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This work develops a facile synthesis for aggregation-induced emission (AIE)-active hyperbranched polyglycidols
(HPGs) to design a solid-state sensor for detecting nitroaromatic explosives. The tetraphenylethylene moieties
were conjugated onto the periphery of the HPGs in a single step using dynamic boronate ester cross-linkers. The
resulting AlE-active HPGs exhibited excellent AIE characteristics in tetrahydrofuran (THF)/HoO mixtures,
emitting a strong blue fluorescence under UV irradiation. Dynamic light scattering and transmission electron
microscopic analyses demonstrated that the self-assembled nanosized aggregates were stable in the THF/H20
mixture. The fluorescence of the aggregates was dramatically quenched by various nitro compounds, including
2,4,6-trinitrophenol (or picric acid; PA), 2,6-dinitrophenol, 4-nitrophenol, 4-nitrotoluene, and nitromethane. The
nano-aggregates exhibited extraordinary sensitivity towards PA, with a Stern-Volmer constant (Kg,) of 2.27 x
10* M~! and a limit of detection of 40 ppb. Paper strips encapsulating the aggregates exhibited a vivid visual
quenching, promising the practical applicability of these polymers as solid-state sensors for the detection of

nitroaromatic explosives.

1. Introduction

In the past few decades, the sensitive and accurate detection of ex-
plosives and their precursors has become a pressing issue of global
concern, owing to its implications for civilian and homeland security,
and in combating the deepening terrorism crisis and the environmental
pollution arising from the widespread use of such compounds in in-
dustries [1-7]. The most commonly used nitroaromatic explosives are 2,
4,6-trinitrophenol (or picric acid; PA), 2,4,6-trinitrotoluene (TNT), and
2,4-dinitrotoluene (DNT). Exposure to trace amounts of these explosives
has extremely detrimental effects on the skin, liver, eyes, kidneys,
metabolism, and respiratory system in humans and animals [8-12].
Among these nitroaromatic explosives, PA has been widely used in le-
thal weapons and for the production of dyes, leather, ointments to treat
burns, pharmaceuticals, fireworks, and rocket fuel [13]. In addition, the
high acidity and water solubility of PA result in environmental pollution
and eventually cause the contamination of soil and agricultural systems
[14]. Therefore, it is essential to develop a highly sensitive sensor for the
detection of nitroaromatic explosives. Various analytical techniques
have been developed for the detection of nitroaromatic explosives, such
as gas chromatography [15,16], X-ray imaging [17], Raman
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spectroscopy [18], mass spectroscopy [19], high-performance liquid
chromatography [20], and ion-mobility spectrometry [21]. However,
the use of these techniques is costly and time consuming, and requires
large apparatuses and complicated operational procedures, limiting
their practical field use.

Fluorescence-based probes have recently emerged as attractive
candidates for explosive detection owing to their high sensitivity, cost-
effectiveness, and lower time requirement for analysis [22-24]. Fluo-
rescent co-polymers, nanofibers, quantum dots, metal-organic frame-
works, and molecularly imprinted polymers have been developed for the
detection of trace amounts of explosives using fluorescence-quenching
methods [25-30]. All of these methods are based on the quenching of
fluorescence by the transfer of electrons or energy between the
electron-rich fluorescent molecules and the electron-deficient nitro-
aromatic compounds [31-35]. However, these fluorescence-based
probes suffer from the self-quenching of their fluorescence at higher
concentrations, which is called aggregation-caused quenching (ACQ)
[36].

Recently, aggregation-induced emission (AIE), a phenomenon
opposite to that of ACQ, was discovered by Tang and coworkers [37,38].
Although AIE materials are weakly-fluorescent in solution, they emit
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Scheme 1. Synthesis of the nano-sized AlE-active HPG-TPE aggregates that exhibit high sensitivity toward the detection of nitroaromatic explosives.

strong fluorescence in their aggregated state. A large variety of
AlE-active molecules (AlEgens), such as tetraphenylethylene (TPE),
triphenylamine (TPA), and distyrylanthracene derivatives, have been
designed and explored for various applications including chemosensing,
bioimaging, optoelectronics, and explosive detection [39-53].

Among these AlEgens, TPE derivatives have been widely employed
for the construction of a variety of AIE materials, including small organic
molecules, main-chain polymers, and hyperbranched polymers. For
example, Ding et al. synthesized AIE-active moieties incorporated into
the backbone and the side chain, and demonstrated their effectiveness at
detecting nitroaromatic explosives [54]. Hyperbranched polymers con-
jugated with TPE moieties and their nanoaggregates have also been used
for the detection of PA in aqueous solutions [55]. Tang and coworkers
reported a series of TPE-conjugated polymers for the detection of
explosive materials, particularly for PA in aqueous solutions [56]. For
example, hyperbranched poly (aroxycarbonyltriazole) polymers incor-
porated with TPE units were synthesized using a metal-free click reac-
tion and used for the detection of PA in tetrahydrofuran (THF)/water
mixtures.

Hyperbranched polymers are a class of macromolecules having
branched architectures with multifaceted functional groups on their
peripheries [57]. Specifically, hyperbranched polyglycidol (HPG) poly-
mers have attracted considerable interest because of their intrinsic hy-
drophilic, biodegradable, and multifunctional nature, and their easily
accessible single-step syntheses compared to the tedious multistep syn-
theses of perfectly branched dendrimers [57-59]. Although great
progress has been made on AlE-active hyperbranched polymers, the
design of AIE-active materials based on commercially available HPG has
rarely been reported [46,60].

In this study, a facile method was developed for the synthesis of TPE-
based AlIE-active HPG polymers. Multifunctional HPG with a molecular
weight of approximately 1000 was initially synthesized using a newly
developed protocol employing a commercially available heterogeneous
double-metal cyanide (DMC) catalyst [61], following which the TPE

moieties were cross-linked to the HPG periphery using boronic acid/diol
interactions under weakly basic conditions to form boronated esters
(Scheme 1). This single-step method is simple and eliminates tedious
purification steps. The resulting cross-linked polymer shows no emission
in organic solvents such as tetrahydrofuran and methanol. However, it
exhibits a strong blue fluorescence upon the addition of water due to the
AlE effect. The nanosized AIE-active HPG-TPE aggregates exhibited very
high sensitivity toward the detection of nitroaromatic explosives.

2. Experimental
2.1. Materials

Glycidol (96%), n-butyllithium (2.5 M in hexane), titanium tetra-
chloride, and 2,4-dinitrophenol (DNP) were purchased from Sigma-
Aldrich (Seoul, Korea) and used without further purification. 4-Bromo-
benzophenone, trimethyl borate, zinc dust, 4-nitrophenol (NP), 4-nitro-
toluene (NT), nitromethane (NM), chloro-2,4-dinitrophenol and
potassium carbonate were purchased from Acros Organics Company
(New Jersey, USA). The HPG sample, having a molecular weight (MW)
of approximately 1000, was synthesized according to a previously re-
ported procedure [61] (refer to Supporting Information). PA was syn-
thesized in a single step starting from phenol (caution: PA is an explosive
and may explode from exposure to heat, flames, friction, or shock.
Adding concentrated nitric acid to a solution of phenol in dimethyl
sulfoxide is highly exothermic, and may cause the mixture to boil over.
To prevent this, the nitric acid was added dropwise with careful cooling)
[62]. Common solvents such as hexane, ethyl acetate, methylene chlo-
ride, and methanol were purchased from Duksan Chem. Co. (Daejeon,
Korea), and distilled prior to use.

2.2. Instrumentation

1 NMR (400 MHz) and 3¢ NMR (100 MHz) spectra were recorded
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Fig. 1. (a) A plausible mechanism for dynamic diol exchange with boronic acid in response to pH, and (b) The 'H NMR spectra of HPG, TPEDB, and the HPG-TPE

conjugate in DMSO-de.

using a Varian INOVA 400 NMR spectrometer with tetramethylsilane as
the internal standard. UV-visible spectra were recorded using a Shi-
madzu UV-1650PC, and a Shimadzu IR Prestige 21 spectrometer was
used to record the Fourier-transform infrared (FT-IR) spectra using po-
tassium bromide discs as the background in the range of 4000-600
cm L. Fluorescence emission spectra were recorded on a SCINCO Fluoro
Mate FS-2 fluorescence spectrometer. The molecular weights (M;) and
polydispersity indices (P) of the polymers were recorded on a Waters gel
permeation chromatography (GPC) system using dimethylformamide
containing 0.1 N LiBr as the eluent at a flow rate of 1.0 mL min~ ! and
calibrated using monodisperse polystyrene. The dynamic light scat-
tering (DLS) particle size distribution was obtained from a Nano ZS90
zeta potential analyzer (Malvern Instruments, Worcestershire, UK) using
a He-Ne laser (633 nm), 90° collecting optics, and a Peltier temperature
controller. The particle morphology was analyzed via transmission
electron microscopy (TEM) using a JEOL-1299EX (JEOL, Peabody, MA,
USA) operating at an accelerating voltage of 80 keV. The TEM samples
were prepared in grids supported by a formvar film and treated with
oxygen plasma (obtained from a Harrick plasma cleaner/sterilizer) for
15 s to render the surface hydrophilic. Time-resolved fluorescence
measurements were carried out using a time-correlated single-photon
counting (TCSPC) spectrometer [Quantaurus-Tau Fluorescence lifetime
spectrometer C11367-31 Himamatsu photonics, Japan] with the
detection wavelength at 480 nm for HPG-TPE both in the presence and

absence of picric acid (Ex wavelength 340 nm).
2.3. Synthesis

1,2-Bis(4-bromophenyl)-1,2-diphenylethene (TPEDBr). Zinc
dust (2.25 g, 34.7 mmol) and 4-bromobenzophenone (3 g, 11.5 mmol)
were charged into a triple-neck round-bottom flask of 250 mL volume
containing anhydrous THF (50 mL) at O °C. Subsequently, titanium
tetrachloride (1.89 mL, 17.3 mmol) was added dropwise under argon
flow. Following removal from the ice bath, the reaction mixture was
stirred at room temperature for 30 min and thereafter refluxed for 12 h.
Subsequently, the mixture was cooled to room temperature, quenched
using a 10% aqueous solution of potassium carbonate, and extracted
three times using methylene chloride. The purification of the crude
product by column chromatography on silica gel using a mixture of
hexane and ethyl acetate (3:1 v/v) as the eluent yielded a light-yellow
solid (yield = 65%). 'H NMR (400 MHz, CDCl3): & = 7.27-7.21 (m,
4H, Ar H), 7.14-7.10 (m, 6H, Ar H), 7.04-6.94 (m, 4H; Ar H), 6.86-6.90
(m, 4H; Ar H) ppm. '3C NMR (101 MHz, CDCl3): & = 142.90, 142.81,
142.37, 142.27, 140.27, 132.96, 132.88, 132.86, 131.28, 131.20,
131.18, 131.09, 130.89, 130.83, 128.01, 127.86, 127.81, 127.76,
127.66, 126.93, 126.82, 120.78, 120.65.

4,4’-(2,2-diphenylethane-1,1-diyl)bis(1,4-phenylene) diboronic
acid (TPEDB). Initially, 2 mL of n-Butyllithium (2.5 M in hexane) was
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added dropwise to TPEDBr (0.8 g, 1.64 mmol) dissolved in THF (50 mL)
at —78 °C. Following 1 h of stirring, 0.92 mL (8 mmol) of trimethyl
borate was added, and the solution was allowed to react for 45 min.
Thereafter, the solution was allowed to react overnight at room tem-
perature. Following the completion of the reaction, 3 mL of 1 N HCI
solution was added to quench the reaction. Following filtration and
solvent removal, the purification of the crude product by column chro-
matography on silica gel using a mixture of ethyl acetate and methylene
chloride (1:1 v/v) as the eluent yielded a yellow solid (yield = 56%). 'H
NMR (400 MHz, DMSO-dg): 6 = 7.93 (d, B(OH)2), 7.54 (d, 4H; Ar H),
7.08-7.19 (m, 6H; Ar H), 6.93-6.97 (m, 8H; Ar H). 13C NMR (101 MHz,
DMSO-dg): & 145.29, 143.59, 141.18, 141.08, 136.26, 134.03,
132.83, 131.10, 128.67, 128.23, 126.96.

HPG-TPE conjugates. TPEDB (0.126 g, 0.3 mmol, 3 equiv.) was
dissolved in dry MeOH and triethylamine was added to adjust the pH to
9. Subsequently, HPG (0.1 g, ~1 mmol) dissolved in MeOH was added to
the solution under stirring at 30 °C for 48 h. Following the completion of
the reaction, the methanol was evaporated at a reduced pressure and
precipitated in diethyl ether three times to obtain a sticky, viscous solid
(yield = 95.3%). 'H NMR (400 MHz, DMSO-dg): 6 = 7.44, (d, 4H, Ar H),
7.03-7.18 (m, 6H, Ar H), 6.87-7.02, (m, 8H, Ar H), 4.35-4.82 (-OH
protons of HPG), 4.45, 3.15-3.80 (Br m, HPG backbone protons). 3¢
NMR (101 MHz, CDsOD): & = 145.76, 143.06, 142.94, 133.65, 131.99,
131.17, 128.62, 127.26, 81.45, 79.93, 74.31, 72.66, 72.53, 71.07,
70.67, 64.69, 62.82, 58.90.

2.4. Fabrication of HPG-TPE nanoparticles

HPG-TPE nanoparticles were fabricated by dispersing the HPG-TPE
conjugate in water at room temperature. Alternatively, water was
added dropwise to the polymer solution dissolved in THF at room
temperature. The volume fraction of water in THF (f;,) was varied in the
rangf of 0-0.9 while maintaining a polymer concentration of 10 pg
mL™".

2.5. Detection of nitro-explosives in aqueous solution

The detection of nitro explosives was performed using the
fluorescence-quenching behavior of the HPG-TPE nanoparticles in an
aqueous THF (f,, = 0.9). Nitro-explosive analytes dissolved in a mixture
of THF and water (f,, = 0.9) were individually added to quartz cuvettes
containing 3 mL each of the aforementioned nanoparticle-containing
solution, and the emission intensity was recorded following excitation
at 330 nm through emission slits of 5 nm width.

The detection limit of nitro explosives was determined using PA
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based on previously reported procedures [63,64]. The fluorescence
titration of HPG-TPE nanoparticles in THF/H2O (f,, = 0.9) mixture using
PA was performed by adding aliquots of PA solution. The fluorescence
intensity was plotted as a function of the amount of PA added. A sharp
change in the fluorescence intensity was observed in this plot, corre-
sponding to the PA concentration (C). The detection limit was obtained
by multiplying Cr with the concentration of the polymer (10 pg mL™1).

The visual detection of PA was performed under UV light on strips of
paper coated using the nanoparticle-containing solution. A piece of filter
paper was immersed in a THF/H50 (f,, = 0.9) solution containing HPG-
TPE nanoparticles (10 pg mL 1) for 10 min. Thereafter, the filter paper
was dried in vacuum at 50 °Cfor 24 h. When irradiated by a UV lamp at
365 nm, this filter paper fluoresced strongly, whereupon it was
photographed.

3. Results and discussion
3.1. Synthesis and characterization of HPG-TPE conjugates

The AlE-active HPG-TPE conjugate was synthesized as shown in
Scheme 1. Boron-polyol interactions are of fundamental importance to
human health, plant growth, and quorum sensing in certain bacteria.
Complexes between boron and sugars, which are reversible in aqueous
solutions, have become critical to the development of synthetic carbo-
hydrate receptors. The covalent product between a boronic acid and a
diol is termed a boronate ester, since it is analogous to a carboxylate
ester. The AlIE-active HPG-TPE conjugate was synthesized through the
formation of a well-known dynamic covalent bond between the hydro-
phobic phenyl boronic acid-mediated AIE dye (TPEDB) and the diol
groups of HPG (Fig. 1(a)). TPEDB was initially synthesized according to
a previously reported procedure [65], and its structure was confirmed
using 'H NMR and '3C NMR spectra (Fig. 1 and Figs. S3-S5 in the
Supporting Information). The peaks at 7.54-6.97 ppm are assigned to
aromatic protons, suggesting the successful synthesis of TPEDB. A
hyperbranched polymer (HPG) was synthesized using a procedure pre-
viously reported by our group.’! The quantitative analysis of the
resulting HPG using its 3¢ NMR spectrum (Fig. S1) estimated its mo-
lecular weight (MW), degree of branching (DB), and number-average
degree of polymerization (DP,) as 962, 0.51, and 13, respectively. The
average number of terminal diol groups in the polymer was 6. The dy-
namic phenyl borate bonds are formed by the facile reaction between
TPEDB and the diol groups of HPG at room temperature by adjusting the
pH of the solution to 9 using triethylamine.

Highly refined syntheses and tedious workup procedures have been
required for the preparation of TPE-conjugated hyperbranched poly-
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Fig. 2. a) The UV-Vis and fluorescence spectra of HPG-TPE nanoparticles formed at f,, = 0.9. B) The absorbance spectra of the HPG-TPE nanoparticles formed in

various volume fractions of water (f,, = 0 to 0.9) in THF.
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Fig. 3. a) The fluorescence spectra of the HPG-TPE conjugates formed in various volume fractions of water (f,, = 0 to 0.9) in THF, obtained at the excitation
wavelength of 330 nm and the HPG-TPE concentration of 10 pM, b) the relationship between fluorescence intensity and fraction of water, ¢) TEM image of
nanoparticles at f,, = 0.9, and d) DLS histograms of AIE-active nanoparticles formed at various fractions of water between f,, = 0.6 and 0.9.

mers to date. For example, hyperbranched poly (aroxycarbonyltriazole)s
were prepared by the metal-free click polymerization of tripropiolates
and TPE-containing diazides [56]. A carboxyl-functionalized hyper-
branched polymer, poly (3-ethyl-3-oxetanemethanol)-star-poly
(ethylene oxide) (HSP) was subjected to an addition reaction with TPE
containing 2-((4-(1,2,2 triphenylvinyl)phenethyl)thio)ethanol to afford
hyperbranched HSP-TPE copolymers [55]. Compared to the existing
methods for preparing AlE-active hyperbranched polymers, the
single-step synthesis described here is easily accessible. The methanolic
HPG solution was directly added to the solution of TPEDB in methanol at
30 °C and pH 9, and stirred for 48 h. The resulting reaction mixture was
precipitated in diethyl ether to produce pure AlE-active HPG-TPE as a
sticky solid. The chemical structure was confirmed using 'H and 13C
NMR spectroscopy (Fig. 1 and Fig. S6 in Supporting Information). The
peaks appearing at 6.96-7.44 ppm were attributed to signals from aro-
matic protons adjacent to the boronate ester groups due to the upfield
shift of H on the p-carbon, confirming the formation of boronate ester
bonds and HPG-TPE. The resultant polymer HPG-TPE was analyzed by
using DMF GPC, showing a monomodal peak that shifts towards a higher
molecular weight than HPG. The Mn and P values estimated from GPC
for polymers HPG and HPG-TPE were 2.5 KDa, 11.8 KDa and 1.35, 1.88
respectively (Fig. S2). In addition, FT-IR spectra were also used to
confirm the structure of the final polymer HPG-TPE. The new stretching
vibration at 1347 cm ™ for boronate ester bond (-B-0-) confirmed the
successful synthesis of HPG-TPE polymer (Fig. S7).

3.2. Photophysical properties of HPG-TPE nanoparticles

The photophysical properties of the HPG-TPE nanoparticles were
characterized by UV-Vis and fluorescence spectroscopy. The amphi-
philic HPG-TPE polymer self-assembles into core-shell nanoparticles by
forming a hydrophobic TPE core and a hydrophilic hydroxyl groups of
HPG extended on the periphery. The polymer HPG-TPE sample was
dissolved in THF and varying amounts (f,, = 0.1-0.9) of water were
added to the solution while maintaining a constant polymer concen-
tration. The scattering intensity varied significantly with the concen-
tration of water. As the amount of water increases, the hydrophobic TPE
moieties may form nuclei due to their assembly and aggregation,
causing the particles to grow. The resulting solution, containing the
aggregated nanoparticles, became AlE-active materials. As shown in
Fig. 2a, the HPG-TPE nanoparticles formed at f,, = 0.9 were excited in
the wavelength range of 230-380 nm, whereupon the absorption
maximum was located at 286 nm. As expected, the nanoparticles
emitted a strong blue fluorescence in the range of 380-600 nm with the
emission maximum being located at 480 nm when excited at different
wavelengths (230-380 nm). In Fig. 2b, the UV-Vis spectra of HPG-TPE
polymer in different THF and water fractions are displayed. The ab-
sorption spectrum of polymer HPG-TPE shows an absorbance band at
278 nm. Upon increasing the water fraction from 0 to 50%, the ab-
sorption peak at 278 nm is monotonously decreased. Then, increasing
water fraction from 60% to 90% the broadening of absorption peak is
observed with bathochromic shift 8 nm from 278 to 286 nm.
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Additionally, the ‘levelling off tail’ was observed in the UV-Vis spectra,
suggesting the formation of aggregates of HPG-TPE.

The AIE effect of HPG-TPE nanoparticles was investigated by
measuring their fluorescence in solvent-mixtures of water and THF.
Upon increasing the volume fraction of water from f,, = 0 to 0.1, to 0.3,
and finally to 0.50, the overall increased solvent polarity twisted the
HPG-TPE molecules, causing insufficient aggregation of the TPE moi-
eties by n-n stacking. However, the fluorescence intensity increased
remarkably upon increasing f,, = 0.7 to 0.9 (Fig. 3a and b). Under these
conditions, HPG-TPE preferably forms nanoclusters, leading to
restricted intramolecular motion, resulting in the AIE effect. The fluo-
rescence quantum yield (&) measured for HPG-TPE nanoparticles
formed at f,, = 0.9 was 62.1%, which was much higher than that ob-
tained in pure THF (0.29%). DLS measurements showed that the size of
the nanoparticles (Fig. 3c and d) decreased as the fraction of water
increased. The average hydrodynamic diameter of the nanoparticles was
220.5, 191.7, 141.8, and 103.2 nm in solutions of at f,, = 0.6, 0.7, 0.8,
and 0.90, respectively. In addition to the variation in polarity caused by
the increase in the fraction of water, the increase in the viscosity of the
medium may correlate to the aggregation behavior or the AIE effect
because the restriction of torsional and vibrational motions of the
polymer may induce a change in viscosity. The viscosities of pure THF
and pure water were 0.463 and 0.754 mPa s at 303.15 K, respectively
[66]. The viscosity increased up to 1.384 mPa s at f,, = 0.6, and there-
after decreased monotonically to 1.341 and 1.003 mPa s at f,, = 0.7 and
0.9, respectively. Considering that the sizes of the nanoparticles as
measured by DLS were 220.5, 191.7, 141.8, and 103.2 nm at f,, = 0.6,

0.7, 0.8, and 0.90, respectively (Fig. 3d), the viscosity and polarity of the
solvent influence the nucleation, aggregation, coalescence, and growth
of the particles following the Ostwald ripening mechanism. The nano-
particles formed at f,, = 0.9 were spherical in shape with an average size
of 92 + 3.2 nm (Fig. 3c). The average size of the micelles measured using
TEM was slightly smaller than that measured using DLS (103.2 nm),
owing to the drying of the solvents during sample preparation.

3.3. Detection of nitroaromatic compounds in aqueous solution

Highly sensitive and selective detection of ultra-trace analytes from
nitroaromatic explosives such as PA, TNT, and DNT has attracted
attention because explosives are important chemical species for detec-
tion in mine fields, military applications, munitions remediation sites,
and homeland security applications. Phenolic nitro compounds, such as
TNP and DNP, are highly soluble in water and can contribute majorly
toward environmental pollution and health hazards caused by soil and
groundwater contamination. TPE derivatives possess the ability to
detect nitro explosives because of their highly localized =-electron
transfer from TPE derivatives to the low LUMO energies of nitro-
aromatics [47-49]. Taking advantage of this, HPG-TPE nanoparticles
fabricated in at f,, = 0.9 at a concentration of 10 pM were used for the
detection of nitroaromatic compounds using PA, DNP, NP, NT, and the
aliphatic nitro explosive, nitromethane, (NM), as model explosives. As
shown in Fig. 4a, as the stock solution of PA was added to the TPE-HPG
nanoparticles, the fluorescence was gradually quenched at 480 nm. The
fluorescence was eventually completely quenched, and the quenching
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Fig. 5. a) Absorbance spectra of various explosive analytes and emission spectra of HPG-TPE nanoparticles in THF/H,O (1:9 v/v) mixture; b) time-resolved fluo-
rescence spectrum of HPG-TPE nanoparticles (10 pM) in THF/H50 (1:9 v/v) mixture with addition of the increasing concentrations of PA from 0 pM to 100 pM Aep, =

480 nm. All the emission spectra were taken with Aoy = 340 nm.

efficiency for PA was approximately 95% at a PA concentration of 90
pM. At the same analyte concentration, the quenching efficiencies of
DNP, NP, NT, and NM were 64%, 49%, 27%, and 12%, respectively
(Fig. 4b). These results indicate that significant fluorescence quenching
occurs specifically with phenolic nitroaromatics.

To understand the process of quenching of HPG-TPE nanoparticles
due to the addition of nitroaromatic explosives, the Stern—Volmer rela-
tionship was employed:

Iy

—=K, [0] +1

7 (€8]

where Iy is the initial fluorescence intensity in the absence of the analyte,
I is the fluorescence intensity in the presence of the analyte, [Q] is the
molar concentration of the analyte, and Kj, is the quenching constant in
M L. The inset of Fig. 4c displays a Stern-Volmer plot of the relative
fluorescence intensity (Ip/I—1) versus [PA]. Ky, was calculated as 2.27 x
10* M ! by fitting a linear plot to the Stern-Volmer equation at a low
concentration of PA (25 pM). The limit of detection of PA by the HPG-
TPE nanoparticles was found to be 40 ppb (Fig. S8 in the Supporting
Information). The quenching curve deviated from linearity and bent
upward at a [PA] higher than 25 pM, suggesting an amplified quenching
effect [48]. The Ky, values were 8.25 x 102, 6.69 x 105, 2.9 x 10, and
2.3 x 10> M~! for DNP, NP, NT, and NM, respectively (Fig. 4d).
Therefore, the fluorescence quenching efficiency decreased in the order
PA > DNP > NP > NT > NM.

3.4. Sensing mechanism of nitroaromatics

The nonlinear Stern-Volmer plot curvature for PA suggested the
combination of static quenching and dynamic quenching. The resonance
energy transfer can occur from the sensor to the analyte if the sensor and
analyte are close to each other and the absorption band of the analyte
has an effective overlap with emission band of the sensor. In order to test
the possibility of resonance energy transfer from the sensor (donor) to
the analyte (acceptor), we plotted the absorption spectra of nitro-
aromatics along with the fluorescence spectrum of the sensor. Fig. 5a
shows that the absorption spectra of PA and DNP has a large overlap
with the emission spectrum of HPG-TPE nanoparticles, whereas a
negligible overlap is observed for other nitroaromatics 4NP, 4NT and
NM. This result suggests, the quenching mechanism for PA is induced by
the energy transfer.

Furthermore, to confirm the FRET is happening in the detection of
PA, time-resolved fluorescence spectroscopy was used to measure the
fluorescence lifetime of the sensor in the absence and presence of
varying concentrations of PA in THF/H,0 (1:9 v/v) mixture. As shown
in Fig. 5b, the HPG-TPE presents a lifetime of 0.52 ns in the absence of
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Fig. 6. Fluorescence quenching of HPG-TPE nanoparticles (10 pM) due to the
addition of various metal ions and PA (90 pM).

PA. By the addition of different concentrations of PA to the HPG-TPE,
the lifetime values of polymer remain unchanged. This result indicates
that the quenching mechanism is static in nature and a ground state
complex is formed between HPG-TPE and PA.

For the practical application of AIE-active HPG-TPE nanoparticles in
environmental samples, various metal ions present in wastewater must
be considered. Therefore, the sensitivity of the HPG-TPE nanoparticles
was further analyzed in the presence of metal ions, such as Na*, K*,
Ca%t, Mg?t, Mn?", Fe?*, Co*, Cu™, Cu?*, Zn?", and Sn?*. Fig. 6 shows
that none of the metal ions tested had a fluorescence quenching effect on
the HPG-TPE nanoparticles. In contrast, a drastic emission quenching
occurs at the concentration of 90 M of PA, suggesting that the addition
of metal ions to the nanoparticles does not interfere with their efficiency
at sensing PA.

From a practical perspective, it is extremely useful to develop
portable sensors or smart devices for real-time and on-site detection.
Assays performed on paper require small sample volumes, and paper
sensors can be easily fabricated by immobilizing fluorescent materials
on pieces of paper and tracing explosives can be visualized by an on/off
fluorescence response under a UV lamp. To fabricate the paper sensor, a
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Fig. 7. Paper sensors fabricated by simply immersing filter paper in the HPG-TPE solution (10 pg mL~" in THF), and fluorescence quenching in response to different

concentrations of PA under UV irradiation.

small piece of filter paper was immersed in the solution of the HPG-TPE
polymer in THF (10 pg mL™1), followed by drying in air. The resulting
paper sensor emitted a bright blue fluorescence under UV light, as
shown in Fig. 7. A few drops of solution containing different PA con-
centrations from 0 to 10 pM were developed onto the paper sensor. The
emission was progressively quenched, as expected, demonstrating the
potential practical application of the HPG-TPE paper sensor for nitro-
aromatic explosive detection. Furthermore, HPG-TPE is soluble in
common solvents, and HPG-TPE nanoparticles can easily be dispersed in
water, making the fabrication of paper sensors effortless.

4. Conclusions

An AlE-active hyperbranched polymer was successfully synthesized
by the polycondensation of HPG with diboronic acid-mediated TPE units
via dynamic boronate ester linkages. The resultant HPG-TPE polymers
formed nanoparticles with an average diameter of approximately 100
nm by the aggregation of TPE moieties in the THF/H20 mixture (1:9 v/
v). The HPG-TPE nanoparticles were tested for the detection of nitro-
aromatic explosives such as PA, DNP, NP, NT, and NM in aqueous so-
lution. The nanoparticles exhibited fluorescence quenching in the order
PA > DNP > NP > NT > NM. The nanoparticles exhibited a high
quenching efficiency specifically for PA with a quenching constant of
2.27 x 10* M}, which was calculated by fitting a linear plot to the
Stern-Volmer equation. The limit of detection limit was 40 ppb. In
addition, the highly soluble nature of HPG-TPE in organic solvents fa-
cilitates the fabrication of paper sensors that are practically applicable
for PA detection.
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