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A terbium-based metal-organic framework (MOF) with exceptional water stability for highly selective
detection of pesticide thiamethoxam (TMX) in aqueous solution is reported. To date, most reported
lanthanide metal—organic frameworks (Ln-MOFs) still exhibit poor water stability, which may limit their
practical applications in bio-sensing and detecting pollutants in environmental water samples. In this
work, a Tb-MOF [Tb(BDC),5(DEF)-0.5H,Ql, (1, BDC = 14-benzene dicarboxylate, DEF = N,N-
diethylformamide) was prepared by hydrothermal reactions of 1,4-benzenedicarboxylic acid with the
corresponding rare earth ions of Tb>". Impressively, water stability surveys of compound 1 indicated that
it maintained at least 90% of its emission intensity after storage in water for several months. This
characteristic of long water stability is unusual as compared to other Ln-MOFs, making compound 1 an
excellent candidate for sensing applications in the aqueous phase. In particular, the green emission of
compound 1 could be quenched by the pesticide thiamethoxam (TMX), which was attributed to both the
static and dynamic quenching processes based on an upward-curving Stern-Volmer plot. The
quenching mechanism was speculatively attributed to the inner filter effect combined with the complex
formation based on the electrostatic interaction of compound 1 and TMX, resulting in the promotion of
the quenching efficiency. Finally, compound 1 was demonstrated to detect TMX in aqueous solution

rsc.li/rsc-advances

Introduction

Studies of lanthanide-based metal-organic frameworks (Ln-
MOFs) have attracted great interest from researchers, not only
because of their exceptional coordination properties and
structural diversity"* but also because of their potential appli-
cations in areas such as gas storage/separation, catalysis,
sensing, ion exchange, magnetism, and photoluminescence.””
Both Eu-MOFs and Th-MOFs are commonly applied as sensors
because of the strong visible luminescence of their f-f transi-
tions in the red and green regions respectively, which are
significantly altered via an “antenna effect” of guest ions.® It is
known that MOFs possessing paddle-wheel-like or cluster-
chain-like, rod-shaped secondary building units benefit
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with rapid response and high selectivity.

network structure diversity, framework robustness, and porous
network integrity.”® Inspired by the variability of the lanthanide
coordination ability, Ln-MOFs are also good candidates for the
construction of cluster-chain like, rod-shaped building units for
robust porous coordination networks.>'® With their light-
emitting properties, these porous networks are potential
candidates for applications related to metal-ion doping as well
as solvent exchange induced luminescence tuning.>**
Traditional techniques of chemical analysis, including
chromatography and mass spectrometry, are not exactly
convenient due to the complexity of the analytical process.
However, photoluminescence is preferentially studied because
of its high sensitivity, low cost, fast response and technical
simplicity.”> Considering the coordination availability of photo-
activated organic ligands and luminescent lanthanide ions, Ln-
MOFs can serve as optical sensors in the detection of temper-
ature,”® environmental pH," drugs,” toxins,' and biomole-
cules.” However, most of the reported Ln-MOFs to date still
have the drawback of weak water stability, which may limit their
practical applications in bio-sensing and detecting pollutants in
environmental water samples."® As a consequence, development
of Ln-MOFs with high water stability for sensing purposes is of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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great importance in both conceptual advance and potential for
practical use.

Nowadays, pesticides are still widely used in agriculture,*
but pesticide residues are harmful to people, animals, and the
environment, and they appear in the food chain. Given the
significant importance of public health, fast and sensitive
monitoring of pesticides in food, water, and soil is urgently
required. Thiamethoxam (TMX) is a representative compound
of neonicotinoid pesticides. Due to its high water solubility,
poor biodegradability, and several adverse effects on the envi-
ronment, each country has regulations related to the maximum
residue limit (MRL) of TMX.? In our country, the MRL of TMX is
even lower than 0.01 ppm. Recently, the MOF-based materials
have been widely used to detect various pesticides, including
glyphosate,>** 2,6-dichloro-4-nitroaniline (DCN),****® organo-
phosphate pesticides (OPP),>* parathion-methyl,***¢ and
nitenpyram,®**° but few studies have focused on sensing TMX
in water.*>*> These above examples for sensing pesticides based
on MOFs are summarized in Table S1.t

As part of our ongoing efforts directed toward the design and
synthesis of functional crystalline materials, we report herein
on the structure, photoluminescence, and water stability of
a Tb-based MOF, [Th(BDC), 5(DEF)-0.5H,0], (1, BDC = 1,4-
benzene dicarboxylate, DEF = N,N-diethylformamide) (Scheme
1). The emission of compound 1 can be efficiently quenched by
TMX through both static and dynamic quenching processes. In
addition, the emission of compound 1 was extremely stable in
water, allowing operation of the sensing platform in the
aqueous phase.

Experimental
Materials and instruments

All chemicals were purchased commercially and used as
received without further purification. Elemental analyses were
conducted on a 2400 CHN elemental analyzer (PerkinElmer,
Waltham, MA, USA). Thermogravimetric analyses (TGA) were
performed under a nitrogen atmosphere with a PerkinElmer
TGA-7 TG analyzer. Powder X-ray diffraction patterns were
recorded with a Bruker D2 Phaser diffractometer with Cu Ko (2
= 1.5406 A). UV-vis absorption measurements in the solution
state were obtained with a JASCO (V-670) spectrophotometer.
Lifetime measurements were obtained with an EDINBURGH
(FLS-920) spectrophotometer.

Preparation of [Tb(BDC), 5(DEF)-0.5H,0],, (1)

In a 23 mL Teflon-lined stainless steel vessel, deionized water (1
mL) was added with vigorous stirring to a mixed solution of 1,4-
benzenedicarboxylic acid (H,BDC, 0.3 mmol) in DEF (3 mL) and
0.2 mmol of Tb(NO;);-5H,0 salts in DEF (2 mL) to produce

1.
| )
Tb(NO3)45H,0 + Ho I/ DEF/H.0 [Tb(BDC), 5(DEF)-0.5(H,0)),
3)391) % 7/0H Hydrothermal 80°C ' e
cg 1

Scheme 1 Synthesis of 1 by a one-step self-assembly process.
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homogenous solutions. The vessel was sealed and heated at 80 ©
C for 72 hours in a convection oven and slowly cooled to the
room temperature over a five-day period. High quality cubic-
shaped crystals of compound [Tb(BDC), 5(DEF)-0.5H,0], (1)
were produced. The crystalline samples were collected, washed
with fresh DEF solvent, and air-dried at room temperature.
Yield: 51.5%, (25.7 mg) based on H,BDC. Elemental analysis
(EA) calculated (%) for C;7;H;3N;0,5Tb: C, 39.60; H, 3.52; N,
2.72. EA found (%): C, 39.65; H, 3.42; N, 2.79. FT-IR (ATR-IR): » =
1662 (w), 1626 (m), 1579 (s), 1508 (w), 1439 (w), 1398 (vs), 1323
(w), 1299 (W), 1268 (w), 1212 (W), 1158 (W), 1122 (W), 1018 (W), 946
(w), 891 (w), 838 (m), 818 (m), 750 (vs), 695 (W), 659 (m) cm .

Detection of pesticides

Different concentrations of TMX were added to the aqueous
solution of compound 1 (20 pg mL™"). After the solution was
incubated for 1 min, changes in the emission intensities of the
resulting solution were obtained with the emission spectro-
photometer (JASCO FP-8300). For the selectivity test, pesticides
such as chlorobenzene (CB), carbofuran (CBF), 2,4-dichlor-
ophenol (DCP), carbaryl (CBL), bisphenol A (BPA), 2,6-dichloro-
4-nitroaniline (DCN), atrazine (ATZ), and methyl paraben (MPB)
with equivalent concentrations of 120 pM were added to the
aqueous solution of compound 1, respectively. Then, emission
spectra of the resulting solution were recorded under excitation
at 240 nm.

Results and discussion
Synthesis of Th-MOFs and thermal stability analysis

Compound 1 was synthesized successfully under hydrothermal
conditions. Careful control of the cooling period is essential to
obtain high quality crystalline products. The purity of the bulk
crystalline products of compound 1 was confirmed by powder X-
ray diffraction (PXRD) analysis (Fig. 1a). In addition, thermog-
ravimetric analyses from 30 to 950 °C were performed on 1
(Fig. 1b). The continuous weight loss of 18.6% for 1 was in good
agreement with the release of one coordinated DEF molecule and
one half of a guest water molecule per formula weight before
500 °C (calculated percent weight loss: 21.6% for compound 1).

Description of crystal structure of 1

A single crystal X-ray diffraction analysis revealed that the solid-
state structure of compound 1 crystallizes in a space group C2/c
of a monoclinic unit cell and exhibits a three-dimensional
framework structure. In compound 1, the crystallographic
asymmetric unit contains one Tb*" cation, 1.5 BDC>" ligands,
one coordinated DEF molecule, and 0.5 guest water molecule
with the formula of [Tb(BDC), s(DEF)-0.5H,0], All of the
carboxyl groups of the H,BDC ligands are fully deprotonated,
thus achieving charge neutrality with the Tb®" cation. As shown
in Fig. 2a, two crystallographically distinct BDC>~ ligands
present diverse metal-ligand bridging coordination modes. For
compound 1, the Th*" cation presents in an octa-coordination
environment (TbOg) (Fig. 2b); it is coordinated by seven oxygen
atoms from six monodentate carboxylate groups as well as one

RSC Adv, 2024, 14, 35220-35226 | 35221
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Fig. 1 (a) The PXRD pattern and (b) the thermogravimetric analysis
diagram of compound 1.

chelating carboxylate group, and one monodentate oxygen atom
of DEF molecule. Two TbOg polyhedrals are bridged by four -
COO™ groups to form a Tb, dinuclear motif, which is further
linked by two additional carboxylate groups to form a rod-
shaped Tb-carboxylate chain (Fig. 2c). These Tb-carboxylate
chains are linked by the BDC ligands towards a three-
dimensional network (Fig. 2d). The rhomboid channels along
the crystallographic [001] direction can be observed (Fig. 2d);
they are occupied by the coordinated DEF molecules as well as

View Article Online
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guest water molecules. Several lanthanide compounds with an
isostructural network have been reported.**™

The emission property and water stability of the compound 1

The emission spectrum of 1 was measured under an excitation
wavelength of 245 nm, and exhibited four characteristic emis-
sion peaks at 489, 545, 585, and 621 nm as shown in Fig. 3a.
These four peaks corresponded to transitions of °D; — “Fj_¢_3
in Tb*" ions, respectively. The stability of the emission intensity
of 1 with the time change was also evaluated, which showed that
the emission intensity could be maintained at a minimum of
90% after storage in deionized water for five months (Fig. 3b). In
addition, compound 1 was investigated via immersion in
deionized water for at least ten days and then compound 1
showed stable framework structure as revealed from its PXRD
patterns (Fig. S17). Table 1 lists the water stability of Tb-MOFs
with different ligands or structures based on PXRD and pho-
toluminescence (PL) detection for comparison.'®*~** More
significantly, our compound 1 revealed excellent stability in its
emission intensity in water for a long period of time, which was
exceptional as compared to previously reported Tb-MOFs as
shown in Fig. 3c. According to the literature,* it is speculated
that the formation of strong coordination of the Tb-carboxylate
cluster chain unit within the network structure of 1 might
facilitate the framework stability of 1 in the aqueous phase.

Sensing pesticides in water

Since compound 1 has the advantage of high stability in water,
it was worthwhile to develop further applications in aqueous
solution. The emission of compound 1 could be efficiently
quenched in the presence of TMX. The quenching process
occurred about 10 s after TMX was added to the aqueous solu-
tion of compound 1, as shown graphically in Fig. S2.T Addi-
tionally, Fig. 4a shows that the emission quenching of the
compound 1 was highly dependent on the concentration of
TMX and successive decrements in emission intensity were
observed with gradually increasing concentrations of TMX. In
Fig. 4b, the quenching trend followed a nonlinear Stern-Volmer

Fig. 2 (a) The ligand bridging modes of BDC?~ ligands; (b) the coordination environment of Tb®* cation; (c) the rod-shaped Th-carboxylate

chain; (d) the three-dimensional framework of compound 1.
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Fig. 3 (a) The excitation and emission spectra and (b) the water
stability of compound 1. (c) Comparison of the water stability of various
Tb-MOFs listed in the main text of Table 1.

plot with an upward curvature (i.e., the black squares in Fig. 4b)
after introduction of TMX. This indicated that a complex
quenching process included both collision and complex
formation with the quencher (i.e., TMX). According to the
modified Stern-Volmer equation presented as eqn (1),”” the
upward curvature could be well fitted to a linear plot (R* =
0.998), the red dots in Fig. 4b, and then analyzed in terms of the
dynamic and static quenching constants as shown below:

I

Texp”12 =1+ KSV[Q] 1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where I, and I are the emission intensities in the absence and
presence of TMX, respectively; [Q] is the concentration of TMX
(i.e., quencher); Vand Kgy are the static and dynamic quenching
constants, respectively. Accordingly, the static quenching
constant (V value) was estimated to be =9.2 mM ', and the
collisional (i.e., dynamic) quenching constant (Ksy value) yiel-
ded nearly 16.42 mM™'. As shown in Fig. S3,T the emission
lifetime of compound 1 (~430.4 ps) was slightly decreased after
the addition of 100 pM TMX (lifetime ~393.0 ps), indicating
that dynamic quenching was indeed involved in the quenching
process between the compound 1 and TMX. As for the static
quenching, this implied that compound 1 and TMX might
generate a non-emissive complex during their encounter.
However, the absorption spectra of 1 showed no evident
changes after the addition of TMX. Since the zeta potential of
compound 1 in deionized water was about +11.39 mV (Fig. S47)
and the pK, of TMX was ~3.0,*® it is likely that an electrostatic
interaction exists between 1 and TMX in water. These observa-
tions indicated that the photoluminescence quenching of
compound 1 by TMX could be significantly enhanced only when
the electrostatic pair was formed.

The inner filter effect (i.e., competition absorption) refers to
the emission quench of 1 by TMX due to the absorption spec-
trum of TMX exactly overlapping with the excitation spectrum of
compound 1 (Fig. S51). Through this process, the absorption of
excitation light by TMX decreases the available energy for
compound 1, resulting in diminishment of the excited state
population and subsequent photoluminescence quenching of
1. This mechanism has been commonly used in sensing Fe**
ions,*>*® biomolecules,*** and several kinds of pesticides.***
Our compound 1 can be applied to detection of TMX due to its
excellent water stability and an appropriate excitation
wavelength.

To explore the pesticide sensing capability of compound 1 in
water, several different types of pesticides were selected,
including chlorobenzene (CB), carbofuran (CBF), 2,4-dichlor-
ophenol (DCP), carbaryl (CBL), bisphenol A (BPA), 2,6-dichloro-
4-nitroaniline (DCN), atrazine (ATZ) and methyl paraben (MPB).
As shown in Fig. 4c, compound 1 was monitored for its emis-
sion at 545 nm upon the addition of various pesticides,
respectively. This verified that the luminescent method of
compound 1 could selectively detect TMX against other pesti-
cides. By taking advantage of this selectivity, the emission
response of compound 1 could be developed as a luminescent
probe for detecting TMX. The feasibility of TMX detection was
validated as shown in Fig. 4d. The linear calibration curve for
determining TMX was obtained by plotting the values of emis-
sion intensity ratio (I,/I) versus the concentrations of TMX in the
range of 0-40 puM (see Fig. 4d inset), with the calibration curve of
y = 0.03441x + 0.97345. The limit of detection (LOD) for TMX
was determined as 30 nM using the equation LOD = 3¢/s, where
o is the standard deviation and s represents the slope of the
calibration.** The corresponding detection limit was 30 nM,
which is listed in Table S21 for comparison.*****” Therefore, our
results demonstrated that compound 1, having high water
stability, is applicable to the selective sensing of TMX based on
luminescence quenching in aqueous solution.

RSC Adv, 2024, 14, 35220-35226 | 35223
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Table 1 Comparison of the water stability of various Tb-MOFs with different ligands or structures

No. Type Storage time Ref.

1 [Tbs(depept)s(HCOO)]- DMF- 15H,0 30 min 47

2 [Tb,(H,btec)(btec)(H,0)]-4H,0¢ 24h 48

3 Tb-pek-MOF-1° 24 h 49

4 [(CH3),NHS,],[Tb(m;-OH)s(FTZB)s(H,0)6] - (H,0)2," 24 h 50

5 {[Tb(CA)(0A)o.5(H,0),]- H,O}," 36h 51

6 Tb* @Zrs0,(0OH),4(0,C-C¢H,-CO,(CO,H),) ¥H,0" 48 h 52

7 [Tbs(H4L),(HCOO)(H,0)s]- 14H,0° 48 h 53

8 [Tb(TATAB)(H,0)]- 2H,0" 72 h 54

9 {[Tb(HL)(H,0),]- x(solv)},* 7 days 18

10 {[Tb,(HICA)(BTEC)(H,0),]-2.5H,0}," 30 days 55

11 [Tb(BDC), 5(DEF)-0.5(H,0)]," 60 days This work

“ PXRD: powder X-ray diffraction. ” No. 6: PL > 95%j; no. 10 and 11: PL > 80%.

Fig. 4
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(a) Changes in the emission spectra of Tb-MOFs with increasing concentrations of TMX were measured at the excitation wavelength of

100

240 nm. (b) The emission quenching of compound 1 by the addition of TMX was fitted as a nonlinear Stern—Volmer plot (black line) and
a modified Stern—Volmer plot (red line), respectively. Io and | are the emission intensities of 1 in the absence and presence of TMX, respectively. (c)
Changes in the relative emission intensity (at 545 nm) of compound 1 in the presence of various pesticides with equivalent concentrations (40
puM). (d) Changes in emission intensity and the linear relationship (inset) between the intensity of compound 1 at 545 nm and the concentrations

of TMX.

Conclusions

In this work, compound 1 was prepared by hydrothermal reac-
tions of 1,4-benzenedicarboxylic acid with the corresponding
rare earth ions of Tb*". Impressively, water stability surveys of

35224 | RSC Adv, 2024, 14, 35220-35226

compound 1 revealed that it retained ~90% of its emission
intensity for five months. With an upward curving Stern-Volmer

plot, the green emission of compound 1 quenched by TMX was
shown to include both the static and dynamic quenching
processes. The quenching mechanism is speculated to involve

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the inner filter effect, which is predominantly based on the
complete overlap between the absorption spectrum of TMX and
the excitation spectrum of 1. In addition, the quenching effi-
ciency of compound 1 by TMX could be significantly enhanced
when the electrostatic pair was formed. Finally, compound 1,
having high water stability, is applicable to the selective sensing
of TMX based on luminescence quenching in aqueous solution.
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