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ABSTRACT: This research explores fluorescent covalent organic
polymer (COP) as light-emitting materials due to their porous
nature and π-conjugated skeleton. We successfully synthesized a
fluorescent COP, named Pery-DHTP-BZ-COP, using the Sonoga-
shira−Hagihara coupling reaction. This reaction combines 3,8-bis(4-
ethynylphenyl)-2,3,4,7,8,9-hexahydrobenzo[1,2-e:4,5-e′]bis([1,3]-
oxazine) (DHTP-BZ) with 1,7-dibromoperylene dianhydride (Pery-
Br2). We confirmed the existence of the benzoxazine (BZ) ring and
the overall structure of Pery-DHTP-BZ-COP using FTIR and NMR
spectroscopy. The FTIR, DSC, and TGA analyses were employed to
investigate the thermal ring-opening polymerization (ROP)
behavior and thermal stability of Pery-DHTP-BZ-COP at various
temperatures. Photoluminescence (PL) spectroscopy and ultraviolet
(UV) light were used to demonstrate the fluorescence emission properties of Pery-DHTP-BZ-COP dispersed in a solution. These
fluorescent properties, combined with the electron-rich nature of the COP, led us to develop a sensor for selective and accurate
detection of lead ions (Pb2+) and a nitroaromatic explosive, trinitrophenol (TNP). The electron-rich nature of Pery-DHTP-BZ-COP
facilitates efficient electron transfer to the target analytes (Pb2+ and TNP). This electron transfer process results in the fluorescence
quenching of the COP, allowing for detection. The sensor exhibits a desirable linear response to both Pb2+ and TNP with
remarkably low detection limits of 0.5 μM (0.163 ppm) and 0.7 μM (0.16 ppm), respectively.
KEYWORDS: benzoxazine, covalent organic polymer, fluorescence, Sonogashira−Hagihara coupling, lead ions, trinitrophenol

■ INTRODUCTION
Heavy metal ions and explosive nitroaromatics are becoming
more and more of a problem due to the fast expansion of
agriculture and industry. These pollutants inflict permanent
damage to aquatic life and human health.1−5 Heavy metals
refer to a collection of metals and metalloids that possess a
relatively high density and are poisonous, even at parts per
billion (ppb) concentrations.6−8 The predominant heavy metal
contaminants found in wastewater include cadmium, chro-
mium, copper, lead, mercury, nickel, silver, and zinc.9 The
enduring presence of these substances is attributed to their
non-biodegradable and poisonous properties, rendering them a
substantial threat to the well-being of animals and people who
rely on water as an essential need for survival.10 Furthermore,
these substances have the potential to accumulate in soil and
water, ultimately entering the food chain and leading to
enduring health issues, including kidney failure, neurological
diseases, and cancers.11 Among different metal ions, lead
(Pb2+) is a frequently used material in several economic
sectors, including agriculture, medicines, and industries like
batteries, pigments, and metallurgy.12,13 Pb2+ has been
classified by the World Health Organization (WHO) as one
of the most hazardous elements for the environment, human

health, and animals.14 Even a tiny concentration of Pb2+ ions
may significantly impairments in brain function and result in
neurological breakdown.15 Therefore, detecting Pb2+ metal
ions is important due to their toxicity. Nitroaromatic
compounds, which are used as chemical weapons, present a
significant risk to the safety of both civilians and the
military.16,17 Additionally, they are understood as hazardous
pollutants that contribute to environmental contamination.
These materials commonly used are nitro-substituted com-
pounds, such as 2,4,6-trinitrophenol (TNP), 2,4-dinitrotoluene
(DNT), and 2,4,6-trinitrotoluene (TNT). These materials
consist of a strong combination of a chemical oxidant and a
reluctant substance, which endures a highly exothermic
decomposition process, leading to significant environmental
pollutants.18 Furthermore, TNP is considered one of the
strongest organic acids due to its composition of strong
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electron-withdrawing groups. In comparison to TNT, TNP
exhibits higher explosive potential.19−21 Furthermore, its
widespread application in the pharmaceutical, dye, and leather
sectors, as well as in the production of matches, fireworks, and
rocket propellant, has inevitably resulted in soil and ground-
water contamination.22−24 The TNP has been classified as an
active carcinogen by the Environmental Protection Agency
(EPA), which has issued warnings regarding the detrimental
health effects it can cause with protracted exposure.25,26 The
consumption of these dangerous compounds has resulted in
the growth of environmental pollutants, ultimately causing soil
and water contamination.27−29 Hence, it is essential to
streamline the development of a sensor probe capable of
detecting heavy metal ions and explosive nitroaromatic
compounds. Porous organic polymers (POPs) consist of
lightweight elements, such as carbon, hydrogen, oxygen,
nitrogen, and boron. They have been consistently growing as
a highly potential category of porous materials in recent times
compared to typical inorganic porous materials like zeolite and
activated carbon.30−34 POPs have many benefits, including
lowered skeletal density, a greater specific surface area, and
excellent physicochemical stability. The abundance of organic
building blocks enables the diversity and adaptability of POPs
for various applications, such as adsorption,35 separation,36 gas
storage,37,38 energy conversion,39 drug delivery,40 heteroge-
neous catalysis,41,42 and sensing.43 In the past few years,
different types of POPs have been developed, including
covalent−organic frameworks (COFs),44 conjugated micro-
porous polymers (CMPs),45 and covalent organic polymers
(COPs).46 These materials have been used as sensing
platforms because they possess the following advantageous
qualities, e.g., controlled polymer structure, π-conjugated,
designable building blocks, sensing moieties, luminescence
properties, and high stability in acid or base. The inherent
advantages of POPs make them highly suitable for chemical
sensing applications.47−49 Benzoxazines (BZs) are intriguing
heterocyclic compounds that are synthesized by the typical
condensation reactions of paraformaldehyde, primary aromatic
or aliphatic amines, and aromatic phenolic derivatives. These
compounds have nitrogen and oxygen atoms arranged in a six-
membered oxazine ring. BZs undergo ring-opening polymer-
ization at mild temperatures to produce highly thermally stable
polybenzoxazines (PBZs).50−54 These have attracted a lot of
attention recently due to their remarkable chemical and
mechanical properties, low dielectric value constants, superior
flame retardancy, and decreased surface-free energies.55−57

There have been several recent publications on incorporating
benzoxazine into luminous chemicals and polymers.55,58−61

The benzoxazine monomers and polymers reported earlier
have shown attractive properties, which have prompted
ongoing endeavors to explore and produce new benzoxazine-
based fluorescence compounds. The Hui group utilized a TPE-
BOZ precursor as a probe, revealing the presence of picric acid
(PA).62 Additionally, as reported by Shi et al., TPE-decorated
PBZ exhibited an AIE property and acted as a fluorescent
probe for DNP, boasting a detection limit of approximately 7.4
× 10−7 M.63 Based on the facts provided above, in this work,
the Sonogashira−Hagihara coupling process was employed to
successfully synthesize Pery-DHTP-BZ-COP, a newly devel-
oped fluorescent material. This COP, constructed using
DHTP-BZ and Pery-Br2, showcases exceptional fluorescence
and thermal stability characteristics. We explored the potential
of utilizing Pery-DHTP-BZ-COP as a fluorescent probe for the

selective and sensitive detection of Pb2+ and the explosive
TNP. The quenching of fluorescence observed in Pery-DHTP-
BZ-COP upon exposure to TNP and Pb2+ ions is attributed to
photoinduced electron transfer (PET). This mechanism
enables effective fluorescence quenching and facilitates
electron transfer from the Pery-DHTP-BZ-COP to the
analytes, enabling their detection. This study establishes the
foundation for the practical application of functional porous
materials like Pery-DHTP-BZ-COP in the real-time detection
of TNP and Pb2+ ions.

■ EXPERIMENTAL SECTION
Materials. N,N-Dimethylformamide (DMF), calcium chloride

(CaCl2), mercury(II) chloride (HgCl2), chromium(III) chloride
(CrCl3), lead(II) acetate [Pb(C2H3O2)2], potassium dichromate
(K2Cr2O7), and perylene-3,4,9,10-tetracarboxylic dianhydride (Pery-
Dianhydrie, 97%) were purchased from Alfa Aesar. The Pd(PPh3)4,
iron(III) chloride, copper(I) iodide (CuI), sodium chloride (NaCl),
zinc chloride (ZnCl2), ferrous chloride (FeCl2), magnesium chloride
(MgCl2), cuprous chloride (CuCl2), cobalt(II) chloride (CoCl2), and
triethylamine (Et3N) were purchased from Sigma-Aldrich. The two
building blocks, Pery-Br2 and DHTP-BZ, were prepared following our
previously established protocol.34,51

Synthesis of Pery-DHTP-BZ-COP. Pery-DHTP-BZ-COP was
synthesized via a Sonogashira−Hagihara coupling reaction. The first
step involved combining Pd(PPh3)4 (0.044 g, 0.038 mmol), DHTP-
BZ (0.15 g, 0.38 mmol), Pery-Br2 (0.34 g, 0.38 mmol), 0.01 g (0.038
mmol) of PPh3, and 0.007 g (0.038 mmol) of CuI in 20 mL of Et3N/
DMF (1:1) in a reaction vessel. The mixture underwent three cycles
of freeze−pump−thaw degassing to remove any dissolved oxygen.
Subsequently, the mixture was refluxed to 100 °C for 72 h to promote
the coupling reaction. After 72 h, the reaction mixture was cooled, and
the product was isolated as a brown solid. This brown solid was then
thoroughly put in THF, MeOH, and acetone to remove any residual
monomers and impurities. Finally, purified Pery-DHTP-BZ-COP was
dried at 50 °C for 24 h.

■ RESULTS AND DISCUSSION
Synthesis, Characterization, and Thermal Polymer-

ization of Pery-DHTP-BZ-COP. We successfully prepared
and designed the Pery-DHTP-BZ-COP framework using a
Sonogashira−Hagihara coupling reaction between Pery-Br2
and DHTP-BZ (Figure 1a). The reaction was kept at 100
°C for 3 days with solvents (DMF and Et3N) and a catalyst,
Pd(PPh3)4. Detailed procedures for synthesizing the mono-
mers DHTP-BZ and Pery-Br2 and FTIR data of Pery-Br2 can
be found in the Supporting Information (Schemes S1 and S2
and Figure S1). FTIR, solid-state NMR, and DSC analyses
were employed to validate the existence of the BZ ring within
the Pery-DHTP-BZ-COP framework. Figure 1b compares the
FTIR spectra of DHTP-BZ and Pery-DHTP-BZ-COP. In our
previous study, the characteristic peaks in the DHTP-BZ
spectrum were identified at 936, 1228, 2098, and 3222 cm−1

corresponding to oxazine, C−O−C, C�C, and �C−H,
respectively.51 After the Sonogashira−Hagihara coupling, the
≡C−H bond (3222 cm−1) disappeared completely, validating
the successful cross-linking between Pery-Br2 and DHTP-BZ.
The remaining peaks observed in the FTIR spectrum of Pery-
DHTP-BZ-COP at 2175, 1750, 1602, and 927 cm−1

correspond to C�C, C�O, C�C, and oxazine ring,
respectively. These peaks further validate the presence of the
desired BZ and Pery units within the COP structure. Solid-
state 13C NMR spectroscopy was employed to analyze Pery-
DHTP-BZ-COP due to its cross-linked nature, which renders
it insoluble in common organic solvents. Figure 1c depicts the
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solid-state 13C NMR pattern of the COP framework alongside
the solution-state 13C NMR spectrum of DHTP-BZ for
comparison. The COP framework spectrum exhibits peaks at
180 ppm (C�O), 110−140 ppm (aromatic carbons), 75 ppm
(OCH2N), and 46 ppm (ArCH2N), as seen in Figure 1c. The
consistency observed between the FTIR and NMR analyses
confirms the successful incorporation of the BZ linkage within
the Pery-DHTP-BZ-COP framework following the Sonoga-
shira−Hagihara coupling reaction. The DSC analysis was
employed to investigate the ROP behavior of Pery-DHTP-BZ-
COP (Figure 1d).

The DSC curve revealed an exothermic curing temperature
of Pery-DHTP-BZ-COP at 287 °C. The cross-linked structure
formed during the Sonogashira−Hagihara coupling reaction
hinders the ROP of the BZ ring within the COP framework.
This hindered ring-opening translates to a higher thermal
polymerization temperature for the COP framework compared
to the DHTP-BZ monomer (236 °C).54 We further explored
the ROP and thermal stability of Pery-DHTP-BZ-COP using a
combination of DSC, FTIR, and TGA analysis (Figure 2). The
DSC curves for Pery-DHTP-BZ-COP at 25, 100, and 200 °C
displayed curing peaks at different temperatures (287, 272, and
285 °C, respectively) alongside melting peaks (144, 165, and
143 °C, respectively). This observation suggests a partial ring-
opening polymerization (ROP) process. The absence of a
curing peak in the 300 °C DSC curve indicates complete ROP,
resulting in poly(Pery-DHTP-BZ-COP) (Figure 2a). The
FTIR spectra obtained at different temperatures support the
ROP process at 300 °C. The signals corresponding to the BZ
unit vanished entirely in the FTIR profile acquired at 300 °C
(Figure 2b). This disappearance aligns with the complete ROP
of the oxazine ring observed in the DSC analysis. TGA analysis
was employed to investigate the thermal stability of Pery-
DHTP-BZ-COP under various curing temperatures (Figure
2c). The Pery-DHTP-BZ-COP exhibited a thermal decom-
position temperature (Td10) of 261 °C and a char yield of 57
wt %. Notably, the thermal stability and char yield improved
significantly after heat treatment at 300 °C. The Td10 increased
to 404 °C, and the char yield reached 60 wt %. This
remarkable improvement in thermal stability can be primarily
attributed to a highly cross-linked poly(Pery-DHTP-BZ-COP)
structure after complete ROP. Additionally, the extensive intra-
and intermolecular hydrogen bonding (OH···O) established
during ROP plays a crucial role in enhancing the thermal
stability of the material.51−53 Following the ROP process, Pery-

Figure 1. (a) Synthesis of Pery-DHTP-BZ-COP. (b) FTIR, (c) 13C
NMR, and (d) DSC spectra of DHTP-BZ and Pery-DHTP-BZ-COP.

Figure 2. ROP behavior of Pery-DHTP-BZ-COP was investigated by (a) DSC, (b) FTIR, and (c) TGA, and (d) expected ROP of Pery-DHTP-
BZ-COP to form a highly cross-linked poly(Pery-DHTP-BZ-COP).
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DHTP-BZ-COP is envisioned to adopt the chemical structure
depicted in Figure 2d and Scheme S3. Powder X-ray diffraction
(PXRD) analysis was employed to characterize the material’s
nature. The resulting PXRD pattern exhibited broad peaks, a
signature of amorphous materials (Figure S2). This observa-
tion suggests that Pery-DHTP-BZ-COP lacks well-defined,
long-range order in its atomic arrangement.
Porosity and Morphology of Pery-DHTP-BZ-COP.

Nitrogen sorption experiments at 77 K were conducted to
evaluate the porosity of Pery-DHTP-BZ-COP. The material
displayed type I isotherms in the adsorption−desorption plot
(Figure 3a). This characteristic behavior, with N2 adsorption
occurring primarily at high pressures (P/P0 > 0.1), signifies the
presence of mesoporous structures within the COP. The
Brunauer−Emmett−Teller (BET) method was used to
determine the specific surface area and pore volume of Pery-
DHTP-BZ-COP based on the data from Figure 3a.

The analysis revealed a specific surface area of 25 m2 g−1 and
a pore volume of 0.144 cm3 g−1. Nonlocal density functional
theory (NDFT) was employed to analyze the pore size
distribution in Pery-DHTP-BZ-COP. Figure 3b depicts the
distribution, highlighting a dominant peak at 2.18 nm and
further confirming the presence of mesopores. Both SEM and
TEM were used to examine the morphology of Pery-DHTP-
BZ-COP. The SEM image in Figure 3c reveals aggregated
spherical particles. Additionally, SEM-EDS mapping (Figure
3d−f) confirms the presence of carbon, nitrogen, and oxygen
within the Pery-DHTP-BZ-COP structure. TEM analysis

(Figure 3g) corroborates the findings from SEM, demonstrat-
ing the presence of aggregated spherical particles. Furthermore,
the image in Figure 3h, with its contrasting black and white
regions, visually suggests the porous characteristics of Pery-
DHTP-BZ-COP.
Fluorescence Properties of Pery-DHTP-BZ-COP. UV−

vis absorbance analysis of the Pery-DHTP-BZ-COP in various
organic solvents, including methanol, acetone, and ethanol,
revealed an n−π* absorbance peak centered between 467.1
and 510.48 nm (Figure S3). We investigated the fluorescence
properties of dispersed Pery-DHTP-BZ-COP in organic
solvents using PL spectroscopy and under a UV lamp at 365
nm (Figure 4). The experiment examined how the COP’s
fluorescence behaved when dispersed in different organic
solvents. Figure 4a displays the Pery-DHTP-BZ-COP dis-
persed in various organic solvents and illuminated with UV
light. Interestingly, Pery-DHTP-BZ-COP exhibited distinct
fluorescence colors depending on the solvent. Notably, the
Pery-DHTP-BZ-COP dispersed in methanol produced the
brightest yellow fluorescence, suggesting a potentially stronger
emission intensity compared with other solvents. To gain
further insight, PL spectra of Pery-DHTP-BZ-COP dispersed
in different solvents were recorded at an excitation wavelength
of 350 nm (Figure 4b). The results confirmed the visual
observations. In methanol, the PL spectrum displayed a
prominent emission peak at 515 nm, which was significantly
higher than those observed with THF, acetone, and water.
Interestingly, the ethanol and DMF solutions did not exhibit

Figure 3. (a) N2 adsorption/desorption isotherms, (b) pore size distribution profile, (c−f) SEM and SEM-EDS images with their corresponding
element mapping (C, N, and O), and (g, h) TEM images of Pery-DHTP-BZ-COP.
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any emission peaks. We focused all subsequent fluorescence
studies on Pery-DHTP-BZ-COP dispersed in methanol.
Several factors can influence the variation in the fluorescence
color and intensity observed when a polymer interacts with
different organic solvents. These factors include solvatochrom-

ism, aggregation-induced emission, and interactions between
the polymer and solvents.64,65

Since fluorescence emission intensity directly depends on
the excitation wavelength,66−68 to achieve the maximum
emission intensity, we recorded PL spectra at various excitation

Figure 4. (a) UV image of dispersed Pery-DHTP-BZ-COP in different organic solvents. (b) PL spectra of dispersed Pery-DHTP-BZ-COP in
different organic solvents (excitation: 350 nm). (c) PL spectra of methanol dispersed Pery-DHTP-BZ-COP at different excitation wavelengths.

Figure 5. (a) UV images of different metal ions in the Pery-DHTP-BZ-COP, (b) their PL spectra, (c) quenching efficiencies, (d) fluorescence
titration by varying concentration of Pb2+, and (e) linear graph corresponding to PL intensity and Pb2+ concentration.
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wavelengths ranging from 400 to 450 nm (Figure 4c). The
results revealed that Pery-DHTP-BZ-COP exhibited the
strongest PL emission when excited at a wavelength of 440
nm. Therefore, all further investigations concerning the
fluorescence properties of Pery-DHTP-BZ-COP employed
this optimized excitation wavelength. To examine the impact
of additional water content on the emission of Pery-DHTP-
BZ-COP in a methanol solution, PL spectra were analyzed.
The results showed that as the water content increased, the
emission of Pery-DHTP-BZ-COP progressively decreased
compared to its emission in pure methanol solution (Figure
S4). These findings suggest that the Pery-DHTP-BZ-COP
framework is not an AIE material. Additionally, the emission
peak of the Pery-DHTP-BZ-COP framework decreased as the
pH increased from 3 to 11, as shown in Figure S5.
Fluorescent Probe Pery-DHTP-BZ-COP for the Detec-

tion of Pb2+ Ions and TNP. Heavy metal contamination in
water bodies poses a significant threat to environmental safety
and human health. Driven by the excellent fluorescence
properties and electron-rich framework of Pery-DHTP-BZ-
COP, we explored its potential as a fluorescent sensor for
detecting metal ions in aqueous environments, mimicking real-
world applications. Aqueous solutions of various metal ions
(Co3+, Cr2+, Pb2+, Mg2+, Na+, Fe2+, Ca2+, Cu2+, Fe3+, Mn2+, K+,
Zn2+, and Hg2+) were prepared and sonicated for 3 h.
Subsequently, we investigated the fluorescence quenching
behavior of Pery-DHTP-BZ-COP dispersed in methanol upon
the introduction of individual metal ion analytes. Observations
were made under UV light and through PL spectra recorded at
room temperature (Figure 5). Figures 5a and S6 display the
effect of different metal analytes on the fluorescence of Pery-
DHTP-BZ-COP under UV light. The bright yellow emission
of COP exhibited a significant quenching response upon the

introduction of Pb2+ ions, visually confirming its detection
potential. This observation was further corroborated by the PL
spectra in Figure 5b, which showed a substantial decrease in
fluorescence intensity for the Pb2+ addition compared to other
metal analytes. The quenching efficiency for Pb2+ ions was
calculated to be 96.7% using the formula provided in eq 1 of
the Supporting Information, significantly higher than for any
other metal analyte (Figure 5c). To quantify the sensor’s
sensitivity toward Pb2+, a fluorescence titration experiment was
conducted (Figure 5d). The Pb2+ ion concentration was varied
from 0 to 20 μM, and the fluorescence intensity displayed a
linear decrease with increasing concentration. The linear
correlation coefficient obtained using eq 2 was 0.99823
(Figure 5e). The limit of detection (LOD) was determined
to be 0.5 μM (0.163 ppm) using eq 3.

Photoinduced electron transfer (PET) between Pery-
DHTP-BZ-COP and Pb2+ ions is a potential mechanism
underlying the sensor’s detection ability. Zeta-potential
analysis was performed to investigate this electron transfer
process (Figure S7a,b and Table S1). The zeta-potential of
Pery-DHTP-BZ-COP shifted from −32.06 to +22.04 mV upon
the introduction of Pb2+ ions, indicating a strong interaction
between the Pery-DHTP-BZ-COP and Pb2+ ions. This shift
suggests that Pb2+ ions attach to the surface of Pery-DHTP-
BZ-COP, altering the surface charge and potentially facilitating
electron movement. When excited, electrons can transfer from
Pery-DHTP-BZ-COP to Pb2+ ions, which are strong acceptors,
resulting in fluorescence quenching. The zeta-potential change
supports the PET process by indicating significant adsorption
or complex formation between Pb2+ ions and Pery-DHTP-BZ-
COP. The shift from negative to positive zeta-potential implies
that Pb2+ ions are neutralizing or overcompensating for the
original charge of the Pery-DHTP-BZ-COP. Other metal ions

Figure 6. (a) UV images of different nitroaromatics in the Pery-DHTP-BZ-COP, (b) their PL spectra, (c) quenching efficiencies, (d) fluorescence
titration by varying concentration of TNP, and (e) linear graph corresponding to PL intensity and TNP concentration.
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do not participate effectively in the PET mechanism with Pery-
DHTP-BZ-COP, as they do not quench fluorescence. These
metal ions may lack the necessary electrical properties or fail to
form the required complexes for electron transfer from the
excited polymer, even if they can alter the zeta-potential.
Although the zeta-potential values indicate that other metal
ions interact with Pery-DHTP-BZ-COP, these interactions do
not establish a suitable pathway for electron transfer.
Nitroaromatic compounds are hazardous pollutants posing a
severe threat to human health and the environment. Given the
superior fluorescence properties and electron-rich benzene
backbone of Pery-DHTP-BZ-COP, we investigated its
potential for detecting electron-deficient nitroaromatic com-
pounds using a fluorescence quenching approach. Solutions of
various nitroaromatic compounds (Scheme S4) were prepared
in THF and then added to Pery-DHTP-BZ-COP dispersed in
methanol. The fluorescence quenching behavior was moni-
tored under UV light and through PL spectroscopy at room
temperature (Figure 6). Figure 6a compares the effects of
different nitroaromatic compounds on the fluorescence of
Pery-DHTP-BZ-COP under UV light. The bright yellow
emission of the COP exhibited a significant quenching
response upon the introduction of trinitrophenol (TNP),
visually indicating its detection potential for this specific
compound. PL spectra in Figure 6b support this observation,
showing a substantial decrease in fluorescence intensity for
TNP compared to those of other nitroaromatic compounds.
These findings demonstrate a remarkable selectivity of Pery-
DHTP-BZ-COP for TNP detection. The fluorescence
quenching efficiency for TNP was calculated to be 99%
(Figure 6c), significantly higher than that for any other tested
nitroaromatic compound. To quantify the sensor’s sensitivity
toward TNP, a fluorescence titration experiment was
conducted (Figure 6d). The TNP concentration was varied
from 0 to 30 μM, and the fluorescence intensity displayed a
linear decrease with increasing concentration. The linear
correlation coefficient was determined to be 0.99769 (Figure
6e). The LOD value of Pery-DHTP-BZ-COP for the TNP was
calculated to be 0.7 μM (0.16 ppm). Table S2 compares the
limit of detection (LOD) of Pery-DHTP-BZ-COP for TNP
with those of other porous materials. To understand the
exceptionally high sensitivity and selectivity of Pery-DHTP-
BZ-COP toward TNP, we investigated the fluorescence
quenching mechanism.

Since nitroaromatic compounds are electron-deficient,
fluorescence quenching likely occurs through photoinduced
electron transfer (PET). The efficiency of PET depends on the
energy levels of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) for both the donor (Pery-DHTP-BZ-COP) and
the acceptor (nitroaromatic compound). Efficient electron
transfer from the COP to the analyte (quenching) occurs when
the donor’s LUMO level is higher in energy than the acceptor’s
LUMO level. Using density functional theory (DFT)
calculations, we determined the HOMO and LUMO energy
levels for Pery-DHTP-BZ-COP and various nitroaromatic
compounds. In Figure 7, the LUMO level of Pery-DHTP-BZ-
COP (−3.79 eV) lies at a higher energy level compared to that
of TNP (−4.52 eV) and 1,4-DNP (−4.01 eV). In contrast, the
LUMO level of Pery-DHTP-BZ-COP is lower than those of
other nitroaromatic compounds.

This energy level alignment facilitates efficient electron
transfer to the TNP and 1,4-DNP, leading to fluorescence
quenching. For other nitroaromatic compounds, electron
transfer is less favorable, explaining the observed selectivity.
To corroborate the PET mechanism, we employed zeta-
potential measurements to investigate electron transfer
between Pery-DHTP-BZ-COP and TNP (Figure S7a,c). The
zeta-potential of Pery-DHTP-BZ-COP shifted from −32.04 to
+24.58 mV upon the introduction of TNP. This decrease
suggests a reduction in electrostatic repulsion, which can
facilitate electron transfer from the COP to TNP, further
supporting the PET-based quenching mechanism. The
combined evidence from energy level calculations and zeta-
potential measurements strongly suggests that PET plays a
crucial role in the exceptional sensitivity and selectivity of Pery-
DHTP-BZ-COP for TNP detection. This understanding paves
the way for the development of even more sophisticated
fluorescent sensors for targeted nitroaromatic explosives
detection. The FTIR spectra (Figure S8) of Pery-DHTP-BZ-
COP, Pery-DHTP-BZ-COP@Pb2+, and Pery-DHTP-BZ-
COP@TNP after the sensing process revealed consistent
absorption peaks at 3053, 2175, 1750, 1602, and 927 cm−1.
These peaks correspond to aromatic C−H, C�C, C�O, C�
C, and the oxazine ring, respectively, demonstrating the
chemical stability of Pery-DHTP-BZ-COP.

Figure 7. Fluorescence quenching mechanism of Pery-DHTP-BZ-COP by the TNP material.
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■ CONCLUSION
This study describes the successful synthesis of a fluorescent
material, Pery-DHTP-BZ-COP, using the Sonogashira−
Hagihara coupling reaction. The resulting material displayed
excellent thermal stability (char yield of 57 wt %) and
fluorescence properties. We further explored the potential of
Pery-DHTP-BZ-COP as a fluorescent probe for selective and
sensitive detection of Pb2+ ions and TNP, a type of
nitroaromatic explosive. The fluorescence quenching observed
in Pery-DHTP-BZ-COP upon exposure to TNP and Pb2+ ions
is attributed to PET. This research paves the way for real-time
applications of functional porous materials like Pery-DHTP-
BZ-COP in sensing TNP and Pb2+ ions. The findings hold
promise for the development of even more effective materials
with enhanced selectivity and sensitivity for ion detection.
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