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Water pollution caused by organic dyes poses a
significant threat to ecosystems and human health, underscoring
the urgent need for sustainable degradation methods. We report
two donor—sm—acceptor conjugated microporous polymers
(CMPs), Pyr-Ph-TzTz and Pyr-Th-TzTz, assembled from pyrene
(Pyr) donors, phenyl or thiophene 7-bridges, and thiazolothiazole
(TzTz) acceptors. Precursors [4,4',4”,4”-(pyrene-1,3,6,8-tetrayl)-
tetrabenzaldehyde (Pyr-Ph-4CHO) and $,5’,5”,5”-(pyrene-1,3,6,8-
tetrayl)tetrakis(thiophene-2-carbaldehyde) (Pyr-Th-4CHO)] were
synthesized via electrophilic bromination and Suzuki—Miyaura
coupling with 4-formylphenylboronic acid (PFPBA), and S-formyl-
2-thienylboronic acid (S-FTBA); respectively. Pyr-Ph-4CHO and
Pyr-Th-4CHO were each subjected to a one-pot condensation
reaction with dithiooxamide, yielding robust, thermally stable CMPs—Pyr-Ph-TzTz and Pyr-Th-TzTz—with amorphous
frameworks and surface areas of 37 and 20 m*g™’, respectively. UV—vis spectra reveal narrow band gaps of 2.02 eV for Pyr-Ph-
TzTz CMP and 2.39 eV for Pyr-Th-TzTz CMP. Pyr-Ph-TzTz CMP exhibits markedly enhanced charge separation, as evidenced by
pronounced PL quenching and ultraviolet photoelectron spectroscopy (UPS) analysis. Both CMPs adsorb rhodamine B (RhB)
rapidly (equilibrium in 30 min; $5% removal by Pyr-Ph-TzTz CMP, 90% by Pyr-Th-TzTz CMP) and degrade it under visible light,
achieving 96% (k = 0.0545 min™") and 39% (k = 0.00341 min~") removal, respectively. Radical scavenging and EPR identify ¢ OH as
the primary active species. Remarkably, Pyr-Ph-TzTz CMP retains >90% activity after five cycles, highlighting its promise for solar-
driven dye removal.
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semiconductor materials, generating electron—hole pairs that
can drive the degradation of organic dyes under mild
conditions. This approach has thus gained recognition as a
promising green technology.ls_15

Since the 1960s, the photoelectrochemical properties of
semiconductors such as TiO, and ZnO under ultraviolet
irradiation have been systematically explored. In 1964, Honda
and Fujishima first demonstrated the photosensitization effect
of TiO, electrodes, using a platinum cathode and a UV-
illuminated TiO, photoanode to split water into hydrogen and
oxygen.lé’17 Their pioneering work sparked extensive research

With the rapid growth of the global population and
accelerating industrialization, water pollution has emerged as
a critical environmental challenge.' ™ Residual organic dyes in
wastewater not only deepen water coloration, reduce light
penetration, and inhibit the growth of aquatic plants and
photosynthetic microorganisms but also readily coordinate
with metal ions to form complex species whose toxicity poses
micro- to acute-level threats to fish and other aquatic
organisms.’”® Consequently, developing efficient and environ-
mentally friendly dye removal technologies is essential for
safeguarding ecological balance and human health. Although
physical adsorption, chemical oxidation—reduction, and bio- July 19, 2025
logical degradation methods have been widely studied and September 2, 2025
implemented, many suffer from low treatment efficiencies, the September 4, 2025
potential for secondary pollution, or prohibitive operating September 11, 2025
costs.”~ "> In contrast, photocatalysis harnesses solar energy, a

clean, abundant, and nonpolluting resource, to activate

© 2025 The Authors. Published b
American Chemical Societz https://doi.org/10.1021/acspolymersau.5c00083

W ACS Publications 633 ACS Polym. Au 2025, 5, 633—644


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang-Chin+Kao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Gamal+Mohamed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying-Hong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohsin+Ejaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiao-Wei+Kuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acspolymersau.5c00083&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00083?ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00083?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00083?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00083?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00083?fig=agr1&ref=pdf
https://pubs.acs.org/toc/apaccd/5/5?ref=pdf
https://pubs.acs.org/toc/apaccd/5/5?ref=pdf
https://pubs.acs.org/toc/apaccd/5/5?ref=pdf
https://pubs.acs.org/toc/apaccd/5/5?ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acspolymersau.5c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/polymerau?ref=pdf
https://pubs.acs.org/polymerau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

into the photocatalytic decomposition of water and organic
pollutants.'*™*' Subsequent efforts have focused on novel
photocatalysts, BiZWOé,ZZ’23 g—C3N4,24’25 and others,”**” and
on strategies such as doping,zg’29 heterojunction construc-
tion,>”*! and surface modification®”*® to extend light
absorption into the visible region and suppress charge
recombination.”* ">’ However, the inherently wide bandgaps
of many inorganic semiconductors limit their use to ultraviolet
light, which accounts for only 3—5% of the solar spectrum, and
they often suffer from rapid electron—hole recombination.”**’
Recently, organic microporous materials with extended -
conjugation have attracted significant attention for photo-
catalytic applications. CMPs offer large surface areas, excellent
thermal and chemical stability, and highly tunable electronic
structures.**™* Through careful monomer design and
assembly, CMPs can be engineered to modulate band
structures, while their ordered pore networks facilitate mass
transport and charge carrier migration, thereby enhancing
photocatalytic activity.””>' Nevertheless, CMPs with exces-
sively large bandgaps remain restricted to ultraviolet
absorption, diminishing their overall solar utilization efficiency.
To overcome the limitations in visible-light responsiveness, it is
crucial to develop a class of donor (D)—acceptor (A) CMPs
that are both highly efficient and easy to recover. By
incorporating tunable D—A units, these materials can
significantly enhance their photoelectric and photocatalytic
properties.”” The exciton-driven photocatalytic behavior of D—
A CMPs originates from the rapid exciton dissociation at the
donor—acceptor interface, facilitating efficient interaction with
organic dye pollutants. Such architecture promotes broad light
absorption, optimized band gaps, effective charge separation,
and enhanced charge mobility, ultimately boosting the
concentration of excited electrons in the acceptor domain.”
This study adopts a donor-z-acceptor (D-7-A) strategy to
design a new class of CMPs. Pyrene (Pyr) units, known for
their strong electron-donating ability and planar 7-frameworks,
serve as the donor core.”*® Phenyl and thiophene moieties
act as m-bridges to enable efficient intramolecular charge
transfer,””® while the thiazolothiazole (TzTz) units act as
strong electron acceptors, imparting the polymers with dual
nitrogen and sulfur doping.*>*” This D-7-A architecture not
only broadens the light-absorption range into the visible region
but also enhances electron—hole separation through internal
push—pull interactions, reducing recombination rates.”’~**
Drawing from the above findings, this work reports the
design and synthesis of two pyrene-based donor-m-acceptor
(D-7-A) conjugated microporous polymers, Pyr-Ph-TzTz and
Pyr-Th-TzTz. In these materials, pyrene units act as electron
donors, while phenyl or thiophene moieties serve as 7-bridges
to facilitate intramolecular charge transfer. Thiazolothiazole
(TzTz) units, on the other hand, function as strong electron
acceptors. The CMPs were synthesized via a one-pot
condensation reaction of Pyr-Ph-4CHO or Pyr-Th-4CHO
with dithiooxamide under solvothermal conditions, producing
amorphous, thermally stable, and microporous networks. This
molecular design aims to broaden light absorption into the
visible region and enhance electron—hole separation efficiency,
thereby overcoming the limitations of conventional CMPs with
large band gaps. Such a strategy is expected to improve
photocatalytic performance in dye degradation applications,
addressing critical challenges in sustainable water treatment.
Importantly, the synthesized CMPs demonstrate excellent
chemical and photocatalytic stability, as evidenced by their
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ability to maintain over 90% dye degradation efficiency after
five consecutive catalytic cycles, highlighting their practical
recyclability.

4-Formylphenylboronic acid (PFPBA, 98%), S-formyl-2-thienylbor-
onic acid (S-FTBA, 98%), and dithiooxamide were obtained from
Sigma-Aldrich, as were bromine solution (Br,, 99%), nitrobenzene
(99%), and pyrene (98%). Potassium carbonate (K,COj, > 99.8%)
was purchased from SHOWA, and tetrakis(triphenylphosphine)
palladium [Pd(PPh;),,98%] from Leyan. Silver nitrite (AgNO;,
99%) and p-benzoquinone (BQ, 98%) were supplied by Alfa Aesar.
1,4-dioxane (DO, 99.8%) and N,N-dimethylformamide (DMF) were
purchased from Fisher Chemical, while 2-propanol (IPA, 99.9%) and
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-2Na,
99%) were obtained from DUKSAN. In our previous work, we
successfully synthesized 1,3,6,8-tetrabromopyrene (Pyr-4Br), Pyr-Ph-
4CHO, and Pyr-Th-4CHO with slight modifications to the
established procedures.*®

In a typical synthesis of Pyr-Ph-TzTz CMP, a 50 mL Schlenk tube was
charged under argon with dithiooxamide (0.39g, 3.23 mmol) and
Pyr-Ph-4CHO (0.50 g, 0.81 mmol). Dry nitrobenzene (35mL) was
added, and the reaction mixture was stirred at 140 °C for 180 h. After
cooling to room temperature, the dark brown precipitate was
collected by filtration and then purified by Soxhlet extraction using
DMEF at 180 °C for 72h to remove unreacted monomer and low-
molecular-weight byproducts. The polymer yielded the Pyr-Ph-TzTz
CMP as a fine brown powder.

An analogous procedure was employed to prepare the Pyr-Th-TzTz
CMP: in a separate 50 mL Schlenk tube, 0.37 g of dithiooxamide
(3.11 mmol) and 0.50g of Pyr-Th-4CHO (0.78 mmol) were
combined with 25 mL of dry nitrobenzene. This mixture was likewise
heated at 140 °C for 180 h. After cooling to room temperature, the
resulting black solid was isolated by filtration and subjected to Soxhlet
extraction with DMF at 180 °C for 72h to afford the Pyr-Th-TzTz
CMP as a uniform black powder.

The Pyr-based precursors for CMP synthesis were prepared via
sequential electrophilic bromination and Suzuki-Miyaura
coupling reactions (Schemes S1—S3). First, Pyr-4Br was
obtained by treating pyrene with Br, under electrophilic
aromatic substitution (SgAr) conditions. The successful
introduction of bromine atoms was evidenced by the
appearance of the absorption bands at 3077 cm™' and 672
cm™}, corresponding to sp2 C—H and C-Br stretching
vibrations, respectively (Figure S1), and by mass spectrometry,
which showed a molecular peak at m/z 517 ([Pyr-4Br + H]")
(Figure S2). Subsequently, Pyr-4Br was subjected to Suzuki-
Miyaura cross-coupling with either PFPBA or 5-FTBA to yield
the tetra-aldehyde intermediates Pyr-Ph-4CHO and Pyr-Th-
4CHO (Schemes S2 and S3). FT-IR spectra of Pyr-Ph-4CHO
exhibited strong absorption bands at 1741 cm™ and 1697
cm™!, attributed to the C=O0 stretching modes of the
benzaldehyde functionalities, and a band at 2849 cm™'
characteristic of the aldehyde C—H stretch. In contrast, Pyr-
Th-4CHO showed analogous C=0 absorptions at 1740 cm ™"
and 1667 cm™', along with an aldehyde C—H band at 2852
cm™ (Figure S3). The structures of both intermediates were
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Scheme 1. Synthesis of (b) Pyr-Ph-TzTz CMP and (d) Pyr-Th-TzTz CMP through the Reaction of (a) Pyr-Ph-4CHO and (c)
Pyr-Th-4CHO with Dithiooxamide
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Figure 1. (a) FTIR spectra, (b) solid-state '*C NMR spectra, (c) XRD pattern, (d) TGA profile of Pyr-Ph-TzTz and Pyr-Th-TzTz CMPs. (e, f) N,
adsorption/desorption isotherms of (e) Pyr-Ph-TzTz and (f) Pyr-Th-TzTz CMPs (Inset Figure le,f; pore size distribution profiles of Pyr-Ph-TzTz
and Pyr-Th-TzTz CMPs).

further confirmed by "H NMR spectroscopy (Figures S4 and signal was observed at 10.03 ppm, and the combined pyrene
SS5). In the spectrum of Pyr-Ph-4CHO, the aldehydic proton and thiophene aromatic signals spanned 8.60 ppm to 7.53
resonated at 10.16 ppm, while the aromatic protons of the ppm. Mass spectrometry showed molecular peaks at m/z 619
pyrene core and the phenyl substituents appeared between ([Pyr-Ph-4CHO + H]*) (Figure S6) and m/z 641 ([Pyr-Th-
8.18 and 7.85 ppm. For Pyr-Th-4CHO, the aldehyde proton 4CHO — H]7) (Figure S7). Together, these spectroscopic
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Figure 2. (a,e) XPS survey spectra and (b,c,d,f,g,h) deconvolution spectra of C 1s, N 1s, and S 2p scan profiles recorded for (a—d) Pyr-Ph-TzTz

CMP and (e—h) Pyr-Th-TzTz CMPs.

Figure 3. (a,e) SEM images and (b,c,d,f,gh) SEM-EDS images of C, N, and S recorded for (a—d) Pyr-Ph-TzTz CMP and (e—h) Pyr-Th-TzTz

CMPs.

data unambiguously establish the successful synthesis and
purity of the precursor monomers used for subsequent CMP
formation. As illustrated in Scheme la—d, the thiazolothiazole
(TzTz)-linked CMPs (Pyr-Ph-TzTz (Scheme 1b) and Pyr-Th-
TzTz (Scheme 1d) were obtained via a one-pot condensa-
tion—oxidation—cyclization between the tetra-aldehyde pre-
cursors (Pyr-Ph-4CHO or Pyr-Th-4CHO) and dithiooxamide.
The disappearance of the carbonyl bands and the concomitant
emergence of C=N stretching vibrations in the FT-IR spectra
(Figure 1a) confirmed successful conversion of the aldehyde
groups into thiazolothiazole linkages. Specifically, Pyr-Ph-TzTz
CMP exhibited new bands at 3029, 1658, and 890 cm™,
assignable to sp2 C—H, C=N, and C-S stretches, while Pyr-
Th-TzTz CMP showed analogous peaks at 3060, 1659, and
873 cm™.

Solid-state '*C CP-MAS NMR spectra of both Pyr-Ph-TzTz
and Pyr-Th-TzTz CMPs exhibit broad resonances between
175 and 127 ppm, attributable to the newly formed C=N
linkages and the aromatic carbon structure in Figure 1b.
Powder XRD patterns (Figure 1c) displayed only broad
diffraction halos between 10° and 30°, indicating that both
TzTz-linked CMPs possess an amorphous and disordered
framework. Thermogravimetric analysis (TGA) (Figure 1d)
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demonstrated high thermal stability, with 10% weight loss
temperatures (Ty;,) of 307 °C for Pyr-Ph-TzTz CMP and 377
°C for Pyr-Th-TzTz CMP, and residual char yields of 62% and
46%, respectively. Nitrogen adsorption—desorption isotherms
measured at 77 K (Figure le) exhibited Type V behavior with
similar H4 hysteresis loops, indicative of combined micro-
porosity and mesoporosity. Brunauer—Emmett—Teller (BET)
analysis yielded specific surface areas of 37 m?/g for Pyr-Ph-
TzTz CMP and 20 m?/ g for Pyr-Th-TzTz CMP. Pore size
distributions calculated by nonlocal density functional theory
(Figure 1f) confirmed a dominant micropore diameter of 1.8
nm for Pyr-Ph-TzTz CMP, whereas Pyr-Th-TzTz CMP
featured a higher distribution centered at 2.3 nm (with
additional mesopores at 5.7 and 9.4 nm).

High-resolution X-ray photoelectron spectroscopy (XPS)
was employed to probe the local electronic environments of
the TzTz-linked CMPs, with particular focus on the C 1s, N 1s,
and S 2p regions (Figure 2a,e). In the C 1s spectrum of Pyr-
Ph-TzTz CMP, three distinct components, corresponding to
C-C/C=C, C=N/C=S, and C—N/C-S bonding, were
centered at 283.10, 284.00, and 285.03 eV, respectively (Figure
2b). By contrast, incorporation of the thiophene spacer in Pyr-
Th-TzTz CMP induced a systematic downshift of these signals

https://doi.org/10.1021/acspolymersau.5c00083
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Figure 4. (a) UV—visible spectra, (b) Tauc plot, (c) PL spectra, (d,e) UPS spectra, and (f) energy level diagram of Pyr-Ph-TzTz and Pyr-Th-TzTz

CMPs.

to 282.80, 283.51, and 284.28 eV, reflecting an increase in
electron density throughout the conjugated backbone (Figure
2f). A similar trend was observed in the N 1s region: the N—C
and N=C peaks in Pyr-Ph-TzTz CMP appeared at 398.05 and
399.37 eV, whereas in Pyr-Th-TzTz CMP, they moved to
lower binding energies of 397.56 and 398.68 eV (Figure 2c,g).
Likewise, the sulfur core levels (S 2p;/, and S 2p, ;) shifted
from 162.50 and 163.80 eV in Pyr-Ph-TzTz CMP to 162.17
and 163.38 eV in the Pyr-Th-TzTz CMP (Figure 2d,h). These
consistent binding-energy downshifts can be attributed to the
electron-donating nature of the thiophene unit: its sulfur atom
contributes additional lone-pair electron density into the
extended 7-system, thereby raising the local Fermi level and
rendering all heteroatoms more electron-rich.

This enhanced electron delocalization not only confirms the
successful incorporation of the thiophene bridge but also
suggests more facile charge transfer within the polymer matrix.
This feature is expected to improve photocatalytic activity by
reducing the potential barrier for photoinduced electron—hole
separation. Scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) was employed to
elucidate the surface morphologies and elemental homogeneity
of the two TzTz-linked CMPs. As shown in Figure 3a, Pyr-Ph-
TzTz CMP forms dense, cauliflower-like aggregates composed
of irregular nodules at 3000 magnifications. This compact
architecture is indicative of a predominantly microporous
network. EDS mapping of the same region (Figure 3b—d)
confirms the uniform distribution of carbon, nitrogen, and

637

sulfur throughout the sample, with quantitative atomic
percentages detailed in Table SI. In contrast, Pyr-Th-TzTz
CMP exhibits a loosely woven, fibrous morphology (Figure
3e), characterized by micrometer-long strands that intercon-
nect to form open channels. Such a scaffold-like framework
reflects the influence of the thiophene #-bridge on polymer
packing, which favors more extended chain conformations and
partial stacking, thereby creating a hierarchical micro/
mesoporous network. EDS analysis likewise demonstrates a
homogeneous dispersion of C, N, and S (Figure 3f—h), with
elemental ratios comparable to those of Pyr-Ph-TzTz CMP
(Table S1). Collectively, the combined SEM and SEM-EDS
analyses highlight that the substitution of a phenyl (Ph) unit
with a thiophene (Th) moiety not only modifies the
macroscopic morphology of the CMP material but also
maintains its compositional homogeneity. These structural
and compositional features are believed to contribute to the
increased surface area and porosity observed in Pyr-Th-TzTz
CMP, which will be further examined in subsequent photo-
degradation and adsorption experiments.

The photophysical properties of the two TzTz-linked CMPs,
Pyr-Ph-TzTz and Pyr-Th-TzTz, were systematically inves-
tigated using UV—vis absorption spectroscopy, photolumines-
cence (PL) emission spectroscopy, and ultraviolet photo-
electron spectroscopy (UPS). These techniques provided
insight into their light absorption characteristics, band
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structures, and charge carrier dynamics, which are crucial for
understanding their photocatalytic performance. As depicted in
Figure 4a, Pyr-Ph-TzTz CMP exhibits absorption edges at
approximately 460 and 508 nm in the visible region, whereas
Pyr-Th-TzTz CMP extends its absorption from around 504 to
567 nm. The relatively red-shifted absorption of Pyr-Th-TzTz
CMP indicates a broader visible-light harvesting capability than
its phenylene-based analogue.”® Tauc analysis (Figure 4b)
yields optical band gaps of 2.02 eV for Pyr-Ph-TzTz CMP and
2.39 eV for Pyr-Th-TzTz CMP; the smaller band gap of Pyr-
Ph-TzTz CMP suggests that electronic transitions from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) occur with less
energetic input, thereby potentially enhancing photocatalytic
efficiency. PL emission spectra, recorded under excitation at
265 nm (Figure 4c), offer insight into charge carrier dynamics.
Pyr-Ph-TzTz CMP shows significantly stronger PL quenching
relative to Pyr-Th-TzTz CMP, implying more eflicient
separation of photogenerated electron—hole pairs in the
former material. Since PL intensity is inversely correlated
with carrier recombination rate, the lower emission from Pyr-
Ph-TzTz CMP suggests reduced exciton recombination and,
consequently, a higher likelihood of charge carriers participat-
ing in photocatalytic reactions.”” UPS measurements were
employed to determine the HOMO energy levels of both
CMPs. Figure 4d,e show the UPS spectra from which the
secondary electron cutoff (E..s) and valence band onset
(Egnet) Were extracted via linear extrapolation.”®

@ = hv — E_, & (with hv = 21.22¢V for He I excitation)
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The work function ¢ was calculated for each sample. The
HOMO levels under vacuum were then obtained from —
HOMO = ¢ + E,,,. These calculations yield HOMO energies
of 4.071 eV for Pyr-Ph-TzTz CMP and 4.319 eV for Pyr-Th-
TzTz CMP relative to the normal hydrogen electrode (NHE).
When combined with the band gaps from the Tauc plots, these
values allow the construction of the full band structure
diagrams shown in Figure 4f. In summary, a narrower band gap
of Pyr-Ph-TzTz CMP, stronger visible absorption, and more
pronounced PL quenching, coupled with its favorable HOMO
level, collectively point to superior photophysical properties for
photocatalytic applications compared to Pyr-Th-TzTz CMP.
To evaluate their photocatalytic potential, the synthesized
CMPs were first assessed for their capacity to adsorb RhB,
leveraging the s interactions between the aromatic and
thiazolothiazole moieties as well as hydrogen bonding, as
depicted in Schemes S4 and $5.°°’° Before and after
adsorption in Figures S8 and S9, FTIR spectroscopy was
employed to probe the interactions between the CMPs and
RhB before and after adsorption. As shown in Figures S8 and
S9, characteristic spectral changes were observed for both
materials upon dye uptake. In the case of Pyr-Ph-TzTz CMP, a
new C=O0 stretching vibration appeared at 1726 cm™}, and
the C=N stretching band shifted from 1656 to 1664 cm™'.
Similarly, Pyr-Th-TzTz CMP exhibited the emergence of a
C=O0 band at 1739 cm™" and a shift in the C=N signal from
1658 to 1655 cm™' after adsorption. These observations
confirm the presence of interactions between RhB and the
structure of TzTz-linked CMP. Moreover, SEM images
acquired after RhB adsorption show no discernible changes
in morphology, indicating that the Pyr-Ph-TzTz and Pyr-Th-
TzTz CMPs preserve their porous architecture and structural
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integrity during dye uptake and thus remain stable under the
applied experimental conditions (Figures S10). For adsorption
experiments, 5 mg of thiazolothiazole-linked CMPs were
dispersed in 10 mL of 10 ppm RhB solution. UV—vis
absorption spectra were recorded over a day to monitor dye
uptake, as shown in Figure Sab. In both cases, the
characteristic absorption peak of RhB at 554 nm gradually
decreased with time, indicating successful adsorption. The Pyr-
Ph-TzTz CMP achieved a removal efficiency of approximately
55%, while Pyr-Th-TzTz CMP reached 90% dye removal
under identical conditions. These results align with literature
reports, suggesting that the incorporation of heteroatoms such
as nitrogen and sulfur can significantly enhance adsorption
capacity due to increased interaction sites and electronic
effects.”' =" To further investigate the thermodynamic
behavior of the adsorption process, temperature-dependent
studies were conducted at 25, 40, 60, and 80 °C. The
corresponding UV—vis spectra (Figure S11) were analyzed
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using the Van’t Hoff equation, as plotted in Figure Sc. The
negative slope of the Van’t Hoff plot indicates that the
adsorption process is endothermic.”*

Thermodynamic parameters, including enthalpy change
(AHP®), entropy change (AS°), and Gibbs free energy change
(AG®), were calculated using the equation as shown in eq 1:

(1)

The detailed numerical values of these parameters are
summarized in Table S2. Since solution pH can influence the
protonation state of both the cationic dye and nitrogen sites of
thiazolothiazole-linked CMPs, the effect of pH on adsorption
was also investigated. UV—vis spectra collected at pH values of
1, 3,5, and 7 (Figure S12) show progressively stronger RhB
uptake as pH increases (Figure 5d). At low pH, the
protonation of the thiazolothiazole nitrogen leads to electro-
static repulsion with the cationic RhB (Scheme S6), thereby
reducing adsorption. As the solution becomes less acidic, the

AG®° = AH® — TAS°
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polymers carry fewer positive charges, minimizing repulsion
and allowing 7-7 stacking and hydrogen bonding to dominate,
thus enhancing adsorption efficiency. The adsorption data
were analyzed using both Langmuir and Freundlich isotherm
models, as shown in Figure S13. The Langmuir isotherm
model demonstrated a significantly better fit to the
experimental data, with correlation coefficients (R?) of
0.9282 and 0.9325, compared to the Freundlich model,
which showed lower R* values of 0.6375 and 0.3566. Given
that the Langmuir model is based on the assumption of
monolayer adsorption on a homogeneous surface, these results
indicate that the adsorption process in this study is primarily
governed by monolayer coverage on uniform adsorption
sites.”> Table S3 summarizes the maximum adsorption
capacities of Pyr-Ph-TzTz CMP and Pyr-Th-TzTz CMP at
different RhB concentrations. Across three consecutive cycling
tests, the Pyr-Ph-TzTz and Pyr-Th-TzTz CMPs preserved
their physicochemical properties and morphology with
minimal change, underscoring their structural integrity and
stability during repeated adsorption processes (Figure S14).

To evaluate the intrinsic stability of RhB under visible-light
irradiation, a control experiment was first conducted in the
absence of any photocatalyst. A 30 ppm RhB solution was
exposed to visible light for 60 min, and UV—vis measurements
(Figure S15) confirmed that the characteristic absorption peak
at 554 nm remained essentially unchanged, indicating
negligible self-degradation of the dye under these conditions.
Next, to eliminate any contribution from dye adsorption
during photocatalytic testing, each CMP was first dispersed in
the RhB solution and stirred in the dark until the adsorption—
desorption equilibrium was reached. As shown in Figure S16,
both TzTz-linked CMPs attained equilibrium within approx-
imately 30 min, ensuring that subsequent changes in dye
concentration under illumination reflect true photocatalytic
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degradation rather than further adsorption phenomena.
Photocatalytic degradation experiments were then performed
by adding 10 mg of each CMP to 20 mL of 30 ppm RhB and
monitoring the color change under visible-light illumination
(Figure 6a,b).

In the dark (Figure S17), Pyr-Th-TzTz CMP again
outperformed Pyr-Ph-TzTz CMP in adsorption, but upon
light irradiation (Figure 6c,d), the main RhB absorption peak
red-shifted from 547 nm to ~490 nm, consistent with N-de-
ethylation and subsequent chromophore breakdown via radical
attack.

Concomitantly, Pyr-Ph-TzTz CMP exhibited markedly
superior photocatalytic activity: after 60 min, Pyr-Ph-TzTz
CMP degraded ~96% of RhB, whereas Pyr-Th-TzTz CMP
degraded only ~39% (Figure 6 e). Kinetic analysis employed
the pseudo-first-order model as shown in eq 2:

In(Cy/C) = kt @)
where C,’ is the pollutant concentration at the onset of light
irradiation in 0 min, C, is the concentration at time f, and k is
the rate constant. Linear fits (Figure 6f) yielded k = 0.0545
min~! for Pyr-Ph-TzTz CMP (R* = 0.98784) and k = 0.00341
min~! for Pyr-Th-TzTz CMP (R* = 0.96207), reinforcing the
superior photodegradation efficiency of Pyr-Ph-TzTz CMP.
Liquid chromatography—mass spectrometry (LC-MS) analysis
of the reaction mixture at various irradiation intervals (Scheme
S7, Figure S17) confirmed stepwise RhB fragmentation (m/z
443) into smaller species (m/z 331, 317, 273, 73, 60),
corroborating a radical-driven oxidative cleavage mechanism
on the surface of the Pyr-Ph-TzTz CMP.

The photocatalytic durability of Pyr-Ph-TzTz CMP was
assessed via repeated degradation cycles of RhB under visible-
light irradiation. As shown in Figure 7a, after five sequential
runs, the degradation efficiency declined only marginally from
97% to 91%, underscoring the material’s excellent stability and
reusability. To elucidate the charge separation and reactive
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species involved in the photocatalytic process, scavenger
experiments were conducted (Figure 7b). Addition of
AgNO; to quench photogenerated electrons (e”) reduced
the degradation efficiency from 97.2% (control group) to
94.3%, whereas IPA, a hydroxyl radical (¢OH) scavenger, and
EDTA-2Na, a hole (h*) scavenger, led to more pronounced
decreases to 50.5% and 55.2%, respectively. BQ, which
captures superoxide radicals (#0,7), only slightly suppressed
the reaction (94.3%), indicating that ¢OH and h* play
dominant roles in RhB degradation, followed by e™ and ¢O,".
Electron paramagnetic resonance (EPR) spectroscopy with
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin trap
provided further confirmation of radical generation (Figure
S18). Under dark conditions, no DMPO—OH signal was
detected; upon light exposure, a characteristic 1:2:2:1 quartet
attributed to the DMPO—OH adduct emerged and intensified
over time, demonstrating that visible-light irradiation stim-
ulates ®OH formation on the surface of Pyr-Ph-TzTz CMP.”

Based on these findings, the proposed photocatalytic
mechanism (Figure 8) involves photoexcitation of electrons
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Figure 8. Photocatalytic reaction illustration of Pyr-Ph-TzTz CMP
and Pyr-Th-TzTz CMP toward RhB solution under irradiation.

from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) upon visible-
light absorption. The photogenerated holes oxidize water or
surface hydroxyl groups to yield eOH according to the
equations below:

H,0 + h" » H* + ¢OH
while the excited electrons reduce molecular oxygen to
superoxide radicals:

e + 0, > 0,
e0,” + ¢ +2H'" - H,0,
H,0, + ¢ — e¢OH + OH™

These reactive oxygen species attack RhB, ultimately
mineralizing it to CO, and H,0. The preeminence of eOH
radicals, corroborated by both scavenger tests and EPR data,
explains the high photocatalytic efficiency of Pyr-Ph-TzTz
CMP.

In this study, we successfully developed two novel donor—z—
acceptor (D-7-A) conjugated microporous polymers (CMPs),
Pyr-Ph-TzTz and Pyr-Th-TzTz, featuring pyrene donor cores,

phenyl or thiophene 7-bridges, and thiazolothiazole acceptor
units. This rational molecular design enables efficient tuning of
the electronic structure, resulting in enhanced visible-light
absorption and improved charge carrier separation. The
incorporation of thiophene as a z-bridge further modulates
the porosity and electron density, offering a unique mixed
micro/mesoporous framework. Among the two, Pyr-Ph-TzTz
CMP demonstrated superior photocatalytic performance and
remarkable stability, maintaining high activity over multiple
reuse cycles. These findings highlight the potential of D-z-A
structured CMPs as a versatile platform for designing high-
performance, stable, and recyclable photocatalysts. By
integrating tailored molecular architecture with porous frame-
works, this work provides valuable insights for advancing
sustainable photocatalytic materials aimed at efficient organic
pollutant degradation under visible light. The strategy
presented herein can inspire future developments in the
design of functional porous polymers for environmental
remediation and energy applications.
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