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Pesticide luminescent detection and degradation
using NU-1000 MOF
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The metal-organic-framework (MOF) NU-1000 was synthetized and investigated for the concomitant
detection and degradation of organophosphorous pesticides such as paraoxon-methyl. After confirming
the stability of the synthesized NU-1000 in a buffered suspension of N-ethylmorpholine (NEM) at pH 10,
the degradation properties of paraoxon-methyl were studied for different NU-1000 concentrations and
pesticide/NU-1000 ratios. UV-Vis absorption was used to monitor the concentration of p-nitrophenol,
the degradation product of paraoxon-methyl, and to determine the reaction half-life. NU-1000
luminescence was found to be quenched by the presence of p-nitrophenol in the buffered suspension
and an alteration of the emission spectra was observed. As an example of potential practical
applications, NU-1000 was used to detect paraoxon-methyl on fresh fruit. Concentrations as low as 1
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Introduction

Environmental pesticide pollution is a major public health pro-
blem because pesticides can accumulate in the human body with
permanent neurotoxic, genotoxic and reprotoxic effects, resulting
in various chronic diseases, such as asthma, diabetes, Parkinson’s
disease, and cancer."” A large proportion of currently used pesti-
cides (approximately 40%) are organophosphate compounds,’
such as parathion-methyl, fenthion and malathion. These pesti-
cides are particularly toxic because of their structural similarity to
organophosphate chemical warfare agents and high levels of
exposure can cause convulsions, loss of consciousness, respiratory
problems or paralysis, and can even be fatal.>* Effective detection
and degradation of these environmental pollutants is urgently
needed to avoid everyday contact. Various detection strategies have
been developed in recent decades, based on colorimetric,>™®
luminescent,”™ and electrochemical sensing,'*'® GC-MS,"®
Raman spectroscopy,”’ " quantum dots,”>* and enzymatic
systems.>*2® However, these approaches are typically limited by
high initial costs, the release of toxic by-products, operational
difficulties, and/or low selectivity.

Metal-organic frameworks (MOFs) are self-assembled crys-
talline porous materials consisting of metal ions or metal
clusters coordinated with organic ligands. Their large surface
area, uniform but tuneable pore sizes and abundant active sites
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ppm were successfully detected and revealed to the naked eye under UV light.

make them well suited for simultaneous detection and degra-
dation applications. Zr-based MOFs are particularly attractive
in this context because they have large mesopores and readily
accessible Zr-OH-Zr sites similar to those of nerve-agent
destroying enzymes such as phosphotriesterase (PTE). Indeed,
the Zn-OH-Zn active sites of PTE have been shown to hydrolyse
phosphoesters in bacteria.>’*® The focus of the present study
was on the detection and removal of paraoxon-methyl
(dimethyl 4-nitrophenyl phosphate, DMNP), an organopho-
sphate pesticide and nerve agent simulant.

MOFs with oxophilic [Zrs""] nodes such as those in the UiO
(University of Oslo) and NU (Northwestern University) families,
are known for their high thermal (up to 500 °C), chemical (pH 1
to pH 10) and mechanical stability.>

Some of the macrocyclic ligands in MOFs (capable of organo-
phosphorus degradation) are also luminescent, potentially reveal-
ing to the naked eye otherwise invisible pollutants.*® An effective
luminescent probe should have a short response time, high
sensitivity (a low detection limit), high selectivity for the target
compound (in this case, paraoxon-methyl), strong emission in the
on-state, high stability, and reusability in real-world conditions.*"
The potential of MOFs for the sensing of organophosphorus
pesticides has already been highlighted in the literature.>*™*°
Vikrant et al. reported that the main mechanisms involved in
MOF-based luminescence are (i) variation in the intermolecular
distances between the metallic centres and the organic linkers, (ii)
chemical interactions between the target analyte and the metallic
clusters in the MOF framework, and (iii) host-guest interactions
between the organic ligands and the guest analyte.***!

NU-1000 is a luminescent MOF with zirconium clusters and
macrocyclic ligands that has already been investigated for

This journal is © The Royal Society of Chemistry 2024
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pollutant detection.*"*> Elsewhere, Deria et al. have studied the
extent of ground- and excited-state interchromophoric interac-
tions between the m-conjugated macrocyclic linkers in NU-1000
and two other tetraphenyl-pyrene based MOFs using steady-state
and time-resolved spectroscopic techniques.*® Shaikh et al. stu-
died the structural dependence of the photophysical properties
of pyrene- and porphyrin-based mixed-ligand MOFs.** Luconi
et al. described the use of NU-1000 for carbon dioxide adsorption
and cyanide luminescence sensing.*”> Gong et al. grafted carbox-
ymethyl b-cyclodextrin into NU-1000 mesopores and used this
system for selective cholesterol detection in blood serum.*® And
finally, Goswami et al. demonstrated the potential of MOFs such
as NU-1000 as artificial light-harvesting complexes.*!

Most of these publications focus on the use of MOFs for the
detection or degradation of pesticides, but not on both func-
tions. However, the degradation of pesticides by a material
capable of detection would be useful for wastewater depollution
or food quality control. Herein, we describe the use of NU-1000
for the degradation and luminescent detection of paraoxon-
methyl. This was investigated by monitoring the luminescence
of NU-1000 during degradation. Luminescence quenching in
the presence of low concentrations of paraoxon-methyl was also
demonstrated on fresh fruit.

Experimental
Reagents and material synthesis

All the chemicals and reagents used in this study were purchased
from Sigma-Aldrich and used without further purification. Tetra-
ethyl 4,4',4" 4"""-(pyrene-1,3,6,8-tetrayl)tetrabenzoate (compound
1), 4,4',4" 4""'-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid (H,TBAPy)
and NU-1000 were synthesized as described by Wang et al.*” The
procedures are described in detail in the ESI.{ The structures of
compound 1 and H,TBAPy structures were confirmed by 'H, **C
and J-modulated NMR spectroscopy (Fig. S1 shows the J-
modulated NMR spectra of H,TBAPy, ESIt). The structure of
NU-1000 was confirmed by XRD and was activated (the solvent
was removed) by drying under vacuum at 120 °C for 18 h.

Instrumentation

Powder X-ray diffraction (PXRD) patterns were recorded using a
Bruker D8 diffractometer and CuKo. radiation (4 = 1.5418 A). The
diffractograms were recorded over a 20 range of 1 to 50°. The
reference XRD pattern was simulated using VESTA software using
the CIF file deposited in the Cambridge Crystallographic Data
Centre (CCDC; identifier 1580411). Nitrogen adsorption/
desorption isotherms were measured at liquid nitrogen tempera-
ture using a BELSORP-max pore size distribution analyser. Scan-
ning electron microscopy (SEM) images of activated NU-1000 in
NEM buffer deposited on a silicon substrate were obtained with a
Hitachi S-5500 device and energy-dispersive X-ray analysis (EDX)
was performed using a NORAN System 7 microanalysis system.
Thermo-gravimetric analysis (TGA) was performed under N, with
a heating rate of 1 °C min™' on a SDT Q-600 instrument.
Transmission-mode Fourier transform infrared (FTIR) spectra
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(4000 to 400 cm™') were recorded using KBr pellets or by
depositing a drop of MOF suspension on an attenuated total
reflectance accessory using a Bruker VERTEX 70v spectrometer.
UV-Vis absorption spectra were measured with a Varian Cary 5000
spectrophotometer. Photoluminescence spectra were recorded at
room temperature with a Fluorolog-3 model FL3-22 spectrophot-
ometer with double grating excitation and emission monochro-
mators (Horiba Jobin Yvon-Spex) coupled to a R928 Hamamatsu
photomultiplier. The excitation source was a 450 W Xe arc-lamp.
Calibration emission spectra and automated measurements (pes-
ticide screening) were recorded using Infinite® M1000 with
Quad4 monochromators. The portable spectrometer was devel-
oped in house and consists of an electroluminescent diode
(excitation source) coupled to an optical fibre which is connected
to an Ocean Optics spectrometer in order to read the signal.

Hydrolysis tests and optical characterization

NU-1000 powder was dispersed in 1 mL of NEM buffer (0.45 M pH
9-10) in 1.5 mL Eppendorf tubes. The suspensions were stirred at
1500 rpm for 15 min at 25 °C in an Eppendorf thermomixer® C.
Paraoxon-methyl was then added in N-ethylmorpholine (NEM)
buffer and the mixtures were stirred for 5 h, during which aliquots
(20 uL) were extracted at regular intervals and diluted in 10 mL of
NEM buffer (0.15 M pH 10) to stop the reaction and monitor
degradation by UV-Vis spectroscopy.

The diluted suspensions were filtered using Millex-VV 0.1
um PVDF 33 mm sterilized filters to remove the NU-1000
particles, which absorb at 266 nm (Fig. S2, ESIt). The conver-
sion percentage was calculated using eqn (1) and the calibra-
tion curve (Fig. S3, ESIT) from the intensity of the peak at
401 nm (assigned to p-nitrophenol).

(NP,

OMNB, 100 (1)

Conversion(%) =

The unfiltered solution was used to record the emission and
the excitation spectra of NU-1000, and the quenching efficiency
was calculated using eqn (2), from the initial emission intensity

of NU-1000 (I, ) and the emission intensity (I;) measured after
adding paraoxon-methyl.

Quenching efficiency (%) = (y) x 100 (2)
lo

The turnover number (TON) and turnover frequency (TOF) were
calculated at 50% conversion assuming two active sites per Zrg
node."®

DMNP

2
TON’l/z T 2 x pZit (3)
TON,,,
TOF[I/Z = T (4)

Selectivity measurements

The MOF/NEM suspension is poured into the wells of a black
plate with a transparent bottom. Pure or diluted pesticides are
then added to these wells. A volume of NEM bulffer is added to
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adjust the wells to the desired final concentrations. The wells
are shaken mechanically with glass rods and left to stand for
2 h. Luminescence measurements are then carried out using an
automated spectrometer with a robotic arm.

Naked-eye detection of luminescence quenching on lemon
surface

Several drops of a 0.09 mM NU-1000/NEM suspension were
drop casted on the surface of a lemon to form a 2 x 4 grid. The
lemon was thoroughly washed with deionized water before use.
Paraoxon-methyl solutions (1 pL) with concentrations ranging
from 0.01 to 10 ppm were then applied on each square. The
lemon was observed under UV light (254 nm) and photographs
were taken shortly afterwards.

Naked-eye detection and monitoring luminescence quenching
using a portable spectrometer on supported NU-1000

Several drops of a 0.09 mM NU-1000/NEM suspension were
drop casted on cotton paper (filter paper made of white vellum
(PRAT DUMAS N042205)). After drying in ambient conditions,
paraoxon-methyl solutions in NEM with concentrations ran-
ging from 0.01 to 10 ppm were casted on the MOF spot. The
emission signals from the various spots were measured using a
portable spectrometer after 16 h.

Results

NU-1000 is a micro- and mesoporous MOF of general formula
[Zr6(115-0)4(15-OH)4(OH)4(H,0)4(TBAPy),] ~ with  [Zrg(pi5-O)4(1is-
OH),(OH),(H,0),]** nodes where eight of the twelve coordination
sites are occupied by TBAPy'~ linkers (H,TBAPy = 1,3,6,8-
tetrakis(p-benzoic-acid)pyrene) in a csq topology, producing a
framework with hexagonal channels 31 A in diameter and trian-
gular channels of 12 A across.*® The four ~OH groups are reactive
and potential adsorption (and subsequent degradation) sites for
pesticides. Scheme 1 shows the typical coordination environment
of NU-1000. Paraoxon-methyl can be hydrolysed to p-nitrophenol
and dimethyl phosphate (Scheme 2). This reaction than can be
catalysed using Zr-MOFs, typically in NEM buffer.* P-O bond
cleavage is facilitated by coordination of O to an undercoordi-
nated Zr of the node, which acts as a Lewis acid.’*™?

Characterization of NU-1000 and stability of NU-1000/NEM
suspensions

NU-1000 was synthetized from a mixture of zirconium chloride
octahydrate, H,TBAPy and benzoic acid, under solvothermal
conditions, yielding a yellow microcrystalline powder. The com-
position of the powder was confirmed by PXRD, with good
agreement between the measured data and the reference pattern
for NU-1000 (Fig. 1a). After activation at 120 °C under vacuum,
the specific surface area was measured by N, adsorption/
desorption at 2700 m> g ' (Fig. 1b). The isotherm profiles
correspond to a cylindrical mesoporous structure,> with meso-
pores sufficiently large (31 A) to allow internal diffusion of NEM
and paraoxon-methyl. To investigate the effects of the basic
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Scheme 1 Molecular representation of NU-1000 and its structural entities.

buffer, NEM, on the porous structure of the MOF, a sample of
activated NU-1000 (referred to as NU-1000/NEM in the following)
was dispersed in the buffer solution (0.45 M NEM), recovered by
centrifugation and finally dried under vacuum.

Fig. 1a shows that contact with the NEM buffer does not
affect the crystallographic structure; the slight differences in
peak intensities and positions can be ascribed to changes in
electron density induced by NEM in the pores.

The TGA data for NU-1000 and NU-1000/NEM in Fig. 1c show
that NU-1000/NEM has a slightly higher decomposition tempera-
ture than NU-1000 (762 vs. 759 K), possibly because of the
(stabilizing) electronic effect of the NEM molecules attached to
the metal nodes.

The main infrared bands of NU-1000 appear at 1699, 1603,
1587, 1554, 1541, 1410 and 1366 cm ™, in agreement with the
literature.>®>® When dispersed in NEM (NU-1000/NEM), a
signal at 1111 cm ' attributed to NEM is observed, while
signals at 1410 and 1366 cm ' associated with stretching of
the carboxylate groups of the ligand are shifted to 1412 and
1385 em™ ", respectively (Fig. S4, ESI¥).

The EDX spectrum of NU-1000/NEM (Fig. 1d) shows the
presence of C, O and Zr, and SEM images of NU-1000/NEM
(Fig. 1d, inset) show rectangular particles with an average
length of 7.24 um and an average width of 1.73 um. (The
method used to calculate the size of the particles is detailed
in Table S1, ESIT). Together, these results indicate that NEM is
indeed adsorbed in the pores.

Quantitative degradation time course of paraoxon-methyl

Fig. 2 shows the UV-Vis spectra recorded at different times during
the NU-1000-catalysed hydrolysis of paraoxon-methyl in NEM. The
peak corresponding to p-nitrophenol at 401 nm appears almost
immediately (1 min) and becomes more intense as the reaction
time increases, while the broad peak at 275 nm (assigned to
paraoxon-methyl, see Fig. S5, ESIt) becomes weaker, in agreement
with the proposed mode of degradation (Scheme 2). With a NU-
1000/DMNP ratio of 3 mg/4 pL (as used to record the data in
Fig. 2), the degradation half-life was calculated to be 7 min with
complete conversion in roughly 90 min (Fig. S6, ESIt).

Table 1 lists the different conditions investigated for the degrada-
tion of paraoxon-methyl by NU-1000 and the corresponding half-
lives and calculated TOFs. The results obtained with the standard

This journal is © The Royal Society of Chemistry 2024
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(a) PXRD patterns of activated NU-1000 (black) and NU-1000/NEM (red) compared with the simulated reference pattern for NU-1000 (blue). (b)

N, adsorption (blue) and desorption (black) isotherms of as-synthesized NU-1000. (c) TGA traces of NU-1000, as-synthesized (black) or after contact
with NEM buffer (NU-1000/NEM, red). (d) EDX spectrum of NU-1000/NEM with (inset) the SEM image of a NU-1000/NEM suspension.

conditions reported in literature*®>” are shown on the second line.

Three methods of homogenisation were tested under standard
degradation conditions: magnetic stirring, an ultrasound bath, and
circular movements with an Eppendorf Thermomixer® C. Fig. S7
(ESIT) shows that the latter lead to the shortest half-life (7 min). This
half-ife is shorter than has previously been reported (15 min),"®”
possibly because of the different homogenisation systems used.

Similar TOFs (around 0.007 s~ ') were obtained under each
condition, confirming that there was good contact with the
catalyst.”®

FTIR monitoring of the degradation of paraoxon-methyl

First, the FTIR spectra of NU-1000/NEM, in the presence of
paraoxon-methyl, p-nitrophenol and DMP, where compared (Fig.
S8, ESIt). The spectra of NU-1000/NEM varies little in the presence
of DMP, but changes in the presence of paraoxon-methyl and of p-

This journal is © The Royal Society of Chemistry 2024

nitrophenol. The two spectra are similar, as expected (paraoxon
methyl being fully degraded in these conditions) with an addi-
tional N—O0 band. We observe an additional signal at 1290 cm ™"
attributed to N=0 bonds. Intensity of the signal at 1383 cm™ " of
NU-1000/NEM is interestingly deceased by the presence of
p-nitrophenol and this can be attributed to m-stacking between
the CH—CH of the ligand and p-nitrophenol. A similar modifica-
tion is observed for the CH=—CH signal of the p-nitrophenol at
1490 cm ™. These changes indicate that the structure of NU-1000
is affected similarly by contact with paraoxon-methyl and
p-nitrophenol presence, but not by the presence of DMP.

Luminescence detection and quenching efficiency of
p-nitrophenol from paraoxon-methyl degradation

The emission spectra of NU-1000 for different excitation wave-
lengths (Fig. S9, ESIt) show a broad band at about 440 nm, as

J. Mater. Chem. C, 2024, 12, 11378-11385 | 11381
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Fig. 2 UV-Vis spectra recorded at different times during the degradation
of paraoxon-methyl in NEM in the presence of NU-1000.

reported previously in the literature.*> The maximum emission
wavelength is independent of the excitation wavelength, but the
emission intensity is highest under excitation at 385 nm. This
emission is assigned to the ligand H,TBAPy, whose emission
spectra are also shown in Fig. S9 (ESI{). These results, similar
emission spectra for NU-1000 and the ligand, were also
reported by Derai et al. based on experimental data and
computational calculations.*® The inset highlights the small
shoulder around 380 nm that appeared in the emission spec-
trum of NU-1000 at an excitation wavelength of 300 nm but not
in that of H,;TBAPy. The excitation spectra of H;,TBAPy and of
NU-1000 consist of two bands, one around 300 nm and the
other around 380 nm, as shown in Fig. S10 (ESIY).

Fig. 5 shows the emission and excitation spectra of NU-1000
(0.09 mM) measured before and during exposure to a 249-fold
excess of paraoxon-methyl. The calibration curve in Fig. S11
(ESIT) shows that NU-1000 emission is linear at concentrations
between 0.025 and 0.2 mM so a value in the middle of this
range was chosen for the detection of paraoxon methyl. The
emission intensity clearly decreases over time (Fig. 3a), as the
paraoxon-methyl is degraded, with a quenching efficiency of
40% after 1 h. Emission maximum and conversion as a func-
tion of time are plotted in ESIt (Fig. S12 and S13). Fig. 3b shows
how the photoluminescence of the NU-1000 suspensions is
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Fig. 3 (a) NU-1000 emission spectra at Aex = 385 nm recorded at different

times during the degradation of paraoxon-methyl (1 mL of 0.09 mM NU-
1000, 4 pL of paraoxon-methyl, 500x dilution prior to analysis). (b)
Photographs of NU-1000 suspensions in 0.45 M NEM at pH10 under
ambient light and under ultraviolet light (2 = 365 nm) before and after
contact with paraoxon-methyl. (c) NU-1000 excitation spectra at Aem =
445 nm at different times during the degradation of paraoxon-methyl.
Degradation of paraoxon-methyl by NU-1000 (same conditions as listed
for part (a)).

quenched by the presence of p-nitrophenol at the end of the
monitoring. Fig. 3c shows that the excitation band at 380 nm
decreases more than the one at 300 nm does.

Fig. 4 shows that in addition to the quenching effect, the
degradation of paraoxon-methyl leads to alteration of the shape
and a widening of the emission band from NU-1000 (chroma-
ticity diagram in Fig. S14, ESIt). Deria et al. have proposed
based on the deconvolution of time resolved emission spectra
that the emission of these MOFs consists of two components,
one at smaller wavelengths due to S1 — SO transitions, and the
other at larger wavelengths due to excimer transitions.** The
overall alteration of the shape on the NU-1000 emission peak is
consistent with this model.

This quenching is most likely due to the transfer of photo-
excited electrons to the p-nitrophenol and/or paraoxon-methyl in
the suspension. Xu et al. indicate that the photo-induced electron
transfer (PET) is not the only mechanism for luminescence
quenching of LMOFs.>® The resonance energy transfer (RET)
process can also strongly promote the fluorescence quenching.
Indeed, Fig. 5 shows a spectral overlap between the emission
spectrum of NU-1000 and the absorption spectrum of p-

Table 1 NU-1000-catalysed paraoxon-methyl (DMNP) half-lifes (t;,») and turn-over frequencies (TOF)

NU-1000 (mg) DMNV (uL) NU-1000 (mol L) DMNP (mol L™ DMNP/Zrg molar ratio t1)> (min) TOF (s )
1 2.6 2 1.2 x 1073 1.1 x 1072 9.4 7.0 0.006
2 2.8¢ 4 1.3 x 103 2.2 x 1072 17.4 7.0° 0.01¢
3 2.7 8 1.3 x 1073 4.5 x 1072 36.1 24.8 0.006
4 1.3 2 6.0 x 10°* 1.1 x 1072 18.7 13.2 0.006
5 1.5 4 7.0 x 10°* 2.2 x 1072 32.5 18.2 0.007
6 1.8 8 8.4 x 1074 4.5 x 1072 54.1 47.7 0.005
7 0.2? 4 9.0 x 107° 2.2 x 1072 248.7 95 0.011

“ Triplicated experiment, mean values. ” Estimated.
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Fig. 4 Normalized NU-1000 emission spectra at Jex = 385 nm as a
function of time during the degradation of paraoxon-methyl.

nitrophenol which points out that p-nitrophenol induce the
quenching. This was further confirmed with a direct comparison
of the evolution of the quenching of NU-1000 with p-nitrophenol.
The quenching efficiency is the same in the presence of p-nitro-
phenol or paraoxo-methyl at the same concentration (Fig. S15,
ESIt). There is also a linear relationship between the emission
intensity of NU-1000 after exposure to paraoxon-methyl and con-
version (Fig. S16, ESIt), again confirming that p-nitrophenol is
responsible for the quenching.

This linear relationship between the conversion percentage
and the level of luminescence quenching could be useful in
practice to estimate the level of degradation of a given sample.

Fig. 6 shows the emission spectra of the NU-1000 at the
standard high concentration (1.3 mM) for degradation, before
exposure and after exposure to a 249-fold excess of paraoxon-
methyl. In contrast with the low concentration data shown in
Fig. 3, the emission peak disappears almost immediately,

1,0 / Emission : (A, =385 nm)
)V = =NU-1000
\ Absorbance :

0,8 | \ DMNP
= p-nitrophénol
2 \ —DMP
)
€ 0,6
°
o]
N
© 4
£ 0,4
o
< \

0,2+ \

\
N
0,0 T T T ==
300 400 500 600

Wavelength (nm)

Fig. 5 Comparison of the absorbance spectra of paraoxon-methyl (red
solid line), p-nitrophenol (green), and DMP (blue), with the emission
spectrum of NU-1000 (dashed black line).
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Fig. 6 NU-1000 emission spectra at Lex = 385 nm recorded at different
times during the degradation of paraoxon-methyl (1 mL of 1.3 mM NU-
1000, 4 pL of paraoxon-methyl, 500x dilution prior to analysis).

consistent with the very short half-life of 7 min measured
under these conditions (Fig. S12, ESIt). The rapid quenching
of luminescence at this concentration of NU-1000 indicates
therefore that paraoxon-methyl is rapidly converted into
p-nitrophenol and DMP. This abrupt decrease in emission
intensity could be applied in practice to rapidly detect the
presence of paraoxon-methyl.

Selectivity and limit of detection

NU-1000 luminescence behaviour was tested with other phos-
phorus based pesticide in large excess (profenofos, glyphosate,
malathion, fenthion and chlorpyrifos) (Fig. S17, ESIT). NU-1000
appears to be selective for paraoxon-methyl, with a 99% loss of
emission signal compared with a 20-30% signal loss for the
other pesticides tested (Fig. 7).

In order to study the effect of paraoxon-methyl concen-

tration, NU-1000 was supported on cotton paper. NU-1000
8,0x10*
= NU-1000
. (0,05 mM)
2 =+ DMNP
5 6,0x10% + fenthion
] = + profenofos
S y4 + malathion
2 + chlorpyrifos
g 4,0x10* + glyphosate
S
15 .
o 2,0x10% A
< /
i /
0'0 T T T
400 450 500 550 600

Wavelength (nm)

Fig. 7 Structures of tested pesticides (top) Evolution of NU-1000 emis-
sion in the presence of these different pesticides (bottom) following the
automated measurement protocol with 0.05 mM of NU-1000 and 10
molar equivalents pesticides.
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Fig. 8 NU-1000 emission intensity on cotton paper at different
paraoxon-methyl concentrations (top) and measurements after 16 h using
a portable spectrometer at /o, = 310 nm (bottom).

covers well the paper, as observed by SEM (Fig. S18, ESIY),
Supported NU-1000 were contacted with paraoxon-metyl solu-
tions (0.01 to 10 ppm). Spots are observed with the naked eye
under a UV lamp (312 nm) after 16 h and the quenching is
already observed at 0.05 ppm (Fig. 8). Measurements using a
portable spectrometer (1 = 310 nm) confirms that the emis-
sion decreases with paraoxon-methyl concentration (Fig. 8).
Small variations are noted between 0.1 and 1 ppm and sig-
nificant quenching (around 60%) is measured at 1 ppm.

Visualisation of paraoxon-methyl contamination on fresh fruit

Fig. 9 shows photographs under UV light of an organic lemon
whose surface was coated with a NU-1000/NEM suspension and
drops of paraoxon-methyl solutions at different concentrations.
After addition, NU-1000/NEM emission is clearly visible to the
naked eye in the areas treated with less than 0.5 ppm of

Before addition At t0

+ DMNP
(0 to 10 ppm)
—

Addition grid (ppm) :
control

-
7 hofa]
0 0

Fig. 9 Photographs under UV light (312 nm) of an organic lemon with a
drop-cast film of 0.09 mM NU-1000/NEM and drops of paraoxon-methyl
arranged in a grid.
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paraoxon-methyl. However, an immediate quenching is observed
with concentration above 1 ppm. This example highlights the
potential practical uses of NU-1000 for pesticide detection.

Conclusions

NU-1000 can be used to adsorb and rapidly hydrolyse paraoxon-
methyl to non-toxic compounds. This study further reveals that
luminescence can be used to reveal paraoxon-methyl degradation,
as p-nitrophenol was shown not only to quench NU-1000 emis-
sion, but also to modify the maximum emission wavelength.
Furthermore, these results highlight the potential uses of NU-
1000 at low concentrations to evaluate the degradation state of
paraoxon-methyl, and at high concentrations to rapidly detect the
presence of paraoxon-methyl. NU-1000 appears quite selective
when tested against OPs pesticides due to its ability to in fact
selectively detect p-nitrophenol, the degradation product of para-
oxon methyl. This selectivity should be confirmed with further
tests with pesticides of other types.

Data availablity

The data supporting this article have been included as part of
the ESI. ¥
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