facilitates deprotonation of
the organic ligand and promotes coordination with metal ions
during MOF formation. Additionally, it can influence the
nucleation and growth kinetics, thereby affecting crystal size
and morphology. The stoichiometric atomic percentages for C,
O, Eu, and Tb are 56.25, 37.50, 0.63, and 5.63%, respectively.
Whereas, the EDX-derived atomic percentages for C, O, Eu, and
Tb in Eug,TbyoBTC were 55.18, 39.57, 0.67, and 4.58%,
respectively. EDX measurements for the Eu, ,Tb, oBTC (Fig. S1)
revealed an Eu:Tb ratio of 0.67:4.58 = 0.15; close to the
stoichiometric value of 1:9 = 0.1.

3.2. Excitation study of the Tb/Eu-BTCs

UV-Vis absorption, excitation, and PL spectra were measured to
investigate the optical characteristics of Eug;TbgoBTC. As
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shown in Fig. 3, the UV-Vis spectrum of Eu,;Tb,oBTC has
a broad range of absorption in the UV region, due to the m-m*
transition on aromatic rings. The excitation spectrum of Euy ;-
Tby.oBTC, monitored at 546 nm, shows a broad band at 250-
300 nm corresponding to ligand absorption, indicating efficient
ligand-to-metal energy transfer and direct f-f transitions. The
PL spectrum of Eu, ;Tby oBTC displayed five PL emission peaks
at ca. 446, 491, 546, 586, and 619 nm at the excitation wave-
length of 280 nm. The peaks at 546 nm and 619 nm are domi-
nant, indicating efficient PL from Eu®* and Tb*" centers at the
chosen wavelength (280 nm). Hence, this wavelength was
chosen for subsequent tests.

3.3. Selection of the MOF systems

For photoluminescent sensing, the MOFs with strong color
change upon PL and having the lowest DPA detection limit are
preferred. As seen, under an excitation wavelength (A.x) of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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280 nm, the PL spectrum of Tb-BTC (black curve) displays four
peaks at 491, 546, 586, and 622 nm, corresponding to charac-
teristic °D, — ’F; emissions (J = 6, 5, 4, 3) of Tb®" ions
(Fig. 4a)."* Among these, the strongest one at 586 nm matches
with the D, — ’F5 emission. Upon adding DPA, the resulting
PL spectrum (red curve) shows similar peaks of higher intensity,
coincided with the intensification of the green PL of Tb-BTC
(the inset in Fig. 4a).>* Whereas, under the same A, the PL
spectrum of Eu-BTC (black curve) displays four peaks at of 593,
619, 662, and 693 nm, corresponding to °D, — “Fy emissions (J
=1, 2, 3, 4) of Eu*" ions (Fig. 4b)."* Among these, the strongest
one at 619 nm matches with the °D, — ’F, emission. The
resulting PL spectrum when adding DPA (red curve) shows
almost similar peak shape and intensity, demonstrated by the
insignificant change of the pinkish-red color of Eu-BTC (the
inset in Fig. 4b).

Since monometallic MOFs (Tb-BTC and Eu-BTC) exhibited
poor color change upon adding DPA, multimetallic MOFs
(My.1Tby oBTC, M = Eu, Ce, La, Pr, Nd) were synthesized. Ce, La,

5000 2000

View Article Online
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and Nd were selected due to their potential roles in modifying
the photophysical properties of the material: Specifically, Ce*" is
known to participate in energy transfer processes; La**, being
optically inactive, was used as a structural diluent to investigate
concentration effects; and Nd*' was included for its near-
infrared emission properties. Among these, the Eu, 1 Tby oBTC
best met the first criterion set above (Table S2). Its intrinsically
red color turned to green when adding DPA, indicating an
efficient energy transfer between Eu,,Tb,oBTC and DPA (the
inset in Fig. 4c). This green color then diminished at higher
concentrations of DPA, indicating photoluminescent quench-
ing effect. As expected, the PL spectrum of Eu, ;Tb, oBTC (black
curve) displays all characteristic peaks of Tb®>" and Eu®" ions
(Fig. 4c). Upon adding DPA, the resulting PL spectrum (red
curve) shows an increase in intensity at the PL peaks at 492 and
546 nm, well corresponding to °D, — ’F¢ and °D, — ’F;
emission peaks of Tb** ions. Besides, the inital peak at 591 nm
in Euy,ThooBTC (°Dy — ’F;, Eu®") was also intensified and
shifted to 588 nm (D, — “F,, Tb*"), due to greater contribution
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Fig.4 PL spectra of Tb-BTC (a), Eu-BTC (b), Eug1Tbg9BTC (c) before and after adding DPA. PL spectra of Eug1Tbg o(BTC), (n = 1,2,3) before (d)
and after (e) adding DPA. PL spectra of Eu,Tb;_,BTC (x = 0.1, 0.2, and 0.3) before (f) and after (g) adding DPA. PL spectra of Eug 1Tbo oBTC after
adding DPA of different concentrations (h—i). The insets show PL of the corresponding solutions under a 254 nm UV lamp. Otherwise noted, the

concentrations of MOFs were 20 mg L™* and that of DPA was 2 x 107
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from Tb**-DPA interactions. Therefore, we chose Eug ,Tbo oBTC
for next investigations.

3.4. Influence of the solvent and the MOF system

The influence of different solvents (H,O, CH;0H, CH;CN, and
THF) on the PL property of Eu,;Tby oBTC was investigated. As
shown in Fig. S2, the color change (after adding DPA) is most
pronounced in the Eu,;Tby¢BTC/H,O solution. Whereas,
Euy,Tby oBTC/CH;0H and Eugy;TbyoBTC/CH;CN solutions
exhibited a dim red color which remained little change with
DPA concentration, and Eu, ; Tby oBTC/THF solution showed no
PL when irradiated under an UV lamp. These effects suggest
that the Eugy;TbyBTC/H,O solution has a lowest detection
limit as compared to other ones, and thus met the second
criterion set above. Thus, H,O was chosen as the solvent for the
following investigations. The PL effect for the other
M, 1Tby oBTC/solvent solutions (M = La, Ce, Pr, and Nd) was
also examined. As shown in Table S2, it was confirmed that the
Eug 1 Tby oBTC/H,O solution exhibited the best metrics (clear
color change) for DPA detection, and thus was chosen for
subsequent studies.

3.5. Influence of the metal/ligand ratio

The metal/ligand atomic ratio in MOFs is an important factor
which effects its sensing performance. In this study, a series of
Eug1Thy ¢(BTC), MOFs (n = 1, 2, and 3) were synthesized,
whereas n was the input molar ratio between the BTC ligand
and the total metal present. As seen in Fig. 4d, when n increases
from 1 to 3, the intensity of the red PL of the MOFs became
weaker. That is because, the red PL is regulated by Tb**— Eu**
energy transfer,"?® and in MOFs with higher n, the Eu®*
percentage is smaller. The introduction of DPA interrupts this
energy transfer and opens pathway for the characteristic red
emission from Tb*", resulting in the transition of PL color from
red to green, which occurs more quickly in Eu,;Tbgo(BTC),
with higher BTC content (Fig. 4e and S3). Here we chose the
Eu, 1 Tb, oBTC for the next studies, because its intrinsic red PL
was clearer, and it also had a more obvious color change when
DPA was added (although its green hue was not as intense as the
other two remaining MOFSs). In the PL spectra, the intensity of
both red and green PL decreased with increasing n. However,
while the intensity of red PL decreased sharply, the intensity of
green PL decreased weaker, leading to the ratio of Is4e/ls19
increasing with increasing BTC content. As a result, the green
color became more intense (and the red color also faded) with
increasing BTC content when DPA was added.

3.6. Influence of the Eu/Tb ratio

The influence of Eu/Tb ratio on PL effect was investigated on
three MOFs (Eu, 1 Tb, oBTC, Eug ,Tb, ¢BTC, and Eu, 3Tb, ;BTC).
It was observed that when the Eu/Tb ratio increases, the
intrinsic red PL of the corresponding MOF became more
intense, but the green PL (emitted when DPA was added)
occurred more slowly (Fig. 4f, g and S4), indicating lower
sensitivity and potentially higher LOD towards DPA. This result
means the higher the Eu percentage, the stronger the red PL,
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and the larger the amount of DPA is required to completely
quenching the red PL (and “turn” the green PL on). The PL
spectra also show that when increasing the Eu/Tb ratio, the
emission peaks of Tb*" ions decreased dramatically in intensity
(e.g., peak at 546 nm), while those of Eu®" ions also decreased
but with much lower degree. As a result, the Is;6/Is19 ratio
decreased with increasing Is;s/ls19 ratio. Moreover, when
increasing the Eu/Tb ratio, additional peaks at 662 and 619 nm
were observed, which are the characteristic emission peaks of
Eu®" ions. Therefore, the Eu, ,Th, oBTC was chosen for subse-
quent studies.

3.7. Influence of the concentration of Eu, Tby (BTC

Eu, 1Tb oBTC aqueous solutions of different concentrations
(100, 50, 30, 20, 15, 10, and 5 mg L") were prepared for PL
testings. Upon excitation at 280 nm UV light, the 100 mg L~*
Eu,.1Tby oBTC solution exhibits a bright red color; the intensity
of this red PL gradually decreases with decreasing concentra-
tion of Eug;TbyoBTC, and becomes very weak at 5 mg L™
(Fig. S5). The concentration of 20 mg L™ was selected for next
studies because its color intensity is enough for convenient PL
observation.

3.8. Influence of the concentration of DPA

The PL tests was performed using Eu, 1 Tb, ¢BTC solutions with
different concentrations of DPA (2 x 10°, 107%, 10™%, 1077,
10,1077, and 10~ ® M). The color change was not clearly visible
at the DPA concentration of 10~® M, but was more obvious at ca.
107°% to 107> M (Fig. 4h and S6). When the DPA concentration
was as high as 107* M, the color loss was observed due to the
quenching effect. The intensity of characteristic emission peaks
of Eu*" ions decreases and that of Tb®* increases with
increasing DPA concentration up to 10> M, the value at which
quenching effect comes into effect. Moreover, as a Lewis base,
DPA can substitute coordinated water molecules to form
[Tb(DPA)]" and [Eu(DPA)]" complexes that inhibit the energy
transfer from Tb** to Eu®", enhance the emission of Tb*" while
suppress the emission of Eu®". However, at higher concentra-
tions of DPA, Tb**-DPA bindings become dominate. As a result,
the energy transfer between Tb** and BTC is inhibited, thus the
characteristic emission of Tb*" gradually decreases, similar to
that observed in the Tb-BTC (quenching effect).’® Therefore, the
DPA concentrations range of 10 ° to 10 > M was chosen for
more in-depth investigations.

When the DPA concentration gradually increased from 2 x
107% to 9 x 107° M, a clear color change could be observed
(Fig. 4i and S7). The red PL was no longer observed as at lower
DPA concentrations (10°°, 1077, and 10~® M). Instead, the
emitted PL gradually shifted to green color whose intensity
increased with increasing DPA concentration from 107> to
107* M. It is thus concluded that the DPA concentration
threshold that clearly changed the color of the Eug 1Tbg ¢BTC
system from red to green was from 2 x 10~ ° to 10> M. As for
the LOD, we examined DPA concentrations in the range from 2
x 107%to 6 x 10~% M and found that at DPA concentration of 6
x 10~® M, the red color of the material began to disappear. It is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thus concluded that the lowest detection limit of the Eug ;-
Thg BTC material system with a concentration of 20 mg L™" in
aqueous solvent is 6 x 10~° M DPA (60 nM) (Fig. S8).

In Fig. 5a, the I546/I619 intensity ratio of the Eu,,Tby oBTC
showed a linear correlation with DPA concentration in the range
of 0.5-5.0 uM (R> = 0.9906), and the corresponding linear
regression equation was y = 0.5804Cppa + 1.1929. The calcu-
lated limit of detection (LOD) for DPA was 60 nM at a Eug -
Tby oBTC concentration of 20 mg L™, which was much below
the infectious dosage of B. anthracis spores for human beings
(60 pM).* Additionally, the CIE chromaticity diagram of Euy ;-
Tb,.oBTC (Fig. 5b) showed a considerable color shift after the
addition of DPA, indicating the effectiveness for the visual
assessment of DPA. As obviously shown, the addition of
increasing concentrations of DPA (0-2 x 10~° M) brought about
a distinct and continuous shift in the chromaticity coordinates
(x, y). The trajectory initiated in the red-orange region (due to
the dominant Eu*" emission at 619 nm in the absence of DPA),
and proceeded through the yellow region towards the green area
of the CIE diagram. This movement offers a quantitative
correlation with the reduction of the BTC — Tb** — Eu’®*
energy transfer pathway and the concurrent enhancement of
direct DPA-sensitized Tb*" emission at 546 nm.

3.9. Influence of the concentration of metallic ions

The influence of the concentration of metallic ions was exam-
ined in the presence of common metallic ions (chlorides) of the
same concentration with DPA (8 x 10~® M). It was found that,
without DPA, the red PL of Eu,Tb, ¢BTC solutions remained
minor change in the presence of Mg?*, Ca®>*, Cu®", or Fe*" ions,
and showed significant change in the presence of Na' ions
(Fig. S9). When DPA (8 x 10 ® M) was added into the above
solution, the green PL of the ones containing Na*, Mg”*, or Ca>*
became slightly lighter than that of the DPA aqueous solution
(of the same concentration); the solution containing Fe®*
showed the same color as at concentrations from 2 to 4 uM.
Interestingly, the Eug;TbyoBTC solution containing Cu**

(@)

— Fit of lyggflro
404 y=0.5804cp,, +1.1929
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- 3.0
251
2.0
1.5
1.0

0 1 2 3 4 5

Copa (1M)

Fig. 5
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exhibited a red color, indicating the great influence of Cu>* on
DPA sensing performance. The sensitivity of Eug;TbgoBTC
towards DPA was reduced in the presence of Mg”" or Ca*".

3.10. Influence of the pH

A systematic study on the pH-dependent luminescence behavior
of the Euy 1 Tb, oBTC using CH;COOH/NaOH buffer systems was
conducted. As shown in Fig. 6a—c, the emission intensity of both
Eu®*" and Tb®" remained relatively stable within the pH range of
4.00 to 10.00, indicating that the probe performs reliably under
near-neutral to moderately acidic/basic conditions. Within this
range, the PL ratio also remained consistent, confirming that
the presence of acetate ions does not significantly affect the
luminescence properties. Beyond this optimal window, we
observed clear pH-dependent variations. Under strongly acidic
conditions (pH < 4.00), a gradual decrease in PL intensity was
observed, with significant quenching at pH 3.00. Similarly,
under alkaline conditions (pH > 10.00), both Eu** and Tb**
emissions decreased sharply, with the Eu*" emission showing
slightly higher sensitivity to basic environments than Tb>".
These results suggest that protonation and deprotonation of
coordination sites may affect the ligand-to-metal energy trans-
fer efficiency in extreme pH environments. Overall, these find-
ings demonstrate that the Eug1Tb, oBTC maintains stable and
effective luminescent performance within a practical working
pH range of 4.00 to 10.00, which is suitable for most real-world
sensing applications.

3.11. Selectivity study

The selectivity of the Eu, ;Tb, oBTC towards DPA was examined
in the presence of organic acids isostructural to DPA (p-amino
benzoic acid, phthalic acid, salicylic acid, and benzoic acid) of
the same concentration with DPA (8 x 10~° M). These organic
acids are possible interfering analyte which might cause inac-
curate sensing. The presence of p-amino benzoic acid, phthalic
acid, and benzoic acid caused negligible changes to the PL of
Eu, 1Tb, oBTC both before (red) and after adding DPA (green)

1.0

(b)

CIEy

1.0

CIE x

(a) Plot of the emission intensity ratio (/s4e/le19) versus the DPA concentration. (b) The CIE chromaticity diagram of the Eug1TbooBTC.
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(Fig. S9). The only exception is salicylic acid, whose the presence
turns the PL of Eug;Tb, ¢BTC pink (before adding DPA) and
light green (after adding DPA). These results verified the high
specificity of Eug 1Tby oBTC towards DPA.

3.12. Sensing mechanism

The luminescence lifetime decay profiles provide critical
insights into the energy transfer (ET) processes governing the
ratiometric PL response of Eu, ; Tb, oBTC toward DPA. As shown
in Fig. 7, the addition of DPA induces a divergent effect on the
lanthanide lifetimes: the Tb*" emission at 546 nm (°D, — "F5) is
prolonged from 256 to 293 ps, while the Eu®* emission at
619 nm (°D, — ’F,) is shortened from 253 to 197 ps. This
opposing trend confirms that DPA modulates the ET pathway
between Tb*" and Eu®* ions. The elongation of the Tb*" lifetime
suggests that DPA coordination displaces quenching water
molecules from the Tb*" coordination sphere, thereby sup-
pressing non-radiative decay and enhancing green emission. In
contrast, the reduced Eu®" lifetime indicates inhibition of Th*"
— Eu®" transfer (ET2), as DPA competes with the BTC ligand for
binding to Tb>" and serves as a more efficient antenna for Tb**
itself, thereby limiting population of the Eu®* excited state. The
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Fig. 7 Time-resolved PL decay of EugTbgoBTC with and without
DPA.
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simultaneous enhancement of Th*" emission and suppression
of Eu** emission results in a pronounced ratiometric shift (I46/
Is10) and an observable color transition from red to green, which
underpins the high sensitivity (LOD = 60 nM) and visual
detection capability of the sensor. At elevated DPA concentra-
tions, however, the initial sensitization is counteracted by
dominant quenching mechanisms, including the inner filter
effect (IFE) due to DPA absorption, MOF aggregation leading to
enhanced non-radiative decay, and photoinduced electron
transfer (PET) from the excited MOF to DPA, collectively
accounting for the observed concentration-dependent emission
suppression.

The DPA sensing mechanism through PL modulation can be
rationalized by energy transfer considerations (Fig. 8).'* Litera-
ture values place the lowest singlet (‘"BTC) and triplet (*BTC)
excited states of H;BTC at 32465 cm ' and 24876 cm %,
respectively, giving an energy gap of 7589 cm ' that fulfills
Reinhoudt's rule (>5000 cm ") and ensures efficient intersystem
crossing. The energy difference between *BTC and the emitting
level of Tb** (2500-4500 cm ™) favors strong Tb** sensitization
(ET1), whereas the mismatch with Eu®*" (optimal 2500-
4000 cm™") leads to incomplete BTC — Eu®" transfer. None-
theless, efficient Tb** — Eu®" energy transfer (ET2) accounts for
the strong Eu®" red emission at 619 nm, even in samples rich in
Th**. For DPA, the lowest triplet state (*’DPA) lies closer to the
Tb*" emitting level (AE = 5935 cm™') than Eu®*" (AE =
9115 cm ™ '), enabling more effective DPA — Tb*" transfer (ET3)
but poor Eu®* sensitization. In addition, DPA, acting as a Lewis
base, can replace coordinated H,0 molecules and form
[Tb(DPA)]" and [Eu(DPA)]" complexes, which not only suppress
non-radiative decay but also disrupt the phonon-assisted For-
ster transfer from Tb*>* to Eu®* (ET2). This dual effect enhances
green Tb*" emission while diminishing red Eu®" emission,
consistent with the observed ratiometric response. At higher
DPA concentrations, however, excessive complexation and
additional quenching pathways—including the inner filter
effect, MOF aggregation, and photoinduced electron transfer—
reduce the overall emission intensity, accounting for the
concentration-dependent quenching behavior.

Previous reports also suggested the PL quenching of Euy ;-
TbyoBTC upon the addition of DPA can occurs by several

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 PL photographs and quenching mechanisms of Eug 1 Thg oBTC. Energy transferred from BTC to Eu**/Tb®* (ET1), from Tb>* to Eu* (ET2),

and from DPA to Tb>" (ET3).

Table 1 Performance comparison of Ln-MOF photoluminescent sensors for DPA detection

Sensing probe method of synthesis Probe concentration LOD Ref.
Eu-CDs 82.5 mg Lt 10.6 nM 36
Tb-g-C;N,NS 83 mgL™! 9.9 nM 37
[Tb,Le(DMF);(H,0);]- 5DMF - 6H,0 (H,L = 5- 1.7 uM 15
[(anthracen-9-ylmethyl)-amino]-isophthalic acid)
pSiNPs-Th 10mgL ! 1.25 pM 38
Tby g75EUg 125-Hddb 666.6 mg L 0.8494 ©M 39
[Eu (DHBDC), 5(DMF),]- DMF 400 mg L™! 1.3 uM 40
Tb(BTC)(H,0)s — 0.04 nM 41
Tb/Eu@bio-MOF-1 solvothermal (DMF, H,0) 250 mg L™* 34 nM 19
Tby.g75EUg.125-Hddb 2 mg/2.7 mL (HEPES) 849.4 nM 18
Eu-EBT/CDs 82.5 mg Lt 10.6 nM 7
Wet-grinded Tby 4/Eu, ¢-BTC 20 mg L™ 4.9 nM 14
Tby oEu, 4(BTB)(DMF) Tb, oEu, 1 (BTB)(H,0) — 78 nM 3
— 240 nM
Eug ,Tby oBTC ultrasonication-assisted solvothermal 20 mg Lt 60 nM This work

pathways.** DPA's coordination to metallic sites or interaction
with BTC disrupts the antenna effect, reducing energy transfer
efficiency from the BTC ligand to metallic ions. In addition, DPA
binding introduces vibrational modes (e.g., from -OH or -
COOH groups) that promote non-radiative relaxation of the
excited Tb**, dissipating energy as heat rather than light.
Furthermore, DPA may act as an electron acceptor, facilitating
photoinduced electron transfer from the MOF, which competes
with radiative emission. Also, if DPA absorbs light at the exci-
tation or emission wavelengths of MOF, it can reduce the
effective excitation light or reabsorb emitted light, contributing
to quenching (inner filter effect).*

Table 1 compares the performance of several Ln-MOFs in
photoluminescent sensing of DPA. The table explicitly high-
lighted some advantages of the Eu,;TboBTC in our work,
including green synthesis (using water as the only solvent),
small probe concentration (20 mg L™ "), and high sensitivity (low
LOD of 60 nM).

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. Conclusions

In summary, a series of bimetallic Eu**/Tb’"-MOFs has been
prepared by an ultrasonication-assisted route using water is the
only solvent. The as-synthesized EugTbyoBTC nanorods
possess robust framework structure, uniform morphology, and
beneficial luminescent properties for DPA sensing. The photo-
luminescent quenching effect caused by complexing reaction
between DPA and Eu**/Tb?" centers was utilised to conveniently
and reliably quantify DPA concentration. The influence of MOF
system, lanthanide composition, DPA concentration, type of
solvents and interferences were investigated and optimized.
The LOD for DPA was 60 nM, achieved using the Eug ;Tby oBTC
with a low concentration of 20 mg L™ in aqueous solvent,
indicating high sensitivity and high selectivity. This work
provides a green route for the synthesis of Eu/Tb-MOF nanorods
as highly sensitive and selective photoluminescent sensors for
DPA detection. Future works will focus on incorporating La-
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MOF nanorods into solid-state optical devices for on-site
detection.
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