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A highly stable fluorescent terbium MOF (Tb4(paip)6�1.2H2O, paip = 5-(1H-pyrazole-4-yl)isophthalate)
showing a sharp green emission (545 nm) and a quantum yield of 21.0% was successfully synthesized.
This compound is shown to be a recyclable sensor for detecting picric acid in aqueous solutionwith both
high sensitivity and selectivity, attributed to the electron transfer quenching mechanism.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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As the most commonly used ingredients of explosives and
intermediates of the industrial commodity, nitro aromatics have
brought a multitude of security issues to our daily life [1,2]. Among
these nitro compounds, picric acid (PA) has received particular
attention in national security, military fields and environmental
pollution due to its high explosive power and toxicity [3–5]. To
date, the detection methods of picric acid include infrared and
Raman spectroscopies [6], X-ray imaging techniques [7], fluores-
cence sensing [8–16], etc. Notably, fluorescence sensing, owing to
its advantages of simplicity, high sensitivity, and rapid detection
response, has been developed as a very promising technique.

To achieve efficient detection, luminescent probing materials
with high sensitivity and selectivity to PA are highly thought after.
Luminescent metal-organic frameworks (LMOFs) have great
potential in sensing nitro aromatics due to their tuneable
compositions, diverse structures, and high porosity [17–22]. A
number of MOFs have been applied to detect PA [23–26], however,
most of them are unable to function inwater. In addition, PA shows
strong acidity and may cause severe structural collapse, which
places higher requirements on the stability and detection
capability of MOF probes. In this regard, developing PA detecting
MOFs with high water and pH stability remains a challenge.
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Lanthanide MOFs possess high stability and environmental
resistance by virtue of large coordination numbers and high metal
valence states [27–29]. Therefore, they have advantages as PA
probes in aqueous solution. In addition, they have virtues of
narrow emission bands, large storks shifts, and long lifetimes
which are beneficial for luminescent probing [30–32]. Based on the
above consideration, we herein report a new terbium MOF
Tb4(paip)6�2H2O (NKU-130), which can efficiently sense PA in
water with high sensitivity, excellent selectivity as well as
remarkable recyclability. More importantly, the efficient detection
of PA can be realized in the presence of other nitro explosive
interferences.

NKU-130 was synthesized by reacting Tb(NO3)3�6H2O and
electron rich p-conjugated H2L (5-(1H-pyrazole-4-yl)isophthalic
acid) in the hydrothermal conditions. It displays a three-
dimensional network with one-dimensional triangular channels
and its connectivity can be described as stp topology. It is worth
noting that NKU-130 possesses high stabilities in boiling water for
one week and even in acidic/alkaline solutions for over 300 days.
Meanwhile, NKU-130 emits characteristic narrow peaks at 489,
545, 585 and 624 nm under 365 nm excitation due to the antenna
effect of the ligand.

Single crystal X-ray diffraction results reveal NKU-130 crystal-
izes in the P3c1 space group and powder X-ray diffraction (PXRD)
of synthesized crystals affirmed the phase purity (Fig. S6 in
Supporting information). The crystallographic data were summa-
rized in Tables S1 and S2 (Supporting information). The minimum
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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asymmetric unit contains two thirds crystallographic independent
Tb atoms and one ligand. Both Tb1 and Tb2 are 9-coordinated by O
atoms, and the neighbouring Tb1 or Tb2 atoms are connected by
three bridging m2-O atoms from carboxylate groups to form rod-
like [Tb(COO)3] SBUs (Fig.1a). The free programSHAPE 2.0 suggests
that the proximate ideal geometry of the nine-coordinated Tb1 and
Tb2 is spherical tricapped trigonal prism (STTP), and their t values
have been listed in Table S3 (Supporting information). The rod
SBUs of Tb1 and Tb2 are alternatively arranged and these atoms
exhibit different spiral directions. The connecting m-phthalate
groups between rod SBUs exhibit a two-fold disorder respectively
towards inner and outer orientations along the c-axis (Fig. 1b). The
pending electron-rich pyrazolyl groups of ligands are towards the
inside of the aperture, which leads to a pore shape alteration from
original hexagonal to triangular and an aperture reduction to 4.0 Å
(Fig.1c). The space-fillingmodel of the trigonal channel is shown in
Fig. 1d. From the topological point of view, when simplifying the
ligand as a 4-connected node, the single 3D framework ofNKU-130
can then be viewed as a 4,6-connected stp net with the point
symbol of {4.62}3{46.63.86} (Fig. S7 in Supporting information).

Considering the requirements for thermal stability of MOFs in
fluorescent detection, thermogravimetric analysis (TGA) was
carried out. The bulk crystals of NKU-130 were soaked into DMF
and EtOH separately for three days, dried in vacuum at 100 �C and
TGA was performed subsequently under Ar atmosphere. The TGA
curve (Fig. S10 in Supporting information) indicates a slight weight
loss under 150 �C, which demonstrated the removal of guest
solvents in minuscule channels. Meanwhile, the curve shows a
platform before 540 �C, manifesting a remarkably high thermal
stability. Variable-temperature powder XRD measurements dem-
onstrated that the framework of NKU-130 could remain stable up
to 400 �C (Fig. S11 in Supporting information).

The solvent and pH stability of NKU-130 was verified by PXRD
measurements. As shown in Fig. S12 (Supporting information), the
as-synthesized crystals were immersed in several common
solvents (including DMF, DMAc, ethyl acetate, acetone, dichloro-
methane, methanol, tetrahydrofuran and water) for 7 days. The
PXRD patterns are consistent well with the simulated one,
[(Fig._1)TD$FIG]

Fig. 1. (a) The asymmetric unit ofNKU-130, A = -x + y, y, 1/2+z; B = 1-x + y, y, -1/2+z.
The numbers after underline in atom labels represent for different sets of disorder
structures. Yellow: Tb, red: O, blue: N, grey: C. (b) The rod SBU of [Tb(COO)3] and
ligand. (c) View of the 3D framework structure of NKU-130 along the c-axis. (d)
Space-filling model of NKU-130.
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indicating excellent resistance ability to multiple solvents. The
stabilities in aqueous solution with different pH values were also
performed, and NKU-130 was proved to maintain its crystallinity
between pH 3–12 even after 300 days (Fig. 2). Benefit from its
thermal and pH stabilities, NKU-130 can be a candidate material
for fluorescent detection in the liquid phase under harsh
conditions.

The photoluminescence (PL) spectra and fluorescence quantum
yield of NKU-130 in the solid state were measured at room
temperature (Fig. S13 in Supporting information). The sharp peaks
in PL spectra observed at 489, 545, 585 and 624 nm can be assigned
to the 5D0→

7F1, 5D0→
7F2, 5D0→

7F3 and 5D0→
7F4 transitions,

respectively, which are attributed to the antenna effect and
characteristic f-f emission bands [33–35]. Fluorescence quantum
yield of NKU-130 in the solid state was calculated to be 21.0%. In
addition, the PL spectra ofNKU-130 dispersed in H2O andDMFalso
possess strong emission at 545 nm when excited at 327 nm.

To characterize the trace-quantity sensing ability towards nitro
explosives, fluorescence titrations were performed with the
incremental addition of analytes to NKU-130 dispersed in water
(Fig. 3). After incremental addition of PA solution (1�10�3 mol/L),
rapid and high fluorescence quenching was observed with the
naked eyes. As shown in Fig. 3a, the bright green emission of NKU-
130 sharply weakens with gradually adding PA solution. For
illustrating the selectivity of detecting PA, fluorescence quenching
efficiencies were also performed with other nitro aromatics, such
as 1,4-dinitrobenzene (1,4-DNB), 2,6-dinitrotoluene (2,6-DNT),
1,3-dinitrobenzene (1,3-DNB) and nitrobenzene (NB). As shown in
Fig. S14 (Supporting information), with the dropping of diverse
nitro explosives at the concentration of 2.5�10�3 mol/L, the
fluorescence of NKU-130 could still be observed. The remaining
nitro explosives have almost no quenching effect, indicating that
NKU-130 has a high PA selectivity (Fig. S15 in Supporting
information).

Affected by the selective quenching effect, we also performed
luminescence quenching titration with low concentration PA,
thus obtaining the detection limit of PA. The fluorescence
quenching efficiency was analyzed by the Stern-Volmer (SV)
equation, (I0/I) = Ksv[A] + 1, where I0 and I are the initial
fluorescence intensity before and after the analyte is added,
respectively. [A] is the molar concentration of the analyte, and Ksv

is the quenching constant (L/mol) [36–38]. At low concentrations,
the SV plot of PA is almost linear. The quenching constant for PA
was calculated to be 2.012�104 L/mol from the direct fitting of the
plot, which demonstrates the high quenching capability of NKU-
130 toward PA. The calculated detection limit is 1.3�10�5 mol/L
(3 ppm). Besides, we also carried out the titration experiments to
[(Fig._2)TD$FIG]

Fig. 2. PXRD patterns for NKU-130 immersed in aqueous solutions (pH 2–13) and
exposed in air.
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Fig. 3. (a) Emission spectra of NKU-130 suspension in water treated with different
concentrations of PA. (b) Stern-Volmer plot of [16_TD$DIFF]I0/I vs. the concentration of PA in
aqueous solution.

[(Fig._4)TD$FIG]

Fig. 4. (a) HOMO and LUMO energies for calculated nitro aromatics by using the
B3LYP/6-31 G(d,p) level of theory. (b) Schematic representation of the PET process.
(c) The quenching mechanism for detecting PA by NKU-130.
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investigate the recyclability and immediate responsiveness of
NKU-130 (Figs. S14 and S16 in Supporting information). Even after
twenty cycles, it remains good quenching strength at a concentra-
tion of 10�3 mol/L. The PXRD spectrum shows it maintains
crystalline after the sensing experiments (Fig. S17 in Supporting
information). Similar fluorescence experimentswere also taken for
the suspensions in DMF and the results show that the sensitivity
and recyclability in DMF of NKU-130 are reminiscent of those in
water (Fig. S18 in Supporting information). Furthermore, in order
to verify the practical use of NKU-130 as a sensor for PA detection,
the luminescent paper-based visual sensors were prepared. The
filter papers were prepared by filtering the suspension ofNKU-130
(10mg) in water (10mL) [39]. It showed that the fluorescence
intensity of the test paper changes significantly before and after
the addition of PA, demonstrating it could be applied conveniently
(Fig. S19 in Supporting information).

To fully understand the quenching behavior of NKU-130 in the
presence of PA, the quenching mechanism needs to be well
corroborated. Common fluorescence quenching mechanisms
include structural collapse, energy resonance theory (RET) and
photo-induced electron transfer (PET) [31,40,41]. Firstly, PXRD
pattern of the powder sample after recycling test showed that the
framework structure was intact during the detection process,
which excludes the decomposition induced fluorescence quench-
ing mechanism [42]. Secondly, the fluorescence resonance energy
transferred from the fluorophore to the analyte might be one
reason for the quenching process [43]. However, the UV–vis
adsorption of nitro explosives and NKU-130 shows negligible
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overlap, which rules out this possibility (Fig. S20 in Supporting
information). The observed overlap between the absorption band
of the nitro explosives and the excitation band of the sensing
MOF-130 indicates there is a competitive adsorption mechanism
(Fig. S21 in Supporting information). With an excitation wave-
length of 327 nm, PA has a much stronger absorption over other
explosives. This electronic characteristic of PA results in lower
absorbance of the ligand and lower energy transfer from the ligand
to Tb3+ ion, hence ultimately leading to the fluorescence
quenching. Thirdly, photo-induced electron transfer (PET) can
also contribute to the fluorescence quenching process. The lower
the lowest unoccupied orbit (LUMO), themore likely the process of
photogenic electron transfer will occur. Since the LUMOs of PA are
lower compared to those from other nitro compounds (PA< 1,4-
DNB < 1,3-DNB < 2,6-DNT<NB), and electron transfer from NKU-
130 to PA ismore likely to process to result in the sudden extinction
(Figs. 4a and b). Considering the aforementioned two latter factors,
it can be concluded that the competitive absorption of excitation
light energy and electronic interactions between PA and ligands
largely affect the ligand-to-metal energy transfer process, thus
bursting the characteristic emission of Tb3+ ions. The non-linear SV
curves also indicate the existence of both static and dynamic
bursting mechanisms in the process (Fig. 4c).

In conclusion, we have successfully synthesized a highly
thermal and water stable terbium MOF (NKU-130) which emits
strong green light with a high quantum yield of 21.0%. Notably,
NKU-130 can be utilized for quick and sensitive PA detection
through fluorescence quenching and the mechanism is attributed
to the cooperative electron transfer and competitive adsorption.
The high stability and recyclability of NKU-130make it a potential
material candidate for sensing PA in harsh conditions.
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