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Introduction

Over 30% of the water worldwide is polluted by organic
compounds (OCs). Thousands of people die from various diseases
caused by organic compounds polluting water." Among OCs, 2,4,6-
trinitrophenolare (PA) is the most dangerous and notorious
because it is toxic, posing tremendous risks to human health, and
it is widely used in dye and pharmaceutical industries.> The
natural degradation of PA is very difficult because of its electron-
deficient character, which is related to the strong electron-
withdrawing ability of nitro groups. PA is a strong organic acid
(pKa = 0.38) and can easily enter water and soil due to its good
water solubility. PA is a strong irritant to the skin/eyes and causes
potential damage to organs involved in the respiratory system and
liver when it comes in contact with the human body.? Therefore, it
is urgent to achieve rapid and accurate detection of PA in water.
Various methods, including GC-MS, HPLC, surface-enhanced
Raman, and sensors, have been developed and built to detect
PA.*® Most available methods are expensive and overly sophisti-
cated for wide applications. Fluorescence-based sensing methods
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The three TA-PEGn sensors could self-assemble into a supramolecular system in water and show sensitive
and selective responses toward trinitrophenol.

stand out among various techniques due to their simplicity, high
sensitivity, affordability, straightforward sample preparation, and
portability, offering immense potential.” Lots of fluorescent
sensors have been constructed to detect PA.>** A donor-acceptor
conjugated polymer based on diethylamine phenyl and benzo-
thiadiazole groups was fabricated to detect PA with a K, constant
of 1.8 x 10> M~"."* Hyperbranched conjugated polymers (HCPs)
were first synthesized using truxene and diethynylbenzene deri-
vates, which were carried by F127 in water to form highly fluo-
rescent HCP micelles. The limit of detection for PA was about 2.8
x 1077 mol L™ The concept of aggregation-induced emission
(AIE) was proposed by Tang's research group several decades ago
based on their discovery that 1-methyl-1,2,3,4,5-pentaphenylsilole
(HPS) exhibited negligible fluorescence in acetonitrile solution
but showed significant enhancement of fluorescence upon the
addition of water." This finding led to the development of the AIE
concept. This phenomenon stands in stark contrast to the
phenomenon of aggregation-caused quenching (ACQ). Essentially,
AIE describes a fluorescence phenomenon in which molecules in
an aggregated state exhibit stronger fluorescence emission
compared to individual molecules.** This is due to the restriction
of intramolecular rotation. AIE has found extensive applications in
the fields of fluorescence sensing, biosensing and cellular
imaging.'® A highly efficient and selective chemosensor for the
detection of trace PA was designed and synthesized utilizing
a quinoxaline derivative as the sensing component.” Building
upon our previous research on fluorescence chemosensors, we
developed a PEG-based fluorescent probe with excellent AIE
properties and water solubility in this study.

The identification efficiency of picric acid in aqueous solu-
tion was investigated.

Results and discussion

First, a chlorination reaction was carried out using 1 equivalent of
benzoyl chloride and 3 equivalents of mefenamic acid to construct
the triadic core structure. Next, through a reaction between the
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carboxyl group in mefenamic acid molecules and hydroxyl groups
on polyethylene glycol, water-soluble and non-toxic polyethylene
glycol was linked to the core, simultaneously restricting the free
rotation of the carboxyl groups within core molecules. This resul-
ted in the successful assembly of a supramolecular self-assembling
system designed with three-footed moieties and aggregation-
induced luminescent units. The typical fabrication route is
depicted in Scheme 1. MALDI-TOF analyses of the three conjugates
showed a single series of molecular weights. The number-averaged
molecular weights of the conjugate are ~3250, 7830 and 16 520
amu. This suggests that conjugates were successfully constructed
(Fig. S1a-ct). The long PEG chains in TA-PEG5 and TA-PEG2
increase their hydrophilicity, so they can be completely dissolved
in water. Therefore, TA-PEG0.75 was selected as a representative
compound for deep exploration of the aggregation-induced emis-
sion (AIE) properties. H,O, DMSO, DMF, EtOH, CH;CN, DCM and
CHCI; are the seven regularly used solvents that were chosen to
explore how different solvents affect the fluorescence emission of
TA-PEGO0.75. The results are shown in Fig. 1a. TA-PEG0.75 is
insoluble in H,0, EtOH and CH;CN and has the highest relative
fluorescence emission intensity in DMSO. An optimal excitation
wavelength optimization experiment was carried out in DMSO
solution at a concentration of 2 x 10~> M, and the results are
shown in Fig. 1b. It can be seen that the compounds have the
strongest fluorescence emission at 470 nm excitation, which was
selected as the optimal excitation wavelength. The fluorescence
emission curves of TA-PEG-5 and 2 were evaluated in pure water at
same concentrations and excitation wavelength (Fig. S2at). It can
be found that the fluorescence emission intensity of TA-PEG5 is
greater than that of TA-PEG2 at the same concentration in water,
which may be related to the long PEG chain. To investigate the
aggregation-induced emission (AIE) properties of TA-PEGO0.75,
detailed studies were conducted based on ultraviolet-visible
absorption spectra, fluorescence emission spectra, critical aggre-
gation concentration (CAC), and scanning electron microscopy
images. As shown in Fig. 1c, the compounds exhibited broad
absorption capabilities in the wavelength range of 200-550 nm in
DMSO. The absorption intensity increased with increasing
concentration, while the shape of curves remained consistent,
indicating its dependence on concentration. Fluorescence emis-
sion spectra at different concentrations were measured as shown
in Fig. 1d. It can be observed that it exhibited weak fluorescence
emission at low concentrations, and the fluorescence intensity
gradually increased with increasing concentration. This may be
attributed to the AIE phenomenon resulting from the self-
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Scheme 1 Schematic illustration of the fabrication of TA-PEGn.
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assembly. Additionally, the CAC value of TA-PEG0.75 was calcu-
lated to be 0.049 mg mL™" (Fig. S2bt). Subsequently, the AIE
properties of TA-PEG0.75 were further investigated in a binary
solvent system comprising DMSO and water. As shown in Fig. 1e
and f, the fluorescence intensity gradually increases with the
increase of the water content. When the water content in the
solution increased to 99%, the fluorescence intensity reached the
maximum, and no precipitation occurred. This result further
indicates that TA-PEG0.75 has AIE characteristics. AIE, which
stands for aggregation-induced emission, refers to the phenom-
enon where a substance emits little-to-no fluorescence in
a dispersed solution, but the emission intensity increases in the
aggregated state. Since TA-PEG5 and TA-PEG2 are completely
soluble in water and their aqueous solutions inherently exhibit
fluorescence properties, it was not possible to assess their AIE
properties in a binary solvent system. To further compare the
fluorescence performance of TA-PEGn, quinine sulfate was used as
a reference, and fluorescence quantum yields were calculated
using eqn (S1).1*® The fluorescence quantum yields (@) of TA-
PEG5, 2 and 0.75 are 81.1%, 76.9% and 34.7%, respectively. It
can be seen that the fluorescence quantum yields increase with the
elongation of the PEG chain. ¢ quantifies the fluorescence emis-
sion efficiency, with higher values indicating stronger fluorescence
emission capability.*

The experiment that TA-PEGn can be used as a fluorescent
probe to identify picric acid was carried out in pure water,
because TA-PEG5 and 2 have good fluorescence properties in
aqueous solution, and it is convenient to detect the presence of
picric acid in the pure water phase. As shown in Fig. S3,1 a series
of nitro-aromatic compounds (NACs, 52 eq. mol), including
picric acid (PA), 2-nitrophenol, 3-nitrophenol, 4-nitrophenol,
2,4-dinitrophenol, 2-nitrobenzoic acid, 3-nitrobenzoic acid, 4-
nitrobenzoic acid, 4-nitrobenzaldehyde, 2-nitroaniline, 3-nitro-
aniline, 4-nitroaniline, 4-chloronitrobenzene and 4-nitro-
toluene, were added into an aqueous solution of TA-PEG5 (2 X
10~ M), respectively. In this context, the addition of the PA
compound to the solution results in the complete quenching of
fluorescence, whereas there is no discernible change in the
fluorescence of other solutions. The same exact fluorescence
quenching was also observed in TA-PEG2 and 0.75 solutions.
TA-PEGO0.75 is dissolved in a DMF/H,0 (1:99, v/v) binary solu-
tion with a concentration of 2 x 10~> M. It can be seen that TA-
PEGS5, 2 and 0.75 can selectively recognize PA in a mixture of
various nitro-aromatic compounds, showing excellent selective
recognition characteristics. To explore the fluorescence recog-
nition characteristics of TA-PEGn for PA, the fluorescence
titration experiment of TA-PEGn and PA was first carried out, as
shown in Fig. S4a-c. The intense fluorescence emission spec-
trum of TA-PEG-5000 was quenched with the gradual increase of
PA (0-52 equivalent). Highly similar fluorescence quenching
behaviour was also observed in solutions of TA-PEG2 and TA-
PEGO.75. The fluorescent titration curves of PA with TA-PEG5,
2, and 0.75 exhibited excellent linearity, as depicted in
Fig. S4d-f.t By employing 3c/s as the basis,***" detection limits
for PA were determined to be 5.7 x 107’ M, 1.1 x 10~° M, and
1.8 x 10~ ° M for TA-PEGS5, 2, and 0.75, respectively, where o
represents the standard deviation of blank measurements and s
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Fig.1 Fluorescence emission spectra under different solvents (a) and different excitation wavelengths (b), UV-vis (c) and fluorescence emission
(d) at different concentrations, and fluorescence emission curves (e) and intensity (f) of TAPEGO.75 in DMF/H,O solution.

denotes the slope. Upon comparison, it can be observed that TA-
PEG5, with the longest PEG chain, exhibited the lowest limit of
detection (LOD), indicating higher sensitivity compared to the
other two compounds with shorter PEG chains. The magnitude
of the quenching coefficient (Kgy) can indicate the strength of
the interaction between TA-PEGn and PA. Through a fluores-
cence titration experiment, it can be calculated according to the
Stern-Volmer (SV) equation: Fo/F = 1 + Kg[G],>> where F,
represents the fluorescence intensity of TA-PEGn in the absence
of PA. F represents the fluorescence intensity in the presence of
PA; [G] is the molar concentration of PA. Fig. S5a-ct show the SV
graphs of TA-PEG5, TA-PEG2 and 0.75 at different PA concen-
trations. The corresponding Kgy values between the three
compounds and PA were 2.5 x 10° M~ ', 1.9 x 10> M " and 2.3
x 10> M, respectively. It can be seen that the value does not
change significantly with the chain length of PEG, indicating
that the PA recognition ability of the three conjugates may not
be directly related to the length of the PEG chain. Due to the
direct correlation between the strength of interactions between
TA-PEGn and PA and stability of complex formation, further
investigation was conducted to determine respective binding
constants (K,) between TA-PEGn and PA. The value was ob-
tained by the fluorescence titration experiment and calculated
according to the nonlinear curve fitting method. AI = (AlL./
[H,])(0.5[G] + 0.5(1H] + 1/K,) — (0.5(GT + (2[GI(1/K, — [H])) +
(1/K, + [Ho])*)*?)), where AI represents the change of fluores-
cence intensity of TA-PEGn at different concentrations of PA.
Al represents the change of fluorescence intensity when TA-
PEGn and PA are completely combined. [H,] represents the
initial concentration of TA-PEG-n; [G] indicates the concentra-
tion of PA.>* As shown in Fig. S5d—f, the K, values of TA-PEGS5, 2
and 0.75 and PA are calculated by nonlinear fitting to be 3.2 x
10* MY, 2.2 x 10* M™"' and 6.4 x 10> M, respectively.
Compared to TA-PEGO0.75, which has the shortest PEG chain,
TA-PEG5 and TA-PEG2 exhibit a higher K, with PA. This indi-
cates that compounds with long PEG chains have stronger
binding ability to PA, and long PEG chains are more conducive
to forming stable complexes with PA. The anti-interference
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experiment of fluorescence probe TA-PEGn for PA selective
recognition was further studied by a control experiment under
competitive conditions. As shown in Fig. S6,t a large number of
co-existing NACs do not cause any significant interference to the
recognition of PA, indicating that there is no competitive
recognition relationship between them. further
confirmed that the three compounds showed highly specific
recognition ability for PA. The recognition parameters of the
three compounds for PA are summarized in Table S1.} The
influence of pH on the fluorescence intensity and recognition

It was

performance of the three couplings was explored (Fig. S7a-ct).
It can be seen that the fluorescence intensity of the three
compounds hardly changed significantly as the pH value of the
solution increased from 4 to 10. When 40 eq. PA solution was
added, the fluorescence of the three compounds was basically
quenched at different pH values, indicating that the fluores-
cence recognition performance was almost not affected by pH.
This may be caused by the unique core-shell structure of TA-
PEGn,** and it being difficult for a change of pH value to cause
a change of hydrophobic nuclei in the conjugates. In addition,
a comparison of TA-PEGn with literature reported chemo-
sensors for PA is summarized in Table S2.7 It can be found that
the detection performance of the sensor reported in this study is
better than that of some materials reported in the literature,
which indicates that it has a considerable sensitivity to PA.
The PA response mechanism of the TA-PEGn compounds
was investigated using 'H NMR titration, infrared spectroscopy,
and scanning electron microscopy (SEM) techniques. The
infrared spectra of PA, TA-PEGn and TA-PEGn + PA are shown in
Fig. S8.7 For pure PA, the stretching vibration absorption peak
of ~OH appears at 3102 cm~ ‘. The symmetric and antisym-
metric stretching vibration absorption peaks of =C-H on the
benzene ring appear at 2972 and 2867 cm ™ '.>* The absorption
band at 1338 cm ™' is assigned to the N-O symmetric stretching
vibration of -NO, groups on PA molecules. The antisymmetric
stretching vibration of -NO; groups can be found at
1638 c¢cm ™ '.>* In TA-PEGn, -CH,- signal peaks appear at

2880 c¢cm™', while signals at 1721 and 1520 c¢cm™ ' are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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characteristic absorption peaks of C=0 and benzene rings. Due
to the coverage of the PEG long chains, the intensity of these
signal peaks in TA-PEG2 and 5 is significantly lower than that in
TA-PEG0.75. The O-H stretching vibration of free PA almost
disappears, and the vibration of free PA at 2972 and 2867 cm ™ *
showed a red shift to 2936 and 2849 cm™"' when it formed
a complex with TA-PEG-n. The absorption band at 1721 cm ™" on
TA-PEGn exhibits a shift to a lower wavenumber (1702 cm ™).
The results indicate that -OH and benzene ring groups interact
with TA-PEG-n during the recognition. In the "H NMR titration
experiments (Fig. 2 and S97), the signals of H1 on the ~Cl-CH,-
group of TA-PEG-n showed a distinct downfield shift with the
addition of different equivalents of PA solution, which indi-
cated that H1 formed stable intermolecular hydrogen bonds
with ~OH on the PA molecules.” Meanwhile, -N-CH,- protons
(H2) on TA-PEGn showed slight upfield shifts. This may be
assigned to H1 forming stable intermolecular hydrogen bonds
with electron-rich -NO, on the PA molecules. Interestingly,
hydrogen (H,) in the benzene ring in PA, which is already in an
electron-deficient state due to the electron-absorbing action of
the three nitro groups, continues to move downfield with the
increase of its content, which indicates that the electron-
deficient state in PA is further intensified after the formation
of TA-PEGn. This result indicated that the H, forms hydrogen
bond interactions with the chlorine atom on TA-PEGn.”® The
three PEG compounds with different chain lengths showed the
same chemical shift of the hydrogen atoms in the NMR titration
spectra of PA, and their recognition mechanism of PA was
consistent. At the same time, it cannot be ignored that the
unique semi-closed spatial structure of -N-(CH,CH,Cl), also
plays an irreplaceable role in this unique recognition mecha-
nism. The intermolecular recognition model between PA and
TA-PEGn is shown in the graphical abstract. These results
indicate that the mechanism of fluorescence quenching caused
by the formation of a new complex between PA and TA-PEGn is
consistent with the static quenching mechanism. For further
verification, the fluorescence lifetime of pure TA-PEGn solution
without and with PA solution was investigated (Fig. S10a—ff). It can

2.0 equiv. PA | J\l

1.0equiv.PA - ,AL B S YW VR §
0.5 equiv. PA - e 8 = a /\J\J\ 1 meran |

TA-PEG0.75
Ha
9.0 8.0 7.0 6.0

5.0 4.0 3.0 20 1.0 0.0

Fig. 2 Partial '"H NMR spectra of TA-PEG0.75 (DMSO-d6) in the
presence of varying amounts of PA.
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be seen that the fluorescence lifetime of the three solutions is
almost not affected by the PA solution. Moreover, the addition of
PA caused the micro-morphology of TA-PEG5, 2 and 0.75 to change
into irregular rod-like particles, columnar structures, and nano-
particles (Fig. S11%), respectively. These morphological alterations
unmistakably show that TA-PEGn and PA form a stable complex, in
contrast to the morphology of free TA-PEGn. To further confirm
the recognition mechanism, the UV absorption curves of pure TA-
PEGn, PA and their mixed solutions were tested (Fig. S12a-ct). The
maximum absorption wavelength of free PA is located at 365 nm,
and the three couplings also have obvious absorption peaks at this
wavelength (yellow arrow). There is a large overlap between two
spectra at this wavelength, which is consistent with the fluores-
cence quenching mechanism of the inner filter effect. Meanwhile,
the absorption peaks of the three couplings at 470 nm completely
disappeared in the mixed solution (red arrow). Based on this, it can
be concluded that the quenching mechanism caused by PA
includes static quenching and the inner filter effect.

PA in deionized water and tap water samples were respectively
determined by the three conjugates used in this study, as shown in
Fig. S13a-c.f Tap water does not require any treatment. It can be
found that the fluorescence emission intensity of the three
conjugates in tap water is reduced to a negligible degree compared
with that in deionized water. More interestingly, when 40 eq. PA is
added, the fluorescence reduction degree of the three samples is
almost the same in tap water and deionized water, indicating that
the analytical method based on fluorescence quenching for PA
detection in this study has good practical sample application
value. PVA films containing the three conjugates were successfully
prepared and used for PA recognition, as shown in Fig. S14a-f.}
The pure film showed bright yellow illumination and after PA
addition the film showed fluorescence quenching. This suggests
that the TA-PVA film can be used to visually detect PA.

Conclusions

In conclusion, fluorescent probe TA-PEGn with a tripod struc-
ture and different PEG chains was successfully constructed by
precise design. The introduction of the PEG chain not only
improves the water solubility of the compound but also endows
the system with AIE characteristics. The TA-PEGn could act as
a fluorescent sensor for rapid and selective detection of PA with
high selectivity and sensitivity. The quenching mechanism
caused by PA includes static quenching and the inner filter
effect. It was found that with the increase of the PEG molecular
weight, TA-PEG5 has the best fluorescence performance and
highest selectivity and sensitivity to PA.
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