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Abstract: The sensitive and selective detection of nitroaromatic explosives is of great significance to
national security and human health. Herein, the novel linear polymer l-PAnTPE and cross-linked
polymer PAnTPE nanoparticles based on anthracene and tetraphenylethene groups were designed
and successfully synthesized via Suzuki-miniemulsion polymerization. The particle sizes of the
polymers are around 73 nm, making them well dispersible in water. The cross-linked polymer
PAnTPE exhibits porous structure, which is beneficial for the diffusion/adsorption of analytes. The
fluorescence sensing towards nitroaromatics was performed in the aqueous phase, and l-PAnTPE and
PAnTPE nanoparticles showed different quenching degree towards different nitroaromatics. Among
them, the quenching constant KSV values of l-PAnTPE and PAnTPE towards 2,4,6-trinitrophenol
(TNP) reach 1.8 × 104 M−1 and 4.0 × 104 M−1, respectively, which are 1–2 orders of magnitude
higher than other nitroaromatic explosives, thus demonstrating the high sensitivity and selectivity of
TNP detection in the aqueous phase. The sensing mechanism was further discussed to clarify this
phenomenon by analyzing UV–Vis absorption, excitation, fluorescence spectra, cyclic voltammograms
and fluorescence decay measurements. In addition, the paper strips tests exhibit that l-PAnTPE and
PAnTPE have great potential in the application of fast, low-cost and on-site nitroaromatics detection.

Keywords: explosive detection; fluorescence sensing; polymer nanoparticles; TNP detection

1. Introduction

Nitroaromatic explosives, such as 2,4,6-trinitrophenol (TNP, also called picric acid),
1,3,5-trinitrobenzene (TNB) and 2,4-dinitrotoluene (DNT), etc., have been used to pre-
pare rocket fuels, leather and pharmaceutical intermediates, especially bombs. Due to
their explosive capacity and high toxicity, the widespread use of nitroaromatics threatens
global security, causes serious environmental pollution and is harmful to human health,
causing skin, eye irritation and chronic diseases [1–3]. The nature of nitroaromatics high-
lights the demand for sensitive and selective detection technology [4,5]. So far, there are
many methods developed for nitroaromatics detection, including liquid chromatography–
mass spectroscopy (LC–MS) [6], ion mobility spectroscopy [7], gas chromatography–mass
spectroscopy (GC–MS) [8], high performance liquid chromatography (HPLC) [9], proton
transfer reaction mass spectroscopy (PTR–MS) [10], surface plasmon resonance (SPR) [11],
electrochemical analysis [12], surface enhanced Raman scattering (SERS) [13] and so on.
However, these technologies have some limitations, such as complicated sample pretreat-
ment, expensive instruments, strict operation and inadequate portability. Photolumines-
cence (PL) sensing owns the advantages of low cost, high sensitivity, fast response and
on-site detection, becoming a popular method for nitroaromatics detection [14–17]. To date,
the main materials used for PL sensing include small molecules based fluorophores [18,19],
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quantum dots (QDs) [16,20], metal-organic frameworks (MOFs) [21–23], conjugated poly-
mers (CPs) [24–27] and so on [28–30].

Conjugated polymers can amplify fluorescent signals due to the ‘molecular wire’
effect, which could improve the sensitivity of PL detection [31]. There are many kinds
of conjugated polymers developed for PL sensing, including hydrophobic conjugated
polymers, hydrophilic conjugated polymers, conjugated porous polymers, etc. For example,
Hua et al. prepared a diketopyrrolopyrrole-based conjugated polymer, which shows good
sensitivity and low cytotoxicity for the detection of fluoride ion and cell bioimaging [32].
Ramanavicius et al. combined the conducting polymer polypyrrole (Ppy) with bovine
leukemia virus protein gp51 to detect specific antibodies (anti-gp51-Ab), with an increase in
the selectivity of the immunosensor by application of Ppy. [33]. Cui et al. synthesized a
novel conjugated polymer with hydroxyl groups, which was used to detect DNT and TNT
in aqueous phase with the limits of detection of 7.4 × 10–7 mol/L and 1.1 × 10–6 mol/L,
respectively [34]. Qin and Liang et al. reported a fluorescence probe TPE-SFX based on
tetraphenylethene (TPE) modified spiro(fluorene-9,9′-xanthene) (SFX), and the prepared
TPE-SFX paper strips showed good performance, with the detection limit of 0.12 nmol/cm2

for TNP [35]. He et al. reported a conjugated porous polymer, based on triphenylamine
(TPA) and 2,2′-bipyridine, which realized a high sensitivity for the detection of Fe3+ and
Fe2+ ions [36]. Dong et al. synthesized a conjugated polyfluorene derivative (PCFSe)
with benzo[c][1,2,5]selenadiazole in polyfluorene backbone and N-alkylcarbazole in the
side chain, and PCFSe, as a fluorescent sensor, exhibited varying degrees of fluorescence
quenching towards different nitroaromatics, in which picric acid (PA) detection has the
highest sensitive response with a KSV value of 1.2 × 104 M−1 and the calculated detection
limit of 0.27 ppm in THF [37]. However, most conjugated polymers, except for hydrophilic
conjugated polymers, are hardly soluble or well-dispersible in pure water, which may limit
their application in aqueous media.

To solve this problem, the emergence of water-dispersible polymer nanoparticles opens
up the possibility for nitroaromatics detection in the aqueous phase. For example, Tang et al.
synthesized aggregation-induced emission (AIE)-active hyperbranched poly(2,5-silole)s for
the first time in high yields (up to 98%) and the nano-aggregates (in a THF/H2O mixture)
displayed a fluorescence response to TNP, giving a detection limit of 1 ppm of TNP in the
THF/H2O [38]. Sengottuvelu and Laskar et al. synthesized aggregation-induced enhanced
emission (AIEE)-active conjugated mesoporous oligomers containing TPA and TPE and
their nanoaggregates were prepared and used for nitroaromatics detection in quasi-aqueous
solution at fw = 90% (in water/THF) [39]. Kim et al. synthesized a hyperbranched conju-
gated polymer by polycondensation of TPE and hyperbranched polyglycidol (HPG) with
an average diameter of 100 nm for the detection of nitroaromatics in the aqueous phase, and
the detection limit of TNP was 40 ppb [25]. Tong and Wang et al. prepared water-dispersible
hyperbranched conjugated polymer nanoparticles (HCPN-S) for the highly sensitive detec-
tion of TNT in pure water [40]. Patra et al. fabricated conjugated porous organic polymer
nanoparticles based on a novel core of tetraphenyl-5,5-dioctylcyclopentadiene (TPDC)
and applied them for the sensing of nitroaromatics in water with KSV of 7.6 × 104 M−1

towards TNP [41]. Duan and Fei et al. synthesized a cross-linked poly(triphenylamine-
co-benzothiadiazole)s (PTPABT) with a particle size of 40–70 nm, which possessed good
dispersion in aqueous phase and showed high sensitivity for TNB detection in pure aque-
ous phase with a detection limit of 1.9 × 10−5 M [42]. Cao and Zhao et al. prepared an AIE
cross-linked poly(DVB-co-TPE-PBE) nanoparticles by copolymerization in a water-borne
miniemulsion system, and the sensitive detection of nitroaromatics in the aqueous phase
was realized, especially for highly sensitive and selective detection towards TNP with
a KSV value of 2.65 × 104 M−1 [43]. Zhou and Zhao et al. reported a series of neutral
conjugated polymers (NCPs) containing TPE, which could function as fluorescent probes
to detect TNP in aqueous media with extremely high sensitivity, low detection limit and
good anti-photobleaching properties [44].
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In this work, linear polymer (l-PAnTPE) nanoparticles and cross-linked polymer
(PAnTPE) nanoparticles based on typical AIE-active TPE groups and electron-rich an-
thracene (An) moieties were designed and successfully synthesized by Suzuki-miniemulsion
polymerization. The polymers show spherical particle morphologies with particle size
of ca. 73 nm, and cross-linked PAnTPE exhibits porous characteristics with pore size cen-
tered at ca. 3.5 nm, which is beneficial to construct the channels for analyst adsorption
and diffusion. The PL detection of nitroaromatics was performed by PL titration experi-
ments in water, and the detection of TNP with high sensitivity and selectivity was realized.
Furthermore, the paper strips based on our polymers were fabricated, and the practical
application of rapid, low cost and on-site detection of TNP was achieved. Our research
data demonstrate that an efficient PL sensing performance towards TNP in aqueous phase
could be obtained through the structural design and preparation of conjugated polymer
nanoparticles.

2. Experimental
2.1. Reagents and Measurements

The details of reagents and measurements are given in Supplementary Information (SI).

2.2. Synthesis
2.2.1. 9,10-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene (An-2B)

A mixture of 9,10-dibromoanthracene (2.02 g, 6.00 mmol), bis(pinacol)diboron (3.66 g,
14.40 mmol), potassium acetate (3.53 g, 36.00 mmol) and Pd(dppf)Cl2 (0.12 g, 0.15 mmol)
were carefully degassed and then dissolved in DMF (20 mL). The mixture was stirred
at 90 °C for 24 h under nitrogen atmosphere. After cooling to room temperature, the
mixture was treated with water and extracted with chloroform. The organic phase was
collected and dried over anhydrous MgSO4. The crude product was purified by column
chromatography to give the polymer as a white solid in 46% yield (1.18 g). 1H NMR
(400 MHz, C2D2Cl4): δ = 8.31 (dd, J = 3.3, 6.7 Hz, 4H), 7.49 (dd, J = 3.3, 6.8 Hz, 4H), 1.58 (s,
24H). 13C NMR (100 MHz, C2D2Cl4) δ 135.04, 129.18, 125.55, 84.90, 25.49. MS m/z: calcd.,
430.16; found 430.72.

2.2.2. l-PAnTPE Nanoparticles

Sodium dodecyl sulfate (SDS) (0.20 g, 0.69 mmol) and K2CO3 (0.25 g, 1.80 mmol)
were dissolved in deionized water (20 mL), then ultrasonically treated for 15 min. An-2B
(0.13 g, 0.30 mmol), TPE-2Br (0.15 g, 0.30 mmol) and tetrakis(triphenylphosphine)palladium
(Pd(PPh3)4, 0.01 g, 0.01 mmol) were dissolved in toluene (2 mL). The water phase was added
to the organic phase and treated ultrasonically for 10 min to form a stable miniemulsion. The
obtained miniemulsion was degassed three times and heated at 85 °C for 24 h. Finally, the
solution was packed in dialysis bag (Mn 3500 g/mol) for dialysis to remove the surfactants
and unreacted monomers. The linear polymer l-PAnTPE nanoparticles were obtained in
32% yield.

2.2.3. PAnTPE Nanoparticles

SDS (0.20 g, 0.69 mmol) and K2CO3 (0.25 g, 1.80 mmol) were dissolved in deionized
water (20 mL), then ultrasonically treated for 15 min. An-2B (0.13 g, 0.30 mmol), TPE-4Br
(0.10 g, 0.15 mmol) and Pd(PPh3)4 (0.01 g, 0.01 mmol) were dissolved in toluene (2 mL).
The water phase was added to the organic phase and treated ultrasonically for 10 min. The
obtained miniemulsion was degassed three times and heated at 85 °C for 24 h. Finally, the
solution was packed in dialysis bag (Mn 3500 g/mol) for dialysis to remove the surfactants
and unreacted monomers. The cross-linked polymer PAnTPE nanoparticles were obtained
in 35% yield.
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3. Results and Discussion
3.1. Synthesis and Characterization

Scheme 1 illustrates the synthesis routes to l-PAnTPE and PAnTPE nanoparticles.
The monomers of dibromo-substituted TPE (TPE-2Br) and tetrabromo-substituted TPE
(TPE-4Br) were synthesized by McMurry coupling reaction according to the literature [39].
An-2B was synthesized by Suzuki-Miyaura reaction. l-PAnTPE and PAnTPE nanoparticles
were prepared by Suzuki coupling in toluene/water miniemulsion. The chemical structures
of the obtained polymers were successfully confirmed by FT–IR spectra. In Figure 1a, for
l-PAnTPE, the peak at 2928 cm−1 is attributed to the C–H stretching of the phenyl rings.
The peaks at 1650 and 1543 cm−1 are attributed to the C=C stretching of the phenyl rings.
The peak at 700 cm−1 comes from the C–H bending of the phenyl rings. In Figure 1b, for
PAnTPE, the peaks at 2979 and 2929 cm−1 are attributed to be the C–H stretching of the
phenyl rings. The C=C stretching of the phenyl rings occur at 1486 and 1415 cm−1. The
peaks at 1314–758 cm−1 come from the C–H bending of the phenyl rings. It is worthwhile
noting that the C–Br vibration peaks at 591 cm−1 and 503 cm−1 from the monomers TPE-2Br
and TPE-4Br almost completely disappear, indicating that the Suzuki coupling reactions
were completed [45,46].
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Scanning electron microscope (SEM) images, transmission electron microscope (TEM),
dynamic light scattering (DLS) and nitrogen sorption isotherms were obtained for the
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characterization of the morphologies and porosities of the polymers. As shown in Figure 2,
the uniform particles of l-PAnTPE and PAnTPE can be observed from the SEM images,
and the average particle sizes are ca. 73 nm for both polymers. TEM images of l-PAnTPE
and PAnTPE are shown in Figure S1; compared with SEM, spherical particles are also
obtained with similar particle sizes. Figure S2 shows the DLS analysis of the nanoparticles,
and the average hydrodynamic diameters of l-PAnTPE and PAnTPE were measured as ca.
60 nm and 84 nm, respectively. The nanoparticle morphologies of l-PAnTPE and PAnTPE
guarantee their good dispersity in water. The specific surface area and pore size were
obtained by nitrogen sorption isotherms. As shown in Figure 3, the cross-linked polymer
PAnTPE shows a hysteresis loop in the range of P/P0 = 0.03–1, and the curve indicates the
characteristics of the IV type isotherm curve. The Brunauer-Emmett-Teller (BET) surface
area of PAnTPE was determined to be 49.3 m2/g, and the pore size distribution is centered
at ca. 3.5 nm. In contrast, the BET surface area of l-PAnTPE is zero due to its linear structure.
The porous nature of the cross-linked polymer PAnTPE can provide a channel for the
adsorption/diffusion of explosive molecules in the polymer, which is beneficial for the PL
sensing towards nitroaromatics.

Chemosensors 2022, 10, 366 5 of 14 
 

 

Scanning electron microscope (SEM) images, transmission electron microscope 

(TEM), dynamic light scattering (DLS) and nitrogen sorption isotherms were obtained 

for the characterization of the morphologies and porosities of the polymers. As shown in 

Figure 2, the uniform particles of l-PAnTPE and PAnTPE can be observed from the SEM 

images, and the average particle sizes are ca. 73 nm for both polymers. TEM images of 

l-PAnTPE and PAnTPE are shown in Figure S1; compared with SEM, spherical particles 

are also obtained with similar particle sizes. Figure S2 shows the DLS analysis of the 

nanoparticles, and the average hydrodynamic diameters of l-PAnTPE and PAnTPE were 

measured as ca. 60 nm and 84 nm, respectively. The nanoparticle morphologies of 

l-PAnTPE and PAnTPE guarantee their good dispersity in water. The specific surface 

area and pore size were obtained by nitrogen sorption isotherms. As shown in Figure 3, 

the cross-linked polymer PAnTPE shows a hysteresis loop in the range of P/P0 = 0.03–1, 

and the curve indicates the characteristics of the IV type isotherm curve. The Brunau-

er-Emmett-Teller (BET) surface area of PAnTPE was determined to be 49.3 m2/g, and the 

pore size distribution is centered at ca. 3.5 nm. In contrast, the BET surface area of 

l-PAnTPE is zero due to its linear structure. The porous nature of the cross-linked poly-

mer PAnTPE can provide a channel for the adsorption/diffusion of explosive molecules 

in the polymer, which is beneficial for the PL sensing towards nitroaromatics. 

 

Figure 2. SEM images of l-PAnTPE (a) and PAnTPE (c), and particle size distributions of l-PAnTPE 

(b) and PAnTPE (d). 

 

Figure 3. The nitrogen isothermal adsorption desorption curves (a) and pore size distribution (b) of 

PAnTPE. 

  

Figure 2. SEM images of l-PAnTPE (a) and PAnTPE (c), and particle size distributions of l-PAnTPE
(b) and PAnTPE (d).

Chemosensors 2022, 10, 366 5 of 14 
 

 

Scanning electron microscope (SEM) images, transmission electron microscope 

(TEM), dynamic light scattering (DLS) and nitrogen sorption isotherms were obtained 

for the characterization of the morphologies and porosities of the polymers. As shown in 

Figure 2, the uniform particles of l-PAnTPE and PAnTPE can be observed from the SEM 

images, and the average particle sizes are ca. 73 nm for both polymers. TEM images of 

l-PAnTPE and PAnTPE are shown in Figure S1; compared with SEM, spherical particles 

are also obtained with similar particle sizes. Figure S2 shows the DLS analysis of the 

nanoparticles, and the average hydrodynamic diameters of l-PAnTPE and PAnTPE were 

measured as ca. 60 nm and 84 nm, respectively. The nanoparticle morphologies of 

l-PAnTPE and PAnTPE guarantee their good dispersity in water. The specific surface 

area and pore size were obtained by nitrogen sorption isotherms. As shown in Figure 3, 

the cross-linked polymer PAnTPE shows a hysteresis loop in the range of P/P0 = 0.03–1, 

and the curve indicates the characteristics of the IV type isotherm curve. The Brunau-

er-Emmett-Teller (BET) surface area of PAnTPE was determined to be 49.3 m2/g, and the 

pore size distribution is centered at ca. 3.5 nm. In contrast, the BET surface area of 

l-PAnTPE is zero due to its linear structure. The porous nature of the cross-linked poly-

mer PAnTPE can provide a channel for the adsorption/diffusion of explosive molecules 

in the polymer, which is beneficial for the PL sensing towards nitroaromatics. 

 

Figure 2. SEM images of l-PAnTPE (a) and PAnTPE (c), and particle size distributions of l-PAnTPE 

(b) and PAnTPE (d). 

 

Figure 3. The nitrogen isothermal adsorption desorption curves (a) and pore size distribution (b) of 

PAnTPE. 

  

Figure 3. The nitrogen isothermal adsorption desorption curves (a) and pore size distribution
(b) of PAnTPE.



Chemosensors 2022, 10, 366 6 of 14

3.2. Photophysical Properties

The photophysical properties of the l-PAnTPE and PAnTPE were characterized by UV–
Vis and emission spectra in aqueous media. As shown in Figure 4a,b, the UV–Vis spectrum
of l-PAnTPE exhibits an absorption peak at 257 nm and a shoulder peak near 373 nm, while
PAnTPE exhibits a strong absorption peak at 257 nm and a shoulder peak at 333 nm, which
are corresponding to the π–π* transition of An and TPE groups. The emission spectra
show a maximum excitation wavelength and a maximum emission wavelength at 393 nm
and 455 nm for l-PAnTPE, 336 nm and 448 nm for PAnTPE, respectively. From the CIE,
l-PAnTPE and PAnTPE in water both exhibit blue emission (Figure 4c,d). Compared with
the linear polymer l-PAnTPE, the emission peak of the cross-linked polymer PAnTPE has a
ca. 7 nm blue shift, which is possibly due to the stronger rigidity and conjugation from the
cross-linked structure.
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3.3. Nitroaromatics Detection

Because of good dispersion of the obtained polymers in water, l-PAnTPE and PAnTPE
could be used to detect nitroaromatics in aqueous phase. The PL spectra with different
amounts of TNP and the Stern–Volmer (S–V) plots of l-PAnTPE and PAnTPE measured
in water were recorded in Figure 5. As shown in Figure 5a,c, the polymers l-PAnTPE and
PAnTPE exhibit apparent PL quenching with increasing TNP concentration, and the PL
intensities are quenched almost completely when TNP concentrations reach 183 µM and
142 µM, respectively. Using quinine sulfate as reference, the PL quantum yields of l-PAnTPE
and PAnTPE aqueous dispersion were calculated to be ca. 1.8% and 2.0% in the absence of
TNP and decreased to ca. 0.040% and 0.060% after the addition of 183 µM and 142 µM of
TNP, respectively. It is noteworthy that the PL spectra show no obvious change after adding
TNP, which means that no other emissive species were formed during the quenching
process. To calculate the quenching efficiency of l-PAnTPE and PAnTPE in response to
TNP concentration in water, S–V plots were obtained using the equation (I0/I = 1 + KSV
[Q]); here, I0 denotes emission intensity of polymers without any quencher, I denotes the
emission intensity of polymer with quencher with concentration [Q], and KSV represents the
S–V quenching constant (M−1). In Figure 5b,d, the KSV values of l-PAnTPE and PAnTPE
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were determined to be 1.8 × 104 M−1 and 4.0 × 104 M−1, respectively, demonstrating
a sensitive PL sensing towards TNP. In addition, the other two important parameters,
the limit of detection (LOD) and limit of quantification (LOQ) values, were calculated as
663 nM and 2.20 µM for l-PAnTPE, 439 nM and 1.50 µM for PAnTPE, respectively, via
the equation LOD = 3 σ/m and LOQ = 10 σ/m, where σ is the standard deviation of
the PL intensities of the blank solution, and m represents the slope of the linear fitting
curve (Figure S3, Tables S1 and S2) [37]. From the KSVs, LODs and LOQs, the cross-linked
polymer PAnTPE shows higher sensitivity than the linear polymer l-PAnTPE, which could
be attributed to the porous structure of cross-linked PAnTPE, thus facilitating the contact
and the adsorption/diffusion of the analyte in the polymer. For comparison, some literature
data of polymer-based PL sensing materials for TNP detection are summarized in Table 1,
indicating that l-PAnTPE and PAnTPE nanoparticles are very promising for the PL sensing
towards TNP detection.

Chemosensors 2022, 10, 366 7 of 14 
 

 

4.0 × 104 M−1, respectively, demonstrating a sensitive PL sensing towards TNP. In addi-

tion, the other two important parameters, the limit of detection (LOD) and limit of quan-

tification (LOQ) values, were calculated as 663 nM and 2.20 μM for l-PAnTPE, 439 nM 

and 1.50 μM for PAnTPE, respectively, via the equation LOD = 3 σ/m and LOQ = 10 σ/m, 

where σ is the standard deviation of the PL intensities of the blank solution, and m rep-

resents the slope of the linear fitting curve (Figure S3, Tables S1 and S2) [37]. From the 

KSVs, LODs and LOQs, the cross-linked polymer PAnTPE shows higher sensitivity than 

the linear polymer l-PAnTPE, which could be attributed to the porous structure of 

cross-linked PAnTPE, thus facilitating the contact and the adsorption/diffusion of the 

analyte in the polymer. For comparison, some literature data of polymer-based PL sens-

ing materials for TNP detection are summarized in Table 1, indicating that l-PAnTPE 

and PAnTPE nanoparticles are very promising for the PL sensing towards TNP detec-

tion. 

 

Figure 5. Emission spectra of l-PAnTPE (a) and PAnTPE (c) aqueous dispersion with increasing 

amounts of TNP. S–V plots of PL intensity (I0/I−1) of l-PAnTPE (b) and PAnTPE (d) vs. TNP con-

centration. 

Table 1. Literature data of polymer materials for TNP detection. 

Polymeric Material Ksv/M−1 LOD References Test Environment 

l-PAnTPE 1.8 × 104 663 nM This work Water 

PAnTPE 4.0 × 104 439 nM This work Water 

P2 2.03 × 104 - [47] THF-water 

oTPETP 1.64 × 102 0.053 mM (12 ppm) [48] THF-water 

P1e2c 1.72 × 104 510 nM [49] Water 

FPP-3 1.64 × 104 59 ppb [50] Methanol 

DCP 1.6 × 104 3.7 μM [51] THF 

DVB-co-TPE-PBE 2.65 × 104 5.43 μM (1.24 ppm) [43] THF-water 

PTPE 1.72 × 107 5 nM [44] THF-water 

HPG-TPE 2.27 × 104 40 ppb [25] THF-water 

PFBT 2.18 × 105 0.19 nM [52] DMSO 

P2 6.40 × 104 525 nM (120 ppb) [53] CHCl3 

PBEMA 2.45 × 105 0.114 μM [54] Water 

TTRZ 1.15 × 105 27 ppb [55] Methanol 
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Table 1. Literature data of polymer materials for TNP detection.

Polymeric Material Ksv/M−1 LOD References Test Environment

l-PAnTPE 1.8 × 104 663 nM This work Water
PAnTPE 4.0 × 104 439 nM This work Water

P2 2.03 × 104 - [47] THF-water
oTPETP 1.64 × 102 0.053 mM (12 ppm) [48] THF-water

P1e2c 1.72 × 104 510 nM [49] Water
FPP-3 1.64 × 104 59 ppb [50] Methanol
DCP 1.6 × 104 3.7 µM [51] THF

DVB-co-TPE-PBE 2.65 × 104 5.43 µM (1.24 ppm) [43] THF-water
PTPE 1.72 × 107 5 nM [44] THF-water

HPG-TPE 2.27 × 104 40 ppb [25] THF-water
PFBT 2.18 × 105 0.19 nM [52] DMSO

P2 6.40 × 104 525 nM (120 ppb) [53] CHCl3
PBEMA 2.45 × 105 0.114 µM [54] Water
TTRZ 1.15 × 105 27 ppb [55] Methanol
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Selectivity is important for the explosives detection, thus the PL quenching exper-
iments of l-PAnTPE and PAnTPE towards TNB and DNT were tested as well. From
the S–V plots, the KSV values of l-PAnTPE toward TNB and DNT were calculated to be
8.8 × 102 M−1 and 2.6× 103 M−1, the LODs were calculated to be 16.6 µM and 6.60 µM, the
LOQs were calculated to be 55.2 µM and 22.1 µM, respectively (Figures S4 and S5, Table S1).
As for PAnTPE, the KSV values towards TNB and DNT were found to be 3.9 × 103 M−1 and
2.2 × 103 M−1, the LODs were calculated to be 3.60 µM and 5.70 µM and the LOQs were
calculated to be 11.8 µM and 19.1 µM, respectively (Figures S6 and S7, Table S2). These
much lower KSV, LOD and LOQ values indicate high selectivity for TNP detection based on
l-PAnTPE and PAnTPE. Selectivity of l-PAnTPE and PAnTPE towards TNP was also tested
in a competitive environment with other nitroaromatic compounds (phenol as comparison)
in water. As shown in Figure 6, after adding 35 µM TNP into PAnTPE aqueous dispersion,
the PL intensity sharply decreases to 46%. The addition of the same concentration of
other explosives causes little effect in the PL intensity of PAnTPE, then the PL intensity
decreases significantly upon adding 35 µM of TNP to the similar quenching degree of
adding TNP alone. Similar experimental phenomenon could be obtained from l-PAnTPE
(Figure 6a), and the results indicate a good recognition of TNP based on l-PAnTPE and
PAnTPE nanoparticles in the presence of other interfering nitroaromatic compounds. In
addition, the PL quenching effect was recorded by adding potential interfering ions (Na+,
K+, Ba2+, Ca2+, Mg2+, Fe2+, Mn2+, Zn2+, OH−, Fe3+, Cu2+, NO2

− and Br−) into l-PAnTPE
and PAnTPE aqueous dispersions, as shown in Figure S8. It is worth nothing that the
interfering ions caused very little effect on the PL of l-PAnTPE and PAnTPE dispersion,
indicating the high selectivity of TNP detection and anti-interference to the common ions
in actual water samples based on the polymer nanoparticles.
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Figure 6. The quenching degree of l-PAnTPE (a) and PAnTPE (b) aqueous dispersion towards
different nitroaromatics (NACs) and phenol of 70 µM and 35 µM, respectively, followed by adding
the same amount of TNP.

3.4. Quenching Mechanism

The electron-rich structures of the conjugated polymers l-PAnTPE and PAnTPE are
conductive to their interaction with electron-deficient nitroaromatic explosives, while the
porous spherical structure of the cross-linked polymer PAnTPE nanoparticles is more
conducive to the adsorption and diffusion of the sensing analytes. Therefore, the PL
sensing performance of the cross-linked PAnTPE nanoparticles is better than that of the
linear l-PAnTPE. In addition, a highly sensitive and selective detection of TNP in pure
water was achieved based on l-PAnTPE and PAnTPE nanoparticles. To further understand
this phenomenon, the PL sensing mechanism between the polymers and nitroaromatics
was investigated.

The electrochemical properties of l-PAnTPE and PAnTPE were examined by the cyclic
voltammogram (CV) curves, as shown in Figure S9. The onset potentials of l-PAnTPE and
PAnTPE are 1.22 V and 1.15 V, respectively. According to the equation HOMO (highest-
occupied molecular orbitals) = −(Eonset

Ox + 4.36) eV, the HOMO energy levels of l-PAnTPE
and PAnTPE were calculated to be −5.58 eV and −5.51 eV, respectively. Moreover, from
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the UV–Vis absorption spectra of the polymers, the optical band gap Eg was determined
to be 2.90 and 2.98 eV for l-PAnTPE and PAnTPE, respectively. According to the equation
LUMO (lowest-unoccupied molecular orbitals) = HOMO + Eg, the LUMO energy levels
of l-PAnTPE and PAnTPE were calculated to be −2.68 eV and −2.53 eV, respectively. The
LUMO energy levels of l-PAnTPE and PAnTPE were higher than that of TNP, TNB and
DNT [56,57] (Figure 7), therefore, photoinduced electron transfer process may exist during
the PL quenching. In addition, the LUMO energy level of TNP is lower than that of TNB
and DNT, which might be one reason for the high sensitivity to TNP detection.
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Figure 7. HOMO and LUMO energy levels of l-PAnTPE, PAnTPE and nitroaromatic explosives.

Figure 8 shows the excitation and PL spectra of l-PAnTPE and PAnTPE nanoparticles
and the UV–Vis absorption spectra of nitroaromatics in water. As shown in Figure 8,
the UV–Vis absorption spectrum of TNP overlaps with the PL spectra of l-PAnTPE and
PAnTPE, indicating the possibility of Föster resonance energy transfer mechanism [58]. In
addition, the excitation spectra of l-PAnTPE and PAnTPE also overlap with the UV–Vis
absorption spectrum of TNP to a large extent, so an inner filter effect (IFT) may exist during
the PL quenching process with TNP [52].

Chemosensors 2022, 10, 366 9 of 14 
 

 

levels of l-PAnTPE and PAnTPE were calculated to be −5.58 eV and −5.51 eV, respec-

tively. Moreover, from the UV–Vis absorption spectra of the polymers, the optical band 

gap Eg was determined to be 2.90 and 2.98 eV for l-PAnTPE and PAnTPE, respectively. 

According to the equation LUMO (lowest-unoccupied molecular orbitals) = HOMO + Eg, 

the LUMO energy levels of l-PAnTPE and PAnTPE were calculated to be −2.68 eV and 

−2.53 eV, respectively. The LUMO energy levels of l-PAnTPE and PAnTPE were higher 

than that of TNP, TNB and DNT [56,57] (Figure 7), therefore, photoinduced electron 

transfer process may exist during the PL quenching. In addition, the LUMO energy level 

of TNP is lower than that of TNB and DNT, which might be one reason for the high sen-

sitivity to TNP detection. 

 

Figure 7. HOMO and LUMO energy levels of l-PAnTPE, PAnTPE and nitroaromatic explosives. 

Figure 8 shows the excitation and PL spectra of l-PAnTPE and PAnTPE nanoparti-

cles and the UV–Vis absorption spectra of nitroaromatics in water. As shown in Figure 8, 

the UV–Vis absorption spectrum of TNP overlaps with the PL spectra of l-PAnTPE and 

PAnTPE, indicating the possibility of Föster resonance energy transfer mechanism [58]. 

In addition, the excitation spectra of l-PAnTPE and PAnTPE also overlap with the UV–

Vis absorption spectrum of TNP to a large extent, so an inner filter effect (IFT) may exist 

during the PL quenching process with TNP [52]. 

 

Figure 8. The excitation and PL spectra of l-PAnTPE (a) and PAnTPE (b), and the UV-Vis absorp-

tion spectra of TNP, TNB and DNT in water. 

Furthermore, to reveal the dynamic/static mechanism of PL quenching, we studied 

the PL lifetimes of l-PAnTPE and PAnTPE aqueous dispersion upon TNP addition by 

time resolved PL decay experiments. As shown in Figure 9, the average PL lifetimes of 

l-PAnTPE and PAnTPE are similar, with 1.31 ns and 1.49 ns, respectively. When TNP 

was added, the PL lifetimes obtained from the decay curves kept almost unchanged, 

with 1.20 ns and 1.50 ns, respectively, indicating that the static quenching is involved in 

the TNP quenching mechanism. Furthermore, the ratio of τ0/τ is plotted as a function of 

200 300 400 500 600 700 800 900

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2 (b)(a)
 PL of l-PAnTPE

 EX of l-PAnTPE

 Abs of TNP

 Abs of TNB

 Abs of DNT

P
L

 I
n

te
n

s
it

y
 (

a
.u

.)

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

Wavelength (nm)

200 300 400 500 600 700 800 900

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2
 PL of PAnTPE

 EX of PAnTPE

 Abs of TNP

 Abs of TNB

 Abs of DNT

P
L

 I
n

te
n

s
it

y
 (

a
.u

.)

A
b

s
o

rb
a
n

c
e

 (
a
.u

.)

Wavelength (nm)

Figure 8. The excitation and PL spectra of l-PAnTPE (a) and PAnTPE (b), and the UV-Vis absorption
spectra of TNP, TNB and DNT in water.

Furthermore, to reveal the dynamic/static mechanism of PL quenching, we studied
the PL lifetimes of l-PAnTPE and PAnTPE aqueous dispersion upon TNP addition by
time resolved PL decay experiments. As shown in Figure 9, the average PL lifetimes of
l-PAnTPE and PAnTPE are similar, with 1.31 ns and 1.49 ns, respectively. When TNP was
added, the PL lifetimes obtained from the decay curves kept almost unchanged, with 1.20
ns and 1.50 ns, respectively, indicating that the static quenching is involved in the TNP
quenching mechanism. Furthermore, the ratio of τ0/τ is plotted as a function of TNP
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concentration (Figure S10), where τ0 represents the initial average PL lifetimes of l-PAnTPE
and PAnTPE, τ represents the average PL lifetimes at different TNP concentration. As
shown in Figure S10, the plots of τ0/τ vs. TNP concentrations are linearly fitted and parallel
to the x axis, showing almost unchanged PL lifetimes before and after TNP addition, thus
demonstrating that the static quenching dominates the quenching process of TNP [59].
Therefore, it can be considered that the IFT is the key reason for the remarkable sensitivity
and selectivity based on l-PAnTPE and PAnTPE nanoparticles for TNP detection in the
aqueous phase.
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3.5. Paper Strips Tests

To realize fast, low cost and real-time TNP detection, paper strips were fabricated using
our polymers. As shown in Figure 10, the paper strips coated with our polymers exhibit blue
emission under the excitation of UV light at 365 nm. When different concentrations of TNP
solutions were added onto paper strips, the PL of the strips were gradually quenched with
the increase in TNP content. Importantly, the obvious PL quenching could be recognized
with TNP concentration of only 0.05 mg/mL. The paper strips of our polymers demonstrate
a potential for real-time application towards trace TNP.
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4. Conclusions

In summary, the novel linear polymer l-PAnTPE and cross-linked polymer PAnTPE
nanoparticles based on anthracene and tetraphenylethene were successfully synthesized
by Suzuki coupling polymerization in toluene/water miniemulsion. Uniform polymer
nanoparticles were prepared with particle sizes around 73 nm, which makes them well
dispersed in the pure aqueous phase. The two conjugated polymers l-PAnTPE and PAnTPE
nanoparticles could be used for the detection of nitroaromatics in aqueous media, espe-
cially for TNP, with LODs of 663 nM and 439 nM, respectively. The porous structure of
the cross-linked PAnTPE is beneficial to the adsorption/diffusion of the quencher, lead-
ing to a better quenching performance towards nitroaromatics than the linear polymer
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l-PAnTPE. Further investigation of sensing mechanism indicates that static quenching
dominates the TNP sensing process, thus the high sensitivity and selectivity detection of
TNP, compared to the other nitroaromatics could be mainly attributed to the IFT effect. In
addition, the l-PAnTPE and PAnTPE paper strips show good sensing performance for TNP
detection, thus demonstrating the great potential of l-PAnTPE and PAnTPE nanoparticles
in practical application.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10090366/s1, Reagents and measurements; Figure S1:
TEM images of l-PAnTPE (a) and PAnTPE (b); Figure S2: DLS curves of l-PAnTPE (a) and PAnTPE
(b); Figure S3: Linear relationship between different quantities of TNP and PL intensities of polymers
l-PAnTPE (a) and PAnTPE (b) aqueous dispersion; Figure S4: Emission spectra of l-PAnTPE aqueous
dispersion by addition of TNB (a) and DNT (c). S–V plots of relative PL intensities (I0/I−1) of
l-PAnTPE vs. TNB (b) and DNT (d) concentration; Figure S5: Linear relationship between different
quantities of explosives and PL intensity of l-PAnTPE aqueous dispersion; Figure S6: Emission spectra
of PAnTPE aqueous dispersion by addition of TNB (a) and DNT (c). S–V plots of relative PL intensities
(I0/I−1) of PAnTPE vs. TNB (b) and DNT (d) concentration; Figure S7: Linear relationship between
different quantities of explosives and PL intensity of PAnTPE aqueous dispersion; Figure S8: PL
quenching degree of l-PAnTPE (a) and PAnTPE (b) aqueous dispersion by adding potential interfering
ions (Na+, K+, Ba2+ and Ca2+ of 450 µM; Mg2+, Fe2+, Mn2+, Zn2+ and OH− of 200 µM; Fe3+, Cu2+,
NO2

− and Br− of 100 µM) and TNP (70 and 35 µM in l-PAnTPE and PAnTPE, respectively); Figure S9:
The cyclic voltammogram curves of l-PAnTPE (a) and PAnTPE (b) in acetonitrile; Figure S10: linear
fitting of τ0/τ of l-PAnTPE (a) and PAnTPE (b) vs. TNP concentration, where τ0 is the average PL
lifetime of polymer dispersion, and τ is the average PL lifetime upon TNP addition; Table S1: LODs
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for TNP, TNB and DNT, respectively.
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