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A B S T R A C T

Conjugated microporous polymers (CMPs) represent a rapidly advancing group of metal-free organic photo
catalysts, offering a sustainable route for hydrogen (H2) generation through photocatalytic water splitting. Their 
intrinsic permanent porosity, combined with extended π-conjugation and large surface areas, enables superior 
light harvesting, efficient exciton dissociation, and accelerated molecular diffusion—key attributes for effective 
photocatalytic systems. In this study, two newly developed CMPs—Py–Thio–Tri CMP and Py–Thio–PyD 
CMP—were synthesized and subjected to rigorous physicochemical characterization to investigate their photo
catalytic performance. Nitrogen adsorption–desorption measurements were employed to determine their 
porosity. The chemical structures and functional group integrity were validated via Fourier-transform infrared 
(FT-IR) spectroscopy. Photocatalytic evaluations demonstrate that Py–Thio–Tri CMP exhibits markedly superior 
hydrogen evolution activity compared to Py–Thio–PyD CMP. Specifically, Py–Thio–Tri CMP achieves an initial 
hydrogen generation rate (HGR) of 1100 μmol h− 1 g− 1 within the first hour of irradiation, substantially sur
passing the 182 μmol h− 1 g− 1 recorded for Py–Thio–PyD CMP under similar circumstances. Upon incorporation 
of 3 wt % cobalt (Co) as a cocatalyst, the HGRs further increased to 1242 and 249 μmol h− 1 g− 1 for Py–Thio–Tri 
CMP and Py–Thio–PyD CMP, respectively. Additionally, transient photocurrent response and electrochemical 
impedance spectroscopy (EIS) measurements corroborate Py–Thio–Tri CMP enhanced photogenerated carrier 
mobility and suppressed charge recombination dynamics.

1. Introduction

Hydrogen (H2) plays a pivotal role in the global shift toward clean 
energy, offering a viable alternative to fossil fuels across various in
dustrial and energy sectors [1–6]. With its high energy density and 
zero-emission combustion, hydrogen is considered a key solution for 
reducing greenhouse gas emissions and addressing climate change 
[7–11]. Despite advancements, traditional techniques like coal 

gasification(CG) and steam methane reforming (SMR) remain common 
for H2 generation, generating significant CO2 emissions, raising con
cerns about their sustainability [12–15]. As a result, researchers are 
increasingly focusing on green hydrogen production methods that uti
lize renewable resources and advanced catalytic materials to enhance 
efficiency while minimizing environmental impact [12–15]. Among the 
emerging hydrogen production technologies, photocatalytic and elec
trocatalytic water splitting have gained significant interest due to their 
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ability to harness renewable energy sources, such as solar and wind 
power, for H2 generation [16,17]. Photocatalytic water splitting offers a 
straightforward approach to H2 production [18–20]. Effective polymeric 
photocatalysts require water stability, suitable energy levels, visible 
light absorption, efficient charge transport, and active catalytic surfaces 
[21–24].

The heavy dependence on fossil fuels has led to major energy crises 
and environmental problems, driving the search for cleaner, alternative 
energy solutions [25–28]. Water splitting is a clean and efficient method 
for H2 production, emitting only oxygen as a byproduct. Photocatalytic 
water splitting stands out for its renewable and eco-friendly nature 
[29–32]. Various inorganic semiconductors, including metal oxides, 
nitrides, sulfides, and selenides, have been investigated for their strong 
photocatalytic performance and suitable electronic properties [33–35].

In recent years, CMPs have been seen as strong contenders for pho
tocatalysts due to their robust and adaptable π-conjugated systems and 
permanent microporosity [36–40]. Their extended π-systems promote 
effective light absorption and charge transport, while the porous 
framework offers high surface area and accessible catalytic sites 
[41–48]. These features make CMPs excellent candidates for 
visible-light-driven HER [49]. Among the various building blocks used 
in CMP design, pyrene and triazine units have emerged as particularly 
effective components for photocatalytic H2 production. Py is a poly
cyclic aromatic hydrocarbon known for its strong π-conjugation, high 
electron mobility, and broad absorption in the visible spectrum, which 
are beneficial for light harvesting and charge transport in photocatalytic 
systems [50–52]. Triazine, a nitrogen-rich heterocyclic unit, contributes 
electron-deficient characteristics, enhancing charge separation and 
improving the interaction with water molecules during catalysis [53]. 
The combination of pyrene and triazine units within CMPs allows for the 
construction of donor–acceptor-type frameworks that promote efficient 
charge carrier separation and prolong charge lifetimes—critical factors 
for enhanced HER activity [51]. The research team led by Mohamed 
et al. has been at the forefront of developing CMPs tailored for H2 
evolution. In a notable study, they synthesized Py–TPA-CMP via Sono
gashira–Hagihara coupling, with Py–TPA-CMP showing the highest HER 
of 19200 μmol h− 1 g− 1 and an apparent quantum yield of 15.3 % under 
visible light [50]. Building on this work, the research group designed 
donor–π–acceptor CMPs using an alkyne bridge as a strategy to suppress 
charge recombination. The resulting Py–TB–TPA CMP exhibited a HER 
of 16700 μmol h⁻¹ g⁻¹, which was significantly improved due to better 
charge transport and longer-lived excitons [49]. In addition to 
pyrene-based systems, other architectures developed by Mohamed et al. 
and his team have demonstrated similar promise. For instance, CMPs 
incorporating thienyltriazine units have shown excellent HER perfor
mance and stability under prolonged light exposure [51]. These results 
suggest that rational design of CMPs, especially by tuning 
donor–acceptor interactions and bridge structures, is a key approach to 
boosting photocatalytic activity. Xie et al. synthesized a triazine CMP 
(CMP-1) showing a HER of 9698.13 μmol h− 1 g− 1 with excellent sta
bility, attributing the performance to its optimized band structure and 
porosity [54].

In this work, we developed two photoactive CMPs [Py–Thio–Tri CMP 
and Py–Thio–PyD CMP] incorporating thienopyrene as an electron 
donor unit and triazine unit as a deficient electron, as depicted in Fig. 1. 
These CMPs were specifically designed to facilitate H2 production 
through the photocatalytic splitting of water (H2O). To comprehensively 
analyze their structural, morphological, and photophysical properties, 
we utilized FTIR spectroscopy, BET surface area analysis, photo
luminescence (PL) spectroscopy, and TEM. These techniques enabled us 
to investigate the chemical composition, porosity, optical behavior, and 
thermal stability of the synthesized CMPs. The photocatalytic hydrogen 
evolution capabilities of the CMPs were subsequently tested under 
visible-light irradiation in the presence of ascorbic acid (AA) as a 
sacrificial agent (SA).

2. Experimental section

2.1. Materials

Pyrene (Py), 6-Aminonicotinonitrile (6-Amino-NicCN), 4′-Amino
biphenyl-4-carbonitrile (4-Amino-BiCN), bromine (Br₂), nitrobenzene, 
trifluoromethanesulfonic acid [TFMSA], 5-formyl-2-thienylboronic acid 
[5-ThBO-CHO], potassium carbonate (K2CO3), 1,4-dioxane (anhy
drous), palladium tetrakis(triphenylphosphine) [Pd(PPh3)4], methanol 
(MeOH), ethanol (EtOH), tetrahydrofuran (THF), acetone, N,N- 
dimethylformamide (DMF), hydrochloric acid (HCl), and other re
agents were purchased from commercial suppliers (e.g., Sigma-Aldrich).

2.2. Synthesis of 1,3,6,8-Tetrabromopyrene (Py–Br4) [49,55–57]

Py (3 g, 17.5 mmol) was reacted with Br2 (4 mL) in nitrobenzene (60 
mL) under reflux at 120 ◦C for 4 h, yielding a green precipitate (4.4 g, 89 
%). FTIR (KBr, cm− 1): 3053 (sp2 aromatic C–H).

2.3. Synthesis of 5,5′-(3,8-bis(4-formylcyclopenta-1,3-dien-1-yl)pyrene- 
1,6-diyl)bis(thiophene-2-carbaldehyde) [Py-Thio-4CHO] [58]

A mixture of Py-Br4 (1.88 g, 3.83 mmol), Pd(PPh3)4 (0.21 g, 0.17 
mmol), K2CO3 (8 g, 58 mmol), and 5-ThBO-CHO (3.41 g, 41.26 mmol) 
was degassed under vacuum. After the addition of 1,4-dioxane (80 mL) 
and deionized water (20 mL) in a 4:1 volume ratio, the reaction mixture 
was stirred at 85 ◦C for 48 h under a nitrogen atmosphere to ensure an 
inert environment. Upon completion, the reaction mixture was poured 
into 400 mL of ice-cold water to precipitate the product. The excess 
K2CO3 present in the mixture was neutralized by the gradual addition of 
60 mL of HCl (2 M) with stirring. The resulting yellow precipitate was 
collected by vacuum filtration, washed thoroughly with water and 
methanol, and then dried under vacuum to yield the final solid product. 
[Fig. 1(a)]. FTIR (KBr, cm–1): 3045 (C-H aromatic), 2815, 2725 (CHO), 
1691 (C=O).

2.4. Synthesis of 4,4′,4′’-(1,3,5-triazine-2,4,6-triyl)tris(([1,1′-biphenyl]- 
4-amine)) [Tri-3NH2]

4-Amino-BiCN (2.88 g, 23.33 mmol) was reacted with TFMSA (7.53 

Fig. 1. synthesis of (a) Py-Thio-4CHO, (b) Py–Thio–Tri CMP and (c) Py–
Thio–PyD CMP.
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mL, 85.35 mmol) in 100 mL of CHCl3 under nitrogen at –20 ◦C for 24 h, 
using a methanol/liquid nitrogen-cooled Dewar flask. After the reaction, 
the yellow oil formed was diluted with 250 mL of cold water, and the pH 
was adjusted to 8–12 using 0.2 M NaOH, leading to the precipitation of a 
yellow solid [2.4 g, Yield: 80 %, Scheme S1].

2.5. Synthesis of 5,5′,5′’-(1,3,5-triazine-2,4,6-triyl)tris(pyridin-2-amine) 
[PyD-3NH2]

6-Amino-NicCN (2.51 g, 21.06 mmol) was treated with TFMSA (6.5 
mL, 73.72 mmol) in 100 mL of CHCl3 under nitrogen at –20 ◦C for 24 h 
using a methanol/liquid nitrogen-cooled Dewar flask. After the reaction, 
the mixture was diluted with 250 mL of cold water, and the pH was 
adjusted to 8–12 using 0.2 M NaOH, resulting in the precipitation of a 
dark gray solid. The solid was filtered, washed with ethanol, and 
recrystallized from THF to afford 1.96 g of a pale pink solid (Yield: 74 %, 
Scheme S2).

2.6. Synthesis of Py–Thio–Tri CMP and Py–Thio–PyD CMP

DMF (40 mL), Py-Thio-4CHO (0.3 g, 1 mmol), and Tri-3NH₂ (0.36 g, 
1.33 mmol) or PyD-3NH2 (0.22 g, 1.33 mmol) were reacted at 120 ◦C for 
72 h to afford Py–Thio–Tri CMP [brown solid, Fig. 1(b)] and For, Py–
Thio–PyD CMP [an orange solid [Fig. 1(c)].

2.7. Characterization of Py–Thio–Tri CMP and Py–Thio–PyD CMP

The architecture of the obtained chemical products, Tri-3NH2, PyD- 
3NH2, and Py-Thio-4CHO, was confirmed through FTIR analysis, as 
shown in [Fig. 2(a) and Figures S1 and S2]. The FTIR spectrum of Tri- 
3NH2 displayed characteristic peaks corresponding to the primary NH2 
group and sp2 C-H bonds. These were recorded at 3422 and 3469 cm− 1 

(symmetric and asymmetric stretching), respectively, while sp2 C-H 
stretching was observed at 3023 cm− 1 [Figure S1]. Tri-3NH2 
(Figure S2) showed the proton signals at 8.70, 7.82, 7.54, 6.70, and 5.47 
ppm, which are also attributed to aromatic protons and NH units.

For PyD-3NH2, characteristic peaks corresponding to the primary 
NH2 group and sp2 C-H bonds were detected at 3359 and 3442 cm− 1 

(symmetric and asymmetric stretching), distinctively, with sp2 C-H 
stretching observed at 3131 cm− 1[Figure S3]. PyD-3NH2 exhibits 
distinct aromatic C-H and amino proton signals at 9.19 ppm, 8.49-8.50 
ppm, 6.56-6.58 ppm, and 6.79 ppm, based on 1H NMR data [Figure S4]. 
Similarly, the spectrum of Py-Thio-4CHO revealed a peak associated 
with the aldehyde group at 2853 cm− 1 and sp2 C-H stretching at 3076 
cm− 1 [Fig. 2(a)]. The 1H NMR spectrum of Py-Thio-4CHO (Figure S5) 
shows a distinct signal at 10.05 ppm corresponding to the aldehyde 
protons (4H, CHO). The aromatic and thiophene protons appear as 
multiple peaks at 8.62, 8.55, 8.45, a multiplet between 8.37–8.29, fol
lowed by signals at 8.25, 7.83–7.77, and 7.75 ppm. In the 13C NMR 

Fig. 2. (a) FTIR spectra of Py-Thio-4CHO, Py–Thio–Tri CMP and Py–Thio–PyD CMP. (b) TGA traces and (c, d) BET profiles of (b, c) Py–Thio–Tri CMP and (b, d) 
Py–Thio–PyD CMP.
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spectrum (Figure S6), the aldehyde carbon is observed at 184.8 ppm, 
while the aromatic carbon signals are spread over the range of 143.8 to 
119.15 ppm. Following the Schiff base reaction to synthesize and Py–
Thio–Tri and Py–Thio–PyD CMPs, their structures were verified through 
FTIR and TGA analysis. The FTIR spectrum of Py–Thio–PyD CMP pre
sents a characteristic C=N bond at 1635 cm− 1 and sp2 C-H stretching at 
3135 cm− 1.

Similarly, the spectrum of Py–Thio–PyD CMP unveiled C=N bonds at 
1645 cm− 1 and sp2 C-H stretching at 3072 cm− 1. As shown in Fig. 2(b), 
TGA analysis revealed the Td10 values of Py–Thio–PyD CMP and Py–
Thio–Tri CMP to be 385 ◦C and 377 ◦C, with corresponding char yields 
of 24 wt. % and 34 wt. %, distinctively. The thermogravimetric analysis 
(TGA) results provide insights into the thermal stability and decompo
sition behavior of Py–Thio–Tri CMP and Py–Thio–PyD CMP. The dif
ferences in their thermal properties can be attributed to variations in 
their molecular structures, particularly the presence of biphenyl and 
pyridine units. The TGA curves indicate that Py–Thio–Tri CMP exhibits 
higher thermal stability than Py–Thio–PyD CMP. This enhanced stability 
can be attributed to the presence of triazine biphenyl in Py–Thio–Tri 
CMP, which contributes to a more extended π-conjugated network, 
enhancing the polymer’s structural integrity and resistance to thermal 
decomposition. Nitrogen physisorption analysis was conducted to 
evaluate the surface area and porosity of Py–Thio–Tri CMP and Py–
Thio–PyD CMP. As illustrated in Fig. 2(c) and 2(d), both materials dis
played Type III isotherm curves. The SBET and total pore volume of 
Py–Thio–PyD CMP were measured to be 27 m2 g− 1 and 0.071 cm3 g− 1, 
respectively. The pore size distribution, determined using NLDFT, falls 
within the micro-mesoporous range (0.54-3.41 nm). In comparison, 
Py–Thio–Tri CMP exhibited an SBET of 25 m2 g− 1 and a total pore volume 
of 0.174 cm3 g− 1, with the highest pore size distribution observed in the 
micro-mesoporous range (0.66-4.39 nm). High-resolution TEM images 
of Py–Thio–Tri CMP [Fig. 3(a–c)] reveal an irregular and amorphous 
morphology, indicative of its disordered network structure. Corre
sponding SEM-EDS elemental mapping [Fig. 3(d–f)] of carbon, nitrogen, 
and oxygen throughout the material. Similarly, TEM analysis of Py–
Thio–PyD CMP [Fig. 4(a–c)] displays a comparable disordered 
morphology. The accompanying SEM-EDS maps [Fig. 4(d–f)] further 
validate the even dispersion of C, N, and O elements within the 
framework.

2.8. Photophysical Behavior of Py–Thio–Tri CMP and Py–Thio–PyD 
CMP

The UV-visible absorption spectra of Py–Thio–Tri CMP and Py–
Thio–PyD CMP were measured in a solid state, as both polymers were 
insoluble in common organic solvents [Fig. 5]. The molecular structures 
of Py–Thio–Tri CMP and Py–Thio–PyD CMP exhibit extensive conjuga
tion due to their aromatic and heterocyclic components, which signifi
cantly influence their optical properties. The UV-visible absorption 
spectra of the two polymers are remarkably similar, suggesting that the 
substitution of biphenyl units in Py–Thio–Tri CMP with pyridine rings in 
Py–Thio–PyD CMP does not significantly affect the primary electronic 
transitions. Both polymers display a main absorption band at 305 nm, 
which arises from π-π* transitions within their conjugated frameworks, 
dominated by the pyrene, thiophene, and triazine units. In addition to 
this primary band, two shoulder peaks are observed at 385 and 510 nm. 
These shoulders likely correspond to charge transfer (CT) transitions or 
n-π* transitions, reflecting the influence of donor-acceptor interactions 
within the CMP structures. Notably, both Py–Thio–Tri CMP and Py–
Thio–PyD CMP are almost transparent at wavelengths between 600 and 
1100 nm, indicating the absence of low-energy electronic transitions in 
this range. This transparency highlights their potential for applications 
requiring materials with limited absorption in the near-infrared region. 
The absorbance values at 305 nm for Py–Thio–Tri CMP and Py–
Thio–PyD CMP indicate higher absorbance observed for Py–Thio–PyD 
CMP, which can be attributed to the electron-withdrawing nature of the 
pyridine rings compared to the biphenyl units in Py–Thio–Tri CMP. The 
replacement of biphenyl with pyridine enhances the overall conjugation 
and oscillator strength of Py–Thio–PyD CMP, thereby increasing its light 
absorption efficiency at this wavelength.

Tauc plot analysis [Figure S7] revealed optical band gaps of 1.93 eV 
for Py–Thio–Tri CMP and 1.9 eV for Py–Thio–PyD CMP, placing both 
within the optimal range for visible-light photocatalytic water splitting 
[59–61]. These results highlight the potential of donor–acceptor design 
to fine-tune light absorption and bandgap properties, while the elec
tronic structure of the CMPs also plays a key role in enhancing photo
catalytic H2 production. The photoluminescence spectra of Py–Thio–Tri 
CMP and Py–Thio–PyD CMP were measured in a solid state at excitation 
wavelengths ranging from 330 to 360 nm to investigate their emission 
behavior and understand the role of structural variations on their optical 
properties [Fig. 6(a) and 6(b)]. Both CMPs exhibited similar 

Fig. 3. (a–c) TEM images of the Py–Thio–Tri CMP framework, and (d-f) SEM–EDS elemental mapping images showing the distributions of (d) carbon (C), (e) nitrogen 
(N), and (f) sulfur (S) within the Py–Thio–Tri CMP framework.
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photoluminescence behavior with a maximum emission between 490 
and 495 nm, attributed to radiative decay from their lowest excited 
states. This consistency in the emission maxima suggests that the pri
mary electronic transitions responsible for the emission are mainly un
affected by the substitution of biphenyl units in Py–Thio–Tri CMP with 
pyridine units in Py–Thio–PyD CMP. The observed emission in the 
blue-green region is likely due to the extended conjugation and strong 
donor-acceptor interactions within the polymer backbones. A notable 
distinction between the emission spectra of the two polymers was 
observed at wavelengths beyond 490 nm, where the excitation wave
length had a pronounced impact on the spectral profile. When the 
Py–Thio–Tri CMP and Py–Thio–PyD CMP were excited at 360 nm, the 
emission spectra showed a gradual decrease in intensity at wavelengths 
longer than 490 nm, indicating limited emission contributions from 
lower-energy states or vibrational relaxations. Conversely, excitation at 
330 nm resulted in stronger emission intensities at longer wavelengths, 
producing a broader emission spectrum. This behavior suggests that 
excitation at higher-energy wavelengths (e.g., 330 nm) populates higher 

electronic states or engages secondary radiative pathways, potentially 
due to enhanced energy transfer within the polymer matrix or greater 
vibrational relaxation. In other words, this discrepancy suggests that the 
excitation energy at 360 nm may favor non-radiative relaxation path
ways, leading to diminished emission in the longer wavelength range. In 
contrast, the excitation at 330 nm appears to promote more efficient 
radiative transitions, enhancing the overall emission intensity. The 
chromaticity coordinates derived from the CIE diagram further support 
these findings, offering a quantitative evaluation of the emission color 
for both Py–Thio–Tri CMP and Py–Thio–PyD CMP [Fig. 6(c)]. For Py–
Thio–Tri CMP, the coordinates at excitation wavelengths of 330 nm and 
360 nm were (0.14, 0.49) and (0.10, 0.26), respectively. These results 
indicate a shift from a more greenish-blue emission at lower excitation 
energy (360 nm) to a purer blue emission at higher excitation energy 
(330 nm). Similarly, Py–Thio–PyD CMP exhibited chromaticity co
ordinates of (0.12, 0.50) and (0.10, 0.27) under the same excitation 
conditions, showing a comparable trend. The shift in chromaticity with 
varying excitation wavelengths suggests that both Py–Thio–Tri and 
Py–Thio–PyD CMPs exhibit excitation-dependent emission behavior, 
indicative of the presence of multiple emissive states or energy relaxa
tion pathways.

The slight differences in emission intensity and spectral breadth 
between Py–Thio–Tri CMP and Py–Thio–PyD CMP can be linked to their 
structural variations. The biphenyl units in Py–Thio–Tri CMP provide a 
larger π-conjugated system compared to the pyridine units in Py–
Thio–Tri CMP, which might affect the degree of intramolecular charge 
transfer (ICT) and the stabilization of excited states. The nitrogen atoms 
in the pyridine units of Py–Thio–PyD CMP, being more electron- 
withdrawing, could enhance donor-acceptor interactions, potentially 
leading to subtle differences in the energy levels and the efficiency of 
non-radiative decay pathways. Hence, it can be concluded that while 
Py–Thio–Tri CMP and Py–Thio–PyD CMP share similar emission max
ima, their spectral profiles and chromaticity coordinates are influenced 
by both their structural differences and the excitation wavelength. This 
behavior underscores the role of structural design in tuning the optical 
properties of these conjugated polymers, making them promising can
didates for optoelectronic applications such as light-emitting diodes and 
sensors, where control over emission color and intensity is critical. The 
UV-visible absorption and photoluminescence spectra of Py–Thio–Tri 
CMP and Py–Thio–PyD CMP provide complementary insights into the 
electronic and optical properties of these polymers. The UV-visible 

Fig. 4. (a-c) TEM images of the Py–Thio–PyD CMP framework, and (d-f) SEM–EDS elemental mapping images showing the distributions of (d) C, (e) N, and (f) S 
within the Py–Thio–PyD CMP.

Fig. 5. UV-visible absorption spectra of the Py–Thio–Tri CMP and Py–
Thio–PyD CMP in the solid state.
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spectra revealed a strong absorption band at 305 nm for both polymers, 
attributed to π-π* transitions within their conjugated backbones. Addi
tionally, shoulders observed at 385 nm and 510 nm suggest the presence 
of intramolecular charge transfer (ICT) transitions, which are facilitated 
by the donor-acceptor interactions between the electron-rich (e.g., 
pyrene and thiophene) and electron-deficient (e.g., triazine or pyridine) 
units in their structures. The excitation wavelengths used for photo
luminescence measurements (330-360 nm) overlap with these absorp
tion features, confirming that the emission originates from the excited 
electronic transitions within this range. The emission spectra of both 
polymers exhibit maxima between 490 and 495 nm, corresponding to 
radiative decay from the lowest excited state (S1). The significant Stokes 
shift observed between the absorption maximum (305 nm) and the 
emission maximum (495 nm) reflects energy losses due to vibrational 
relaxation and non-radiative decay pathways before photon emission. 
This large Stokes shift indicates substantial structural reorganization in 
the excited state, which is characteristic of systems with strong donor- 
acceptor interactions. The similarity in emission maxima for Py–
Thio–Tri CMP and Py–Thio–PyD CMP suggests that their primary 
emissive states are not significantly affected by the substitution of 

biphenyl units in Py–Thio–Tri CMP with pyridine units in Py–Thio–PyD 
CMP. The structural differences between the two polymers, however, do 
influence their optical properties in subtle ways. Py–Thio–PyD CMP 
exhibits higher absorbance at 305 nm compared to Py–Thio–Tri CMP, 
which is attributed to the stronger electron-withdrawing nature of the 
pyridine units. Furthermore, the excitation-dependent emission 
behavior provides additional insights into their relaxation dynamics. 
When excited at 330 nm (closer to the high-energy π-π* transition at 305 
nm), both polymers exhibit broader emission spectra with stronger in
tensities at wavelengths longer than 490 nm. This behavior suggests the 
involvement of higher-energy electronic states or enhanced vibrational 
relaxation pathways. In contrast, excitation at 360 nm (closer to the ICT 
transition shoulder at 385 nm) results in narrower emission spectra with 
diminished intensity at longer wavelengths, indicating a selective pop
ulation of lower-energy electronic states. These results highlight the 
correlation between the UV-visible absorption and photoluminescence 
spectra, highlighting the interplay between the electronic structures of 
Py–Thio–Tri CMP and Py–Thio–PyD CMP and their ability to absorb and 
emit light. The similarities in their absorption spectra suggest a similar 
electronic environment, while the differences in their emission 

Fig. 6. Photoluminescence spectra of the Py–Thio–Tri CMP (a) and Py–Thio–PyD CMP (b) in the solid state at different excitation wavelengths. (c) CIE chromaticity 
diagram of the emission colors at selected excitation wavelengths.
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behavior, particularly at varying excitation wavelengths, provide in
sights into their distinct photophysical properties. Collectively, the UV- 
visible and photoluminescence spectra demonstrate the potential of 
Py–Thio–Tri CMP and Py–Thio–PyD CMP as promising candidates for 
optoelectronic applications, particularly in devices requiring tunable 
light emission in the visible range. Figure S8 presents the photo
luminescence (PL) spectra of Py–Thio–Tri CMP and Py–Thio–PyD CMP 
incorporating 3 wt % Co. Both samples exhibit a prominent emission 
peak centered around 440 nm. Additionally, the Py–Thio–PyD CMP with 
3 wt % Co shows a broader secondary emission peak at approximately 
556 nm.

2.9. Photocatalytic H2 evolution of Py–Thio–Tri CMP and Py–Thio–PyD 
CMP

Based on the differences discussed in electronic structure, charge 
transfer capabilities, surface area, and energy levels, a logical explana
tion for the superior hydrogen evolution efficiency of Py–Thio–Tri CMP 
over and Py–Thio–PyD CMP emerges, as illustrated in [Fig. 7]. This 
figure demonstrates the enhanced photocatalytic performance of Py–
Thio–Tri CMP in comparison to Py–Thio–PyD CMP over time. Py–
Thio–Tri CMP benefits from extended π-conjugation due to the presence 

of biphenyl units, which enhance charge delocalization, light absorp
tion, and efficient charge transport [40]. This structural advantage leads 
to improved photocatalytic activity, as evidenced by the significantly 
higher hydrogen production observed in [Fig. 7(a)]. The initial 
hydrogen generation rate (HGR) within the first hour shows that Py–
Thio–Tri CMP produces 1100 μmol h− 1 g− 1, whereas Py–Thio–PyD CMP 
generates only 182 μmol h− 1 g− 1. After incorporating 3 wt % cobalt (Co) 
cocatalysts, the HGR increased to 1242 μmol h− 1 g− 1 for Py–Thio–Tri 
CMP and 249 μmol h− 1 g− 1 for Py–Thio–PyD CMP, confirming the su
perior catalytic efficiency of Py–Thio–Tri CMP [62]. Furthermore, the 
charge transfer process in Py–Thio–Tri CMP is more effective due to its 
strong electron-donating pyrene thiophene units, which facilitate the 
movement of charge carriers to catalytic sites, thereby accelerating the 
HER [63].

In contrast, Py–Thio–PyD CMP contains pyridine groups that act as 
electron traps, reducing charge mobility and increasing recombination 
losses, ultimately limiting its photocatalytic performance. The structural 
arrangement of Py–Thio–Tri CMP also contributes to its higher surface 
area and porosity, providing more accessible active sites for H2 evolu
tion [62]. This results in greater interaction between the photocatalyst 
and reactants, further enhancing efficiency. As [Fig. 7(b)] illustrates, 
after 5 h, the cumulative hydrogen production for Py–Thio–Tri CMP 
reached 4550 μmol g− 1, whereas Py–Thio–PyD CMP only reached 1268 
μmol g− 1. The addition of Co (3 wt %) cocatalyst further improved 
hydrogen production, with Py–Thio–Tri CMP achieving 5436 μmol g− 1 

and Py–Thio–PyD CMP reaching only 1239 μmol g− 1, reinforcing the 
significant difference in performance between the two CMP materials. 
The results highlight the superior efficiency of the Py–Thio–Tri CMP 
material in catalyzing hydrogen production under light irradiation. This 
impressive performance stems from its tailored molecular design, 
featuring pyrene-based electron donors and triazine-based electron ac
ceptors. Such a configuration optimizes its electronic properties, 
including a favorable band gap, extensive absorption in the UV–visible 
spectrum, and efficient separation of photogenerated charge carriers. 
When illuminated, the Py–Thio–Tri CMP absorbs light energy, promot
ing electrons from the valence band (VB) to the conduction band (CB) 
through a π–π* electronic transition [Figure S9]. The presence of 
interfacial heterojunctions between the Py–Thio–Tri CMP framework 
and the Co cocatalyst [64,65] promotes rapid electron transfer from the 
conduction band of the Py–Thio–Tri CMP to the Co sites, where these 
electrons participate in the reduction of protons to molecular hydrogen. 
Simultaneously, the holes generated in the VB oxidize the sacrificial 
electron donor, ascorbic acid (AA), resulting in the generation of 
oxidized AA⁺ intermediates. A comparative overview of the hydrogen 
evolution performance of Py–Thio–Tri and Py and Thio–PyD CMPs with 
other reported photocatalysts is provided in Fig. 8 [49,51,66–70].

The efficiency of photocatalytic hydrogen evolution in Py–Thio–Tri 
CMP and Py–Thio–PyD CMP can be evaluated using transient photo
current response and EIS Nyquist plots [Fig. 9(a) and 9(b)]. The tran
sient photocurrent response highlights the materials’ charge separation 
efficiency and recombination rates under light irradiation. Py–Thio–Tri 
CMP exhibits a significantly stronger photocurrent than Py–Thio–PyD 
CMP, demonstrating enhanced charge carrier generation and transport 
efficiency [69]. Additionally, the stability of the on/off cycles indicates 
that Py–Thio–Tri CMP maintains a steady photocurrent, minimizing 
recombination losses [71,72]. In contrast, Py–Thio–PyD CMP presents a 
weaker photocurrent, suggesting a less efficient charge transfer process. 
The superior performance of Py–Thio–Tri CMP is attributed to its 
extended conjugated system, an optimized HOMO–LUMO energy gap, 
and the presence of functional groups such as thiol (-S) and biphenyl 
triazine, which contribute to enhanced electron transport. The EIS 
Nyquist plots further confirm these observations by assessing charge 
transfer resistance (Rct). The smaller semicircle observed in Py–Thio–Tri 
CMP indicates lower charge transfer resistance and higher electron 
mobility, whereas Py–Thio–PyD CMP exhibits a larger semicircle, sug
gesting higher resistance and greater recombination losses. This is 

Fig. 7. (a) Time course of H2 evolution over 5 mg Py–Thio–Tri CMP and 
Py–Thio–PyD CMP in a 30 % vol. aqueous methanol under UV light irradiation 
for 5 h. (b) Histograms of initial and cumulative hydrogen production of 
CMP samples.
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consistent with Fig. 1, which shows that the optimized HOMO–LUMO 
structure in Py–Thio–Tri CMP improves charge separation and acceler
ates charge transfer [73]. Overall, Py–Thio–Tri CMP exhibits superior 
photocatalytic efficiency compared to Py–Thio–PyD CMP, owing to its 
higher photocurrent, lower charge transfer resistance, and favorable 
molecular structure. With a photocurrent of 10.8 µA cm–2 compared to 
8.2 µA cm–2 for Py–Thio–PyD CMP, Py–Thio–Tri CMP is more effective 
at generating and separating charge carriers, leading to a greater 
availability of light-induced excitons for H2 production [71,72]. The 
Nyquist plot results reinforce this advantage, as Py–Thio–Tri CMP’s 
lower charge transfer resistance enables more efficient electron migra
tion from the photocatalyst to reaction sites, thereby reducing recom
bination losses and improving H2 evolution efficiency [50]. The 
molecular design of Py–Thio–Tri CMP further enhances its performance, 
with an extended conjugated system and well-aligned HOMO–LUMO 
energy levels promoting better visible-light absorption and charge 
transport.

FTIR analysis was conducted to assess the stability of Py–Thio–Tri 
CMP following photocatalytic testing. As shown in Figure S10, the 
spectra confirmed the preservation of all characteristic absorption bands 
corresponding to aromatic C–H and C=C groups. The morphologies of 
Py–Thio–Tri CMP and Py–Thio–PyD CMP were examined by SEM after 
the photocatalytic H2 evolution experiments [Figure S11]. The SEM 
images revealed that both materials retained their structural integrity 
and exhibited uniform nanorod-like morphologies. These nanorods 
appeared to be densely packed and aligned in a relatively consistent 
orientation, indicating good morphological stability of the CMP frame
works under photocatalytic conditions. Figure S12 presents the 
HOMO–LUMO isosurface maps of Tri-3NH2, Py-Thio-4CHO, and Tri- 
PyD-3NH2, providing critical insights into their electronic structures and 
orbital distributions. For Py-Thio-4CHO, both the HOMO and LUMO 
orbitals are delocalized across the entire molecular framework, with an 
associated energy gap of 2.80 eV. In contrast, Tri-3NH2 and Tri-PyD- 
3NH2 exhibit more localized frontier orbitals: the HOMO is primarily 
concentrated on the phenyl and pyridine moieties, while the LUMO is 
mainly localized on the triazine core. Fig. 10 illustrates the HOMO and 
LUMO orbital distributions of the corresponding Py–Thio–Tri CMP and 
Py–Thio–PyD CMP. In both cases, the HOMO is predominantly located 
on the pyrene unit, whereas the LUMO is largely delocalized over the 
triazine–imine–thiophene linkage. Notably, the Py-Thio-PyD CMP 

demonstrates a HOMO–LUMO energy gap of 2.82 eV, which is 0.31 eV 
narrower than that of the Py-Thio-Tri CMP.

Fig. 11 presents the molecular electrostatic potential (MESP) maps of 
the molecular building blocks and their corresponding polymers. This 
analysis provides a quantitative representation of the electrophilic and 
nucleophilic regions within the molecules, thereby identifying their 
most reactive sites. In the MESP maps, regions with high electron density 
are depicted in red, indicating areas of negative electrostatic potential, 
while regions of low electron density appear in blue, corresponding to 

Fig. 8. A comparative summary of the hydrogen evolution activity of Py–
Thio–Tri, and Thio–PyD CMPs concerning other previously reported 
photocatalysts.

Fig. 9. (a) Transient photocurrent response (I–t) curves; (b) EIS Nyquist plots 
under light irradiation of Py–Thio–Tri CMP and Py–Thio–PyD CMP.

Fig. 10. The HOMO and LUMO isosurface maps of Py-Thio-Tri CMP and Py- 
Thio-PyD CMP, along with their energies calculated at the B3LYP-D3(BJ)/6- 
31G(d) level.
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positive electrostatic potential. For Tri-3NH2, the highest electron den
sity is localized around the lone pairs of the amino nitrogen atoms, with 
a maximum negative potential (-28 kcal/mol). Conversely, the hydrogen 
atoms of the amino groups exhibit the highest positive potential (38 
kcal/mol). In Tri-PyD-3NH2, the most nucleophilic region is associated 
with the nitrogen atoms of the pyridine rings, which exhibit a more 
pronounced negative ESP of –34 kcal/mol. The hydrogen atoms of the 
amino groups are even more electrophilic, with a positive ESP of +42 
kcal/mol, attributed to the electron-withdrawing nature of the adjacent 
pyridine nitrogen atoms. In Py-Thio-4CHO, the oxygen atom of the 
aldehyde group is the most nucleophilic site, with an ESP of –33 kcal/ 
mol localized around its lone pairs. Upon formation of Py-Thio-Tri and 
Py-Thio-PyD CMPs, both the positive and negative ESP values are 
generally attenuated, a consequence of the extended π-conjugation and 
charge delocalization throughout the CMP backbone. In Py-Thio-Tri 
CMP, the most electrophilic region is observed around the hydrogen 
atoms of the thiophene rings. In contrast, the imine nitrogen atom 
emerges as the most nucleophilic site, with a negative ESP of –32 kcal/ 
mol. For Py-Thio-PyD CMP, the pyridine nitrogen atoms show even 
higher nucleophilicity, with an ESP of –36 kcal/mol. Similar to the Py- 
Thio-Tri CMP, the most electrophilic sites in Py-Thio-PyD CMP are the 
hydrogen atoms of the thiophene units.

3. Conclusion

In summary, the successful synthesis of Py–Thio–Tri CMP and Py–
Thio–PyD (D-A) CMPs via Schiff-base condensation under solvothermal 
conditions has enabled a direct comparison of structural design impacts 
on photocatalytic H2 evolution. Py–Thio–Tri CMP, featuring a more 
favorable donor–acceptor (D–A) architecture, exhibited superior pho
tocatalytic activity with an initial H2 generation rate (HGR) of 1100 
μmol h− 1 g− 1, significantly outperforming Py–Thio–PyD CMP (182 μmol 
h− 1 g− 1). Upon loading 3 wt % cobalt as a cocatalyst, the HGR further 
increased to 1242 and 249 μmol h− 1 g− 1, respectively. Electrochemical 
measurements revealed that Py–Thio–Tri CMP possesses a higher tran
sient photocurrent and lower charge transfer resistance, indicative of 
more efficient exciton separation and charge transport. These results 
highlight the critical importance of rational molecular design—specifi
cally, the choice and arrangement of donor and acceptor units—in 
enhancing the photocatalytic performance of conjugated microporous 
polymers. The work underscores how tailored D–A frameworks can 
significantly improve light harvesting, charge mobility, and ultimately, 
solar-to-hydrogen conversion efficiency.
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