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ARTICLE INFO ABSTRACT

Keywords: Background: The rapid growth of industrialization has led to increased discharge of dye-laden wastewater, posing
f-ketoenamine serious threats to aquatic ecosystems and water sustainability. Synthetic dyes like rhodamine B (RhB) and
Azobenzene

methylene blue (MB), known for their stable conjugated structures, resist biodegradation and persist in the
environment. Their accumulation in water bodies harms aquatic life and can indirectly impact human health.
Methods: A series of metal-free p-ketoenamine-based conjugated microporous polymers (CMPs) was synthesized
via Schiff-base polycondensation of an amine-terminated azobenzene monomer (AZO-2NHy), 2,4,6-triformyl-
phloroglucinol (TFP), and a diamino-substituted dibenzothiophene dioxide monomer (DBTD-2NH;) under sol-
vothermal conditions. By varying the molar feed ratio of AZO-2NH,:TFP:DBTD-2NH;, (2:2:1, 1.5:2:1.5, and
1:2:2), three CMP (AZO2-TFP2-DBTD;, AZO; 5-TFP5-DBTD; 5, AZO;-TFP2-DBTD3) with tunable porosity, elec-
tronic structure, and morphology were obtained. Comprehensive spectroscopic characterization confirmed the
complete formation of p-ketoenamine linkages, the successful incorporation of azo and DBTD motifs, and high
chemical purity.

Significant Findings: Thermogravimetric analysis of AZO-TFP-DBTD CMPs revealed outstanding thermal stability
(T410 up to 461 °C, char yield up to 60.8 wt%). Nitrogen sorption studies demonstrated that our AZO-TFP-DBTD
CMPs exhibited hierarchical micro- and mesoporosity, with Brunauer-Emmett-Teller (BET) surface areas
ranging from 110 to 125 m? g~! and dominant pore diameters of 1.7-2.0 nm. Ultraviolet photoelectron spec-
troscopy (UPS) and Tauc plot analyses of AZO-TFP-DBTD CMPs revealed a progressive deepening of the highest
occupied molecular orbital (HOMO) level and a narrowing of the optical bandgaps (2.12-2.19 eV) as the DBTD
content increased, thereby enhancing visible-light absorption. Photocatalytic evaluation using methylene blue
(MB) and rhodamine B (RhB) as model dyes under visible irradiation revealed that AZO;-TFP-DBTD; out-
performed its counterparts, achieving greater than 98% degradation within 60 min and pseudo-first-order rate
constants of up to 0.067 min~'. Mechanistic studies identified singlet oxygen and photo-generated electrons as
the primary reactive species. Recyclability tests of AZO,-TFP,-DBTD, confirmed excellent stability over three
cycles with <10% loss in activity. This work highlights the effectiveness of molecular engineering and monomer
stoichiometry in optimizing AZO-TFP-DBTD CMP photocatalysts for water remediation.

Dibenzothiophene dioxide
Conjugated microporous polymers
Photocatalytic dye degradation

1. Introduction aquatic resources and ecosystems [1-5]. Organic dye molecules such as
rhodamine B (RhB) [6,7] and methylene blue (MB) [8,9] characterized

With the rapid advancement of industrialization, dye-laden waste- by stable conjugated structures, are notoriously difficult to biodegrade
water has become a growing concern, posing significant threats to and thus represent a persistent class of water contaminants [10-12].
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Traditional inorganic semiconductor photocatalysts, such as titanium
dioxide (TiO2) [13], zinc oxide (ZnO) [14,15], and graphitic carbon
nitride (g-C3Ny4) [16], have demonstrated satisfactory photocatalytic
activity and chemical stability under ultraviolet or visible light [17].
However, in practical applications, they exhibit several critical limita-
tions: (1) a narrow absorption range within the visible spectrum, which
restricts solar energy utilization [18]; (2) limited control over surface
properties and microstructure, hindering efficient dye adsorption and
catalyst-pollutant contact [19]; and (3) rapid recombination of photo-
generated electron-hole pairs, resulting in low quantum efficiency and
constrained photocatalytic degradation performance [20]. Conse-
quently, the development of next-generation organic photocatalytic
materials possessing broad-spectrum light absorption, tunable archi-
tectures, and enhanced charge separation has become a focal point in
environmental remediation research [21].

Among emerging photocatalytic materials, conjugated microporous
polymers (CMPs) have attracted widespread attention due to their
extended n-conjugated networks [22-29], and highly tunable structures
[30-34]. CMPs are synthesized via cross-linking of conjugated mono-
mers, forming continuous n-conjugated frameworks that inherently
exhibit strong visible-light absorption [23]. By rationally designing
electron-donating and electron-withdrawing units, one can precisely
tailor the bandgap of CMPs to respond to visible or even near-infrared
light [35-37]. Moreover, the n-conjugated backbone of CMPs facilitates
effective separation and rapid transport of photogenerated charges [38],
thereby enhancing photocatalytic quantum efficiency. Intrinsically,
CMPs often possess micro- or mesopores with specific surface areas
ranging from several hundred to over 1,000 m2/g, which provide
abundant active sites for pollutant adsorption [39] and increase local
concentration of target molecules, strengthening the coupling between
adsorption and degradation processes. Notably, the incorporation of
functional groups such as -NHjy [40], -SOsH [41], or azo (-N=N-) [42]
moieties into the CMP network can further augment noncovalent in-
teractions, n-n stacking, electrostatic attractions, or hydrogen bonding,
between the polymer and dye molecules, thus improving both selectivity
and degradation efficiency [43]. Compared to traditional inorganic
semiconductors, CMPs offer unparalleled design freedom at the molec-
ular level, enabling fine-tuning of surface properties, band structures,
and catalytically active sites according to specific application re-
quirements [44-46]. By integrating various photosensitive units, elec-
tron donors/acceptors, or metal coordination centers, the light
absorption range of CMPs can be broadened and charge separation ef-
ficiency significantly improved [47].

Additionally, CMP frameworks typically rely on sturdy C=C or C=N
bonds, endowing them with excellent chemical and thermal stability
and making them suitable for both laboratory investigation and long-
term cyclic use, key prerequisites for industrial scalability. In light of
these advantages, the present study focuses on the intentional incorpo-
ration of azo groups (-N=N-) as crucial structural motifs within designed
CMP materials [48]. Azo moieties possess extended conjugation and a
high density of n electrons, which can engage in strong n-n stacking
interactions with the aromatic rings of dye molecules, thereby boosting
adsorption efficiency [49,50]. Moreover, azo groups themselves exhibit
visible-light absorption and rapid electron-transfer characteristics, pro-
moting efficient separation and transport of photoinduced charge car-
riers [51]. By ingeniously embedding azo units into the CMP framework,
we anticipate synergistic enhancement of dye adsorption and photo-
catalytic degradation, offering novel design strategies for future organic
photocatalysts [52]. RhB and MB were selected as representative
aqueous dye pollutants. RhB, an xanthene-based cationic dye first syn-
thesized by C. G. Grun in 1887, features a highly conjugated aromatic
backbone and appears bright red to pink, with a maximum absorption
wavelength near 554 nm. Its high fluorescence intensity and water
solubility make it an ideal model compound for photocatalyst perfor-
mance assessment. However, the presence of amino functional groups
and aromatic rings renders RhB resistant to natural biodegradation [53],
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and its prolonged environmental persistence may pose mutagenic or
carcinogenic risks to human health [54]. MB, a phenothiazine-based
cationic dye first reported by Heinrich Caro in 1876, appears deep blue
and finds extensive use in textile dyeing, medical diagnostics (cell and
tissue staining) [55,56], and water quality assays [57]. With a maximum
absorption wavelength around 665 nm, MB is similarly recalcitrant to
environmental degradation and, upon long-term exposure, may cause
skin irritation or central nervous system effects [58], making it a critical
indicator of water pollution.

Advancing the photocatalytic efficacy of 2D CMPs necessitates the
deliberate selection of robust covalent linkages and light-active mono-
meric units [59-62]. To this end, we explore the construction of new 2D
CMP systems featuring extended n-conjugated networks to facilitate
charge transport and light absorption [59,62]. A key component in this
strategy is TFP, which undergoes condensation with arylamine de-
rivatives to initially form enol-imine tautomers [63]. Subsequent
isomerization leads to the generation of a radialene-like topology,
distinguished by its electron-withdrawing nature and the reformation of
carbonyl functionalities [64]. Further tautomeric shift to the
p-keto-enamine configuration imparts enhanced thermodynamic sta-
bility, supported by intramolecular hydrogen bonding. This structural
transformation not only reinforces the chemical durability of the
framework but also augments its photophysical properties, positioning
these CMPs as promising candidates for efficient visible-light photo-
catalysis [65]. Herein, three CMP networks were constructed through a
Schiff base condensation reaction using AZO-2NH,, TFP, and
DBTD-2NHs. The solvothermal synthesis was carried out using different
molar combinations of the monomers (2:2:1, 1.5:2:1.5, and 1:2:2),
leading to the formation of AZO,-TFP2-DBTD;, AZO; 5-TFP-DBTD; s,
and AZO,-TFP,-DBTD,, respectively. These AZO-TFP-DBTD CMP ma-
terials demonstrate adjustable textural properties, morphological di-
versity, and variable electronic configurations, highlighting the
effectiveness of feed ratio tuning in structural and functional modula-
tion. Photophysical properties of AZO-TFP-DBTD CMPs were probed by
ultraviolet photoelectron spectroscopy (UPS) and ultraviolet-visible
diffuse reflectance spectroscopy (UV-Vis DRS); respectively. To further
elucidate the photocatalytic degradation mechanism of RhB,
AZ0O,-TFP2-DBTD, CMP was selected as a model photocatalyst. Under
visible light exposure, the material generates various reactive spe-
cies—such as superoxide anions (O2"), photogenerated holes (h*), singlet
oxygen (105), and hydroxyl radicals (¢OH)—which actively participate
in breaking down organic pollutants during the photocatalytic process.
Finally, the AZO-TFP-DBTD CMP materials were tested on simulated
real-world dye effluent to examine their efficacy in complex aqueous
matrices, thereby assessing their potential for industrial wastewater
treatment.

2. Experimental section
2.1. Materials

2,5-Dibromoaniline (98%) and nitrosobenzene (98%) were obtained
from MACKLIN and Combi-Blocks, respectively. Potassium carbonate
(99%), anhydrous magnesium sulfate (99%), sodium azide, and anhy-
drous sodium carbonate (99.5%) were supplied by SHOWA. Dichloro-
methane (99.5%) and stannous chloride dihydrate (SnCly-2H20, 98%)
were purchased from Thermo Scientific, and dimethyl sulfoxide (DMSO)
was acquired from Uniregion Bio-Tech. Tetrahydrofuran (THF, 99.9%),
1,4-dioxane (DO, 99.8%), 2-propanol (IPA, 99.9%), and hexane were
obtained from Fisher Chemical, DUKSAN, and Merck. 4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)aniline (98%) was purchased from
Sigma-Aldrich and tetrakis(triphenylphosphine)palladium(Il) (98%)
and dibenzo[b,d]thiophene 5,5-dioxide (DBTD) were obtained from
Leyan. 1,3,5-Triformylphloroglucinol was supplied by Alfa Aesar, while
p-benzoquinone (> 98%), ethylenediaminetetraacetic acid disodium salt
dihydrate (EDTA-2Na, 99%), and acetic acid were procured from Alfa
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Aesar and Honeywell, respectively.
2.2. Synthesis of (E)-1-(2,5-dibromophenyl)-2-phenyldiazene (AZO-2Br)

Nitrosobenzene (1.80 g, 16.8 mmol) and 2,5-dibromoaniline (2.40 g,
9.56 mmol) were introduced into a 50 mL round-bottom flask and dis-
solved in 15 mL of glacial acetic acid. The reaction mixture was heated
to 60°C and stirred under a nitrogen atmosphere for 24 h to promote the
formation of the corresponding azo intermediate. Upon completion, the
reaction was neutralized by slowly adding solid sodium carbonate until
bubbling stopped. The mixture was then extracted three times with
dichloromethane (3x50 mL), and the combined organic layers were
dried using anhydrous magnesium sulfate. Following filtration and
evaporation of the solvent under reduced pressure, the obtained mate-
rial was purified via silica gel column chromatography with hexane to
afford an orange solid (1.53 g), corresponding to a 47% isolated yield.
'H NMR (600 MHz, CHCls-d, 8, ppm): 7.99, 7.83-7.82, 7.63-7.60, 7.54-
7.52, 7.45-7.44. '3C NMR (600 MHz, CHCls-d, 5, ppm): 152.3, 150.0,
134.8,134.4,132.1, 129.2, 124.4, 123.6, 122.0, 121.0.

2.3. Synthesis of (E)-2'-(phenyldiazenyD-[1,1:4,1"-terphenyl]-4,4 -
diamine (AZO-2NH3)

A Suzuki-Miyaura coupling reaction was carried out to synthesize
the aminated AZO derivative. In a 150 mL round-bottom flask, AZO-2Br
(1.10 g, 3.24 mmol), 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
aniline (1.78 g, 8.12 mmol), Pd(PPh3),Cl; (0.582 g, 0.82 mmol), and
K2CO3 (1.29 g, 9.33 mmol) were combined in a solvent mixture con-
sisting of deionized water (150 mL) and DO (60 mL). The heterogeneous
mixture was heated to 100°C with vigorous stirring for 36 h to ensure
complete conversion. Upon cooling to room temperature, an additional
150 mL of water was added, and the resulting biphasic suspension was
extracted twice with dichloromethane (2x150 mL). The crude residue
was purified by column chromatography on silica gel, eluting with
hexane to afford a red-orange solid (0.76 g, 64% yield). This product was
fully characterized by NMR and mass spectrometry and served as a key
intermediate for subsequent polymerization studies. "H NMR (600 MHz,
CHCl3-d, 8): 7.85, 7.72, 7.69, 7.60-7.58, 7.54, 7.48, 7.35, 7.33, 6.79,
3.78; 13C NMR (600 MHz, CHCls-d, 5, ppm): 152.9, 149.7, 146.0,
145.7,140.0, 138.9, 132.0, 130.75, 130.69, 130.6, 129.0, 128.8, 128.6,
128.0, 123.3,115.4, 114.4,113.4.

2.4. Synthesis of 3,7-diaminodibenzo[b,d]thiophene 5,5-dioxide (DBTD-
2NH»,)

DBTD (3.00 g, 13.87 mmol) was suspended in concentrated HySOy4,
cooled to O °C, and nitrated with dropwise addition of concentrated
HNOj3 over 30 min below 5 °C. After stirring at 25 °C for 24 h, the re-
action was quenched in ice water, yielding the dinitro product (DBTD-
2NO2) as a precipitate.

The reaction mixture was then poured onto ice-water, causing pre-
cipitation of the dinitro derivative (DBTD-2NO>). The pale-yellow solid
was dried under reduced pressure to give DBTD-2NO, (3.30 g, 77%
yield). In a reduction step, DBTD-2NO> (1.50 g, 4.89 mmol) was com-
bined with SnCl,-2H,0 (15.0 g, 66.47 mmol) in a mixture of acetic acid
(50 mL) and concentrated HCI (20 mL). The mixture was maintained at
100 °C with continuous stirring for 24 h. Once cooled, it was poured into
water to stop the reaction, and the pH was adjusted to neutrality using
40% aqueous NaOH. The precipitated diamine (DBTD-2NH,) was iso-
lated as a light-yellow solid (0.97 g, 81% yield). 'H NMR (600 MHz,
DMSO-d, §): 7.50-7.48, 6.88-6.87, 6.80-6.78, 5.76; 13C NMR (600 MHz,
DMSO-d, §): 149.2, 137.5, 121.4, 119.5, 118.5, 105.5.

2.5. Synthesis of AZO-TFP-DBTD CMPs

TFP, AZO-2NH,, and DBTD-2NH; were added to a 25 mL Schlenk
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tube, followed by 1,4-dioxane (20 mL), mesitylene (10 mL), and 6 M
acetic acid (1 mL) [different ratios as shown in Table S1]. The reaction
mixture was heated to 120 °C under static conditions for 4 days. Upon
completion, the mixture was gradually cooled to RT. The solid CMP was
then collected by vacuum filtration and washed thoroughly with THF
and DMF to remove unreacted monomers and oligomeric byproducts.
The resulting solid was dried under vacuum to yield the final
compounds.

3. Results and discussion

3.1. Synthesis and structural characterization of AZO-2NH, and DBTD-
2NH, monomers

Fig. 1(a) depicts the synthetic route employed to obtain AZO-2NH,,
beginning with 2,5-dibromoaniline. Initially, 2,5-dibromoaniline un-
derwent diazo coupling to yield a dibromo-terminated azo intermediate,
designated AZO-2Br. Subsequently, a Suzuki-Miyaura coupling between
AZO-2Br and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline
introduced an amine functionality, affording the target bifunctional
monomer AZO-2NH; with terminal NHy groups. The attenuation and
emergence of key vibrational bands in the FTIR spectra [Fig. 1(b)]
corroborate this transformation. AZO-2Br exhibits characteristic sp? C-H
stretching at 3058 cm™! and a trans-N=N stretch at 1442 cm™!. After
Suzuki-Miyaura coupling, AZO-2NH, displays new N-H stretching
bands at 3310 and 3200 cm™! (asymmetric and symmetric modes,
respectively), while the trans-N=N stretch shifts slightly to 1433 cm ™},
confirming successful incorporation of the aniline moiety. In the 'H
NMR spectrum [Fig. 1(c)], AZO-2Br shows aromatic proton resonances
at 7.99, 7.83-7.82, 7.63-7.60, 7.54-7.52, and 7.45-7.44 ppm. Upon
conversion to AZO-2NH,, new signals corresponding to additional aro-
matic protons and the amine protons of the aniline unit emerge. In
particular, a distinct resonance at 3.78 ppm is assigned to the -NHj
protons. The aromatic region becomes more complex, with resonances
observed at 7.85, 7.72, 7.69, 7.60-7.58, 7.54, 7.48, 7.35, 7.33, and 6.79
ppm, reflecting the expanded aromatic environment and confirming
substitution at the dibromo sites. The 13C NMR spectra [Fig. 1(d)] pro-
vide further evidence of structural evolution. For AZO-2Br, resonances
at 152 and 150 ppm correspond to Ar-N=N carbons, while C-Br carbons
appear at 122 and 121 ppm; additional aromatic carbons are observed
between 134 and 123 ppm. After Suzuki-Miyaura coupling, the C-Br
signals at 122 and 121 ppm diminish, and a new resonance at 145 ppm
emerges, attributable to C-N carbons of the aniline units. The Ar-N=N
carbons remain prominent at 153 and 149 ppm, and the aromatic carbon
signals shift to a broader range of 140-113 ppm. Collectively, these
spectroscopic changes confirm the successful conversion of AZO-2Br to
AZO-2NHj; and the successful installation of terminal amine groups.

Scheme S1 outlines the stepwise synthesis of the diamino-
functionalized dibenzothiophene dioxide monomer (DBTD-2NHy). In
the first step, pristine DBTD was subjected to electrophilic nitration
using a sulfuric acid and nitric acid mixture, affording the dinitro in-
termediate DBTD-2NO3 in good yield. In the subsequent reduction step,
treatment of DBTD-2NO, with stannous chloride in acidic acetic acid
converted the nitro groups to primary amines, yielding the target
bifunctional monomer DBTD-2NH; bearing two terminal -NH;, groups.
The successful installation of amine functionalities and preservation of
the aromatic dibenzothiophene dioxide core were corroborated by FT-
IR, 'H NMR, and '3C NMR spectroscopy. As shown in Fig. S1, the FT-
IR spectrum of DBTD-2NH, features two intense bands at 3474 and
3372 cm™}, assigned to the asymmetric and symmetric stretching vi-
brations of the primary amine N-H bonds, respectively. A medium-
intensity band centered at 1610 cm ! arises from N-H bending
coupled with aromatic C=C stretching, while additional modes between
1500 and 1450 cm correspond to aromatic C=C vibrations. The C-N
stretching of the conjugated amine appears as a distinct band in the
1320-1250 cm™! region. In the 'H NMR spectrum [Fig. S2], DBTD-
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Fig. 1. (a) Synthesis route of AZO-2Br and AZO-2NH, and their corresponding (b) FTIR spectrum, (c) 'H NMR, and (d) 3C NMR spectrum (* is the peak for CHCl-d).

2NH, displays characteristic aromatic proton resonances at 7.50-7.48,
6.88-6.87, and 6.80-6.78 ppm, alongside a signal at 5.76 ppm attribut-
able to the -NHy protons. The 3¢ NMR spectrum [Fig. S3] further
confirms the aromatic framework, revealing carbon resonances between
149 and 105 ppm consistent with the dibenzothiophene dioxide skel-
eton. Collectively, these spectral data validate the synthesis of DBTD-
2NH; and its suitability as a diamine group for subsequent CMP
construction.

3.2. Synthesis and structural characterization of AZO-TFP-DBTD CMPs

Fig. 2(a) shows the three monomeric building blocks employed in the
preparation of our AZO-TFP-DBTD-based CMPs: the amine-
functionalized azobenzene derivative (AZO-2NHy), 2,4,6-triformyl-
phloroglucinol (TFP), and the diamino-substituted dibenzothiophene
dioxide (DBTD-2NHy). By varying the stoichiometric ratios of AZO-
2NH, to TFP to DBTD-2NH; (2:2:1, 1.5:2:1.5, and 1:2:2), we obtained
three distinct CMP networks, denoted AZO5-TFP5-DBTDq, AZOq 5-TFP5-
DBTD; 5, and AZO;-TFP2-DBTDj, respectively. The FTIR spectra of all
three AZO-TFP-DBTD [Fig. 2(b)] display nearly identical absorption
patterns, indicating a common core framework. Broad O-H stretching
bands appear between 3694 and 3260 cm ™!, while aromatic C=C vi-
brations are observed at 1600-1500 cm™!. The azo N=N stretching
modes manifest at 1454-1447 c¢m ™! [66,67]. Crucially, no bands cor-
responding to primary amine (-NHy) or aldehyde (-CHO) functionalities
remain, confirming quantitative Schiff-base condensation. Solid-state
3¢ NMR spectroscopy [Fig. 2(c)] further verifies the successful forma-
tion of the azo-based CMP frameworks and highlights subtle variations

arising from different monomer feed ratios.

In all three networks, intense resonances between 107 and 138 ppm
can be ascribed to conjugated aromatic carbons, including the C-S
moieties of the DBTD units. In each case, a signal at approximately 156-
157 ppm corresponds to the aromatic C-OH carbon of the
phloroglucinol-derived linkage, confirming complete Schiff-base
condensation. The appearance of a downfield resonance between 184
and 187 ppm indicates keto-enamine tautomerization of the p-ketoen-
amine linkages, with the precise chemical shift increasing slightly as the
DBTD content rises (184 ppm for AZO,-TFP5-DBTD;; 186 ppm for
AZ0O; 5-TFP5-DBTD; 5; 187 ppm for AZO;-TFP,-DBTD,). Additional
resonances at 178-179 ppm are attributed to the C=C-NH carbons, while
signals at 147-148 ppm correspond to imine (C=N) carbons.

Thermogravimetric analysis [Fig. S4] demonstrates that all three
AZO-TFP-DBTD exhibit excellent thermal stability, with the temperature
at 10% weight loss (T410) and residual char yields varying according to
monomer composition. Specifically, AZO,-TFP,-DBTD; decomposes at
T4q10 = 424°C and retains 55.9 wt% char yield, while AZO; 5-TFP,-
DBTD; 5 displays enhanced stability with T4q19 = 460°C and a char yield
of 52.0 wt%. Notably, increasing the DBTD content further to yield
AZ0O,-TFP2-DBTD;, raises T419 marginally to 461°C and boosts the re-
sidual char to 60.8 wt%. These results indicate that a higher proportion
of the thermally robust dibenzothiophene dioxide unit contributes to a
more stable crosslinked framework, underscoring the crucial role of
monomer feed ratio in tuning the thermal properties of CMP networks.
High-resolution X-ray photoelectron spectroscopy (XPS) was employed
to elucidate the elemental composition and chemical environments
within the three AZO-TFP-DBTD [Fig. 2(d)].
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Fig. 2. (a) Synthesis route of AZO-TFP-DBTD-based CMPs and the corresponding (b) FTIR spectrum, (c) solid-state 13C NMR spectrum, and (d) XPS spectra.

In each sample, survey spectra confirm the presence of carbon, ni-
trogen, oxygen, and sulfur. The high-resolution C 1s region displays four
deconvoluted components: a peak at 284 eV assigned to C=C bonds,
peaks at 284.5-284.7 eV corresponding to C-S thioether linkages, a
component at 285.1 eV attributable to C-N bonds from amine and imine
functionalities, and a higher-energy feature at 286.1-286.2 eV arising
from carbonyl (C=0) groups [Fig. 3(a), Fig. S5(a) and Fig. S6(a)] [65].
In the N 1s region, two distinct peaks at 398.6-398.7 eV and 400.4-400.5
eV are observed, which we ascribe to amine nitrogen (C-N) and azo
nitrogen (N=N), respectively, verifying successful incorporation of both
functionalities [Fig. 3(b), Fig. S5(b), and Fig. S6(b)] [65]. The O 1s
spectra for all AZO-TFP-DBTD exhibit three components: a dominant
band at 530.9 eV for carbonyl oxygen, a shoulder at 530.0 eV assigned to
oxidized sulfur (S=0), and a higher-energy feature near 532.3-532.6 eV
due to adsorbed water [Fig. 3(c), Fig. S5(c) and Fig. S6(c)] [65].
Finally, the S 1s region appears at 231 eV and the S 2p region reveals the
characteristic doublet of covalently bound sulfur at 167.1-167.2 eV (S
2p1,2) and ~168.3-168.5 eV (S 2ps,»), along with a minor high--
binding-energy component indicative of oxidized sulfur species [Fig. 3
(d), Fig. S5(d) and Fig. S6(d)] [65].

Across the three CMPs, AZO,-TFP,-DBTD;, AZO; 5-TFP5-DBTD; s,
and AZO,-TFP,-DBTD,, these spectral features remain consistent,
demonstrating that variations in monomer feed ratio do not alter the
fundamental chemical composition, but rather modulate the relative
intensities of these key signals in accordance with the sulfur content of
AZO-TFP-DBTD-based CMPs. In addition, elemental analysis was per-
formed to confirm the chemical composition and purity of the three
AZO-TFP-DBTD CMPs networks [Table S2]. For AZO»-TFP,-DBTD;, the

measured contents were C 67.78 wt%, N 9.91 wt%, O 15.10 wt%, and S
1.69 wt%. In the case of AZO; 5-TFP,-DBTD; 5, the CMP contained C
64.02 wt%, N 9.34 wt%, O 19.87 wt%, and S 5.27 wt%. Finally, AZO;-
TFP2-DBTD;, exhibited C 57.48 wt%, N 8.04 wt%, O 21.74 wt%, and S
6.46 wt%. The systematic decrease in carbon and nitrogen alongside
increasing oxygen and sulfur with higher DBTD loading aligns precisely
with the intended monomer feed ratios and confirms that the dibenzo-
thiophene dioxide units have been successfully incorporated into the
CMP structures.

Nitrogen adsorption-desorption measurements [Fig. 4(a-c)] reveal
that all three AZO-TFP-DBTD-based CMPs display type IV isotherms
with pronounced hysteresis loops, indicating a hierarchical
microporous-mesoporous architecture. Brunauer-Emmett-Teller (BET)
analysis yields specific surface areas of 126, 118, and 110 m? g~! for
AZOy-TFPy-DBTD;, AZO;s5-TFP»-DBTD;5 and AZO;-TFP»-DBTD,,
respectively. Pore size distributions and total pore volumes determined
by non-local density functional theory (NLDFT; Table S2) confirm
dominant micropore diameters of approximately 1.7 nm for AZO,-TFP-
DBTD;, 2.0 nm for AZO1 5-TFP5-DBTD; 5, and 1.8 nm for AZO;-TFP5-
DBTDj,, underscoring the microporous nature of these CMPs [Fig. 4].
Scanning electron microscopy (SEM) further highlights the impact of
monomer feed ratio on morphology: AZO,-TFP,-DBTD; exhibits a
loosely packed, highly porous texture consistent with its elevated sur-
face area [Fig. 5(a)]; AZO; 5-TFP,-DBTD; 5 presents denser, larger ag-
gregates [Fig. 5(f)]; and AZO;-TFP5-DBTD; forms uniformly spherical
particles, likely reflecting balanced nucleation and growth under its
specific monomer composition [Fig. 5(k)]. Collectively, these results
demonstrate that tuning the AZO:TFP:DBTD stoichiometry provides an
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tribution of AZO,-TFP»-DBTD;, AZO, 5-TFP,-DBTD; 5, and AZO;-TFP,-DBTD,].

effective handle for modulating both the porous structure and particle
morphology of CMP networks. Furthermore, scanning electron micro-
scopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS)
confirmed the presence of the anticipated elements—C, N, O, and S
within the AZO,-TFP,-DBTD;, AZO1 5-TFP5-DBTD; 5, and AZO;-TFPy-
DBTD, frameworks. The elemental composition obtained from SEM-EDS
analysis is consistent with the structural information derived from the
XPS patterns shown in Fig. 2(d), thereby supporting the successful

incorporation of the targeted building blocks into the frameworks.
Moreover, XRD analysis revealed that the AZO,-TFP5-DBTD;, AZO1 5-
TFP2-DBTD; 5, and AZO,-TFP2-DBTD, frameworks exhibit amorphous
structures, as evidenced by the absence of sharp diffraction peaks and
the presence of broad, diffuse halos in their patterns [Fig. S7], while
TEM images further confirm their disordered morphologies. [Fig. S8].
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Fig. 5. (a, f, k) SEM images and (b, ¢, d, e, g, h, I, j, 1, m, n, 0) SEM-EDS images of (a-e) AZO,-TFP,-DBTD;, (f-j) AZO; 5-TFP-DBTD; 5 and (k-0) AZO;-TFP2-DBTD,.

3.3. Photophysical properties of AZO2-TFP2-DBTD;, AZOj 5-TFP»-
DBTD; 5, and AZO:-TFP5-DBTD,

To ensure efficient photocatalytic activity, photocatalysts must
exhibit appropriate optical band gaps and favorable photophysical
properties. Accordingly, UPS and UV-Vis DRS analyses were employed

to investigate these properties in AZO-TFP-DBTD CMPs. UPS was uti-
lized to evaluate the HOMO energy levels of the AZO-TFP-DBTD CMPs.
As illustrated in Fig. 6(a)-6(c)), the corresponding UPS spectra were
analyzed to extract the secondary electron cutoff (Ecyoff) and the
valence band onset (Eqpger) through linear extrapolation methods [68].
The work function ¢ was calculated for AZO,-TFP,-DBTD;,

(a) AZO,-TFP,-DBTD, (b) AZO, ,-TFP,-DBTD, (c) AZO,-TFP,-DBTD,
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tocatalytic reaction mechanism of Azo-based CMPs.
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AZ0; 5-TFP,-DBTD; 5, and AZO;-TFP,-DBTDy; respectively.
¢ =hv — Ecutoff (with hu=21.22 eV for He I excitation)

Based on Ecytoff and Eopset from the UPS spectra, the HOMO energy
levels of the AZO-TFP-DBTD CMPs. HOMO levels were calculated from
—HOMO = ¢ + Egnser to be 3.07 eV for the black sample (AZO,-TFP,-
DBTD1), 3.44 eV for the red sample (AZO; 5-TFP,-DBTD; 5), and 2.48 eV
for the green sample (AZO;-TFP5-DBTD,). These values reflect a pro-
gressive deepening of the HOMO level with increasing DBTD content,
indicating enhanced electron-withdrawing character and greater
oxidative potential. The optical band gaps of the AZO-TFP-DBTD CMPs
were determined using Tauc plots, derived from the Tauc-Davis-Mott
relationship: (ahv)? = K(hc/2-Eg) [69,70]. In this method, a plot of
(()thc//l)2 versus photon energy (hc/1) was constructed, and the linear
portion of the curve was extrapolated to the x-axis to estimate the band
gap energy, as illustrated in Fig. 6(d). Here, o represents the absorption
coefficient, hc/4 corresponds to the energy of incident photons, K is a
material-dependent constant, and Eg denotes the band gap. Based on this
analysis, the band gap energies for AZO,-TFP5-DBTD;,
AZOq 5-TFP5-DBTD; 5, and AZO;-TFP5-DBTD, were calculated to be
2.19 eV, 2.12 eV, and 2.12 eV, respectively, as shown in Fig. 6(d). By
integrating the band gap values obtained from the Tauc plots with the
HOMO energy levels, the complete band structure diagrams were con-
structed, as presented in Fig. 6(e). Overall, the narrower band gap of
AZOq 5-TFP3,-DBTD;5 and AZO;-TFP,-DBTD,, along with their
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enhanced absorption in the visible light region and more favorable
HOMO energy alignment, collectively underscore their superior photo-
physical characteristics. These attributes make AZO; 5-TFP2-DBTD;q 5
and AZO;-TFP,-DBTD,; more promising candidates for photocatalytic
applications compared to AZO,-TFP,-DBTD;, which exhibits compara-
tively weaker optical and electronic performance. The proposed pho-
tocatalytic mechanism involves the generation of reactive oxygen
species (ROS), which play a critical role in the degradation of organic
pollutants [Fig. 6(f)]. Under visible-light irradiation, if the conduction
band (CB) potential of the photocatalyst is more negative than the
reduction potential of O/e05™ (—1.1 V vs. NHE), photogenerated elec-
trons can effectively reduce molecular oxygen to form superoxide rad-
icals (#O57). Simultaneously, if the valence band (VB) potential is more
positive than the oxidation potential of OH /eOH (+2.27 V vs. NHE),
photogenerated holes can oxidize hydroxide ions or water molecules to
generate highly reactive hydroxyl radicals (¢OH). Both ¢O5™ and ¢OH
are powerful oxidizing agents that contribute significantly to the
breakdown of dye molecules and other organic contaminants in the
photocatalytic process.

3.4. Photocatalytic dye degradation efficiency of AZO2-TFP2-DBTD;,
AZO;.5-TFP2-DBTD; 5, and AZO;-TFP,-DBTD, toward methylene blue
(MB) and rhodamine B (RhB)

Motivated by the exceptional surface areas, good porosity, excellent
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dispersibility, and favorable photophysical properties of AZO,-TFPo-
DBTD;, AZO1 5-TFP2-DBTD; 5, and AZO;-TFP,-DBTD,-based CMPs, we
systematically investigated their photocatalytic performance in the
degradation of hazardous MB and RhB dyes. Control experiments
confirmed that, in the absence of photocatalysts or under dark condi-
tions, both MB and RhB exhibit negligible degradation, highlighting the
critical role of the CMPs in driving the photodegradation process. Sub-
sequently, 5 mg of each CMP [AZO,-TFP5-DBTD;, AZO; 5-TFP2-DBTD; 5,
and AZO,-TFP,-DBTD,] was introduced into 10 mL of 50 ppm MB and
RhB solutions to evaluate their photocatalytic degradation capabilities
at different times under visible light irradiation, as illustrated in Fig. 7
(a)-7(f). At the initial stage (time zero) under visible light irradiation,
the AZO-TFP-DBTD CMP in the presence of MB displayed two distinct
absorption peaks at 613 nm and 665 nm. In contrast, when exposed to
RhB, the same CMP exhibited a broad characteristic band centered
around 518 nm, along with an additional absorption peak at 555 nm. As
observed in Fig. 7(a)-7(c), the photocatalytic degradation performance
of the AZO-TFP-DBTD CMPs toward MB varied significantly with their
composition. After 80 min of visible light irradiation, AZO,-TFP5-DBTD,
exhibited only limited photocatalytic activity, indicating a relatively low
efficiency in degrading MB. This suggests that a higher ratio of the AZO
component may not favor optimal photocatalytic performance, possibly
due to reduced electron transfer efficiency or fewer active sites. In
contrast, AZO; 5-TFP»-DBTD; 5 demonstrated improved photocatalytic
degradation after 80 min, indicating that a balanced ratio between AZO
and DBTD components enhances photocatalytic efficiency. Most
notably, AZO,-TFP5-DBTD, showed the fastest degradation of MB,
achieving significant dye removal within just 70 min. This superior
performance is likely attributed to the higher DBTD content, which may
facilitate more effective charge separation and light absorption, ulti-
mately accelerating the degradation process. These findings highlight
the critical role of monomer composition in tuning the photocatalytic
activity of CMPs. Similarly, the photocatalytic degradation performance
of AZO-TFP-DBTD CMPs toward RhB is illustrated in Fig. 7(d)-7(f). After
80 min of visible light exposure, both AZO5-TFP,-DBTD; and AZO; s-
TFP,-DBTD; 5 exhibited minimal degradation of RhB, indicating limited
photocatalytic efficiency. In sharp contrast, AZO;-TFP5-DBTD; exhibi-
ted a markedly enhanced photocatalytic response, achieving substantial
RhB degradation within 50 min. This superior performance can be
attributed to the increased DBTD content, which likely promotes better
light absorption, more efficient charge carrier mobility, and a higher
density of active sites. As illustrated in Fig. S9, AZO;-TFP»-DBTD,
demonstrated outstanding photocatalytic efficiency toward MB,
achieving approximately 99.5% degradation within 60 mins. In com-
parison, AZO,-TFP2-DBTD; and AZO; 5-TFP2-DBTD; 5 achieved lower
degradation rates of 81.3% and 93.3%, respectively, under the same
conditions.

Similarly, Fig. S10 reveals that AZO;-TFP,-DBTD; also exhibited
excellent performance in degrading RhB, reaching 98.5% degradation
after 60 min. This is slightly higher than the efficiencies observed for
AZQ,-TFP5-DBTD; (95.4%) and AZO; 5-TFP2-DBTD; 5 (94.5%). These
results consistently demonstrate that increasing the DBTD content en-
hances the photocatalytic capabilities of the CMPs across both dye sys-
tems. The photocatalytic degradation process followed pseudo-first-
order kinetics, as determined through kinetic modeling. In(Co/Cy) =
kt, where Cy' is the pollutant concentration at the onset of light irradi-
ation in 0 min, C; is the concentration at time t, and k is the rate constant.
From the linear pseudo-first-order plots [Figs. 7(f) and 7(g)], AZO;-
TFP»-DBTD, was identified as the most active photocatalyst, achieving
rate constants (k) of 0.046 min ' for MB and 0.067 min ! for RhB, with
corresponding correlation coefficients of 0.9567 and 0.9961. Liquid
chromatography-mass spectrometry (LC-MS) analysis was conducted on
the reaction mixtures at different time intervals under visible light
irradiation to monitor the degradation pathways of MB and RhB cata-
lyzed by AZO;-TFP,-DBTD,. The LC-MS spectra revealed a stepwise
breakdown of MB, starting from the parent ion at m/z 284. Progressive
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fragmentation led to the formation of intermediate species with m/z
values of 270, 256, 228, 173, 166, 142, 110, 72, and 64, indicating
systematic demethylation, ring cleavage, and molecular scission pro-
cesses [Scheme S2, Fig. S11]. Similarly, the degradation of RhB began
with the molecular ion at m/z 443, followed by the appearance of a
series of lower-mass fragments at m/z 415, 387, 359, 331, 317, 273, 73,
and 60. These findings confirm that both dyes underwent multi-step
oxidative degradation, ultimately forming smaller, less toxic molecules
under the influence of the AZO;-TFP,-DBTD; photocatalyst [Scheme
§3, Fig. S12]. The photocatalytic degradation of RhB is known to be
significantly influenced by the presence of reactive oxygen species,
including superoxide radicals (¢O2”), photo-generated holes (h*), hy-
droxyl radicals (e¢OH), and singlet oxygen (102) [69,70]. To gain deeper
insight into the underlying degradation mechanism facilitated by
AZ0,-TFP5-DBTD,, a series of radical scavenger experiments [benzo-
quinone (BQ), EDTA-Na, isopropanol (IPA), DMSO (e™), and NaN3] were
conducted [Fig. 7(i)] [71]. The addition of NaNs, known to quench
singlet oxygen (10,) and photogenerated electrons, caused a dramatic
reduction in degradation efficiency, from 99.5% to 17.7%. This signif-
icant suppression highlights the crucial role of 10, and electrons in the
degradation process. IPA, a scavenger for hydroxyl radicals (eOH),
reduced the degradation efficiency to 52.8%, while EDTA, a hole (h*)
scavenger, decreased it to 76.2%. DMSO, as an electron scavenger,
further lowered the efficiency to 46.2%. In contrast, BQ, which targets
superoxide radicals (eO,”), had a minimal impact on the reaction,
slightly decreasing the degradation to 98.7%.

These results collectively suggest that singlet oxygen and photo-
generated electrons are the primary reactive species responsible for RhB
decomposition, followed by contributions from eOH and h*. The pho-
tocatalytic stability and reusability of the AZO-TFP-DBTD CMPs were
evaluated through three consecutive degradation cycles of MB and RhB
under visible-light irradiation. As depicted in Fig. 8(a), the MB degra-
dation efficiency of AZO,-TFP3-DBTD; exhibited only a slight decrease
from 98% in the first cycle to 91% after the third. Similarly, AZO; s-
TFP2-DBTD1 5 showed a reduction from 99% to 93%, while AZO;-TFP»-
DBTD;, declined modestly from 98% to 94%. In the case of RhB degra-
dation [Fig. 8(b)], the photocatalytic activity of AZO,-TFP,-DBTD;
dropped slightly from 89% to 83% over three cycles. Meanwhile,
AZ0; 5-TFP-DBTD; 5 and AZO;-TFP5-DBTD; maintained higher stabil-
ity, with only minor decreases from 98% to 94% and 99% to 95%,
respectively. These results demonstrate the excellent photocatalytic
durability and recyclability of the AZO-TFP-DBTD CMPs materials,
particularly AZO;-TFP,-DBTD,, which retained high degradation effi-
ciency with minimal loss over repeated use.

4. Conclusions

We have demonstrated a versatile synthetic strategy for constructing
azo-functionalized donor-n-acceptor CMPs through the rational com-
bination of an azobenzene (AZO), a phloroglucinol-derived linker (TFP),
and a dibenzothiophene dioxide (DBTD). By adjusting the relative pro-
portions of these monomers, we achieved systematic control over the
CMP’s porosity, electronic energy levels, and light-harvesting capabil-
ities. Spectroscopic and thermal analyses confirmed robust p-ketoen-
amine frameworks with high chemical purity and exceptional thermal
stability. Importantly, increasing the DBTD content led to deeper HOMO
levels, narrower bandgaps, and enhanced visible-light absorption,
which translated directly into superior photocatalytic performance.
Photocatalytic performance was assessed using MB and RhB as repre-
sentative dyes under visible light exposure. Among the tested materials,
AZ0O,-TFP5-DBTD, demonstrated superior activity, achieving over 98%
dye degradation within 60 mins and exhibiting pseudo-first-order ki-
netics with rate constants reaching 0.067 min~'. Mechanistic in-
vestigations revealed that singlet oxygen and photo-induced electrons
played dominant roles in the degradation process. Furthermore, recy-
clability experiments showed that the AZO;-TFP,-DBTD photocatalyst
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Fig. 8. The cyclic photodegradation of (a) MB and (b) RhB solution with AZO-TFP-DBTD-based CMPs.

maintained excellent stability, with less than 10% reduction in activity
after three successive cycles.
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