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ABSTRACT: Conjugated microporous polymers (CMPs) are attractive
organic photocatalysts because their porosity, extended π conjugation,
and tunable donor−acceptor (D−A) architectures can promote light
harvesting, charge separation, and substrate transport. Herein we report
two pyridine-based donor−acceptor CMPs, BTPP-TPA and BTPP-TPT,
synthesized through Suzuki coupling of a tetrabrominated pyridine-
containing building block (BTPP) with triphenylamine (TPA)- or
triphenyltriazine (TPT)-based boronate monomers. Both CMPs exhibit
high thermal stability, permanent porosity, broad visible-light absorption,
and favorable electronic structures for photocatalytic applications.
Notably, the more planar and nitrogen-rich BTPP-TPT framework
shows enhanced interfacial charge transport, stronger dye−framework
interactions, and superior photocatalytic activity relative to BTPP-TPA.
BTPP-TPT delivered adsorption efficiencies of 98.29% for rhodamine B (RhB) and 98.24% for methylene blue (MB) within 90 min
and achieved visible-light-driven photodegradation rate constants of 2.6 × 10−2 min−1 for RhB and 1.7 × 10−2 min−1 for MB.
Spectroscopic and electrochemical studies, together with molecular orbital calculations, indicate that D−A polarization and linker
planarity govern charge separation and reactive oxygen species generation in these frameworks. This work highlights how molecular-
level engineering of pyridine-based CMPs can regulate porosity, electronic structure, and photocatalytic function, providing an
effective strategy for metal-free polymer photocatalysts for wastewater remediation.
KEYWORDS: Conjugated microporous polymers, D−A polymers, Pyridine-based frameworks, Reactive oxygen species,
Photocatalytic dye degradation

1. INTRODUCTION
Photocatalysis has emerged as an environmentally benign
strategy for solar-energy conversion and wastewater remedia-
tion, in which the intrinsic optical, electronic, and surface
properties of the catalyst strongly determine overall catalytic
efficiency.1 In particular, semiconductor photocatalysts have
attracted considerable attention because they can use light
energy to oxidatively decompose persistent organic pollutants
into less harmful products such as CO2, H2O, and inorganic
ions.2 Water is an indispensable resource for biological,
environmental, and industrial systems; however, the deterio-
ration of freshwater quality has become a serious global
challenge.3,4 Rapid industrialization has intensified water
pollution, especially through the discharge of nonbiodegrad-
able organic dyes from textile, leather, cosmetic, pharmaceut-
ical, printing, and related industries.5,6 These dyes are highly
soluble, chemically stable, and resistant to natural degradation,
allowing them to persist in aquatic environments.7 Even at low
concentrations, many organic dyes can cause ecological
damage and pose risks to human health, including skin
irritation, respiratory problems, and potentially carcinogenic

effects through contaminated water and food chains.6,8−10

Therefore, developing rapid, efficient, and sustainable methods
for removing dye pollutants from water is urgently required.
Various physical, chemical, and biological approaches,
including adsorption, coagulation, membrane filtration, ion
exchange, sedimentation, biodegradation, and catalysis, have
been explored for dye removal.11 Among them, advanced
oxidation processes (AOPs) based on photocatalysis are
particularly promising because they can generate reactive
oxygen species (ROS) under light irradiation.12 During
photocatalysis, photoexcited electrons and holes are produced
in the catalyst and subsequently react with dissolved O2, H2O,
or surface hydroxyl groups to form ROS such as hydroxyl
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radicals (•OH), superoxide radicals (O2
•−), hydrogen peroxide

(H2O2), and singlet oxygen (1O2).
13,14 These highly active

species can attack dye molecules and promote their oxidative
degradation, thereby improving water purification efficiency.
Moreover, ROS-based oxidation is attractive from a sustain-
ability viewpoint because it uses abundant oxygen and water as
reactants and can reduce the need for harsh chemical
oxidants.15,16 Inorganic semiconductors, including metal oxides
and metal sulfides, have been widely studied for photocatalytic
dye degradation.17 However, their practical application is often
restricted by wide band gaps, limited visible-light absorption,
low surface areas, possible secondary toxicity, high production
cost, and poor structural flexibility.12,18 In addition, the use of
nonrenewable or metal-based components raises sustainability
concerns.19 Consequently, metal-free organic semiconductors
have emerged as promising alternatives because their
molecular structures, band gaps, porosity, and surface
functionalities can be rationally tailored for visible-light-driven
photocatalytic degradation.
In recent years, conjugated microporous polymers (CMPs),

an important subclass of porous organic polymers (POPs),
have rapidly emerged as promising materials for adsorption
and photocatalytic applications.11 Compared with conven-
tional porous materials, CMPs offer several advantages,
including high surface area, robust covalent frameworks,
permanent porosity, extended π conjugation, tunable elec-
tronic structures, and facile structural functionalization.20−25

These features make CMPs attractive platforms for addressing
water contamination from industrial dyes.26 However, the
adsorption performance of many CMPs is often limited by
their intrinsic hydrophobicity, insufficient accessible binding
sites, and restricted pore accessibility.27 To overcome these
limitations, the incorporation of heteroatoms such as N, O,
and S into CMP backbones has been widely adopted as an
effective strategy to improve host−guest interactions, surface
polarity, adsorption efficiency, and selectivity.28 Despite these
advantages, the photocatalytic application of CMPs is still
challenged by limited charge-carrier mobility and strong
exciton binding energies, which can accelerate electron−hole

recombination and reduce photocatalytic efficiency.29,30 One
effective approach to address these issues is the construction of
donor−acceptor (D−A) CMPs with extended conjugated
backbones and internal porous structures. D−A architectures
can promote photoinduced intramolecular charge transfer,
reduce exciton recombination, and enhance charge separation
and transport, thereby improving photocatalytic activity.31,32 In
addition, the incorporation of different donor and acceptor
units into the polymer skeleton enables precise modulation of
the optical band gap and electronic structure, which is
particularly beneficial for visible-light-driven photocatalytic
degradation of organic pollutants.33,34 Therefore, developing
environmentally stable D−A CMPs with efficient adsorption
capability, strong visible-light absorption, and improved
charge-transfer properties remains an important challenge for
photocatalytic wastewater treatment.
The rational engineering of nitrogen-containing heterocycles

within CMP networks is especially important for enhancing
both adsorption and photocatalytic performance.35,36 Pyridine
is a representative nitrogen-containing aromatic heterocycle in
which the pyridinic nitrogen can regulate electron distribution,
improve charge-transfer behavior, and provide Lewis-basic
interaction sites for organic molecules.37 Therefore, pyridine-
derived building blocks are attractive components for the
design of photocatalytically active CMPs. In addition,
triphenylamine (TPA) and triphenyltriazine (TPT) derivatives
are widely used photoactive units because of their aromatic
structures, redox activity, and favorable charge-transport
properties.38,39 TPA commonly serves as an electron-rich
donor unit, whereas TPT possesses a more planar, nitrogen-
rich, and electron-deficient triazine core, making it suitable as
an acceptor segment.40 The combination of pyridine-
containing linkers with TPA or TPT units can therefore
generate D−A CMP frameworks with tunable electronic
structures, enhanced charge separation, and improved photo-
catalytic activity.41 In this work, rhodamine B (RhB) and
methylene blue (MB) were selected as representative cationic
dye pollutants because they are widely used in textiles, printing,
cosmetics, pharmaceuticals, and related industries.42,43 These

Scheme 1. Schematic Diagram of the Synthetic Production of BTPP-Based CMPs and Their Photocatalytic Production of
Reactive Oxygen Species That Oxidatively Decompose Organic Pollutants into CO2 and H2O
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dyes are chemically stable, highly soluble, and resistant to
biodegradation, allowing them to persist in aquatic environ-
ments even at low concentrations.44 Their accumulation can
cause serious environmental and health concerns, including
irritation, respiratory problems, toxicity, mutagenicity, and
potential carcinogenic effects.42,45,46 Therefore, RhB and MB
are suitable model pollutants for evaluating the adsorption and
visible-light-driven photocatalytic degradation performance of
the designed CMP photocatalysts.
Effective CMP photocatalysts require careful selection of

photoactive precursors and covalent linkages. Therefore, we
designed two BTPP-based CMPs, BTPP-TPA and BTPP-TPT,
through Suzuki−Miyaura coupling to construct donor−accept-
or architectures with extended π conjugation for enhanced
photocatalytic performance. BTPP-TPA CMP was synthesized
by coupling 1,4-bis(2,6-bis(4-bromophenyl)pyridin-4-yl)-
benzene (BTPP-4Br) (Scheme S1 and Figures S1−S3) with
tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-
amine (TPA-3BO) (Scheme S2 and Figures S4−S6), whereas
BTPP-TPT CMP was prepared by coupling BTPP-4Br with
2,4,6-tris(4-(4,5-dimethyl-1,3,2-dioxaborolan-2-yl)phenyl)-
1,3,5-triazine (TPT-3BO) (Scheme S3 and Figures S7−S9).
Both synthesized CMPs possess a conjugated structure
(Schemes S4, S5, and 1). In these frameworks, TPA acts as
an electron-donating unit, while TPT provides a more planar
and electron-accepting triazine-based segment, enabling
modulation of the donor−acceptor character and charge-
transfer behavior.31,47 The BTPP unit was selected as the
central pyridine-containing building block because it offers
both structural and electronic advantages for the construction
of donor−acceptor CMP photocatalysts. Unlike simple
pyridine derivatives, BTPP-4Br contains four reactive
bromophenyl sites, enabling efficient Suzuki coupling with
trifunctional TPA-3BO and TPT-3BO monomers to form
highly cross-linked porous polymer networks. In addition, its
rigid bis(pyridylphenyl)benzene skeleton extends π conjuga-
tion throughout the framework, which is beneficial for visible-
light absorption, charge delocalization, and interfacial charge
transport. The pyridine nitrogen sites also provide electroni-
cally active interaction centers that can enhance dye-framework
affinity and facilitate photoinduced charge redistribution.
Moreover, DFT calculations indicate that BTPP can play
different electronic roles depending on the paired comonomer,
acting as an electron-accepting segment in BTPP-TPA CMP
and as an electron-donating segment in BTPP-TPT CMP. This
electronic versatility enables systematic modulation of the
donor−acceptor character, HOMO/LUMO distribution, and
photocatalytic behavior. Therefore, BTPP was chosen as a
multifunctional pyridine-based linker that integrates cross-
linking capability, extended conjugation, nitrogen-rich active
sites, and tunable donor−acceptor interactions, distinguishing
it from simpler pyridine-containing alternatives. Herein we
report the successful fabrication of BTPP-based CMPs with a
high specific surface area (up to 521 m2 g−1), excellent thermal
robustness (char yield of 68.54% at 800 °C), and strong
chemical resistance. These CMPs were then applied to the
adsorption and photocatalytic degradation of the cationic dyes
RhB and MB. Notably, the adsorption behavior and photo-
catalytic performance of these materials toward organic dye
removal have not been previously investigated.

2. EXPERIMENTAL SECTION

2.1. Materials
All chemicals and solvents were purchased from commercial suppliers
and used without further purification, unless otherwise specified.
Terephthalaldehyde (98%), 4-bromoacetophenone (98%), chloro-
form (CHCl3), and methanol (MeOH) were acquired from Alfa
Aesar. Ammonium acetate (NH4OAc) (97%) was obtained from
Showa. N-Bromosuccinimide (NBS) (99%), 4-bromobenzonitrile
(≥98%), and tetrakis(triphenylphosphine)palladium (Pd(PPh3)4)
(99%) were sourced from Acros. Additional materials are included
Supporting Information (SI) section S1.

2.2. Preparation of BTPP-TPA CMP
In a Schlenk Pyrex tube, BTPP-4Br (150 mg, 0.176 mmol), TPA-3BO
(146.3 mg, 0.234 mmol), Pd(PPh3)4 (21 mg, 0.018 mmol), and
potassium carbonate (244 mg, 1.77 mmol) were evacuated for 15
min. Then, a cosolvent of N,N-dimethylformamide (DMF) and water
(10.34, 1.3 mL) was added. The Schlenk Pyrex device was placed in a
liquid nitrogen vessel to solidify its contents, then evacuated for 10
min under vacuum. After that, the tube was put in a bath of water, and
the solvent was turned into a liquid by using a dropper to rinse the
bottle with water. This technique was conducted thrice. The Schlenk
tube was next inserted into an oil vessel at 130 °C for 3 days.
Following cooling to ambient temperature, the resulting substance
was filtered and subjected to three washings with distilled water,
methanol, and tetrahydrofuran (THF) until a colorless solution was
obtained, then with acetone. Finally, the resultant substance was dried
at 120 °C for 24 h under vacuum, yielding BTPP-TPA CMP as a pale-
green powder (55.8% yield).

2.3. Preparation of BTPP-TPT CMP
In a Schlenk Pyrex tube, BTPP-4Br (150 mg, 0.176 mmol), TPT-3BO
(161.28 mg, 0.234 mmol), Pd(PPh3)4 (21 mg, 0.018 mmol), and
potassium carbonate (244 mg, 1.77 mmol) were evacuated for 15
min. Then a cosolvent of DMF and water (10.34, 1.3 mL) was added.
The Schlenk Pyrex device was placed in a liquid nitrogen vessel to
solidify its contents, then evacuated for 10 min under vacuum. After
that, the tube was put into a bath of water, and the solvent was turned
into a liquid by using a dropper to rinse the bottle with water. This
technique was conducted thrice. The Schlenk tube was next inserted
into an oil vessel at 130 °C for 3 days. Following cooling to ambient
temperature, the resulting substance was filtered and subjected to
three washings with distilled water, methanol, and THF until a
colorless solution was obtained, then with acetone. Finally, the
resultant substance was dried at 120 °C under vacuum for 24 h,
yielding BTPP-TPT CMP as a green powder (63.3% yield).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of CMPs

BTPP-TPA and BTPP-TPT CMPs were synthesized through a
one-pot Suzuki coupling strategy using BTPP-4Br, TPA-3BO,
and TPT-3BO as the corresponding building blocks (Schemes
1, S4, and S5).20,48 The pale-green BTPP-TPA CMP (Schemes
1 and S4) was obtained by coupling BTPP-4Br with TPA-3BO,
whereas the green BTPP-TPT CMP (Schemes 1 and S5) was
prepared by coupling BTPP-4Br with TPT-3BO. Both CMPs
were isolated in good yields and showed poor solubility in
common organic solvents, including alcohols, THF, and
acetone, indicating the formation of highly cross-linked
polymer networks. Fourier transform infrared (FT-IR), solid-
state 13C cross-polarization magic-angle spinning (CP MAS)
NMR spectroscopy, and X-ray photoelectron spectroscopy
(XPS) were used to characterize the chemical composition of
the CMPs. FT-IR spectra of BTPP-TPA and BTPP-TPT
CMPs show characteristic absorption bands at 3031 and 3040
cm−1, corresponding to aromatic C−H stretching vibrations.
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The bands at 1597 and 1604 cm−1 are assigned to C�N
stretching, while those at 1493 and 1510 cm−1 correspond to
aromatic C�C stretching vibrations. Additional peaks at
1004.75 and 1004.27 cm−1 are attributed to in-plane aromatic
C−H bending, whereas the bands at 820 and 812 cm−1 are
assigned to C�C bending vibrations. The peaks at 695.71 and
695.22 cm−1 correspond to out-of-plane aromatic C−H
bending vibrations (Figure 1a). Notably, BTPP-TPT CMP
exhibited an additional signal at 1368 cm−1, assigned to the
triazine C�N. The complete absence of C−Br and B−O
stretching vibration peaks in either CMP, relative to their
monomers BTPP-4Br (640 cm−1), TPA-3BO (1363 cm−1),
and TPT-3BO (1349 cm−1), indicates successful coupling
between the monomers and effective Suzuki coupling
polymerization. Solid-state 13C NMR spectroscopy provided
additional structural information, confirming complete poly-
merization by the absence of pinacolato carbon signals (Figure
1b). The spectra showed two primary resonance bands in both
CMPs: 139.77−135.81 ppm for aromatic C�N and 127.53−
127.63 ppm for aromatic C−H groups. BTPP-TPT CMP
showed an additional signal at 170.32 ppm, corresponding to
the triazine carbon. The elemental composition and chemical
environments of carbon and nitrogen in the CMP catalysts
were investigated by XPS. As shown in Figure 1c, the survey
spectra of both BTPP-TPA and BTPP-TPT CMPs exhibit
distinct C 1s and N 1s signals at approximately 284 and 398
eV, respectively, confirming the successful incorporation of
carbon- and nitrogen-containing units into the polymer
frameworks. A weak O 1s signal at around 531 eV is also
observed, which can be attributed to surface-adsorbed oxygen/
water species. No additional significant signals were detected in
the survey spectra, suggesting the absence of obvious inorganic
residues or unexpected elemental impurities in the synthesized
CMPs. The high-resolution C 1s and N 1s spectra were further
deconvoluted to examine the local chemical environments of
carbon and nitrogen atoms (Figure S10a−d). For BTPP-TPA
CMP, the high-resolution C 1s spectrum was deconvoluted
into three components at 283.48, 284.87, and 285.20 eV,

which are assigned to aromatic C�C/C−C/C−H, C�N, and
C−N species, respectively (Figure S10a and Table S1). The
corresponding N 1s spectrum exhibits two fitted peaks at
398.17 and 400.29 eV, attributable to pyridinic N�C and N−
C species, respectively (Figure S10b and Table S1). For BTPP-
TPT CMP, the C 1s spectrum shows two main components at
283.62 and 285.50 eV, corresponding to aromatic C�C/C−
C/C−H and C�N species, respectively (Figure S10c and
Table S1). The N 1s spectrum of BTPP-TPT CMP displays
two peaks at 397.35 and 397.98 eV, which are assigned to
pyridinic nitrogen and triazine nitrogen, respectively (Figure
S10d and Table S1). These results confirm the successful
incorporation of pyridine- and triazine-containing units into
the corresponding CMP frameworks. Table S2 summarizes the
relative peak-area contributions obtained from the high-
resolution C 1s and N 1s XPS deconvolution. For BTPP-
TPA CMP, the fitted C 1s components are assigned to
aromatic C�C/C−C/C−H, C�N, and C−N species with
relative contributions of 93.59%, 3.45%, and 2.96%,
respectively. The corresponding N 1s spectrum consists of
pyridinic N�C and N−C species, with contributions of
57.33% and 42.67%, respectively. For BTPP-TPT CMP, the C
1s spectrum contains aromatic C�C/C−C/C−H and C�N
components with relative contributions of 90.48% and 9.52%,
respectively. Its N 1s spectrum shows pyridinic nitrogen and
triazine nitrogen species, accounting for 33.49% and 66.51%,
respectively. It should be noted that the percentages obtained
from the high-resolution C 1s and N 1s fitting represent
relative peak-area contributions within each core-level
spectrum, not the total elemental composition of the CMPs.
The elemental compositions of BTPP-TPA and BTPP-TPT
CMPs were further estimated from the XPS survey spectra by
integrating the peak areas of all detected elements and applying
the appropriate sensitivity-factor corrections. As summarized in
Table S3, the experimentally obtained elemental ratios are in
good agreement with the theoretical compositions calculated
from the proposed CMP structures (Table S4), supporting the
successful formation of the targeted polymer frameworks. The

Figure 1. (a) FT-IR spectra, (b) solid-state 13C NMR measurements, (c) XPS survey spectra, (d) TGA spectra, (e) nitrogen sorption isotherms at
77 K, and (f) pore size distributions of BTPP-TPA and BTPP-TPT CMPs.
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experimental C, N, and O contents of BTPP-TPA CMP were
88.76%, 4.49%, and 6.75%, respectively, whereas those of
BTPP-TPT CMP were 85.02%, 8.28%, and 6.69%, respec-
tively. These results indicate that BTPP-TPT CMP contains a
higher nitrogen ratio than BTPP-TPA CMP, consistent with
the incorporation of the nitrogen-rich triazine unit. To further
verify the bulk elemental composition, elemental analysis was
performed for both CMPs. BTPP-TPA CMP showed C, N, O,
and H contents of 81.50%, 4.12%, 6.20%, and 4.78%,
respectively, while BTPP-TPT CMP exhibited corresponding
values of 77.60%, 7.56%, 6.11%, and 4.32%, respectively (Table
S5). These elemental analysis results further confirm the
presence of nitrogen and oxygen heteroatoms in both polymer
frameworks and support the higher nitrogen content of BTPP-
TPT CMP.
The thermal stability of both the BTPP-TPA and BTPP-

TPT CMPs was assessed by thermogravimetric analysis
(TGA). Decomposition temperatures (Td10) of 530.27 and
573.91 °C, with char yields of 65.85% and 68.54%,
respectively, demonstrated that these CMPs exhibited excep-
tional thermal stability (Figure 1d and Table S6). Both CMPs
exhibit exceptional thermal stability, largely due to their
extensively cross-linked networks. Nonetheless, the BTPP-
TPT CMP has enhanced heat resistance, attributable to its
increased structural planarity, high nitrogen content, π−π
stacking interactions among CMP layers, and expanded π
conjugation.9 Prior studies have demonstrated that extended
conjugation length markedly improves thermal stability by
facilitating enhanced electron delocalization and increasing
structural rigidity.49−51 The TPT unit features a 1,3,5-triazine
ring, characterized by its aromaticity, higher heteroatom
content, electron deficiency, and inherent rigidity, which
enhances the thermal stability of the BTPP-TPT CMP.52,53

At 77 K, N2 sorption isotherms were recorded to evaluate the
porosity of the synthesized CMPs (Figure 1e,f). According to
the IUPAC classification, both CMPs exhibit Type IV
isotherms with H4 hysteresis loops, indicating the coexistence
of microporous and mesoporous features. The sharp nitrogen
uptake at low relative pressure (P/P0 < 0.1) confirms the
presence of micropores, while the increased adsorption at high
relative pressure (P/P0 > 0.9) suggests the contribution of
mesopores and interparticle voids. The Brunauer−Emmett−
Teller (BET) surface areas and pore volumes are summarized
in Table S7. BTPP-TPT CMP exhibited a higher BET surface
area of 521 m2 g−1 and a larger pore volume of 0.99 cm3 g−1,
whereas BTPP-TPA CMP showed a lower surface area of
300.16 m2 g−1 and a smaller pore volume of 0.49 cm3 g−1. The
enhanced porosity of BTPP-TPT CMP can be attributed to
the more planar and rigid triazine-containing TPT unit, which
promotes efficient framework extension, stronger π-conjugated
packing, and the formation of more accessible porous channels.
In contrast, the more twisted TPA unit may reduce packing
efficiency and limit the development of accessible porosity.
The pore diameter distributions (PDDs), calculated using
nonlocal density functional theory (NLDFT), further confirm
the porous nature of both CMPs. BTPP-TPA CMP shows
pore sizes in the ranges of 0.67−1.58, 1.58−2.05, 2.05−2.69,
and 2.69−3.59 nm, whereas BTPP-TPT CMP displays pore-
size distributions of 1.07−1.65 and 1.65−2.34 nm (Figure 1f
and Table S7). The higher surface area and pore volume of
BTPP-TPT CMP provide more accessible active sites and
facilitate mass transport, thereby benefiting dye adsorption and
photocatalytic degradation efficiency. Powder X-ray diffraction

(PXRD) was applied to assess the crystallinity of the developed
polymers. Figure S11 shows that the PXRD patterns of BTPP-
TPA and BTPP-TPT CMPs exhibit broad diffraction features
with a main broad maximum at 18.06°. The corresponding d-
spacing is approximately 0.49 nm, which is larger than the
typical π−π stacking distance; therefore, this peak is not
assigned to conventional π−π interactions. Instead, the broad
diffraction feature is attributed to short-range packing/order
and local structural periodicity within the amorphous CMP
networks.21,54,55 These materials typically exhibit large, low-
angle diffraction peaks resulting from short-range ordering in
their structures.21,56 The absence of sharp diffraction peaks
indicates that both CMPs lack long-range crystalline order and
are predominantly amorphous.
The nanoscale morphology and surface topography of the

CMPs were examined by transmission electron microscopy
(TEM) and high-resolution scanning electron microscopy
(HR-SEM) (Figure 2). As shown in Figure 2a−c, BTPP-TPA

CMP is composed of nanospheres with an average diameter of
approximately 250 nm. In contrast, TEM images of BTPP-
TPT CMP reveal smaller nanospheres that tend to aggregate
into fibrous assemblies (Figure 2i−k). These structures have an
average diameter of approximately 40 nm and extend to several
micrometers in length, which may be related to the more
planar TPT-3BO building block and stronger intermolecular
stacking interactions.57 The observed morphological difference
can therefore be associated with the different geometries of the
monomers: the planar TPT-3BO unit promotes more ordered
aggregation and fibrous network formation, whereas the more
twisted TPA-3BO unit disrupts packing and favors the
formation of spherical BTPP-TPA particles.58,59 The low-
magnification TEM images (Figure 2c,k) further indicate the
porous morphology of both CMPs. Consistent with the TEM
results, HR-SEM images show monomer-dependent morphol-
ogies, with BTPP-TPA CMP displaying relatively uniform
nanospheres and BTPP-TPT CMP showing smaller, more
tightly clustered spherical/fibrous aggregates (Figure 2d,e,l,m).
Energy-dispersive X-ray spectroscopy (EDS) elemental

mapping confirms the presence and homogeneous distribution
of carbon and nitrogen throughout both CMPs (Figure 2f−
h,n−p), supporting the successful incorporation of these
elements into the polymer frameworks. The aqueous stability

Figure 2. TEM images of (a−c) BTPP-TPA CMP and (i−k) BTPP-
TPT CMP. SEM images of (d−f) BTPP-TPA CMP and (l−n) BTPP-
TPT CMP. EDS elemental maps of (g, h) BTPP-TPA CMP and (o,
p) BTPP-TPT CMP.
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of BTPP-TPA and BTPP-TPT CMPs was evaluated by
immersing 20 mg of each CMP in water for 4 days, followed
by recovery through vacuum filtration. As shown in Figure S12,
the FT-IR spectra show no obvious changes after water
immersion, confirming the good chemical stability of both
CMPs under aqueous conditions.
3.2. Photophysical and Electrochemical Properties

Efficient photocatalysis requires materials with suitable optical
band gaps as well as favorable photophysical and electro-
chemical properties. Therefore, UV−vis diffuse reflectance
spectroscopy (UV−vis DRS), electrochemical impedance
spectroscopy (EIS), and transient photocurrent measurements
were performed to evaluate the solid-state properties of BTPP-
TPA and BTPP-TPT CMPs. As shown in Figure S13, both
CMPs exhibit broad light absorption extending to approx-
imately 800 nm. The maximum absorption peaks are located at
380 nm for BTPP-TPA CMP and 373 nm for BTPP-TPT
CMP, indicating their ability to absorb visible light. The slight
red shift observed for BTPP-TPA CMP compared with BTPP-
TPT CMP may be attributed to its more twisted molecular
structure, which can facilitate intramolecular charge transfer
and narrow the optical band gap.14 The optical band gaps (Eg),
estimated from the corresponding Tauc plots, are 2.66 eV for
BTPP-TPA CMP and 2.97 eV for BTPP-TPT CMP (Figure
3a). Compared with the commonly used ZnO photocatalyst
with a band gap of approximately 3.45 eV, both CMPs possess
narrower band gaps, which are advantageous for visible-light
absorption and photocatalytic dye degradation.11 The narrow
band gap of both CMPs facilitates effective visible-light
absorption and enhances the generation rate of electron−
hole pairs, hence improving the degradation of organic dyes.14

The lowest unoccupied molecular orbital (LUMO) levels of
the CMPs were estimated from cyclic voltammetry (CV),
while the highest occupied molecular orbital (HOMO) levels
were calculated using the optical band gaps according to
HOMO = LUMO − Eg (Figure 3b,c). As summarized in

Figure 3c and Table S8, BTPP-TPA CMP exhibits HOMO/
LUMO levels of −6.04/−3.38 eV, whereas BTPP-TPT CMP
shows corresponding values of −6.07/−3.10 eV. Similar
HOMO levels of the two CMPs suggest comparable
electron-donating ability, while the more negative LUMO
level of BTPP-TPA CMP results in its narrower band gap. This
difference may arise from the stronger electron-donating
character of the TPA unit compared with the electron-
deficient TPT unit.14 Because photocatalytic reactions depend
strongly on the generation, separation, and transport of
photogenerated charge carriers, transient photocurrent and
EIS measurements were conducted to evaluate the charge-
transfer behavior of the CMPs. In a conventional three-
electrode configuration, both BTPP-TPA- and BTPP-TPT-
CMP-coated electrodes exhibited clear photocurrent responses
under visible-light irradiation, confirming their photorespon-
sive behavior (Figure 3d). The BTPP-TPA CMP- and BTPP-
TPT CMP-coated electrodes exhibited minimal semicircular
patterns in the high-frequency domain, indicating reduced
charge-movement resistance and enhanced ionic conductivity
(Figure 3e).32 The near-linear features in the Nyquist plots of
the CMP-coated electrodes suggest minimal interfacial charge-
transfer resistance, supporting efficient electron transport,
which is consistent with the high surface area and good
conductivity of the CMP.60 The spectra were fitted using an
equivalent circuit containing Rs, Rct, C, and W, corresponding
to solution resistance, charge-transfer resistance, double-layer
capacitance, and Warburg impedance, respectively (Figure
S14). The Rs of the nitrogen-containing CMP-coated electro-
des was obtained through the intercept of the Z′ axis (Figure
3e). The Rs values of BTPP-TPA and BTPP-TPT CMP
electrodes are 23.06 and 18.71 Ω, respectively, while their Rct
values are 500 and 280 Ω, respectively (Figure S14 and Table
S9). The lower Rs and Rct values of BTPP-TPT CMP indicate
improved electrical conductivity and more efficient interfacial
charge transfer compared with BTPP-TPA CMP.61

Figure 3. (a) Tauc graphs obtained from the UV−vis spectra, (b) cyclic voltammograms, (c) energy level charts, (d) periodic on/off photocurrent
responses, (e) Nyquist graphs and their corresponding fitted graphs, and (f) photoluminescence emission spectra of BTPP-TPA and BTPP-TPT
CMPs.
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Photoluminescence (PL) spectroscopy was further used to
evaluate the radiative recombination behavior of photo-
generated charge carriers (Figure 3f).14 The lower PL intensity
of BTPP-TPA CMP suggests reduced radiative electron−hole
recombination, whereas the stronger emission of BTPP-TPT
CMP indicates a higher degree of radiative recombination.
Nevertheless, the superior photocatalytic performance of
BTPP-TPT CMP can be mainly attributed to its higher
nitrogen content, larger surface area and pore volume, stronger
dye-framework interactions, and lower charge-transfer resist-
ance, which collectively enhance adsorption-assisted photo-
catalytic degradation. The PL results therefore provide
complementary information on charge recombination behav-
ior, while the overall photocatalytic activity is governed by the
combined effects of light absorption, porosity, dye adsorption,
and interfacial charge transfer. The surface wettability of the
CMPs was investigated using water contact angle measure-
ments (Figure S15). The contact angles of BTPP-TPA and
BTPP-TPT CMPs are 77.3° and 81.4°, respectively, indicating
that both materials possess hydrophilic surfaces, as contact
angles below 90° generally reflect good wettability.21 The
hydrophilicity of both CMPs arises from their polar
heteroatom-containing frameworks, which promote interac-
tions between water molecules and the polymer backbone.62

Improved wettability can facilitate better contact between the
CMP particles and the aqueous dye solution during photo-
catalysis, thereby enhancing particle dispersion and promoting
mass transport in water. These features facilitate the removal
and photocatalytic degradation of organic pollutants, such as
RhB and MB. In general, hydrophilicity is positively associated
with the presence of polar heteroatoms in the polymer
framework. Although BTPP-TPT CMP has a higher
heteroatom content, BTPP-TPA CMP exhibits a slightly
lower water contact angle, indicating better surface wett-

ability.32 This difference may be attributed to the more planar
structure of the TPT unit, which promotes stronger π−π
stacking and may partially shield the heteroatom sites from
direct interaction with water molecules.21,63 In contrast, the
more twisted TPA unit can reduce π−π stacking and expose
more polar surface sites, thereby enhancing wettability.
To substantiate the D−A characteristics of the BTPP-CMPs,

we performed density functional theory calculations at the
B3LYP/6-31G(d,p) level to elucidate the structure−property
relationships of the BTPP-TPA and BTPP-TPT frameworks.
As depicted in Figure 4a, the BTPP-TPA CMP exhibits a clear
D−A configuration in which the TPA unit operates as the
electron-donating component, reflected by the predominant
localization of the HOMO electron density on TPA, while the
BTPP moiety acts as the electron acceptor, as indicated by the
LUMO density centered on this fragment. In contrast, the
BTPP-TPT CMP displays an inverted electronic arrangement
(Figure 4b), wherein the BTPP unit assumes the electron-
donating role, with the HOMO concentrated on BTPP,
whereas the TPT segment functions as the electron acceptor,
consistent with the LUMO electron density distributed
primarily over the TPT unit. Collectively, the results
substantiate that both synthesized CMPs embody a defined
D−A framework, which intrinsically promotes enhanced inter-
and intramolecular charge-transport processes. To further
support the relationship between molecular structure and
photocatalytic performance, electrostatic potential (ESP)
calculations were performed to compare the electronic
environments of BTPP-TPA and BTPP-TPT CMPs. The red
regions, corresponding to negative ESP, indicate areas of high
electron density, primarily associated with electronegative
nitrogen atoms. In contrast, the blue regions represent positive
ESP and are mainly located around hydrogen atoms and
electron-deficient regions of the aromatic skeletons. The ESP

Figure 4. HOMO and LUMO distributions and ESP distributions of (a) BTPP-TPA and (b) BTPP-TPT CMPs. Red indicates negative potential,
and positive regions are indicated in blue.
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distributions reveal that electron-rich regions are mainly
localized around the nitrogen-containing sites, including
pyridine, C�N, C−N, and triazine moieties. BTPP-TPT
CMP displays a more pronounced negative potential around
the triazine regions, indicating a higher electron-density
distribution than that of BTPP-TPA CMP (Figure 4). These
electron-rich nitrogen sites can enhance interactions with
cationic RhB and MB molecules via electrostatic and dipole−
dipole interactions, thereby promoting dye enrichment near
the photocatalytic surface. This interpretation is consistent
with the adsorption results, which show that BTPP-TPT CMP
exhibits stronger dye uptake, especially toward RhB.
3.3. Performance of Dye Adsorption

Our synthesized BTPP-based CMPs possess several favorable
features for dye adsorption, including high specific surface
areas, hydrophilic surfaces, extended π-conjugated frameworks,
and nitrogen-containing interaction sites. These characteristics
facilitate their interaction with ionic dyes such as RhB and MB
in aqueous media.11 In particular, the nitrogen atoms within
the CMP frameworks can provide electron-rich sites that
enhance dye-framework interactions through electrostatic
interactions, dipole−dipole interactions, hydrogen bonding,
and π−π interactions.54,64 Therefore, BTPP-TPA and BTPP-
TPT CMPs were evaluated as adsorbents for the removal of
the cationic dyes RhB and MB from aqueous solutions. The
adsorption performance was monitored by UV−vis spectros-
copy at different time intervals after adding 6 mg of each CMP
to the dye solution. Changes in the characteristic absorption
peaks of RhB and MB were used to evaluate the adsorption
process (SI section S16). As shown in Figures 5 and S16, both
CMPs exhibited clear adsorption ability toward RhB and MB.
For RhB adsorption, BTPP-TPA CMP reached an adsorption
efficiency of 51.28% after 30 min, whereas BTPP-TPT CMP
exhibited a much higher efficiency of 92.26% under the same
conditions (Figures 5a,b,e, and S16a). After extending the
adsorption time to 90 min, the removal efficiencies increased

to 76.75% for BTPP-TPA CMP and 98.29% for BTPP-TPT
CMP, indicating faster adsorption kinetics and a stronger RhB
affinity for BTPP-TPT CMP. For MB adsorption, both CMPs
exhibited rapid, high removal efficiencies. After 30 min, BTPP-
TPA and BTPP-TPT CMPs achieved adsorption efficiencies of
97.94% and 88.99%, respectively (Figures 5c,d,f, and S16b).
After 90 min, the efficiencies further increased to 99.26% and
98.24%, respectively, confirming the excellent MB adsorption
ability of both CMPs. The adsorption behavior of these CMPs
is influenced by several factors, including BET surface area,
pore volume, nitrogen content, molecular planarity, surface
polarity, and secondary interactions with dye molecules.
Notably, BTPP-TPT CMP exhibits a higher BET surface
area of 521 m2 g−1 and a larger pore volume of 0.99 cm3 g−1

compared with BTPP-TPA CMP, which has a surface area of
300.16 m2 g−1 and a pore volume of 0.49 cm3 g−1. These
textural advantages provide more accessible adsorption sites
and facilitate dye diffusion within the porous framework. In
addition, the more planar TPT unit and higher nitrogen
content of BTPP-TPT CMP can enhance surface polarity,
electron-density distribution, and dye-framework affinity. The
stronger adsorption of RhB by BTPP-TPT CMP can therefore
be attributed to the combined effects of its larger accessible
surface area, higher pore volume, nitrogen-rich framework, and
higher electron density, and stronger π−π/electrostatic
interactions with the aromatic cationic dye molecules.11,12,65

The interaction between the CMPs and dye molecules was
further supported by FT-IR analysis before and after
adsorption. After RhB adsorption, the characteristic aromatic
C�C stretching vibrations of the CMPs shifted slightly from
1596 and 1602 cm−1 to 1600 and 1605 cm−1 for BTPP-TPA
and BTPP-TPT CMPs, respectively. In addition, the C�O
stretching band of RhB shifted from 1706 cm−1 to 1682 and
1684 cm−1 after adsorption onto BTPP-TPA and BTPP-TPT
CMPs, respectively (Figures S17 and S18). Similar changes
were observed after MB adsorption, where the C�C
stretching bands of the CMPs shifted to 1604 and 1605

Figure 5. (a−d) UV−vis spectra of (a, b) RhB and (c, d) MB dye solutions at different time intervals after the addition of the (a, c) BTPP-TPA
and (b, d) BTPP-TPT CMPs. (e, f) Adsorption rates of (e) RhB and (f) MB organic dyes from an aqueous solution via CMPs.
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cm−1 for BTPP-TPA and BTPP-TPT CMPs, respectively
(Figures S19 and S20). These spectral changes confirm the
presence of dye-framework interactions, mainly involving π−π
stacking, hydrogen bonding, electrostatic interactions, and
dipole−dipole interactions. Overall, the adsorption results
demonstrate that both CMPs can effectively capture RhB and
MB from aqueous solutions, while the superior RhB adsorption
of BTPP-TPT CMP is closely related to its higher surface area,
larger pore volume, nitrogen-rich structure, and stronger dye-
framework interactions.
3.4. Performance of Dye Photodegradation

Given their high surface area, conjugated frameworks, suitable
porosity, favorable photophysical properties, and appropriate
band gaps, we examined BTPP-TPA and BTPP-TPT CMPs as
visible-light photocatalysts for degrading aqueous organic
pollutants, focusing on the cationic dyes RhB and MB under
irradiation above 450 nm. The photocatalytic performance of
the CMP (6 mg) was evaluated using RhB and MB (20 mg
L−1, 60 mL) in an aqueous solution. The photocatalytic
degradation experiments were conducted under ambient air
conditions without N2 or Ar purging; therefore, dissolved O2 in
the air-saturated aqueous solution served as the main oxygen
source for ROS generation. To establish adsorption−
desorption equilibrium, the suspensions were stirred in the
dark for 60 min prior to illumination. Because BTPP-based
CMPs exhibit clear adsorption ability toward RhB and MB, the
photocatalytic process should be regarded as an adsorption-
assisted degradation pathway. The dye concentration measured
after this dark-equilibrium step was used as C0 for calculating
the apparent photodegradation efficiency and rate constant.
Therefore, the reported photocatalytic performance reflects the
decrease in dye concentration during the irradiation stage
rather than the initial adsorption contribution. Nevertheless,
adsorbed dye molecules on the CMP surface may also
participate directly in the photocatalytic reaction. Under

visible-light irradiation, photogenerated electrons and holes
are produced within the CMP framework and react with
dissolved O2 and H2O/OH− to generate reactive oxygen
species. Thus, RhB and MB degradation likely occurs mainly at
or near the CMP−solution interface, where adsorbed dye
molecules are oxidized by surface-generated ROS, while
diffused ROS may also degrade free dye molecules in solution.
This adsorption-assisted interfacial mechanism explains the
enhanced performance of BTPP-TPT CMP, which combines
strong dye enrichment, efficient charge separation/transfer,
and ROS generation. After 90 min of visible-light irradiation,
RhB was efficiently degraded, with removal efficiencies of
96.69% for BTPP-TPA CMP and 99.60% for BTPP-TPT CMP
(Figures 6a and S21a,b). For MB degradation, BTPP-TPA
CMP showed a much lower degradation efficiency of 7.94%,
whereas BTPP-TPT CMP achieved 82.52% removal after 90
min of visible-light irradiation (Figures 6b and S21c,d). Nearly
complete RhB degradation was achieved by both CMPs, with
BTPP-TPA CMP reaching 99.08% removal after 120 min and
BTPP-TPT CMP reaching 99.31% removal after only 60 min
(Figure 6c). In addition, BTPP-TPT CMP effectively degraded
MB after 180 min, achieving a photodegradation efficiency of
95.8% (Figure 6d). These results demonstrate the superior
photocatalytic activity of BTPP-TPT CMP toward the
degradation of cationic RhB and MB dyes. Zeta-potential
measurements revealed negatively charged surfaces for both
CMPs, with values of −70.4 mV for BTPP-TPT CMP and
−12.6 mV for BTPP-TPA CMP. The negatively charged
surface, together with electron-rich N�C and N−C sites, can
strengthen the interaction with cationic RhB and MB
molecules, thereby promoting dye adsorption near the
photocatalytic surface. In addition, the D−A framework can
facilitate photoinduced charge separation by promoting exciton
dissociation and reducing electron−hole recombination.31

These combined effects contribute to the enhanced

Figure 6. (a, b) Photodegradation rates of an aqueous solution of (a) RhB (20 mg L−1, pH = 3) and (b) MB (20 mg L−1, pH = 3) using BTPP-
TPA (6 mg) and BTPP-TPT (6 mg) CMPs, evaluated across various time intervals. (c, d) Photodegradation performance of BTPP-TPA and
BTPP-TPT CMPs for the degradation of (c) RhB and (d) MB in water under visible-light irradiation for different time intervals. (e, f) Pseudo-first-
order kinetic plots for the photodegradation of (e) RhB and (f) MB dyes.
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adsorption-assisted photocatalytic degradation performance of
BTPP-TPT CMP. The superior photocatalytic performance of
BTPP-TPT CMP can be attributed to the synergistic effects of
its higher nitrogen content, enhanced porosity, more planar
framework, and improved charge-transfer properties. Elemental
analysis and XPS confirm that BTPP-TPT CMP contains a
higher nitrogen content than BTPP-TPA CMP due to the
incorporation of triazine units. These nitrogen-rich sites create
electron-rich/negatively polarized regions, as supported by
ESP calculations, which can strengthen interactions with
cationic RhB and MB molecules through electrostatic and
dipole−dipole interactions. In addition, the N2 sorption results
show that BTPP-TPT CMP possesses a higher BET surface
area of 521 m2 g−1 and a larger pore volume of 0.99 cm3 g−1

compared with BTPP-TPA CMP, which exhibits a surface area
of 300.16 m2 g−1 and a pore volume of 0.49 cm3 g−1. This
higher porosity provides more accessible adsorption and
photocatalytic sites and facilitates mass transport during dye
degradation. Moreover, the planar TPT unit promotes stronger
π conjugation, better framework extension, and more efficient
charge delocalization. This is consistent with the EIS results,
which show that BTPP-TPT CMP exhibits lower charge-
transfer resistance than BTPP-TPA CMP, indicating more
efficient interfacial charge transfer. Therefore, the enhanced
activity of BTPP-TPT CMP is not solely related to its nitrogen
content, but results from the combined contributions of

nitrogen-rich interaction sites, higher surface area, larger pore
volume, improved planarity, stronger dye-framework affinity,
and more efficient charge separation/transport. Our CMP
photocatalysts exhibited RhB and MB degradation perform-
ances that are comparable to or better than those of many
reported photocatalysts, including metal sulfides, metal oxides,
COFs, hyper-cross-linked polymers, and conjugated polymers,
under similar photocatalytic conditions (Tables S10 and S11).
The photocatalytic performance of organic and inorganic

semiconductors is generally governed by the efficiency of
charge-carrier generation, separation, and transfer. Several
strategies have been developed to address fast electron−hole
recombination, including heterojunction construction, cocata-
lyst incorporation, and molecular π conjugation engineering.
Heterojunctions can create interfacial electric fields that
spatially separate photogenerated electrons and holes, while
cocatalysts can accelerate interfacial charge transfer and
provide additional active sites for redox reactions. In contrast
to these composite-based approaches, the present BTPP-based
CMPs rely on molecular-level donor−acceptor and π-
conjugation engineering. The D−A framework facilitates
photoinduced intramolecular charge transfer, while the
extended π-conjugated backbone reduces exciton recombina-
tion and improves charge mobility.66 In addition, nitrogen-rich
heteroatomic sites introduce electron-rich regions that enhance
interactions with cationic RhB and MB molecules through

Figure 7. (a−h) Photodegradation rates of aqueous solutions of the cationic RhB and MB dyes using BTPP-TPT CMP, along with their respective
pseudo-first-order kinetic plots under varying experimental conditions: (a, b) different levels of pH (RhB: 20 mg L−1; CMP dosage: 6 mg); (c, d)
different levels of pH (MB: 20 mg L−1; CMP dosage: 6 mg); (e, f) different dosages of CMP (RhB: 20 mg L−1; pH: 3); (g, h) different dosages of
CMP (MB: 20 mg L−1; pH: 3). (i) Calculated reaction rate constant k of aqueous solutions of the cationic RhB and MB dyes onto BTPP-TPT
CMP under different conditions.
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electrostatic and dipole−dipole interactions.9 The extension of
π conjugation further reduces exciton recombination, increases
charge separation, and narrows the band gap between the
HOMO and LUMO levels.67 These modifications result in
tunable electronic properties and asymmetric electronic
structures that significantly enhance charge carrier separation
and transport, positioning D−A-based CMPs as highly
promising materials for optoelectronic and visible light-driven
photocatalytic applications. Additionally, the degradation
efficiency of BTPP-based CMPs exceeds that of other reported
pyridine-based materials, further highlighting their effective-
ness in photocatalytic systems (Table S12). To ensure
economical application and minimize secondary contamina-
tion, BTPP-TPT CMP was recycled for the photodegradation
of RhB and MB over three cycles under similar conditions. The
BTPP-TPT CMP exhibited significant activity, with a minimal
0.24% and 3.74% decline in RhB and MB degradation,
respectively (Figure S22a,b). The recovered catalyst was
further analyzed by FT-IR spectroscopy, revealing no obvious
peak shifts or changes in intensity after cycling (Figure S23),
confirming the remarkable stability of the CMP photo-
catalysts.38 Several characterization techniques, including FT-
IR, XRD, and HR-SEM, were used to evaluate the stability of
the BTPP-TPT CMP following RhB photodegradation, to
assess its stability and practical efficacy. The FT-IR analysis of
the recovered catalyst showed no notable shifts or changes in
peak intensity after photodegradation, thereby affirming the
remarkable stability of the BTPP-TPT CMP photocatalysts,
even after RhB photodegradation under varying pH conditions
(Figure S24). XRD and SEM measurements were conducted
on the BTPP-TPT CMP following RhB photodegradation at
pH 3. The PXRD patterns exhibited no significant variations in
peak intensity or position, signifying negligible structural
modification. Furthermore, SEM pictures demonstrated that
the BTPP-TPT CMP preserved its distinctive nanosphere
morphology, despite prolonged photodegradation (Figure
S25a−e).
To analyze the photodegradation kinetics of RhB and MB,

the irradiation-stage data were fitted using the Langmuir−
Hinshelwood pseudo-first-order model: ln(C0/Ct) = kt, where
C0 is the dye concentration after the dark adsorption−
desorption equilibrium step, Ct is the dye concentration after
irradiation for time t, and k is the apparent pseudo-first-order
rate constant. The linear relationship between ln(C0/Ct) and
irradiation time indicates that the photocatalytic degradation of
RhB and MB follows apparent pseudo-first-order kinetics. For
RhB degradation, BTPP-TPT CMP exhibited a slightly higher
apparent rate constant of 2.6 × 10−2 min−1 compared with
BTPP-TPA CMP, which showed a value of 2.5 × 10−2 min−1.
In the case of MB degradation, BTPP-TPT CMP displayed a
much higher rate constant of 1.7 × 10−2 min−1, greatly
exceeding that of BTPP-TPA CMP (9.0 × 10−4 min−1). These
results further confirm the enhanced photocatalytic activity of
BTPP-TPT CMP, particularly for MB degradation (Figure 6e
and 6f).
Based on the above results, BTPP-TPT CMP was identified

as the most efficient photocatalyst for the degradation of RhB
and MB under visible-light irradiation (>450 nm). Therefore,
BTPP-TPT CMP was selected to investigate the effects of
solution pH and catalyst dosage on photocatalytic degradation
performance. The pH of the dye solution is an important factor
because it influences the ionization state of dye molecules and
the electrostatic interactions between the dye and the

photocatalyst surface.9 The pH-dependent photodegradation
performance was evaluated using 60 mL aqueous solutions of
RhB or MB (20 mg L−1) containing 6 mg of BTPP-TPT CMP
over a pH range of 3.0−9.0 (Figure 7a−d). The pH values
were adjusted using appropriate amounts of NaOH or HCl
solution. For RhB degradation, BTPP-TPT CMP showed the
highest activity at pH 3.0, achieving 99.31% removal within 60
min (Figures 7a and S26−S29). The degradation rate
decreased gradually as the pH increased, with apparent rate
constants of 2.6 × 10−2, 2.1 × 10−2, 1.8 × 10−2, and 1.4 × 10−2

min−1 at pH 3.0, 5.0, 7.0, and 9.0, respectively (Figure 7b).
The enhanced RhB degradation under acidic conditions can be
attributed mainly to the cationic form of RhB, which promotes
stronger electrostatic attraction with the negatively charged/
electron-rich regions of the BTPP-TPT CMP surface. In
addition, the presence of chloride ions introduced during pH
adjustment with HCl may contribute to the formation of
reactive chlorine species through reactions with photo-
generated holes, which could further assist the degradation
process. Figure S30 shows that RhB can exist in cationic
(RhBH+) and zwitterionic (RhB±) forms depending on the
solution pH. At pH 1.0−3.0, RhBH+ is dominant, favoring
electrostatic interaction with BTPP-TPT CMP. At pH values
above 4.0, RhB predominantly exists in its zwitterionic form,
which weakens electrostatic attraction and reduces degradation
efficiency.31 For MB degradation, BTPP-TPT CMP also
exhibited strong photocatalytic activity under acidic to neutral
conditions, achieving removal efficiencies of 95.80%, 98.56%,
and 90.51% at pH 3.0, 5.0, and 7.0, respectively, after 180 min
(Figures 7c and S31−S34). The corresponding rate constants
were 1.7 × 10−2, 1.6 × 10−2, 1.5 × 10−2, and 0.8 × 10−2 min−1

at pH 3.0, 5.0, 7.0, and 9.0, respectively (Figure 7d), indicating
that MB degradation is less efficient under alkaline conditions.
As shown in Figure S35, MB can exist in different protonation
states depending on the solution pH.68 Positively charged MB
species within the acidic-to-neutral pH range can interact more
effectively with the negatively charged BTPP-TPT CMP
surface, whereas reduced electrostatic attraction at higher pH
values leads to lower degradation efficiency. Under strongly
acidic conditions (pH < 2.6), the triprotonated species
MBH3

2+ is dominant, in which the terminal amine groups
are protonated. In the pH range of 2.6−8.33, MB mainly exists
as mono- or diprotonated species that retain a positive charge
and can interact strongly with the negatively charged BTPP-
TPT CMP surface via electrostatic attraction. When the pH
exceeds 8.33, MB is converted to the negatively charged form
(MB−), weakening its electrostatic interaction with the
negatively charged CMP surface and decreasing degradation
efficiency. Therefore, considering both the high removal
efficiency and faster degradation kinetics, pH 3.0 was selected
as a suitable operating condition for the photocatalytic
degradation of both RhB and MB using BTPP-TPT CMP.
The effect of catalyst dosage was then examined because

photocatalytic efficiency is strongly influenced by the amount
of accessible photoactive material. At pH 3.0, RhB and MB
solutions (20 mg L−1, 60 mL) were treated with different
amounts of BTPP-TPT CMP ranging from 6.0 to 12.0 mg
(Figure 7e−h). Increasing the catalyst dosage from 6.0 to 12.0
mg did not significantly improve the degradation rate for either
dye (Figures 7e,g, S26, S31, and S36−S39). For RhB, the
apparent rate constants obtained using 6.0, 9.0, and 12.0 mg of
catalyst were 2.6 × 10−2, 1.8 × 10−2, and 1.9 × 10−2 min−1,
respectively (Figure 7f). For MB, the corresponding rate
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constants were 1.7 × 10−2, 1.8 × 10−2, and 1.9 × 10−2 min−1,
respectively (Figure 7h). The absence of a substantial
improvement at higher catalyst loadings may be attributed to
catalyst aggregation, increased light scattering, and reduced
light penetration, which limit the number of effectively
illuminated active sites.69,70 Therefore, 6.0 mg of BTPP-TPT
CMP at pH 3.0 was selected as the optimized condition for
subsequent RhB and MB photodegradation experiments
(Figure 7i).
3.5. Mechanism and Pathway of Photodegradation

The mechanism of photocatalytic dye degradation was
investigated by radical-trapping experiments using BTPP-
TPT CMP as a representative photocatalyst. To identify the
main reactive species involved in the degradation of RhB and
MB under visible-light irradiation, p-benzoquinone (BQ),
isopropanol (IPA), and EDTA-2Na were used as scavengers
for superoxide radicals (O2

•−), hydroxyl radicals (•OH), and
photogenerated holes (h+), respectively (Figures S40−S42).
For RhB degradation (Figure S40), the addition of BQ caused
the most significant decrease in degradation efficiency,
indicating that O2

•− is the dominant reactive species. IPA
also reduced the degradation efficiency, confirming the
participation of •OH radicals, whereas EDTA-2Na caused
only a minor change, suggesting that direct oxidation by h+
plays a limited role. For MB degradation (Figure S41), the
degradation efficiency was strongly suppressed by both BQ and
IPA, indicating that O2

•− and •OH jointly dominate the MB
degradation pathway. In contrast, EDTA-2Na showed a much
weaker inhibitory effect, further confirming that photo-
generated holes are not the main active species. These results
demonstrate that the photocatalytic degradation of RhB and
MB over BTPP-TPT CMP proceeds mainly through ROS-
mediated oxidation, with O2

•− and •OH as the principal
reactive species. Under visible-light irradiation, photogenerated
electrons in the CMP framework react with dissolved O2 to
generate O2

•−, while photogenerated holes can oxidize H2O/
OH− to form •OH. The generated ROS then attack and
degrade dye molecules adsorbed on or near the CMP surface,
as illustrated in Figure S42.
The visible-light photocatalytic degradation pathways of

both dyes over the BTPP-TPT CMP were elucidated by
identifying the reaction intermediates using LC-MS (Figures
S43 and S44). In the case of RhB, UV−vis spectral monitoring
revealed a gradual hypsochromic shift of the characteristic
absorption band from 555 nm to shorter wavelengths as
irradiation time increased (Figures S26 and S27), indicating a
stepwise N-deethylation process. After 30 min of illumination,
the main absorption band shifted to approximately 535−537
nm, consistent with the formation of N,N,N′-triethylrhod-
amine (λmax ≈ 539 nm).31 With prolonged irradiation (60
min), additional bands appeared at around 508 and 497 nm,
corresponding to N-ethylrhodamine and further deethylated
rhodamine species, respectively. The corresponding mass
signals at m/z 415, 387, and 359 further corroborate the
stepwise deethylation pathway (Scheme S6). Subsequent
deamination and decarboxylation produced intermediates at
m/z 331, 303, and 287, followed by chromophore cleavage and
ring-opening reactions yielding lower-mass fragments (m/z
261, 199, and 117). These intermediates were ultimately
mineralized to CO2 and H2O (Schemes S6 and S7 and Figure
S43). For MB, a slight blue shift of the main absorption band
(λmax = 665 nm) was observed with increasing irradiation time

during photocatalysis (Figure S31). LC-MS analysis revealed a
stepwise N-demethylation process, yielding demethylated
intermediates at m/z 270, 256, 242, and 228 (Scheme S8).
Continued oxidative degradation led to chromophore cleavage,
producing fragments with m/z values of 303, 231, 215, 201,
185, 173, 163, 158, 149, 147, 142, 136, and 117, followed by
complete mineralization to CO2 and H2O (Schemes S8 and S9
and Figure S44).
To clarify whether the individual building blocks contribute

to dye removal, control experiments were performed using
BTPP-4Br, TPA-3BO, and TPT-3BO under the same
conditions used for the CMP photocatalysts. As shown in
Figures S45 and S46, the individual building blocks exhibited
much lower photocatalytic degradation efficiencies toward RhB
and MB than the corresponding BTPP-TPA and BTPP-TPT
CMPs. This result indicates that the enhanced photocatalytic
performance does not originate from isolated monomer units
alone, but rather from the formation of extended, porous,
conjugated polymer networks. The superior activity of the
CMPs can be attributed to their higher accessible surface area,
extended π conjugation, improved light absorption, and more
efficient charge-carrier separation and transport within the
cross-linked donor−acceptor framework. In contrast, BTPP-
4Br, TPA-3BO, and TPT-3BO are discrete, nonporous
molecular building blocks that lack continuous conjugated
pathways and interconnected pore channels, resulting in
limited dye interaction and inefficient photoinduced charge
transfer. Therefore, these control experiments confirm that
polymer network formation plays a critical role in promoting
dye adsorption, ROS generation, and the photocatalytic
degradation of RhB and MB. Moreover, the monomers TPA-
3BO and TPT-3BO are also unstable in water, which could
further limit their effectiveness in photocatalytic applications.
This instability likely contributes to their reduced degradation
performance for both RhB and MB dyes, as the materials may
degrade or lose their catalytic properties in the presence of
water.

■ CONCLUSIONS
In conclusion, novel donor−acceptor BTPP-TPA and BTPP-
TPT CMPs were successfully developed for visible-light-driven
ROS generation, enabling the efficient adsorption and
photocatalytic degradation of cationic dyes, including RhB
and MB. The synthesized CMPs exhibited excellent thermal
stability, with Td10 values up to 573.91 °C and char yields up to
68.54%, as well as high BET surface areas reaching 521 m2 g−1.
Among them, BTPP-TPT CMP showed superior adsorption
performance toward RhB and MB in aqueous solution,
achieving removal efficiencies of 98.29% and 98.24%,
respectively, within 90 min. Moreover, BTPP-TPT CMP
displayed excellent photocatalytic degradation activity, with
apparent rate constants of 2.6 × 10−2 min−1 for RhB and 1.7 ×
10−2 min−1 for MB. The enhanced performance of BTPP-TPT
CMP is attributed to the synergistic effects of its extended π
conjugation, intrinsic porosity, high surface area, larger pore
volume, planar TPT unit, D−A framework, nitrogen-rich
structure, and efficient charge-transfer behavior. These features
promote dye adsorption, charge separation/transport, and
ROS-mediated photocatalytic degradation. Therefore, these
pyridine-based CMPs show strong potential as metal-free
photocatalysts for wastewater treatment applications.
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Z.; Hoduŕ, C. Utilization of Rice Husks as Effective Bioadsorbents for
Methylene Blue Removal from Wastewater: Characterization,
Adsorption Performance, and Regeneration Studies. Appl. Water Sci.
2025, 15 (7), 148.
(46) Fito, J.; Abewaa, M.; Mengistu, A.; Angassa, K.; Ambaye, A. D.;
Moyo, W.; Nkambule, T. Adsorption of Methylene Blue from Textile
Industrial Wastewater Using Activated Carbon Developed from
Rumex Abyssinicus Plant. Sci. Rep. 2023, 13, 5247.
(47) Li, Z.; Zhang, Y.; Jin, Y.; Tian, Z.; Huang, Y.; Wang, X.; Zhi, Y.;
Zhang, Q. Synergistic Optimization of Optical Absorption and Charge
Separation via Linker Engineering in Covalent Organic Frameworks.
Adv. Funct. Mater. 2026, 36, e30314.
(48) Zhan, J.; EL-Mahdy, A. F. M. Redox-Active Benzodithiophene-
4, 8-Dione-Based Conjugated Microporous Polymers for High-
Performance Faradaic Supercapacitor Energy Storage. Chem. Eng. J.
2023, 473, 145124.
(49) Mohamed, M. G.; EL-Mahdy, A. F. M.; Takashi, Y.; Kuo, S. W.
Ultrastable Conductive Microporous Covalent Triazine Frameworks
Based on Pyrene Moieties Provide High-Performance CO2 Uptake
and Supercapacitance. New J. Chem. 2020, 44 (20), 8241−8253.
(50) EL-Mahdy, A. F. M.; Elewa, A. M.; Huang, S.-W.; Chou, H.-H.;
Kuo, S.-W. Dual-Function Fluorescent Covalent Organic Frame-
works: HCl Sensing and Photocatalytic H2 Evolution from Water.
Adv. Opt. Mater. 2020, 8 (18), 2000641.
(51) Wu, S.-C.; Hassan, A. E.; EL-Mahdy, A. F. M. Fully Conjugated
D-A COFs with Thiadiazole and Thiazolothiazole Linkers: Tailoring
Electronic Structures for Efficient Metal-Free and Pt-Assisted
Hydrogen Evolution. J. Mater. Chem. A 2026, 14, 3995−4011.
(52) Nosova, E. V.; Lipunova, G. N.; Zyryanov, G. V.; Charushin, V.
N.; Chupakhin, O. N. Functionalized 1,3,5-Triazine Derivatives as
Components for Photo- and Electroluminescent Materials. Org. Chem.
Front. 2022, 9 (23), 6646−6683.
(53) Yang, C.-L.; Elewa, A. M.; Sun, W.-H.; Li, G.-L.; Hassan, A. E.;
Lai, C.-H.; Chou, H.-H.; El-Mahdy, A. F. M. Heterocyclic Spacer
Engineering in Heteroporous Covalent Triazine Frameworks for
Tunable Hydrogen Photocatalysis. Mater. Today Energy 2025, 54,
102141.
(54) Wang, J. H.; Chang, C.-L.; Zhang, Z. W.; EL-Mahdy, A. F. M.
Facile Metal-Free Synthesis of Pyrrolo[3,2-b]Pyrrolyl-Based Con-
jugated Microporous Polymers for High-Performance Photocatalytic
Degradation of Organic Pollutants. Polym. Chem. 2022, 13 (37),
5300−5308.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.6c00054
ACS Polym. Au XXXX, XXX, XXX−XXX

N

https://doi.org/10.1016/j.electacta.2024.145397
https://doi.org/10.1016/j.electacta.2024.145397
https://doi.org/10.1039/D5TA03907J
https://doi.org/10.1039/D5TA03907J
https://doi.org/10.1039/D5TA03907J
https://doi.org/10.1021/acsaem.4c03232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.4c03232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.4c03232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3TA03198E
https://doi.org/10.1039/D3TA03198E
https://doi.org/10.1039/D3TA03198E
https://doi.org/10.1039/D3TA03198E
https://doi.org/10.1016/j.micromeso.2022.111766
https://doi.org/10.1016/j.micromeso.2022.111766
https://doi.org/10.1021/acsanm.5c00570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.5c00570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202107401
https://doi.org/10.1002/adma.202107401
https://doi.org/10.1039/D1CS00808K
https://doi.org/10.1039/D1CS00808K
https://doi.org/10.1039/C9QM00633H
https://doi.org/10.1039/C9QM00633H
https://doi.org/10.1016/j.seppur.2024.129950
https://doi.org/10.1016/j.seppur.2024.129950
https://doi.org/10.1016/j.seppur.2024.129950
https://doi.org/10.1016/j.apcatb.2022.121624
https://doi.org/10.1016/j.apcatb.2022.121624
https://doi.org/10.1016/j.apcatb.2022.121624
https://doi.org/10.1039/D3QM00965C
https://doi.org/10.1039/D3QM00965C
https://doi.org/10.1039/D3QM00965C
https://doi.org/10.1016/j.cej.2021.131520
https://doi.org/10.1016/j.cej.2021.131520
https://doi.org/10.1016/j.cej.2021.131520
https://doi.org/10.1016/j.jcis.2022.11.098
https://doi.org/10.1016/j.jcis.2022.11.098
https://doi.org/10.1016/j.jcis.2022.11.098
https://doi.org/10.1007/s10965-021-02803-8
https://doi.org/10.1007/s10965-021-02803-8
https://doi.org/10.1016/j.jpowsour.2025.238225
https://doi.org/10.1016/j.jpowsour.2025.238225
https://doi.org/10.1016/j.jpowsour.2025.238225
https://doi.org/10.1016/j.jwpe.2023.103675
https://doi.org/10.1016/j.jwpe.2023.103675
https://doi.org/10.1016/j.jwpe.2023.103675
https://doi.org/10.1016/j.jwpe.2023.103675
https://doi.org/10.1016/j.jtice.2022.104310
https://doi.org/10.1016/j.jtice.2022.104310
https://doi.org/10.1016/j.mtchem.2025.103228
https://doi.org/10.1016/j.mtchem.2025.103228
https://doi.org/10.1016/j.mtchem.2025.103228
https://doi.org/10.1016/j.mtchem.2025.103228
https://doi.org/10.1016/j.jcis.2025.138156
https://doi.org/10.1016/j.jcis.2025.138156
https://doi.org/10.1016/j.jcis.2025.138156
https://doi.org/10.1016/j.jcis.2025.138156
https://doi.org/10.1016/j.inoche.2022.109764
https://doi.org/10.1016/j.inoche.2022.109764
https://doi.org/10.1016/j.inoche.2022.109764
https://doi.org/10.1016/j.inoche.2022.109764
https://doi.org/10.9734/ajocs/2020/v7i119013
https://doi.org/10.9734/ajocs/2020/v7i119013
https://doi.org/10.1016/j.rineng.2023.101198
https://doi.org/10.1016/j.rineng.2023.101198
https://doi.org/10.1016/j.rineng.2023.101198
https://doi.org/10.1016/j.rineng.2023.101198
https://doi.org/10.1007/s13201-025-02511-4
https://doi.org/10.1007/s13201-025-02511-4
https://doi.org/10.1007/s13201-025-02511-4
https://doi.org/10.1038/s41598-023-32341-w
https://doi.org/10.1038/s41598-023-32341-w
https://doi.org/10.1038/s41598-023-32341-w
https://doi.org/10.1002/adfm.202530314
https://doi.org/10.1002/adfm.202530314
https://doi.org/10.1016/j.cej.2023.145124
https://doi.org/10.1016/j.cej.2023.145124
https://doi.org/10.1016/j.cej.2023.145124
https://doi.org/10.1039/D0NJ01292K
https://doi.org/10.1039/D0NJ01292K
https://doi.org/10.1039/D0NJ01292K
https://doi.org/10.1002/adom.202000641
https://doi.org/10.1002/adom.202000641
https://doi.org/10.1039/D5TA08230G
https://doi.org/10.1039/D5TA08230G
https://doi.org/10.1039/D5TA08230G
https://doi.org/10.1039/D5TA08230G
https://doi.org/10.1039/D2QO00961G
https://doi.org/10.1039/D2QO00961G
https://doi.org/10.1016/j.mtener.2025.102141
https://doi.org/10.1016/j.mtener.2025.102141
https://doi.org/10.1016/j.mtener.2025.102141
https://doi.org/10.1039/D2PY00658H
https://doi.org/10.1039/D2PY00658H
https://doi.org/10.1039/D2PY00658H
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.6c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(55) Meng, N.; Zhang, Y.; Liu, Y.; Shi, Y.; Jiang, R.; Wu, J.; Liao, Y.
Boosting Photocatalytic Removal of Organic Pollutants through
Enhanced Piezoelectricity in Free-Standing Nanofibril Pyridyl-
Functionalized Conjugated Microporous Polymer/Poly(Vinylidene
Fluoride-Trifluoroethylene) Hybrids. J. Mater. Chem. C 2022, 10
(41), 15367−15376.
(56) Cheng, Z.; He, Y.; Yang, C.; Meng, N.; Liao, Y. Metal-Free
Synthesis of Pyridyl Conjugated Microporous Polymers with Tunable
Bandgaps for Efficient Visible-Light-Driven Hydrogen Evolution.
Chin. Chem. Lett. 2023, 34 (4), 107440.
(57) Saber, A. F.; Elewa, A. M.; Chou, H.; EL-Mahdy, A. F. M.
Donor to Acceptor Charge Transfer in Carbazole-based Conjugated
Microporous Polymers for Enhanced Visible-Light-Driven Photo-
catalytic Water Splitting. ChemCatChem 2023, 15 (3), e202201287.
(58) EL-Mahdy, A. F. M.; Young, C.; Kim, J.; You, J.; Yamauchi, Y.;
Kuo, S.-W. Hollow Microspherical and Microtubular [3 + 3]
Carbazole-Based Covalent Organic Frameworks and Their Gas and
Energy Storage Applications. ACS Appl. Mater. Interfaces 2019, 11 (9),
9343−9354.
(59) Yang, T.-L.; Chen, J.-Y.; Kuo, S.-W.; Lo, C.-T.; EL-Mahdy, A.
F. M. Hydroxyl-Functionalized Covalent Organic Frameworks as
High-Performance Supercapacitors. Polymers 2022, 14 (16), 3428.
(60) Zhang, C.; He, Y.; Mu, P.; Wang, X.; He, Q.; Chen, Y.; Zeng, J.;
Wang, F.; Xu, Y.; Jiang, J.-X. Toward High Performance Thiophene-
Containing Conjugated Microporous Polymer Anodes for Lithium-
Ion Batteries through Structure Design. Adv. Funct. Mater. 2018, 28
(4), 1705432.
(61) Lin, J.-H.; Chiang, Y.-W.; EL-Mahdy, A. F. M. Advanced
Electrochemical Sensors Featuring Nitrogen-Rich Conjugated Micro-
porous Polymers for Simultaneous Detection of Dopamine and Uric
Acid. ACS Appl. Polym. Mater. 2025, 7 (11), 6849−6864.
(62) Otitoju, T. A.; Bai, Y.; Tian, Y.; Feng, Z.; Wang, Y.; Zhang, X.;
Sun, T. Surface Modification of PVDF Membrane via Layer-by-Layer
Self-Assembly of TiO2/V for Enhanced Photodegradation of
Emerging Organic Pollutants and the Implication for Wastewater
Remediation. Chem. Eng. Sci. 2023, 275, 118762.
(63) Li, Z.; Tao, J.; Li, C.; Jin, Y.; Jeon, J.-P.; Huo, Y.; Lee, S. J.;
Zhang, Z.; Qiu, J.; Liu, X.; Baek, J.-B. Triazine Vertex-Directed
Engineering of Interlayer Interactions in Vinyl-Linked Covalent
Organic Frameworks for Enhanced Charge-Carrier Transport and
Photocatalytic Activity. Nano Lett. 2025, 25 (51), 17739−17746.
(64) EL-Mahdy, A. F. M.; Zakaria, M. B.; Wang, H.-X.; Chen, T.;
Yamauchi, Y.; Kuo, S.-W. Heteroporous Bifluorenylidene-Based
Covalent Organic Frameworks Displaying Exceptional Dye Adsorp-
tion Behavior and High Energy Storage. J. Mater. Chem. A 2020, 8
(47), 25148−25155.
(65) Ahmed, L. R.; Luder, J.; Chuang, C.-H.; EL-Mahdy, A. F. M.
Covalent-Organic-Framework-Modified Quartz Crystal Microbalance
Sensor for Selective Detection of Hazardous Formic Acid. ACS Appl.
Mater. Interfaces 2024, 16 (23), 30408−30420.
(66) Li, Z.; Huang, Y.; Jin, Y.; Shao, Y.; Li, C.; Qiu, J.; Baek, J.-B.;
Liu, X. Terminal-Group Engineering to Amplify Asymmetric
Electronic Interactions in COFs for Enhanced Optoelectronic
Performance. Nano Lett. 2026, 26 (10), 3624−3631.
(67) Li, Z.; Ma, S.; Li, C.; Wang, Z.; Huang, Y.; Jiang, Y.; Jin, Y.;
Qiu, J.; Lyu, S.; Liu, X.; Baek, J.-B. Anchoring Triple Polar Sites in
COFs to Tailor Electronic and Surface Properties for High
Optoelectronic Performance. Nano Lett. 2026, 26 (6), 2270−2278.
(68) Bensedira, A.; Haddaoui, N.; Doufnoune, R.; Meziane, O.;
Labidi, N. S. Study of Methylene Blue Dye Elimination from Water
Using Polyaniline (PANI) and PANI/SiO2 Composite. Polym. Polym.
Compos. 2022, 30, 1−16.
(69) Gurung, K.; Ncibi, M. C.; Thangaraj, S. K.; Jänis, J.;
Seyedsalehi, M.; Sillanpää, M. Removal of Pharmaceutically Active
Compounds (PhACs) from Real Membrane Bioreactor (MBR)
Effluents by Photocatalytic Degradation Using Composite Ag2O/P-25
Photocatalyst. Sep. Purif. Technol. 2019, 215, 317−328.
(70) Srinivasan, N.; Anbuchezhiyan, M.; Harish, S.; Ponnusamy, S.
Efficient Catalytic Activity of BiVO4 Nanostructures by Crystal Facet

Regulation for Environmental Remediation. Chemosphere 2022, 289,
133097.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.6c00054
ACS Polym. Au XXXX, XXX, XXX−XXX

O

https://doi.org/10.1039/D2TC03288K
https://doi.org/10.1039/D2TC03288K
https://doi.org/10.1039/D2TC03288K
https://doi.org/10.1039/D2TC03288K
https://doi.org/10.1016/j.cclet.2022.04.038
https://doi.org/10.1016/j.cclet.2022.04.038
https://doi.org/10.1016/j.cclet.2022.04.038
https://doi.org/10.1002/cctc.202201287
https://doi.org/10.1002/cctc.202201287
https://doi.org/10.1002/cctc.202201287
https://doi.org/10.1021/acsami.8b21867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b21867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b21867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym14163428
https://doi.org/10.3390/polym14163428
https://doi.org/10.1002/adfm.201705432
https://doi.org/10.1002/adfm.201705432
https://doi.org/10.1002/adfm.201705432
https://doi.org/10.1021/acsapm.5c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.5c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.5c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.5c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ces.2023.118762
https://doi.org/10.1016/j.ces.2023.118762
https://doi.org/10.1016/j.ces.2023.118762
https://doi.org/10.1016/j.ces.2023.118762
https://doi.org/10.1021/acs.nanolett.5c04802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c04802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c04802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c04802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TA07281H
https://doi.org/10.1039/D0TA07281H
https://doi.org/10.1039/D0TA07281H
https://doi.org/10.1021/acsami.4c04630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c04630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6c00477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6c00477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6c00477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c06013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c06013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c06013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/09673911221141747
https://doi.org/10.1177/09673911221141747
https://doi.org/10.1016/j.seppur.2018.12.069
https://doi.org/10.1016/j.seppur.2018.12.069
https://doi.org/10.1016/j.seppur.2018.12.069
https://doi.org/10.1016/j.seppur.2018.12.069
https://doi.org/10.1016/j.chemosphere.2021.133097
https://doi.org/10.1016/j.chemosphere.2021.133097
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.6c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

