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A B S T R A C T   

Methyl parathion is a typical organophosphorus pesticide that poses threats to the global environment and 
human health. In this study, we developed a portable 2D sensing pad for monitoring methyl parathion based on 
the aggregation-induced emission (AIE) properties of an innovated hybrid material that integrates cellulose 
nanofibers (CNFs) with luminescent metal-organic frameworks (LMOFs). The hybrid material enhanced the 
flexibility and moldability of LMOFs and significantly improved the scalability of sensing material. The resulting 
CNF/LMOF material was shaped into a 2D pad, exhibiting fluorescent properties under UV exposure. The 
fluorescence of the pad was quenchable upon exposure to methyl parathion. This host-guest interaction enabled 
the precise quantification of the pesticide’s concentration by monitoring the intensity variation of the fluores
cence at 405 nm wavelength. We further engineered these hybrid pads into a user-friendly and portable sensing 
prototype, and then validated them with real sample testing. Time-dependent Density Functional Theory cal
culations were employed to elucidate the underlying fluorescence quenching mechanism triggered by methyl 
parathion. This work introduces a practical and sustainable sensing platform for pesticide detection.   

1. Introduction 

Methyl parathion, a widely used organophosphorus pesticide in 
agriculture, is effective in pest control but poses significant environ
mental and health concerns. Its pervasive application results in 
contamination of water sources and residual presence in agricultural 
produce [1,2]. Chronic exposure to methyl parathion may increase the 
risk of developing neurological disorders, such as Parkinson’s disease 
[3]. The US Environmental Protection Agency (EPA) prohibits the use of 
methyl parathion on children’s food crops but allows it on certain crops 
like fruits, vegetables, nuts, and grains, with limits ranging from 0.1 to 
1 mg/L [4]. Currently, the detection of methyl parathion predominantly 
relies on techniques such as chromatography and spectrometry [5,6]. 
Although these methods are generally reliable and accurate, they are 
often labor-intensive and time-consuming, and they also necessitate 
specialized equipment. This complexity presents significant challenges 
for convenient and rapid detection of methyl parathion pesticides. 

The limitations of current detection technologies have prompted the 
exploration of innovative functional materials, with metal-organic 

frameworks (MOFs) emerging as particularly promising options. MOFs 
are a class of porous crystals that are often synthesized through the as
sembly of metal ions coordinated with organic ligands [7]. They have 
demonstrated significant potentials in the detection of environmental 
pollutants through fluorescence sensing [8–10]. A notable subset of 
these MOFs incorporates ligands with aggregation-induced emission 
(AIE) properties to afford fluorescent sensing capabilities [11]. AIE 
molecules are a group of organic compounds that are known for their 
enhanced fluorescence upon aggregation [12]. The AIE molecules can 
act as ligand precursors to be integrated into the MOFs by coordinating 
active phenyl groups in the AIE ligands with metal ions [13,14]. 
AIE-based MOFs have demonstrated effectiveness in pesticide detection 
due to their highly porous structure and customizable properties [15]. 
For example, a europium-based MOF was constructed by integrating 
AIE-active molecules, demonstrating high sensitivity as a fluorescent 
sensor to detect phosphate and organic salicylaldehyde [16]. Despite 
their effectiveness, the detection of pesticides using MOFs is primarily 
conducted in aqueous environments. This is because MOFs conven
tionally synthesized through solvothermal methods exist as crystalline 
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powders, typically with a size of less than 10 μm [17,18]. As a result, it is 
challenging to fabricate these MOFs into portable detection devices at 
the macroscale with two- or three-dimensional (2D/3D) architecture. 

Cellulose is a promising polymer substrate for templating MOFs due 
to its natural abundance, biodegradability, chemical modifiability, and 
low thermal expansion coefficient, which provides an attractive solution 
for compounding MOFs, offering moldability and 3D architecture [19]. 
The 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-mediated oxidation 
is a prevalent method for modifying cellulose to make it suitable for 
MOF templating. This modification introduces carboxylate groups onto 
the surface of cellulose fibers [20]. These carboxylate groups can anchor 
the metal precursors in MOFs through coordination, thus allowing the 
subquently assembly and crystal growth of MOFs along the cellulose 
surface [21]. Moreover, the metal components act as a bridge to connect 
the AIE fluorophores and the cellulose substrate. This process not only 
strengthens the connection between cellulose and the fluorophore but 
also allows the AIE-based MOFs to adopt a macro-scale structure by 
leveraging the polymer features of cellulose [22]. Combining cellulose 
nanofiber (CNF) and AIE-based MOFs could be a promising strategy for 
designing a portable sensing platform for rapid and convenient detection 
of pesticides. 

In this study, we used TEMPO-oxidized CNF (TOCNF) as a polymeric 
scaffold to template the in situ synthesis of a luminescent MOF (LMOF), 
which comprises zirconium ions and the organic linker 1,2,4,5-tetrakis 
(4-carboxyphenyl) benzene (H4TCPB) that possesses AIE properties. 
The TOCNF/LMOF hybrid exhibits blue luminescence under UV light. 
By combining the functions and features of both cellulose and MOFs, we 
developed a 2D hybrid pad that can serve as a portable sensing prototype 
for methyl parathion detection and quantification. Lastly, we employed 
Density Functional Theory (DFT) calculations to unravel the underlying 
sensing mechanism at the molecular level. Our study of the TOCNF/ 
LMOF hybrid provides a technique for developing cost-effective, sus
tainable, and user-friendly sensing platforms for monitoring methyl 
parathion in the agricultural sector. 

2. Materials and methods 

2.1. Materials 

CNF was purchased from the University of Maine with a concentra
tion of 3.1 wt%. Sodium bromide (NaBr), sodium hypochlorite (NaClO), 
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), zirconium chloride 
(ZrCl4), benzoic acid, dimethylformamide (DMF), methyl parathion, 
rhodamine 6 G, and the interference chemicals, including nitrobenzene, 
glucose, sodium chloride, potassium chloride, and ferric chloride, were 
purchased from Fisher Scientific. The 1,2,4,5-tetrakis(4-carboxyphenyl) 
benzene (H4TCPB) was obtained from Millipore Sigma. All chemicals 
used in the study were of analytical grade and used as received. 

2.2. Preparation of TOCNF 

TOCNF was prepared according to the previously reported method 
with some modifications [23]. In this process, 1 L unmodified CNF 
suspension (1 wt%) was mixed with 150 mg TEMPO and 1.5 g NaBr. The 
pH of the resultant mixture was adjusted to 10.5 using 0.5 M NaOH or 
0.1 M HCl. The reaction was initiated by adding 25 mmol of NaClO. The 
mixture was then stirred at 150 rpm at room temperature for 5 hours. 
Throughout this period, the pH was maintained at 10.5 using 0.5 M 
NaOH. The reaction was subsequently quenched by the addition of 
50 mL ethanol. The resultant oxidized CNF product was washed with 
water thoroughly by filtration. Subsequently, the retentate was sub
jected to dispersion through a high-speed homogenizer (IKA 
Ultra-Turrax) at 10000 rpm for 30 minutes. The resulting TOCNF was 
then collected as the supernatant following centrifugation at 12000 g for 
20 minutes. The carboxylate content of the TOCNF was determined to be 
0.7 mmol/g using the electric conductivity titration method [24]. 

2.3. Preparation of LMOF and TOCNF/LMOF hybrid pad 

The pristine LMOF was synthesized in accordance with a previous 
method [25]. Three LMOFs with varying concentrations of precursors, 
namely LMOF-a, LMOF-b, and LMOF-c from low to high, were prepared. 
In a 30 mL DMF solution, 16.67 mg ZrCl4, 23.3 mg H4TCPB, and 0.9 g 
benzoic acid were added for the preparation of LMOF-a; 50 mg ZrCl4, 
70 mg H4TCPB, and 2.7 g benzoic acid were mixed for LMOF-b; 150 mg 
ZrCl4, 210 mg H4TCPB, and 8.1 g benzoic acid were mixed for LMOF-c. 
The resultant mixtures were then maintained at 121 ℃ for 2 hours in an 
autoclave for reaction. After that, the LMOFs were collected by centri
fugation at 10000 g for 10 minutes and subsequently washed twice with 
DMF followed by three washes with DI water using centrifugation. 

To fabricate TOCNF/LMOF hybrids, 100 mL of 0.5 wt% TOCNF water 
suspension was mixed with 10 g ZrCl4 followed by 30 minutes of stir
ring. The mixture was then purified through two rounds of washing with 
DI water and two rounds with DMF, using centrifugation at 10000 g for 
10 minutes each. The purified TOCNF was redispersed in DMF to ach
ieve a concentration of 0.5 wt%. Subsequently, 30 mL of the above 
suspension was mixed with ZrCl4, H4TCPB, and benzoic acid, all in 
concentrations equivalent to those used in LMOF-a, LMOF-b, and LMOF- 
c, respectively. This resulted in the formation of TOCNF/LMOF hybrid-a, 
hybrid-b, and hybrid-c. The reaction conditions were the same as those 
employed for the pristine LMOFs. After the reaction, the TOCNF/LMOF 
hybrids were purified through two washes with DMF and three washes 
with DI water, using centrifugation at 10000 g for 10 minutes for each 
wash. The resultant hybrids were then redispersed in 30 mL DI water. 
Subsequently, aliquots of 10 mL from each suspension were filtered 
through a quantitative filter paper (Whatman) with an effective diam
eter of 47 mm. The retentate was dried in an oven at 40 ℃ for 24 hours. 
Upon drying, the resulting films (with respective thicknesses of 70 μm 
for hybrid-a, 100 μm for hybrid-b, and 110 μm for hybrid-c) were cut 
into circular pads with a diameter of 6 mm. 

2.4. Characterization 

The micromorphology of the LMOFs and hybrids was investigated 
using a scanning electron microscope (SEM) equipped with an energy- 
dispersive X-ray spectrometer (EDS) system (Zeiss). The samples were 
sputtered with gold prior to observation. The crystallinity was assessed 
using an X-ray diffractometer (XRD, PANalytical Empyrean) operating 
at 40 kV and 40 mA. The diffractograms were obtained at a scan rate of 
4◦•min− 1 and a step size of 0.02◦. Attenuated total reflectance-Fourier 
transform infrared (ATR-FTIR) spectroscopy (PerkinElmer) was used 
to collect spectra over the range of 400–4000 cm− 1, with a resolution of 
4 cm− 1. The Brunauer-Emmett-Teller (BET) specific surface area was 
determined using N2 adsorption-desorption isotherm measurements 
(Micromeritics TriStar II Plus). Approximately 15 mg of each sample was 
degassed under vacuum at 100 ◦C for one hour before measurement. The 
N2 adsorption isotherms were recorded at 77 K. The fluorescence was 
determined using a microplate reader (Synergy H1) with an excitation 
wavelength of 290 nm. This wavelength is slightly lower than the ab
sorption peaks of LMOF (Fig. S1), ensuring an adequate separation be
tween the excitation wavelength and the maximum emission 
wavelength of 405 nm. The samples’ photographs were taken with a 
digital camera under white light or UV light (300 nm). 

2.5. Determination of quantum yield 

The relative quantum yields of LMOF-b and hybrid-b were measured 
using rhodamine 6 G as a reference that has a known quantum yield of 
94% in water when excited at 480 nm. The test samples were excited at 
290 nm and the relative quantum yield was calculated using the equa
tion [26]: 
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ΦT = ΦR
GradT

GradR
(
nT

nR
)

2  

where Φ is the quantum yield, the subscript R refers to the rhodamine 
6 G reference, and subscript T refers to the test sample, and Grad is the 
gradient of the linear fit obtained from the plot of integrated fluores
cence intensity versus absorbance. The gradients were determined based 
on five different concentrations of rhodamine 6 G and the test samples, 
respectively. Both the reference and test samples were measured in 
water in which the refractive index ratio (nT/nR) equals to 1. 

2.6. Detection and quantification of methyl parathion 

To assess the efficiency of the hybrid pads in detecting methyl 
parathion, each hybrid pad was immersed in 4 mL of methyl parathion 
solutions with varying concentrations. The immersion period was fixed 
at 10 minutes. After immersion, the fluorescence of the pads was 
measured using a microplate reader with an excitation wavelength of 
290 nm. The quenching ratio was calculated as the reduced fluorescence 
intensity of the pad after quenching in methyl parathion solution to the 
fluorescence intensity of the unexposed pad soaking in DI water 
(without methyl parathion). The quenching ratios derived from various 
concentrations of methyl parathion were used alongside their respective 
methyl parathion concentrations to establish a standard curve. 

Samples of tap water, Tennessee River water collected at Knoxville 
TN, and orange juice were selected to validate the detection efficiency. 
The tap water and river water samples were centrifuged at 4000 g for 
10 minutes. The supernatant was spiked with 0.2, 0.5, and 2 mg/L 
methyl parathion. The orange juice was extracted from fresh oranges 
purchased at a local market using a juicer, and then diluted 50 times 
with DI water. The juice sample was spiked with 0.2, 0.5, and 2 mg/L 
methyl parathion and treated with acetonitrile following the previous 
method [27]. The hybrid pads were immersed in these spiked solutions 

and their fluorescence intensity was determined using the method dis
cussed above. The concentrations were derived from the fluorescence 
intensity using the established standard curve. 

2.7. Theoretical calculations 

The theoretical calculations were conducted using the Gaussian 16 
software suite. DFT and time-dependent DFT (TD-DFT) were used in 
these computations. The PBE0 functional was selected in combination 
with the 6–311+G(d,p) basis set for all calculations. Initial geometry 
optimization was performed for both the ground and first excited states 
of the molecules. TD-DFT calculations were performed using the opti
mized ground state geometry as a basis for probing electronic excita
tions. Additionally, the TD-DFT employed the optimized first excited 
state geometry to elucidate properties relevant to the emission. The 
empirical dispersion correction was incorporated, and the solvent effect 
of water (polarizable continuum model) was considered to represent the 
molecular behavior in an aqueous environment. 

3. Results and discussion 

3.1. Material characterization 

We synthesized three pristine LMOFs with varying morphological 
appearances by modulating the concentrations of the metal and ligand 
precursors. The geometry and size of the LMOF crystals correlated with 
the precursors’ concentrations: the lowest concentration produced the 
smallest and spheric particles of LMOF-a, with diameters under 100 nm 
(Fig. 1A). The intermediate precursors’ concentration resulted in the 
LMOF-b particles, exhibiting a spheric shape with diameters around 
300 nm (Fig. 1B). The highest precursor concentration led to an oval 
shape and the largest LMOF-c particles with diameters of 1–2 μm 
(Fig. 1C). The precursors’ concentration in the synthesis mixture is a 

Fig. 1. Characterization of LMOFs. SEM images of LMOF-a, LMOF-b, and LMOF-c (A-C). Visual appearance of LMOF-b particles under white and UV light (D). 
Fluorescentce spectra of LMOF-a, LMOF-b, and LMOF-c, with each concentration adjusted to 0.5 mg/L (E). CIE color coordinates (F). 
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critical factor that influences the particle size and geometry of the 
resultant LMOFs. An increase in precursor concentration boosts the 
diffusion rates and the coordination probability, thereby promoting the 
crystal growth and the formation of larger particles [28]. During the 
synthesis, the carboxylate groups in the H4TCPB ligands coordinate with 
the zirconium ions, forming a structure with SCU topology [29]. The 
benzoic acid serves as a modulating agent to tune the size and 
morphology of the LMOF particles. Benzoic acid can selectively occupy 
certain coordination sites on the zirconium, thereby influencing the 
overall coordination environment and guiding the assembly of the 
LMOFs [29]. 

All three LMOF particles exhibited fluorescent properties. Under 
white light, the LMOFs appeared as white crystalline powders (Fig. 1D). 
When exposed to UV radiation, the LMOFs emitted blue light at a 
wavelength of 405 nm, and the fluorescence intensity was consistent 
across all three LMOFs when their concentrations were adjusted to the 
same level (0.5 mg/L, Fig. 1E). This suggests the fluorescence intensity 
is quantifiable and independent of the original concentration used for 
the synthesis and geometry of the LMOFs. The fluorescence corresponds 
to CIE 1931 color coordinates of x = 0.15 and y = 0.06 (Fig. 1F). 

TOCNF was used as a supporting substrate to template the LMOF 
crystals, thereby conferring their structural patterns at a macroscopic 
level. As illustrated in Fig. 2A, the TOCNF exhibited a fibrous 
morphology with a length of several microns and a diameter of less than 
10 nm. The nanoscale dimensions of TOCNF are well-suited to align 
with the LMOF particles, offering geometric compatibility for com
pounding and templating. We combined the TOCNF with the LMOF 
precursors—Zr4+ and the H4TCPB ligand—to achieve the in situ hy
bridization of TOCNF and LMOFs via a one-pot synthesis approach. 
During this synthesis, the carboxylate groups on the TOCNF surface act 
as binding sites for the Zr4+ ions. The interaction between TOCNF and 
Zr4+ initiates the nucleation of the LMOF crystals. Prior studies have 
elucidated that the assembly between carboxylate groups and zirconium 
atoms was characterized by a distinctive coordination pattern around 
the zirconium center. Within the local coordination environment, the 
equatorial coordination sphere of the zirconium atom comprised two 
oxide ions, two hydroxide ions, two oxygen atoms from carboxylate 
groups, and two water molecules. The bond distance between the 

zirconium and the oxygen atoms of the carboxylate ligands ranged from 
2.16 to 2.28 Å [30]. This suggests a strong bond formed between the 
TOCNF and the zirconium within the LMOF. The SEM images revealed 
that the LMOF particles were evenly distributed along and affixed to the 
TOCNF surface (Fig. 2B-D). The LMOFs in the hybrids retained the size 
distribution characteristic: the particle size exhibited a proportional 
increase as the concentrations of the precursors increased, as shown in 
Fig. 1A-C. Subsequent EDS mapping of TOCNF/LMOF hybrid-b showed 
a uniform dispersion of zirconium element (Fig. S2A), indicating that the 
zirconium-based MOFs were evenly assembled on the cellulose surface. 
The crystalline structures in the TOCNF/LMOF hybrids were charac
terized through powder XRD analysis (Fig. S2B). The XRD pattern of 
TOCNF exhibited peaks corresponding to the crystallographic planes of 
cellulose at 2θ of 16.5◦ and 22.5◦ [31]. Notably, the diffraction peaks of 
TOCNF were significantly less intense than those of LMOF, which is 
attributed to the inherently lower crystallinity of the organic fibers 
compared with the LMOFs. The XRD pattern revealed distinct peaks at 
2θ values of 7.2, 8.9, 10.3, and 11.5◦, which are characteristic peaks of 
the zirconium-based LMOF [25]. This result confirms the preservation of 
the LMOF crystalline phase on the TOCNF substrate. The FTIR absor
bance peaks at 3340 and 1057 cm− 1 in TOCNF corresponded to the 
streching of the hydroxyl groups and the C-O of cellulose, respectively 
(Fig. S2C). Upon the incorporation of LMOF, there was a noticeable 
decrease in the intensity of these characteristic TOCNF peaks. Addi
tionally, the peaks at 1606 and 1415 cm− 1 were attributed to the 
carboxylate groups present in the H4TCPB ligand and TOCNF. The peaks 
at 860 and 782 cm− 1 were ascribed to the C-H bending in the aromatic 
benzene ring of the H4TCPB ligand. The peak at 650 cm− 1 was ascribed 
to the streching of Zr-O, which indicates the metal-ligand interaction 
within the LMOF framework [25]. These spectroscopic analyses confirm 
that the TOCNF/LMOF maintains the characteristic features of both 
cellulose and LMOF. The BET specific surface area of LMOF-b was 
measured to be 1518 m2/g, and the total pore volume was calculated to 
be 0.6 cm3/g (Fig. S3). The high surface area is attributed to the reticular 
topological connection between the metal nodes and the organic ligands 
in the LMOF structure. This porisity is in accordance with previously 
reported values for zirconium and H4TCPB MOFs [25]. Upon hybridi
zation with TOCNF, the BET specific surface area of the hybrid-b sample 

Fig. 2. Characterization of TOCNF/LMOF hybrids. SEM image of TOCNF (A). SEM images of TOCNF/LMOF hybrid-a, hybrid-b, and hybrid-c (B-D). Visual 
appearance of TOCNF and hybrid pads under white and UV light (E). Fluorescence spectra (F). CIE color coordinates (G). 
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was reduced to 782 m2/g, and the pore volume was reduced to 
0.41 cm3/g, both of which are lower than those of the pristine LMOF-b. 
Despite the reduction of surface area caused by the TOCNF, the surface 
area of the hybrid remains significantly higher compared to 
high-porosity cellulose aerogels or conventional porous materials such 
as activated carbon [32,33]. The high surface areas of the hybrids are 
expected to provide ample available interactions for methyl parathion. 

The integration of the TOCNF biopolymer with the LMOF enabled 
the fabrication of hybrid materials with tailored macroscale architec
tures. As illustrated in Fig. 2E, the TOCNF/LMOF hybrids can be shaped 
into 2D portable pads with a diameter of 6 mm. When subjected to UV 
light, these hybrids exhibited blue color, with the intensity increasing in 
proportion to the concentration of the precursors used for LMOF syn
thesis. This was also observed in the fluorescence spectra (Fig. 2F), 
where the hybrid-c exhibited the highest fluorescence intensity followed 
by hybrid-b, while hybrid-a showed the lowest. The emission peaks for 
all hybrids remained constant at 405 nm, with the chromaticity co
ordinates being x = 0.15 and y = 0.06 (Fig. 2G). These values were 
consistent with those observed for the pristine LMOF, indicating that the 
intrinsic fluorescent properties of the LMOF were preserved within the 
hybrid materials. The relative quantum yields of LMOF-b and hybrid-b 
were determined to be 26.6% and 37.8%, respectively, when excited 
at 290 nm. The hybridization with TOCNF increased the quantum yield 
of the LMOF-b. This enhancement is likely related to the absorption of 
radiation by the LMOF at 290 nm triggers the activation of radiative 
decay of TOCNF. 

3.2. Sensing of methyl parathion 

The efficacy of the three TOCNF/LMOF hybrid pads in sensing and 
quantifying methyl parathion was evaluated. Fig. 3 illustrates that each 
hybrid pad exhibited a distinct fluorescent response in intensity to the 
varying concentrations of methyl parathion. For all three pads, a pro
gressive decline in fluorescence intensity was observed as the concen
tration of methyl parathion increased in the testing solution. However, 
the sensitivity levels of the hybrid pads were different. For instance, the 
fluorescence of the hybrid-a pad made from the lowest concentrations of 
precursors in LMOF was largely quenched at a concentration of 10 mg/L 
methyl parathion (Fig. 3A). In contrast, the concentrations for quench
ing hybrid-b and hybrid-c pads made from higher concentrations of 
precursors in LMOF were much higher, i.e., 20 mg/L or more (Figs. 3B 
and 3C). This variance could be attributed to the different loading 
portions of LMOFs within the hybrid pads. A higher concentration of 
precursors likely led to a larger proportion of LMOFs in the hybrid pad 
due to their larger crystal size, consequently increasing the number of 
interacting sites, which in turn influenced its sensitivity to methyl 
parathion. 

We then selected hybrid-b pad to develop a portable sensing proto
type for detecting the concentration of methyl parathion. To find out the 

minimum soaking time required for the hybrid to take in methyl para
thion in solution, we performed a sensing kinetic analysis for the pad 
(thickness = 100 μm). The results indicated that the quenching effect 
reached an equilibrium after approximately 8 minutes when immersing 
the pad in 5 mg/L methyl parathion solution (Fig. S4). This implies that 
a specific duration is necessary for methyl parathion to diffuse and 
interact adequately within the hybrid pad. In the current study, the 
incorporation of the templating TOCNF substrate might cause a slight 
barrier impeding the immediate interaction between methyl parathion 
and LMOFs. This effect slightly reduced the rate (i.e., increase time) at 
which the sensor reached its maximum quenching efficiency. The 
soaking time for the sensing pad was then set at 10 minutes based on this 
result. Fig. S5 demonstrates that when soaking the hybrid-b pad in 
water, the fluorescence was mainly concentrated on the pad. The liquid 
part had negligible fluorescence. We then determined the fluorescence 
intensity of the supernatant, which showed that the intensity was almost 
identical from that of DI water. This result implies that the LMOF par
ticles were securely bound to the hybrid pad, with no particle leaching 
during the immersion in water in the current procedure. This robust 
binding of LMOF with TOCNF likely benefits from the in situ synthesis 
process, where the carboxylate groups in the cellulose effectively 
interacted with the metal precursors of the LMOFs, enhancing the sta
bility of the attachment [34]. Furthermore, the hybrid pad retained its 
2D shape after immersion with moderate swelling (swelling ratio = 2.11 
± 0.22, defined as the weight increase of the pad post-immersion 
compared to its original weight before immersion). This observation 
indicates the pad’s mechanical robustness and its ability to withstand 
water without significant deformation for future recovery. 

We then soaked the sensing pad in 4 mL solution with analyte and 
employed fluorescent spectrometer to evaluate the sensing performance 
for methyl parathion. The quenching ratio, which refers to the propor
tional decrease in fluorescence intensity, was quantified across a range 
of methyl parathion concentrations from 0.05 to 20 mg/L (Fig. 4A). The 
sensor’s response followed a linear trend within the lower concentration 
range of less than 5 mg/L. A linear relationship was established between 
the logarithmic values of concentration and the quenching ratio in the 
concentration range of 0.1–5 mg/L (Fig. 4B). This relationship was 
depicted by the regression curve with a R2 of 0.995, indicating a high 
correlation between the quenching ratio and the methyl parathion 
concentrations. The linear relationship is described by the equation Log 
y = 0.708 Log x + 1.272, where y represents the quenching ratio (%) and 
x is the concentration (mg/L) of methyl parathion. As depicted in 
Fig. 4A, a deviation from linearity with a decreasing gradient is observed 
beyond 5 mg/L of methyl parathion. At higher concentrations of ana
lyte, the interactive sites of the pad become increasingly occupied, 
inhibiting further linear changes in fluorescence [35,36]. This deviation 
is likely related to different host-guest interaction kinetics, indicating a 
near-saturation of the active sites in the sensing pad. Therefore, this 
phenomenon indicates that the sensor’s response is not suitable for 

Fig. 3. Comparative fluorescence responses of TOCNF/LMOF hybrid pads to varying concentrations of methyl parathion. A: hybrid-a pad. B: hybrid-b pad. C: hybrid- 
c pad. 
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quantification when the analyte concentration is beyond the linear 
range (0.1 – 5 mg/L). We recommend that the testing samples be 
appropriately diluted to fall within the range of 0.1–5 mg/L for accurate 
quantification. Moreover, the fluorescence alteration was noticeable to 
the naked eye at concentrations exceeding 1 mg/L when exposed to UV 
light (Fig. 4C). This allows for a rapid estimation without the need for 
specialized equipment. The limit of detection (LOD) was calculated 
using the formula LOD = (3σ/S), where σ is the standard deviation of the 
blank signal response and S is the slope of the calibration curve [37]. The 
LOD for the hybrid pad was calculated to be 1.3 × 10− 3 mg/L, which is 
comparable to other sensors reported in the literature [37–39]. As 
demonstrated in Fig. S6, the sensing pad exhibited high selectivity to
wards methyl parathion, with minimal interference from other chem
icals such as nitrobenzene, glucose, and cations including Na+, K+, and 
Fe3+ [38]. These substances have negligible impact on the fluorescence 
quenching ratio of the hybrid pad. 

We finally validated the practical effectiveness and reliability of the 
pad’s sensing performance by testing samples in real conditions. We 
selected tap water, river water, and orange juice spiked with standard 
methyl parathion to reach concentrations of 0.2, 0.5, and 2 mg/L as test 
media to assess the performance of the sensing pads. The detected 
concentrations were calculated using the above established linear 
regression equation. As summarized in Table S1, the concentrations 
detected by our sensing prototype are closely aligned with the spiked 
concentrations. The observed recoveries of the three samples ranged 
from 93.0% to 108.1%. These results align closely with those obtained 
using the gas chromatography method [40]. The US EPA has set regu
latory limits for the use of methyl parathion, allowing its presence in or 
on agricultural products within a concentration range of 0.1–1 mg/L 
[4]. Therefore, our results suggest that the newly developed hybrid pad 
is a viable tool for analyzing real samples containing methyl parathion. 

3.3. Mechanism of sensing 

In this study, the ligand H4TCPB in the LMOF is a chromophoric 
molecule with AIE properties. This molecule is characterized by its 
central benzene ring, which is linked with four carboxyphenyl groups 
(Fig. S7A). The structural arrangement of these groups constrains its 
intramolecular motion, enabling a radiative decay process when excited 
by photon energy [41]. The fluorescent property of the resulting LMOF 
is derived from the immobilization of the H4TCPB chromophore within 
its structure through coordination bonds. The integration of the ligand 
into the MOF’s rigid framework limited the rotation and vibration of the 
phenyl rings, which inhibited the non-radiative decay pathways and in 
turn enhanced the fluorescence [13]. The free H4TCPB ligand itself 
showed a blue color when dispersed in water and exhibited an emission 
peak at 405 nm (Fig. S7B and S7C), demonstrating the inherent fluo
rescent property of the chromophore. This peak is identical to the 
maximum emission observed for the LMOF at 405 nm, suggesting that 
the LMOF demonstrated the AIE characteristics of the H4TCPB ligand. 

We employed DFT calculations to investigate the mechanism behind 
the fluorescence quenching of methyl parathion. We initially optimized 
the ground-state geometry of H4TCPB/methyl parathion. As depicted in 
Fig. S8, an interaction formed between the nitro group of methyl para
thion and the carboxyl group of H4TCPB ligand. The resulting O-H bond 
length was 1.895 Å, and the binding energy was calculated to be 
− 0.73 eV. These results suggest that the H4TCPB ligand was energeti
cally favorable to interact with methyl parathion. Further TD-DFT 
calculation was performed to probe the electronic aspects of this inter
action. As shown in Fig. 5, the low-lying singlet electronic transition 
from the ground state (S0) to the first excited state (S1) of the H4TCPB 
ligand was predominantly composed of the highest occupied molecular 
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) 
transition, accounting for 97.8% of the orbital contribution, and was 

Fig. 4. Sensing performance of the hybrid-b pad for methyl parathion. Fluorescence quenching ratios at concentrations ranging from 0.05 to 20 mg/L (A). Linear 
relationship between the logarithms of x (concentration of methyl parathion, mg/L) and y (quenching ratio, %) (B). Illustration of quenching and photographs of the 
pad’s response at concentrations of 0, 0.2, 1, 2, and 5 mg/L under white and UV light (C). 
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characterized by an oscillator strength of f = 0.46. The oscillator 
strength quantifies the probability that an electron absorbs or emits 
photons, with a higher value indicating a higher probability of absorp
tion or emission [42,43]. The energy values for the transitions from S0 to 
S1 were calculated to be 324 nm (3.83 eV). Examination of the frontier 
molecular orbitals of the H4TCPB ligands revealed that the electronic 
density of the HOMO orbitals was distributed throughout the entire 
molecular structure. The transition from S0 to S1 was characterized as a 
π− π* transition, with the p orbitals of carbon atoms playing a crucial 
role in the process [44]. In the emission process, the H4TCPB ligand 
exhibited emission at 437 nm (2.84 eV) with an oscillator strength of 
0.60. This process corresponded to the LUMO to HOMO transition that 
accounted for 98.8% of the orbital contribution. The calculated energy 
value deviated only by 0.22 eV from the experimentally observed value 
of 405 nm (3.06 eV), demonstrating a concordance between the calcu
lated and experimental emission spectra [45]. The S0 → S1 excitation in 
the H4TCPB/methyl parathion complex corresponded to a primary 
orbital transition from the HOMO to LUMO which contributed 95.5% of 
the total transition. This orbital transition exhibited a transfer in elec
tronic density from the HOMO of the H4TCPB ligand to the LUMO of 
nitrobenzene group in methyl parathion. Such transition indicates that 
the methyl parathion could withdraw electrons from H4TCPB during 
excitation [45,46]. The calculated emission results for the 
H4TCPB/methyl parathion complex reveal an absence of fluorescence, 
as evidenced by the calculated emission at 673 nm (1.84 eV) and the 
oscillator strength of zero. This emission corresponded to a transition 
from the LUMO to HOMO, which constituted 97.8% of the orbital 
contribution. In addition, we investigated the excitation and emission 
process of the TOCNF. As detailed in Table S2, the calculated results 
reveal that both the TOCNF and the TOCNF/methyl parathion complex 

exhibited negligible emissions, as supported by the oscillator strength 
values that were close to zero. These computation results indicate that 
the methyl parathion quenched the fluorescence of H4TCPB via charge 
transfer. 

We subsequently assessed the sensing capabilities of the AIE-based 
LMOF (referred to as LMOF-b in this section) in comparison to the 
H4TCPB ligand only. As depicted in Fig. 6A, there was a notable 
quenching of fluorescence intensity in the LMOF with increasing con
centrations of methyl parathion. In contrast, the fluorescence intensity 
of the H4TCPB ligand displayed only a marginal decrease under similar 
conditions (Fig. 6B). Our DFT calculations provided insights that the 
methyl parathion can quench the fluorescence of H4TCPB by electron 
withdrawal. However, it is important to note that the efficiency of this 
quenching process is not determined entirely at the molecular level. The 
structural architecture of the material itself also plays a crucial role in 
influencing the quenching efficiency. The LMOF and the hybrid mate
rials exhibited high BET specific surface areas, as shown in Fig. S3. 
Moreover, according to the structural model proposed by previous 
studies, the LMOF was characterized by a porous framework. The 
elementary unit of the framework included a rhombic channel with 
dimension of 5.3 × 10.5 Å, and a smaller pore on the lateral side with 
dimension of 2.4 × 3.5 Å [25]. Such features facilitate the diffusion of 
methyl parathion within the framework, allowing more extensive 
interaction with the LMOF (Fig. 6A). On the other hand, the pure 
H4TCPB ligand, despite its fluorescent properties, was less effective in 
sensing due to its aggregated state, which limited the availability of 
quenchable sites when exposed to methyl parathion (Fig. 6B). Therefore, 
the immobilization of H4TCPB into the LMOF not only maintained the 
fluorescence of the AIE-based ligand but also amplified its sensing 
abilities through enhanced interaction with the target analyte due to the 

Fig. 5. Frontier molecular orbitals of the H4TCPB ligand and H4TCPB/methyl parathion complex in the vertical excitation and emission process.  
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porous framework. 

4. Conclusions 

In this study, we successfully synthesized a TOCNF/LMOF hybrid 
material using an in situ synthesis approach. The nanoscale dimensions 
and fibrous shape of TOCNF are favorably compatible with the AIE- 
based LMOF particles. The integration of the TOCNF with the LMOF 
enabled the fabrication of materials with tailored macroscale architec
tures. The TOCNF/LMOF hybrids were shaped into 2D pad prototypes 
and exhibited a distinctive blue fluorescence under UV light exposure. 
These hybrid pads were developed as a portable sensing platform for the 
detection of methyl parathion. The sensing mechanism of the pad is 
based on fluorescence quenching, where its intensity decreased in the 
presence of methyl parathion, allowing for a quantitative measurement 
of the pesticide’s concentration through the detection of fluorescence 
intensity. Our TD-DFT calculations provide insight into this quenching 
mechanism, suggesting that methyl parathion’s fluorescence quenching 
occurred due to electron withdrawal from H4TCPB during excitation. 
Notably, the sensing capabilities of the LMOF were significantly 
enhanced compared to the H4TCPB ligand alone. This improvement was 
attributed to the LMOF’s porous framework, which facilitated more 
extensive interactions with the methyl parathion analyte. 
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López, A. Luque, S. Mena-Gutiérrez, S. Perez-Yanez, The Chemistry of Zirconium/ 
Carboxylate Clustering Process: Acidic Conditions to Promote Carboxylate- 
Unsaturated Octahedral Hexamers and Pentanuclear Species, Inorg. Chem. 61 (12) 
(2022) 4842–4851. 

[31] A.D. French, Idealized powder diffraction patterns for cellulose polymorphs, 
Cellulose 21 (2) (2014) 885–896. 

[32] T. Wu, Z. Zeng, G. Siqueira, K. De France, D. Sivaraman, C. Schreiner, R. Figi, 
Q. Zhang, G. Nyström, Dual-porous cellulose nanofibril aerogels via modular 
drying and cross-linking, Nanoscale 12 (13) (2020) 7383–7394. 

[33] P. Samiyammal, A. Kokila, L.A. Pragasan, R. Rajagopal, R. Sathya, S. Ragupathy, 
M. Krishnakumar, V.R.M. Reddy, Adsorption of brilliant green dye onto activated 
carbon prepared from cashew nut shell by KOH activation: Studies on equilibrium 
isotherm, Environ. Res. 212 (2022) 113497. 

[34] Z. Yuan, D. Meng, Y. Wu, G. Tang, P. Liang, J.H. Xin, D. Ye, Raman imaging- 
assisted customizable assembly of MOFs on cellulose aerogel, Nano Res (2022) 1–9. 

[35] P. Liu, X. Li, X. Xu, K. Ye, L. Wang, H. Zhu, M. Wang, X. Niu, Integrating 
peroxidase-mimicking activity with photoluminescence into one framework 
structure for high-performance ratiometric fluorescent pesticide sensing, Sens. 
Actuators B: Chem. 328 (2021) 129024. 

[36] Z. Zhou, S. Li, W. Wang, D. Ma, H. Zhao, L. Jia, Y. Jia, B. Yu, Two bis-color excited 
luminescent sensors of two-dimensional Cd (II)-MOFs bearing mixed ligands for 
detection of ions and pesticides in aqueous solutions, J. Mol. Struct. 1273 (2023) 
134310. 

[37] R. Zhang, L. Zhang, R. Yu, C. Wang, Rapid and sensitive detection of methyl 
parathion in rice based on carbon quantum dots nano-fluorescence probe and inner 
filter effect, Food Chem. 413 (2023) 135679. 

[38] S. Liu, J. Zhou, X. Yuan, J. Xiong, M.-H. Zong, X. Wu, W.-Y. Lou, A dual-mode 
sensing platform based on metal–organic framework for colorimetric and 
ratiometric fluorescent detection of organophosphorus pesticide, Food Chem. 432 
(2024) 137272. 

[39] Q. Zhang, Z. Zhang, S. Xu, L. Da, D. Lin, C. Jiang, Enzyme-free and rapid visual 
quantitative detection for pesticide residues utilizing portable smartphone 
integrated paper sensor, J. Hazard. Mater. 436 (2022) 129320. 

[40] X. Yan, T. Wang, H. Li, L. Zhang, H. Xin, G. Lu, Flexible aggregation-induced 
emission-active hydrogel for on-site monitoring of pesticide degradation, ACS nano 
16 (11) (2022) 18421–18429. 

[41] W.-J. Gong, R. Yao, H.-X. Li, Z.-G. Ren, J.-G. Zhang, J.-P. Lang, Luminescent 
cadmium (II) coordination polymers of 1, 2, 4, 5-tetrakis (4-pyridylvinyl) benzene 
used as efficient multi-responsive sensors for toxic metal ions in water, Dalton 
Trans. 46 (48) (2017) 16861–16871. 

[42] M. Caricato, G.W. Trucks, M.J. Frisch, K.B. Wiberg, Oscillator strength: How does 
TDDFT compare to EOM-CCSD? J. Chem. Theory Comput. 7 (2) (2011) 456–466. 

[43] W. Zeng, S. Gong, C. Zhong, C. Yang, Prediction of oscillator strength and 
transition dipole moments with the nuclear ensemble approach for thermally 
activated delayed fluorescence emitters, J. Phys. Chem. C. 123 (15) (2019) 
10081–10086. 

[44] H. Zhang, Z. Cao, W. Wu, Y. Mo, The Transition-Metal-Like Behavior of B2 (NHC) 2 
in the Activation of CO: HOMO–LUMO Swap Without Photoinduction, Angew. 
Chem. Int. Ed. 57 (40) (2018) 13076–13081. 

[45] K. Satheeshkumar, P.S. Kumar, R. Shanmugapriya, C. Nandhini, K. Vennila, K. 
P. Elango, Ratiometric fluorescence sensing of hypochlorite ion by dansyl 
hydrazine-Spectroscopic and TD-, DFT Stud., J. Mol. Struct. 1275 (2023) 134719. 

[46] Y. Li, T.-S. Chu, DFT/TDDFT study on the sensing mechanism of a fluorescent 
probe for hydrogen sulfide: excited state intramolecular proton transfer coupled 
twisted intramolecular charge transfer, J. Phys. Chem. A 121 (28) (2017) 
5245–5256. 

K. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref1
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref1
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref2
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref2
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref2
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref3
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref3
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref4
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref4
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref4
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref4
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref4
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref5
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref5
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref5
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref6
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref6
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref7
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref7
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref7
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref7
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref8
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref8
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref8
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref8
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref9
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref9
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref9
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref10
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref10
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref10
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref11
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref11
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref11
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref12
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref12
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref12
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref12
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref13
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref13
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref13
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref13
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref14
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref14
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref14
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref15
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref15
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref15
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref15
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref16
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref16
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref17
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref17
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref17
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref18
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref18
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref18
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref19
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref19
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref20
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref20
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref20
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref21
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref21
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref21
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref22
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref22
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref22
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref23
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref23
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref23
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref24
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref24
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref24
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref25
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref25
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref25
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref26
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref26
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref26
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref26
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref27
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref27
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref28
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref28
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref28
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref29
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref29
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref29
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref29
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref29
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref30
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref30
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref31
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref31
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref31
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref32
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref32
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref32
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref32
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref33
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref33
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref34
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref34
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref34
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref34
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref35
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref35
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref35
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref35
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref36
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref36
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref36
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref37
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref37
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref37
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref37
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref38
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref38
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref38
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref39
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref39
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref39
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref40
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref40
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref40
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref40
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref41
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref41
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref42
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref42
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref42
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref42
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref43
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref43
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref43
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref44
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref44
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref44
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref45
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref45
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref45
http://refhub.elsevier.com/S2213-3437(24)00800-5/sbref45

	Cellulose nanofiber-templated metal-organic frameworks for fluorescent detection of methyl parathion pesticides
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of TOCNF
	2.3 Preparation of LMOF and TOCNF/LMOF hybrid pad
	2.4 Characterization
	2.5 Determination of quantum yield
	2.6 Detection and quantification of methyl parathion
	2.7 Theoretical calculations

	3 Results and discussion
	3.1 Material characterization
	3.2 Sensing of methyl parathion
	3.3 Mechanism of sensing

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Appendix A Supporting information
	References


