Open Access Article. Published on 10 July 2025. Downloaded on 11/7/2025 10:37:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Efficient dual-phase visual detection of pesticides
in real samples with electron-rich emitters
carrying multiple twists¥

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 5928

Shivani Tripathi 2 and Manab Chakravarty (= *

Precise monitoring of pesticides in daily consumable items and the environment is crucial to save
society. By considering numerous challenges, such as the cost, operational difficulties, and portability of
existing pesticide detection strategies, we herein introduce simple, low-cost triphenylamine (TPA)-
enriched structurally diverse m-conjugates as potential dual-state emitters for rapid and visual detection
of pesticides, mainly trifluralin (TN; highly toxic to aquatic animals and affects fertile soil) and
fenitrothion (FN; an organophosphorus insecticide, lethal to humans on high exposure). Other
pesticides, i.e., glyphosate (GP) and imidacloprid (IM), also poorly responded. The newly designed small
molecules displayed intense, visually detectable emission in both solution and solid states due to the
extensive m-conjugations and multiple twisted sites in the molecular structures. An increment of the TPA
units increases the energy of the LUMO of the probes, and thus, the emission profiles alter in solution
and solid states. However, these probes are capable of detecting TN and FN selectively through photo-
induced electron transfer (PET) and inner-filter effect (IFE) mechanisms, and can be recognised through
the naked eye. Among the three probes, AIEEgen TT1 showed the maximum efficiency with a detection
limit up to 180 nM due to favorable PET/IFE and its crystalline nature that would facilitate capturing the
analytes in the void space. All the findings are well elucidated with experimental and theoretical support.
Thus, a handy paper-based platform is presented to visually recognize TN and FN pesticide residues
present in soil, fruits, and vegetables. Such an inexpensive protocol would help common people to test
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engineering with the TPA unit was very feasible due to its
synthetic and conformational flexibility. Varying non-planar
TPA units were well-documented for developing stimuli-

Introduction

The unique propeller-shaped molecular structure and opto-
electronic properties of electron-rich triphenylamine (TPA)
have become vital in central optical sciences.'”” Myriad TPA-
based molecules are recognized with efficient fluorescence
properties and possess very high thermal stabilities.*'* Many
aggregation-induced emission (AIE)-active molecules are gen-
erated using such propeller-shaped TPA units that introduce
multiple twisted sites within the molecules."*™* Thus, many
solid-state emissive TPA-conjugated building blocks with excel-
lent hole transport properties are well recognized for offering
devices related to OLED or photovoltaic applications. Molecular
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responsive emitters."”>'® Enriching TPA units in organic mole-
cules can monitor the emission changes in the solid state by
avoiding the strong n-n stacking and facilitate exhibiting AIE
and solid-state emissions. TPA units can also increase the
conjugation effect and create a bridge between different units
to control the emission features. In this report, we have
designed TPA-centered anthracenyl-linked m-conjugates (TT1,
TT2, and TT3) holding multiple twisted sites, where the TPA
units were incrementally added to the main framework, produ-
cing a ‘V’ shaped TT2 and C;-symmetric TT3 systems with
different emission profiles in the solution/solid state.
Although TPA-based emitters are widely investigated for
developing various devices for real-world applications, they
are hardly used to detect pesticides. The indiscriminate use
of a wide range of toxic pesticides above the restricted limit is
an urgent need to fulfill the global food demand. The toxicity of
pesticides is a concern for the flora and fauna;'®' therefore,
developing suitable and economic strategies to detect
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pesticides becomes crucial.>>* Expensive chromatographic
techniques linked to mass spectrometry are mainly used as
analytical tools to detect pesticides,*>*® and they require a well-
equipped laboratory with expert hands. The same issues arise
with sensitive electrochemical and photoelectrochemical
detection of pesticides.”’>° Therefore, highly sensitive and
economical fluorescence-based detection techniques are highly
praiseworthy. Many fluorescence-based techniques have been
established to detect pesticides with high selectivity and
sensitivity.>*** However, most fluorescent materials are poly-
meric or organic molecule-based nanocomposites, requiring
multi-step, expensive, and harsh-conditioned synthetic proto-
cols to access them.***° Furthermore, multiple expensive tech-
niques and critical analysis/speculation are needed to describe
them. Despite displaying excellent sensitivity, such ill-defined
molecules suffer from not offering a practical solution for
pesticide detection. In this context, well-defined small mole-
cules would be an alternative route to offer the potential for
pesticide detection. Hence, we report an easy metal-free highly
emissive nature of TPA-based TT1, TT2, and TT3 molecules in
the dual state (solution/solid state), which are employed to
detect pesticides in a handy and visually detectable method
(Fig. 1).

Notably, TPA-linked nanocomposites, meso/microporous
polymeric molecules, are utilized to detect pesticides.*’™*?
Reports on TPA-based small molecules are not yet recognized.
Out of these three molecules, only TT1 displayed AIEE-features;
however, all these compounds TT1, TT2, and TT3 are strongly
emissive (green/yellow) in the solid state and exhibit quick
visually detectable responses against trifluralin (TN, a widely
used efficient herbicide) and fenitrothion (FN) (an organopho-
sphate pesticide to kill a broad-spectrum of pests) in excellent
sensitivity (10-100 nM). Furthermore, weak responses against
glyphosate (GP) and imidacloprid (IM) were noticed. The
solution state emission showed limited responses with only

View Article Online

Materials Advances

TN and FN. However, the TT1 among all three fluorophores
showed maximum potential in both solution and solid states.
The photoinduced electron transfer (PET) and inner-filter effect
(IFE) possibly play a crucial role in quenching the emission.
Such a solid-state emitter is successfully utilized to detect the
presence of pesticides on soil, and various fresh vegetables and
fruits with the help of a 365 nm lamp. In fact, these probes can
detect the pesticides present on various surfaces, such as
smooth leaves and rough fruit skin.

Results and discussion

Our recent development on organophosphonate chemistry to
install electron-rich units via metal-free Friedel-Crafts (FC)-type
arylation reactions motivated us to install a TPA unit to an
anthracenyl core in a simple and convenient strategy.** Typically,
the TPA unit is linked to the functionalized cores via
expensive metal-catalyzed cross-coupling reactions under harsh
conditions.*> Notably, this is a unique approach to introduce a
TPA unit using MeSO;H at 25 °C in dichloromethane (DCM)
solvent, leading to the production of TPA-linked anthracenyl
phosphonate (TPAP) in 84% yield. Such a phosphonate is an
excellent precursor to undergo Horner-Wadsworth-Emmons
(HWE) reactions with TPA-aldehyde, affording TPA-linked anthra-
cenyl n-conjugates such as TT1 (Scheme 1), carrying TPA units.
Furthermore, in a manner like TT1, TPA-units are gradually
increased by reacting TPAP with TPA-(CHO), and TPA-(CHO);
individually to access TT2 (56%) and TT3 (64%), respectively
(Scheme 1). All the compounds are soluble in various organic
solvents and well characterized by multinuclear NMR and mass
spectrometric studies.® The thermal stabilities of these probes
were promising (Fig. S1, ESIt) and were stable until >300 °C
for TT1, TT2 and TT3. Suitable single crystals for X-ray diffrac-
tion could not be generated for these m-conjugates, but the
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Fig. 1 The dual-state emitters and their differences in emission profiles and pesticide detections. R: triphenylamine; TN: trifluralin, FN: fenitrothion,

GP: glyphosate; IM: imidacloprid.
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Scheme 1 Synthesis protocol for the fluorophores TT1, TT2, and TT3.

powder X-ray diffraction studies indicated the crystallinity only
in TT1; both TT2 and TT3 are amorphous in nature (Fig. S2,
ESIt) and showcased broad peaks denoting less ordered orien-
tation of molecules.

Photophysical properties and detection of pesticides in the
solution state

The UV/vis absorption spectroscopy of TT1 showed a strong
absorption at Amax 330 nm along with a small hump at 410 nm,
possibly due to m-n* transitions. The other two compounds,

TT2 and TT3, mainly displayed the absorption at A, = 430 nm
(Fig. S3a-c, ESIt). The solvatofluorochromic studies of TT1
revealed mostly blue emission (~410-460 nm) up to 60%
quantum yield (@) in most of the solvents and were almost
non-emissive in MeOH and water (Table S1, ESIT). On the other
hand, both TT2 and TT3 exhibited emission at longer wave-
lengths (greenish yellow Ag.c ~ 530-560 nm) with decent
emission (@ = 20-30%) (Fig. 2i-iii and Fig. S4a-c, ESIt). These
preliminary studies imply a lower conjugation in TT1 compared
to TT2 and TT3, yet all the emissions were visually identified.
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Fig. 2 The solvatochromic features of the compounds (i) TT1, (i) TT2 and (iii) TT3; the solvents (a) hexane, (b) carbon tetrachloride (CCly), (c) toluene,
(d) dichloromethane (DCM), (e) chloroform (CHCls), (f) 1,4-dioxane, (g) tetrahydrofuran (THF), (h) N,N-dimethylformamide (DMF), (i) dimethylsulphoxide
(DMSO), (j) dimethylacetamide (DMAc), and (k) MeOH.
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Fig. 3 (a) Emission spectra of TT1 after adding all the analytes. (b) Bar diagram representing the % quenching of TT1 (inset is a photograph of TT1 (10 uM
in 1,4-dioxane) after treatment with various analytes): (i) TN, (ii) FN, (iii) IM, (iv) CF, (v) CP, (vi) GP, (vii) PN, (viii) DP, (ix) sodium pyrophosphate tetrabasic,
(x) dipotassium hydrogen phosphate, (xi) tricalcium phosphate, (xii) 4-nitrotoluene, (xiii) 1,2-chloro dinitrobenzene, (xiv) 2-chloro-4-nitroaniline, and (xv)
diethyl benzyl phosphonate.

All these emissive solutions (10 uM in 1,4-dioxane) were imidacloprid (IM), B-cyfluthrin (CF), chlorpyrifos (CP), glypho-
separately treated with various important analytes (10 uM in sate (GP), permethrin (PN), and diphenylamine (DP); and
1,4-dioxane), related to agricultural usages. The analytes vital chemicals used in certain pesticide formulations, fertili-
include crucial pesticides: trifluralin (TN), fenitrothion (FN), sers and building blocks for the pesticides: 1,2-chloro
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Fig. 4 Change in emission spectra (10 uM in 1,4-dioxane) by gradual addition of TN and FN: (@) TT1 + TN (lex = 310 nm), (b) TT1 + FN (lex = 310 nm),
() TT2 + TN (Lex = 430 nm), and (d) TT3 + TN (/ex = 430 nm), respectively; inset pictures correspond to the emission before and after pesticide addition
under 365 nm UV light.
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dinitrobenzene, sodium pyrophosphate tetrabasic, dipotassium
hydrogen phosphate, tricalcium phosphate, 4-nitrotoluene and
2-chloro-4-nitroaniline, and diethyl benzyl phosphonate. The
blue-emissive TT1 solution responded rapidly with emission
quenching against nitro-group containing TN and FN, selectively
(Fig. 3a and b). The green-emissive solution of TT2 and TT3
exhibited selective and efficient responses by emission disap-
pearance against only TN (Fig. S5a-d, ESIf), and no other
analytes.

Such a response with the selective pesticides motivated us to
treat the pesticides TN and FN separately with these emissive
solutions (Fig. 4a-d). The gradual addition of TN into 10 pM
solutions of TT1, TT2, and TT3 resulted in an enhancement in
the absorption (hyperchromic); (Fig. S6a-d, ESIt) without any
spectral shift, indicating the higher absorption possibly due to
improved alignment between donor-acceptor molecules or
changes in the molecular environment, which can perhaps
enhance the transition probability. Furthermore, the absorp-
tion spectra of TN partly overlap with our probe (vide infra;
Fig. S18, ESIt), and thus, the increased concentration of TN can
also contribute to the overall absorbance enhancement. The FN
pesticide was only treated with the TT1 solution as it was
selective to only TT1. However, a notable color change was
not observed under ambient light, but the emission change was
quite favorable due to emission quenching.

To find the mechanistic route, the "H-NMR spectra of TT1
(Fig. S7, ESIT) were recorded before and after the addition of
TN. The unchanged NMR spectra specify no chemical reac-
tions/interactions between the probes and analytes, verifying
that the interaction between the probes and analytes does not
alter any electronic arrangement. Furthermore, the fluoro-
metric titration was conducted to determine the Stern-Volmer
constant (Ks_y). The S-V plot showed a linear relationship at
lower concentrations of quencher and found an upward curva-
ture (non-linear) upon higher quencher concentration, indicat-
ing the contribution from both static and dynamic (collision)
quenching (Fig. S8a-d, ESIt). The Ks_y (M~ ') was determined as
2.5 x 10° with TN, 3 x 10° with FN for TT1, and 2.4 x 10® with
TN for TT2, and 2 x 10’ with TN for TT3, respectively,
considering the slope at lower concentrations (Fig. S9a-d,
ESIt). It was further confirmed by excited-state lifetime
measurement studies. The lifetime decay was fitted biexponen-
tially for TT1, TT2, and TT3 (Fig. S10, ESIt), and displayed
longer excited state lifetime for TT1 (4.52 ns) than TT2 (1.88 ns)
and TT3 (1.78 ns). The calculated radiative rate constant (k, x
10° s7"): 134.9 was much higher than the nonradiative rate
constant (k,, x 10° s~ *): 86.2 only for TT1. For TT2 and TT3, the
knr was largely dominating over k&, (Table S2, ESIt), specifying
the reason for the much weaker emission @;. The significant
reduction in the excited state lifetime upon addition of TN and
FN [TT1 + TN: 4.23 ns; TT1 + FN: 4.43 ns; TT2 + TN: 1.71 ns;
TT3 + TN: 1.73 ns] designates the dynamic quenching as the
main cause (Fig. S11 and Table S3, ESIt). Furthermore, the
lessening in lifetime after gradual addition of TN confirms
the dynamic quenching (Fig. S12 and Table S4, ESIt). Thus, the
emission disappearance originates from a complex quenching
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mechanism. The limit of detection (LOD) was determined by
the 3.30/k method [¢o = standard error of the linear fitting and
k = slope]; (Fig. S13a-d, ESIY), revealing the quenching ability of
TN and FN at the level of 10~® M with TT1 emitter, while TT2
and TT3 could detect only TN as low as 10™° and 10 uM,
respectively. Thus, TT1 is relatively more sensitive against TN
pesticide compared to other TPA-enriched molecules TT2 and
TT3. More importantly TT1 solution also offered the ability to
recognize another broad-spectrum organophosphate pesticide,
FN. The Job’s plot analyses revealed a 1:1 stoichiometry
between the emitters and pesticide, which causes quenching
in all these cases (Fig. S14a-d, ESIY).

Dynamic quenching is ensured via transient interactions
between fluorophores and analytes, typically mediated by
photo-induced electron transfer (PET). The electron will be
transferred from a photoexcited electron-rich probe to the
pesticide (acceptor). Thus, the photoexcited electrons will be
transferred to the lowest unoccupied molecular orbitals
(LUMOs) of the analytes. All these molecules were structurally
optimized using density functional theory (DFT) performed
using B3LYP-D3(BJ)/6-31G** (with dispersion corrections). For
TT1, the highest occupied molecular orbital (HOMO) was lying
on the electron-rich anthracene-n-TPA part and the LUMO was
built by the anthracene unit. However, the energy of E;ymo (€V)
for TT1, TT2, and TT3 was determined theoretically to be —1.98,
—1.80, and —1.83 eV, respectively (Fig. S15, ESIt). The rise in
the number of electron-rich TPA-units enhances the E;ymo
energy level, as expected.

The selectivity of TN and FN can be easily elucidated by their
LUMO energy (eV), located at only a lower energy than all other
pesticides (Fig. S16, ESIT) used herein and facilitating an easy
electron transfer from all these emitters (Fig. S15, ESIt). The
LUMO energy difference between TT1 and these two pesticides,
TN and FN, is smaller than that of other probes, enabling a
suitable PET, and thus is responsible for selective and sensitive
detection. Based on these energy levels, TT2 and TT3 were also
expected to exhibit responses against FN (Fig. 5 and Fig. 17,
ESIT). Of note, the response was not satisfactory in the solution
state. Such discrepancies are not completely understood yet but
can be addressed from the difference of emission wavelength
Jem ~ 423 nm of TT1 than TT2 and TT3, displaying emission at
Aem ~ 530 nm, where the emission band of TT1 showed an
overlap with the absorption band of TN and FN, whereas the
TT2 and TT3 emission bands showed only a trivial overlap with
the TN absorption band, but the absorption band of FN had no
overlap (Fig. S18a, ESIT). Additionally, no overlap was observed
in the case of IM, CF, CP, GP, PN, and DP. To enhance the
clarity regarding the overlapping regions contributing to the
IFE, the absorbance spectra of TN and FN were simplified and
presented alongside the normalised emission spectrum of TT1.
This visualisation effectively highlights the spectral overlap
responsible for the IFE phenomenon (Fig. S18b, ESI{). Thus,
the IFE was present for TT1 with TN and FN, and the combined
effect of PET and IFE was responsible for such efficient quench-
ing. However, the quenching effect was observed for both TN
and FN using all these emitters in the solid state (vide infra).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram representing the HOMO-LUMO energy level
of TT1 with trifluralin and fenitrothion demonstrating a PET mechanism. All
these energy levels are theoretically determined [B3LYP-D3(BJ)/6-31G**
(with dispersion corrections)].

Solid-state emission and pesticide detection

The molecular geometry with multiple twists was expected to
exhibit enhanced emission in the aggregated state.”” Hence, the
AlIE-feature was tested for these molecules varying gradual water
fraction (f;,) in 10 pM MeCN solution of the emitters (Fig. S19,
ESIt). The emission enhancement was noticed from 40% f;,, which
reached the maximum at 50% f,. The emission intensity was
diminished upon further increment of f,. Nevertheless, TT2 and
TT3 showed aggregation-caused quenching (ACQ) behavior upon
performing similar experiments. Such an ACQ behavior for TT2-
TT3 can be attributed to the presence of multiple aryl/anthryl units
that typically incline to form multiple supramolecular contacts,
including m-m interactions in the aggregated state, which enable
the emission quenching.*®*° Furthermore, the TT1 nanoaggregate
formation at f;, = 50% was confirmed through the SEM (scanning
electron microscope) and DLS (dynamic light scattering) studies,
revealing the particle size ranging from 80 to 200 nm, with an
average hydrodynamic diameter of 131 nm (Fig. S20b, ESIT).
Furthermore, an increase in the lifetime (ns) from 6.41 to 8.74
was noticed after the aggregate formation at f,, = 50% (Fig S20a
and Table S5, ESIT). However, all these molecules displayed broad
absorption at Am.x ~ 440-450 nm (Fig. S21, ESI) and intense
emission at max ~ 530-550 nm in the solid state (Fig. 6a). The
measured absolute quantum yields (9¢%) were remarkable for
these solid probes (TT1: 55; TT2: 73, and TT3: 44) and would be
valuable to employ them for handy and convenient strategies for
pesticide detection.

The solid-state emission intensity depends on molecular
packing, which depends on conformational flexibility and
various supramolecular interactions. The multi-twisted mole-
cular structures can suppress molecular proximity and thus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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induce radiative energy dissipation. The “V’ shaped molecule
TT2, containing sterically bulky groups, could exhibit enhanced
solid-state emission, possibly due to its unique molecular
arrangement in the solid state.* The TT3, and C;-symmetric
molecule possessing multiple flat anthracenes would possibly
be involved in numerous supramolecular interactions, leading
to relatively weaker emission. Nevertheless, these solid-state
emitters were utilized to make a platform to detect the pesti-
cides in a handy and convenient way. Such a dual-state
detection-based probe offered superior results on sensing TN
and FN compared to the existing literature (Table S6, ESIT).

Detection of pesticides using the solid-emitting platform

Solution-based detection is primarily suitable for laboratory
settings, and it needs careful handling of sample preparation to
avoid any spillage. To enable more convenient and user-friendly
on-site applications, thin film-based detection is highly pre-
ferred. The TT1, TT2, and TT3 (10~® M in 1,4-dioxane) were
separately drop-cast on Whatman filter paper (WP) (100%
cellulose fibre) and dried at 298 K for 15 min to afford green-
emitting platforms such as TT1@WP, TT2@WP, and TT3@WP.
The dried paper strip TTI@WP was further characterised by IR
and fluorescence studies (Fig. S22, ESIT) of the blank, before,
and after exposure to TN solution (TTI@WP + TN). The IR
spectrum of the blank was compared with TT1-casted paper
(TT1@WP), demonstrating the appearance of new absorption
signals at 1640 cm ™' (C=C), which were absent only in WP. For
the emitting TT1@WP, solid platforms absorb at 1,5 = 450 nm,
with corresponding emissions Aem; = 538 nm. Furthermore, the
emission of TT1I@WP was quenched upon TN treatment,
whereas no emission was observed for blank WP. These emit-
ting platforms were treated with different pesticides, and
respective changes are presented (Fig. S23, ESIt). Notably,
TT1 was green emissive in the solid state; these probes dis-
played strong quenching with TN and FN and a faint response
against GP and IM. A very close contact of the dye and the
pesticide within the porous filter paper could facilitate the
interactions and result in efficient quenching responses. Upon
exposure to pesticides, the 1640 cm ' stretching remained
intact in the IR spectra. However, no other vibration could be
identified due to the lower concentration of TN (10~° M). The
emission at A, = 538 nm originated from TT1@WP and
completely disappeared upon treatment with TN. The LOD
was experimented with in the paper strip by dropping a
solution of gradually diluted concentration (Fig. 7a and b).
We could detect TN until 10™®* M and FN up to 1077 M
concentration using a TT1-coated paper strip. The TT2 and
TT3 coated strips showed similar responses by recognizing TN
until 107> M and FN up to 10~ * M concentration. The better
responses with the TT1 emitter are ascribed to suitable
PET between closely spaced energy levels and the IFE event.
Moreover, the crystalline nature of TT1 compared to TT2
and TT3 (as noticed from PXRD profiles; Fig. S2, ESI{) was in
favor of possessing suitable void space between the two mole-
cular planes.
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Fig. 7 TT1@WP (10 uM) was assessed before and after exposure to (

Real-world applications

All these quenching events are visually detectable through the
naked eye and thus further utilized for real-world on-site
applications. Common non-expert people could monitor the
solid-state emission quenching to detect pesticides from
intense green emissions to dark, which would assist in recog-
nizing pesticides using a 365 nm lamp without any expensive
equipment. TN is the herbicide, widely used to control annual
grasses and broadleaf weeds in various crops. It is typically
applied to the soil to inhibit weed germination and growth.
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A.ps = 445 nm
Ambient light

700 750
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(a) Emission spectra of TT1, TT2 and TT3 in the solid state, and (b) picture of TT1, TT2, and TT3 in ambient light and 365 nm UV in the solid state.

10’M 108M 10°M 10°M Control

108M 10°M 10°Mm

107 M

Control

a) TN and (b) FN with gradually diluted concentrations (under a 365 nm UV lamp).

It can easily leach into the groundwater from the soil and is
highly toxic to aquatic life. Therefore, we first tested the
presence of TN in farm/garden and grazing land soil samples.
Each 3 g of soil was spiked with 0.5 mg, 1 mg, and 2 mg of TN to
make 1.6 x 107%%, 3.3 x 10" %%, and 6.6 x 10" %% of TN/soil
(w/w). The emission quenching of the probe was monitored
by adding pesticide-spiked soil portion-wise (~10 mg of TN-
spiked soil) into 2 mL of TT1 solution. The quenching response
was visually detected even with using 1.6 x 10 *% (w/w) of TN
in soil. However, no fluorescence quenching was observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TN detection in (a) garden soil and (b) TT1 spray formulation (10 uM in acetone) for pesticide detection in leaves and fruit of various textures.

upon adding non-spiked soil samples (a control experiment
was performed with the soil sample having no pesticides)
(Fig. 8a). Hence, such detection of pesticides in soil would
enable easy monitoring of toxic contaminants (such as TN) and
protect cattle and terrestrial animals.

To evaluate the practical application of TT1 as a fluorescent
probe for detecting pesticide residues on various plant surfaces,
a 10 uM solution of TT1 in acetone was prepared and trans-
ferred into a spray bottle. This solution was applied to a
selection of agricultural samples, including leafy vegetables
(Spinacia oleracea), fruit leaves (Vitis vinifera), and fruits (Man-
ilkara zapota), chosen for their diverse surface textures ranging
from smooth to rough and uneven. To simulate pesticide
contamination, these samples were treated with a 10 pM
ethanol solution of TN by spraying it onto their surfaces. After
allowing the TN solution to dry, the TT1 solution was sprayed
onto both the TN-treated and untreated (control) samples.
Under illumination with a 365 nm UV lamp, the untreated
areas exhibited a bright green fluorescence, indicating the

W y;/

365 nm UV

TT1 —coated cotton buds  Rubbing over TN

free leaf

B

Rubbing over leaf
having water

presence of TT1. In contrast, the TN-contaminated areas
showed a noticeable quenching of fluorescence, with the green
emission diminishing significantly within 30 to 120 seconds
post-application. This rapid and visually discernible change in
fluorescence intensity effectively distinguished between con-
taminated and uncontaminated surfaces (Fig. 8b). This experi-
ment demonstrates the potential of TT1-formulated sprays as a
practical, cost-effective, and user-friendly tool for the on-site
detection of pesticide residues on various produce surfaces,
contributing to food safety and environmental monitoring
efforts. A schematic representation of the experiment is given
as Fig. S24 (ESIf). Thus, we find an easy and convenient
solution to detect TN and FN pesticides present in the soil,
fruits, and vegetables of varying textures.

Furthermore, TT1-coated fluorescent cotton buds were fab-
ricated (Fig. S25, ESIf) as a handy on-site pesticide detector
(Fig. 9). The cotton buds will be rubbed on the surface, and
based on the emission reduction, the presence of TN or FN
pesticides can be quickly and comfortably tested on-site. This

365 nm UV

Rubbing over TN-
added leaf

Easy testing of safe or unsafe
items (Fruits and vegetables)

Fig. 9 TT1-coated fluorescent cotton buds as a handy on-site pesticide detector.
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method for pesticide detection is particularly effective for
analysing household kitchen samples, especially on smooth
surfaces. It facilitates the identification of pesticide residues
commonly found in domestic environments, particularly useful
for households aiming to monitor and ensure the safety of their
kitchen environments by detecting potential pesticide contam-
ination on smooth surfaces of leafy vegetables, fruits, and
vegetable surfaces.

Conclusion

In summary, this study presents a series of multi-twisted TPA-
anthracene linked n-conjugates, namely TT1, TT2, and TT3, that
exhibit excellent dual-state fluorescence profiles. Interestingly,
the smallest analogue TT1 with the least number of TPA/anthra-
cene units demonstrates AIEE characteristics. These molecules
have been employed as efficient and highly selective dual-state
fluorescent detectors for pesticides. Upon interaction with spe-
cific pesticides TN and FN, fluorescence dimming is observed,
with an appreciable detection limit in the range of 180 nM for TN
and 320 nM for fenitrothion (FN) in solution, and in the 10% M
range for solid-phase detection. The quenching mechanisms are
attributed to PET and IFE, involving both dynamic and static
quenching. For practical applications, TT1 has been formulated
into sprays and fabricated onto cotton buds, facilitating real-life
sample analysis. These tools have been effectively utilized for on-
site detection of pesticide residues in various environments,
including garden soil (representing grazing lands) and post-
farm samples with diverse surface textures (smooth, rough, and
uneven). This highlights the potential of well-defined small
organic molecules in developing cost-effective, user-friendly, and
sustainable analytical tools for environmental monitoring and
food safety. The integration of AIEE-active TPA units into small
molecular frameworks offers a promising avenue for future
research in the development of fluorescent probes and sensors.

Methods

All the fluorophores were synthesized using a method reported
earlier. The electronic absorption spectra were recorded with a
UV 3600 Plus (Shimadzu). The emission spectra were recorded
using a Hitachi spectrofluorometer (F7000) using a 1 cm path-
length quartz cuvette. Origin Pro 8.5 software is used to plot the
obtained data.

Measurements and instrumentations
Thermal analysis study

Thermogravimetric analysis (TGA) was conducted on Shimadzu
DTG-60 simultaneous DTA-TG apparatus with an increasing
temperature rate at 5 °C min~ ' in a N, atmosphere.

Steady-state absorption and fluorescence measurements

The electronic absorption spectra in the solution state were
recorded with a UV 3600 Plus (Shimadzu) spectrophotometer.
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The wavelength range was kept within 550 to 200 nm. The
fluorescence spectra were recorded on a Hitachi spectrofluoro-
meter (F7000, Japan) using a 1 cm path-length quartz cuvette. A
stock solution of TT1, TT2, and TT3 of 10 * M was prepared in
1,4-dioxane and was further diluted, and pesticide stock solu-
tions were made of 10™® M (trifluralin, fenitrothion, dipheny-
lamine, chlorpyrifos, B-cyfluthrin and imidacloprid in 1,4-
dioxane), (glyphosate in water). The final concentration of the
TT1, TT2 and TT3 was adjusted to 10 pM. The solid-state
absorption and emission spectra were recorded for the as-
synthesized samples.

Preparation of pesticide solutions and titration

The pesticides were solubilised in trifluralin, fenitrothion,
diphenylamine, chlorpyrifos, p-cyfluthrin and imidacloprid in
1,4-dioxane (glyphosate in water). Furthermore, the absorption
and emission spectra were recorded for TT1, TT2 and TT3
(10 uM in 1,4-dioxane), followed by adding different fractions
(volumes) of pesticides from a stock solution.

Solid-state absorption measurement

The solid-state absorbance of the powder samples was mea-
sured using a Jasco V-650 UV-vis spectrophotometer equipped
with a PSH-002 powder sample holder. Powder samples were
finely ground and prepared to a uniform thickness ranging
from 0.5 mm to 6 mm with a diameter of 16 mm. The
instrument was first calibrated using a white diffuse reflectance
standard (BaSO,) to set the baseline transmittance. The powder
samples were then placed into the powder sample holder,
ensuring an even and flat surface.

Paper strip quenching study

TT1@WP was treated with different pesticide solutions
(107 M) and was dropped via micropipette over TT1@WP.
Additionally, for titration, a similar method was employed with
different concentrations of amine (10> M to 10~ '° M), and the
pictures were captured in ambient light under a 365 nm UV
lamp using a cell phone camera.

Lifetime decay measurement. Time-resolved fluorescence
measurements were performed using a time-correlated single-
photon counting (TCSPC) unit (Horiba Deltaflex). The laser used
for all samples was 440 nm with a setup target of 10 000 counts.
Ludox solution (an aqueous dispersion of colloidal silica) was
used to measure the IRF for all solution samples. All measure-
ments were performed at room temperature (298 K). The decay
fitting was completed, keeping the %> value close to unity.

Powder X-ray diffraction measurement. PXRD measure-
ments were carried out using a Xenocs Nano-in Xider SW-L
SAXS/WAXS system with a dual detector with Cu Ko micro focus
within the range of 5° to 50° at a scanning speed of 2° min™".
The sample was placed and spread over a Kapton tape, and data
were recorded in transmission geometry.

Absolute quantum yield measurement

The solid-state absolute quantum yield was measured using
a calibrated integrating fully assembled 3.2-inch diameter

© 2025 The Author(s). Published by the Royal Society of Chemistry
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K-sphere method with a fluorimeter (Fluorolog, HORIBA), with
an absolute error of +0.25%.

NMR titration study

The experiment was conducted in CDCl; (0.5 mL) by adding TN
(1 equivalent) to 6 mg TT1.

Infrared spectroscopic studies

The IR spectra were recorded using an FT-IR spectrometer
using ATR-FT-IR spectra.

Theoretical study and computational
details

All the calculations were performed in Gaussian using B3LYP-
D3(BJ)/6-31G** (with dispersion corrections).
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