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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Donor-acceptor–acceptor polymers were 
applied for photocatalytic hydrogen 
evolution.

• The photocatalytic efficiency depends 
on the molar ratio of donor to acceptor.

• PyTzTzSO-1 achieved an outstanding 
HER of 32.75 mmol h− 1 g− 1 under 
UV–vis light.

• PyTzTzSO-1 realized a supreme AQY of 
51.31 % at 420 nm.

A R T I C L E  I N F O

Keywords:
Conjugated microporous polymers
Donor-acceptor–acceptor
Thiazolo[5,4-d]thiazole
Statistical polymerization
Photocatalysis
Hydrogen evolution

A B S T R A C T

Significant progress has recently been made in the design and preparation of conjugated microporous polymers 
(CMPs) as photocatalysts for hydrogen generation. However, a major challenge remains in developing CMP- 
based photocatalysts with enhanced photoconversion efficiency. In addition, the fixed chemical composition 
of the donor–acceptor (D–A) polymers’ photocatalysts prohibited their efficiency. Here, a set of D-A1-A2 type 
polymeric photocatalysts has been statistically copolymerized by adopting pyrene (Py), thiazolo[5,4-d]thiazole 
(TzTz), and dibenzothiophene-S,S-dioxide (SO) as the D, A1, and A2, respectively, with the SO monomer pos
sessing the higher electron-accepting capacity. Besides photocatalytic characterizations, the influence of D-to-A 
molar ratios on their efficiency has been studied. The obtained analyses represented that the energy gap of D-A1- 
A2 CMPs can be adjusted by statistical copolymerization, and the optimized photocatalyst PyTzTzSO-1 with a 
molar ratio of 1.0:3.0:1.0 achieved an attractive hydrogen evolution rate (HER) of 39.11 mmol h− 1 g− 1 under 
UV-visible light and of 38.61 mmol h− 1 g− 1 under visible light in the presence of 1 wt% of platinum (Pt) 
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cocatalyst. Remarkably, the apparent quantum yield (AQY) at 420 nm stands at 51.18 %, representing the state- 
of-the-art for organic polymeric photocatalysts. The best photocatalytic efficiency of the PyTzTzSO-1 polymer 
was primarily due to its higher Brunauer–Emmett–Teller (BET) surface area, enhanced hydrophilicity, broader 
energy gap, as well as decreased recombination rate of photo-induced holes and electrons. Consequently, the 
structural design of D-A1-A2 CMPs photocatalysts with tuned components had great potential for improving 
photocatalytic hydrogen generation.

1. Introduction

Over the past decades, the cost of low-carbon electricity has dropped 
significantly, driven by substantial advancements in photovoltaics and 
wind energy technologies. As a result, generating renewable electricity 
has become more accessible and economically viable compared to 
constructing new fossil fuel-based power stations [1]. However, global 
energy consumption is still predominantly reliant on fuels rather than 
electricity, and low-emission fuel alternatives continue to lag behind the 
progress made in clean electricity generation. Due to its zero-carbon 
emissions and high energy density, hydrogen (H2) is considered one of 
the most promising alternative energy carriers for the 21st century [2,3]. 
Compared to H2 production via steam reforming, photocatalytic 
hydrogen evolution (PHE) through water splitting offers a more efficient 
and environmentally friendly approach to generating green and sus
tainable hydrogen energy [4–6]. However, the overall photocatalytic 
performance remains limited by the lack of highly efficient photo
catalysts and the inherently slow kinetics of the oxygen evolution re
action [7,8]. Undoubtedly, the rational design of semiconductor 
photocatalysts plays a pivotal role in achieving effective H2 evolution 
from water [9–12]. Inorganic semiconductor photocatalysts have been 
extensively designed, synthesized, and studied, and remarkable results 
have been accomplished [13–15]. However, their practical application 
in H2 production is still challenged by several limitations, including 
restricted activity under ultraviolet light, limited tunability of the en
ergy bandgap, and rapid electron–hole recombination [16,17]. 
Currently, polymeric photocatalysts offer several advantages, such as 
ease of preparation, straightforward structural modification, low cost, 
enhanced safety, and tunable electronic properties [18–22]. As a result, 
the development of organic photocatalysts has attracted growing global 
interest from the scientific community.

Conjugated microporous polymers (CMPs) were a subclass of organic 
polymeric semiconductors with π-conjugation structure [23,24] and 
have been applied in various applications such as gas uptake, photo
catalysis, dye adsorption, sensors, transistors, and supercapacitor elec
trodes [25–34]. Besides, CMPs were shown to be promising 
photocatalysts for water splitting, possibly due to their large surface area 
[35,36], defined chemical structure, [37–39] excellent physicochemical 
and thermal stability [40], broad absorption range [41,42], and 
adjustable electronic and optical properties [43]. During the photo
catalysis process, charge isolation and migration could be largely hin
dered owing to the poor dielectric constant characteristics of polymeric 
photocatalysts, thereby manipulating photocatalytic activity. Conse
quently, the engineering donor–acceptor (D-A) system within polymer 
structure has been confirmed as a reliable strategy for facile charge 
separation and transportation [44–49]. However, nearly the whole D-A 
polymeric photocatalysts generally prohibit the preparation using two 
functional monomers with equal molar ratio, so it is sophisticated to 
study the influence of chemical structure on the energy gap, micro
structure, and photocatalytic efficiency as well [50,51].

To further improve the D-to-A molecular ratio in D-A polymeric 
photocatalysts, two efficient protocols for building D-π-A and D-A-A 
types were suggested to tune their efficiency via ternary statistical 
copolymerization [52,53]. For instance, Jiang’s group showed an 
excellent hydrogen evolution rate (HER) with a value of 105 mmol h− 1 

g− 1 through benzene unit insertion between the dibenzothiophene-S,S- 
dioxide acceptor (SO) and pyrene donor (Py) in D-π-A system CMPs 

[54], and a further enhancement of the photocatalytic performance was 
achieved using thiophene unit instead of benzene building block as 
π-bridge between Py donor and SO acceptor to expand the spectral re
gion [53]. Also, a series of D-A-A polymeric photocatalysts with opti
mized molar ratio of Py and SO monomers have been synthesized by 
Pan’s team through ternary statistical copolymerization with excellent 
HER value (23.3 mmol h− 1 g− 1), which was two times greater than that 
of its corresponding D-A CMPs [52]. Additionally, the Jiang group 
constructed a set of D-A-A CMPs with dibenzo[g,p]chrysene donor and 
SO acceptor, which showed an outstanding HER of 214.43 mmol h− 1 

g− 1, which was achieved with a D-to-A molar ratio of 1.0:3.0 [55].
A rational election of D and A monomers is crucial for developing 

organic polymers for photocatalysis and optoelectronic applications 
[56,57]. Py monomer was shown to serve as a polycyclic aromatic unit, 
which can be stacked easily through π-π interaction, leading to a great 
conjugation length. So, Py-based CMPs were extensively studied in the 
field of photocatalysis with remarkable HER values [17,58]. SO mono
mer with robust composition and electron-withdrawing capability is an 
efficient organic monomer for photocatalysis applications [59,60]. In 
addition, SO-based polymeric photocatalysts represent a high potential 
for solar-to-hydrogen conversion because of their great hydrophilicity 
which gives rise to better charge isolation and smaller water contact 
angles. Moreover, thiazolo[5,4-d]thiazole (TzTz) is a heterocyclic unit 
containing N and S atoms, which is considered an n-type semiconductor 
with high electron mobility. The insertion of TzTz unit into conjugated 
polymeric systems can greatly enhance the photocatalytic performance 
because of its planar rigidity, excellent oxidative stability, photo
absorbing ability, and electron deficiency [61,62].

According to the above discussion, in this work, three D-A1-A2 
polymers (Scheme 1), in which 1,3,6,8-tetrabromopyrene (Py-4Br, 
Scheme S1 and Fig. S1) serves as D, 3,7-dibromodibenzo[b,d]thiophene 
5,5-dioxide (SO-2Br, Scheme S2 and Figs. S2–S3) as a primary acceptor 
(A2) and 2,5-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 
phenyl)-3a,6a-dihydrothiazolo[5,4-d]thiazole (TzTz-2BO, Scheme S3 
and Figs. S4–S6) as the secondary acceptor (A1), were effectively 
polymerized via the Suzuki coupling. The as-synthesized polymers act as 
photo-induced electron-carrier photocatalysts for high-performance H2 
evolution. Moreover, a simple statistical copolymerization was carried 
out to tune the polymers’ energy gap (Eg) to attain the “Goldilocks Zone” 
[63], at which better visible light harvesting and a large molecular 
dipole were able to improve the charge mobility and restrict the charge 
recombination. As a result, the PyTzTzSO-1 terpolymer had the optimal 
Eg (2.43 eV), effective electron/hole separation, and inhibited charge 
recombination, achieving an outstanding HER up to 32.75 mmol h− 1 

g− 1, outperforming other porous organic polymers. These results 
demonstrate that the D-A1-A2 polymeric materials have a great prospect 
for photocatalysis applications.

2. Experimental part

2.1. Materials and characterizations

All used solvents and chemical reagents have been obtained from 
commercial supplies. Potassium acetate (KOAc, ≥99.0 %), sodium bi
carbonate (NaHCO3, ≥99.0 %), cyclohexanone (≥99.0 %), n-hexane 
(≥99.0 %), bis(pinacolato)diboron (99.0 %), 1,1′-bis[(diphenylphos
phino)ferrocene]dichloropalladium (II) (98.0 %), dibenzo[b,d] 
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thiophene-S,S-dioxide (SO, 97.0 %), and dithiooxamide (TT, 97.0 %), 
ascorbic acid (AA, 99.0 %), triethanolamine (TEOA, ≥99.0 %), and 
triethylamine (TEA, ≥99.5 %) have been purchased from Sigma
–Aldrich. Tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4, 99.0 
%), and pyrene (Py, 98.0 %) have been obtained from Acros. Tetrahy
drofuran (THF, ≥99.0 %), N,N-dimethylformamide (DMF, ≥99.8 %), 
nitrobenzene (99.0 %), chlorobenzene (≥99.5 %), dioxane (99.0 %), and 
dichloromethane (DCM, 99.5 %) have been obtained from J. T. Baker. N- 
bromosuccinimide (NBS, 99.0 %), bromine (Br2, 99.5 %), 4-bromoben
zaldehyde (≥98.0 %), potassium carbonate (K2CO3, 99.0 %), magne
sium sulfate (MgSO4, 99.5 %), sodium sulfate (Na2SO4, 99.99 %), 
acetone (≥99.5 %), methanol (MeOH, 99.9 %), and ethanol (EtOH, 99.5 
%) have been purchased from Alfa Aesar. Sulfuric acid (H2SO4, 98.0 %) 
has been purchased from UNI-ONWARD CORP. All the characterization 
details of the synthesized polymers were included in the Supporting 
Information (SI).

2.2. Synthesis of polymeric photocatalysts

All the conjugated polymers underwent synthesis via the classical 
Suzuki–Miyaura coupling polymerization [14,64].

2.2.1. Synthesis of PyTzTzSO-1 CMP
Py-4Br (0.097 mmol, 50 mg, Scheme S1), SO-2Br (0.097 mmol, 

36.12 mg, Scheme S2), TzTz-2BO (0.29 mmol, 158.25 mg, Scheme S3), 
K2CO3 (0.29 mmol, 40 mg) and Pd(PPh3)4 (0.005 mmol, 5.58 mg) were 
evacuated for 15 min before adding anhydrous DMF and H2O (5:1, v/v; 
12 mL). The reaction mixture was degassed through three freeze
–pump–thaw cycles and then heated to 150 ◦C with stirring for 3 days. 
After cooling to the ambient temperature, the resulting precipitate was 
collected by filtration. Subsequently, the obtained CMP was washed 
several times with water, MeOH, and THF, respectively. Finally, the 
polymer was purified through Soxhlet extraction with MeOH and hex
ane over 2 days before drying at 100 ◦C to give an insoluble powder 
(yield: 78.23 %).

2.2.2. Synthesis of PyTzTzSO-2 CMP
Py-4Br (0.058 mmol, 30 mg, Scheme S1), SO-2Br (0.17 mmol, 65 mg, 

Scheme S2), TzTz-2BO (0.29 mmol, 158.25 mg, Scheme S3), K2CO3 

(0.17 mmol, 24 mg) and Pd(PPh3)4 (0.003 mmol, 3.35 mg) were evac
uated for 15 min before adding anhydrous DMF and H2O (5:1, v/v; 12 
mL). The reaction mixture was degassed through three freeze
–pump–thaw cycles and then heated to 150 ◦C with stirring for 3 days. 
After cooling to the ambient temperature, the resulting precipitate was 
collected by filtration. Subsequently, the obtained CMP was washed 
several times with water, MeOH, and THF, respectively. Finally, the 
polymer was purified through Soxhlet extraction with MeOH and hex
ane over 2 days before drying at 100 ◦C to give an insoluble powder 
(yield: 83.35 %).

2.2.3. Synthesis of PyTzTzSO-3 CMP
Py-4Br (0.048 mmol, 25 mg, Scheme S1), SO-2Br (0.19 mmol, 72.23 

mg, Scheme S2), TzTz-2BO (0.29 mmol, 158.25 mg, Scheme S3), K2CO3 
(0.14 mmol, 20 mg) and Pd(PPh3)4 (0.002 mmol, 2.79 mg) were evac
uated for 15 min before adding anhydrous DMF and H2O (5:1, v/v; 12 
mL). The reaction mixture was degassed through three freeze
–pump–thaw cycles and then heated to 150 ◦C with stirring for 3 days. 
After cooling to the ambient temperature, the resulting precipitate was 
collected by filtration. Subsequently, the obtained CMP was washed 
several times with water, MeOH, and THF, respectively. Finally, the 
polymer was purified through Soxhlet extraction with MeOH and hex
ane over 2 days before drying at 100 ◦C to give an insoluble powder 
(yield: 85.66 %).

3. Results and discussion

3.1. Molecular design and preparation

To enhance the efficiency of Frenkel exciton isolation in D-A CMPs, 
mitigate the electron-hole recombination, and, thereby, photocatalyti
cally generate H2 from water, an innovative proposal has been suggested 
that involves the development of a series of CMPs with a D-A1-A2 
ternary system, characterized by a considerable dipole moment. As 
depicted in Scheme 1, the desired D-A1-A2 polymers have been con
structed using a statistical copolymerization protocol. This approach 
enables systematic structural control of the synthesized CMPs and the 
adjustment of their dipole moment through various monomer feed 
molar ratios (FMR) [14,65]. The tunability of FMR serves as a variable to 

Scheme 1. Synthetic strategy of D-A1-A2 type photocatalysts.
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adjust the electronic composition of polymers, aiming to achieve an 
optimized D-A1-A2 structure for enhanced photocatalytic H2 evolution. 
The resulting D-A1-A2 polymers are denoted as PyTzTzSO-1, PyTzTzSO- 
2, and PyTzTzSO-3 with corresponding monomer FMR of 1.0:3.0:1.0, 
1.0:5.0:3.0, and 1.0:6.0:4.0, respectively. The polymerization reactions 
were conducted using the traditional catalytic Suzuki coupling poly
condensation, and the complete procedures have been provided in the 
experimental part.

3.2. Structural characterizations

The utilized monomers Py-4Br, TzTz-2BO, and SO-2Br have been 
synthesized following procedures described in the literature [43,44,48]. 
The chemical structure of the obtained CMPs is specifically character
ized by the Fourier transform infrared spectroscopy (FTIR), solid-state 
13C nuclear magnetic resonance (NMR) spectra, and X-ray photoelec
tron spectroscopy (XPS). The FTIR profile of our polymers’ photo
catalysts did not exhibit absorption bands at 2984, 2927, and 1363 
cm− 1, which were characteristic of the aliphatic C–H and B–O vibra
tions of TzTz-2BO. Besides that, no distinct C–Br absorption bands were 
observed close to 675 and 702 cm− 1 for the respective Py-4Br and SO- 
2Br monomers. Furthermore, absorption bands were indeed observed 
at 3025, 3029, and 3026 cm− 1, featuring aromatic C–H, and absorption 
bands at (1307, 1157 cm− 1), (1308, 1160 cm− 1) and (1308, 1160 cm− 1) 
indicative of O––S=O functional group, as well as sharp absorption 
bands at 1604, 1593 and 1593 cm− 1 corresponding to the C––C 
stretching vibrations for PyTzTzSO-1, PyTzTzSO-2 and PyTzTzSO-3, 
respectively (Figs. S7–S9 and Fig. 1A).

The solid-state 13C NMR spectra provided additional proof of the 
complete condensation between monomers, as no absorption peaks were 
noticed for pinacolato carbons. Instead, broad absorption signals were 
evident, however, for the phenyl carbons of the PyTzTzSO-1, PyTzTzSO- 
2, and PyTzTzSO-3 CMPs, spanning the ranges 120–142, 117–143, and 
122–144 ppm, respectively. Weak signals were also observed for the N- 
C––C-N carbon nuclei and the C-SO2 carbon at 148–153 ppm for 
PyTzTzSO-1, at 149–154 ppm for PyTzTzSO-2, and at 150–154 ppm for 
PyTzTzSO-3. Furthermore, wide peaks were noticed in the range of 
161–170 ppm for PyTzTzSO-1, 165–171 ppm for PyTzTzSO-2, and 
166–172 ppm for PyTzTzSO-3, which were related to the N––C–S car
bons (Fig. 1B).

Moreover, XPS measurements were conducted to thoroughly inves
tigate the chemical composition and surface chemical states of the 
synthesized polymers. As illustrated in the XPS spectroscopy (Fig. 2a), 
the predominant chemical constituents of PyTzTzSO-1, PyTzTzSO-2, 
and PyTzTzSO-3 were carbon (C), nitrogen (N), oxygen (O), and sulfur 
(S), indicating the presence of pyrene, thiazolyl, and sulfone 

functionalities within all samples. The high-resolution XPS analyses of C 
1s show the binding energy of polymers at 285.32 eV, N 1s at 399.88 eV, 
O 1s at 532.71 eV, S 2s at 228.11 eV, and S 2p at 164.8 eV. To examine 
the nature of carbon atoms in our polymer materials, fitting analyses 
have been applied, in which the C1s signal exhibited three distinct peaks 
located around 283.95–283.80 eV, 284.05–284.02 eV, and 
284.55–284.42 eV, indicative of C–S, C–N, and C––C functional 
groups, respectively, for the three polymers. In addition, the binding 
energies of the sp2-N of D-A1-A2 polymers were found to be 398.34, 
398.36, and 398.39 eV for PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3, 
respectively. Furthermore, the O1s peak fitting resulted in a major peak 
centered at 531.65 eV, 531.63 eV, and 531.69 eV, which were related to 
the S––O group of PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3, respec
tively. The S species in SO-based polymers have been located at 163.67 
and 164.71 eV for PyTzTzSO-1, at 163.59 and 164.67 eV for PyTzTzSO- 
2, and at 163.61 and 164.71 eV for PyTzTzSO-3, which were attributed 
to the S 2p1/2 and S 2p3/2 in the S––O functionality, respectively 
(Fig. S10 and Table S1) [66,67]. Powder X-ray diffraction (XRD) profiles 
of the studied CMPs exhibited no discernible diffraction peaks, sug
gesting the amorphous nature of all polymers (Fig. 2b), consistent with 
findings from other reported CMPs [68,69].

A prominent characteristic of these polymers lies in their rigidity and 
substantial crosslinking, leading to a notable decrease in solubility in 
various solvents and an enhancement in thermal stability. For feasible 
applications of our synthesized polymeric materials, their thermal sta
bility, which is a significant property of porous materials, has been 
investigated. The thermogravimetric analysis (TGA) curves of D-A1-A2 
polymers are shown in Fig. S11 and Table S2. Weight loss can be divided 
into three main stages in the testing process. A small weight loss takes 
place before 150 ◦C, which is caused by the vaporization of low-boiling 
solvents and water molecules that are trapped in the CMP pores. 
Whereas the larger weight loss occurs at the second stage between 500 
and 600 ◦C, owing to the thermal decomposition of some oligomers. The 
final stage for weight loss happens after 600 ◦C, corresponding to the 
carbonization process. The analysis curves showed that our prepared 
CMPs possessed significant thermal stabilities, in which PyTzTzSO-1, 
PyTzTzSO-2, and PyTzTzSO-3 polymers exhibited close values of 10 % 
mass loss (Td10) at 555, 557, and 532 ◦C, respectively. Even at higher 
temperatures (800 ◦C), there is still more than 60 % weight retention, 
with char yield values of 67 %, 66 %, and 64 % corresponding to 
PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3 CMPs, respectively, which 
proves their high thermal stabilities.

3.3. Porosity and morphological characterization

N2 sorption isotherms and pore size distributions (PSDs) 

Fig. 1. (A) FTIR spectroscopic analysis and (B) solid state 13C NMR spectra of (a) PyTzTzSO-1, (b) PyTzTzSO-2, and (c) PyTzTzSO-3 polymeric materials.
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demonstrated that all the CMPs under investigation exhibited porosity 
with a microporous nature. This is substantiated by the sharp ascent in 
the N2 isotherms at lower relative pressures and consistent PSDs with a 
micropore diameter of around 1.0 nm (Fig. 2c,d, and Table 1). The 
specific surface areas, determined by Brunauer-Emmett-Teller (BET) 
analysis, for PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3 are 251, 100, 
and 169 m2 g− 1, respectively. As indicated by the test results, there is an 
observed decrease and then an increase in the specific surface area with 
the rising SO and TzTz monomer contents from PyTzTzSO-1 to 
PyTzTzSO-3. The variation in BET values among the polymers might be 
attributed to differences in monomer structures and alterations in their 
FMR. Furthermore, the produced D-A1-A2 CMPs indeed showed broad 
PSDs, with estimated pore diameters and pore volumes at 1.65–3.59/ 
4.17–6.36/8.40–10.00 nm and 0.34 cm3 g− 1 for PyTzTzSO-1, 
0.73–6.71/7.50–10.00 nm and 0.08 cm3 g− 1 for PyTzTzSO-2, and 
1.72–3.42/4.62–6.02 nm and 0.68 cm3 g− 1 for PyTzTzSO-3, 

respectively. These wide PSDs observed in our prepared polymers 
could be attributed to interparticle cavities within CMP frameworks, as 
reported in the literature [70]. As depicted above, the chosen Py-4Br 
donor, with four polymerizable sites, establishes 3D cross-linked poly
meric frameworks characterized by large specific surface areas. Addi
tionally, by adjusting the feed ratio of comonomers, it is possible to 
conveniently obtain polymeric materials with great BET surface areas, 
subsidiary to an efficient photocatalysis process [67]. In statistical 
polymerization of terpolymers, different pore sizes often emerge due to 
several interrelated factors stemming from the random incorporation of 
multiple monomers with differing shapes, sizes, and reactivities. 
Therefore, the random sequence of monomers interrupts periodic 
packing, producing both micropores and mesopores. Also, monomers 
with different sizes or geometries (e.g., planar vs. twisted, linear vs. 
bulky) disrupt uniform packing, which causes incomplete or uneven 
cross-linking, leaving voids of varied dimensions. For instance, a bulky 
monomer may prevent close packing, creating larger pores, while 
smaller, planar monomers can form tight micropores. Additionally, the 
FMR and reactivity of the monomers influenced how densely the poly
mer chains are crosslinked, in which areas with high crosslinking may 
result in smaller pores, while low crosslinking zones leave larger voids. 
Moreover, the rapid formation of covalent bonds can lock-in local 
structure before the system reaches equilibrium, which results in 
amorphous regions with irregular pore morphology [71–73]. Therefore, 
in the case of the PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3 terpolymer 
systems, the emergence of different pore sizes is consistent with the 
stochastic spatial arrangement of monomers with distinct functionalities 

Fig. 2. (a) XPS spectra, (b) XRD profiles, (c) N2 adsorption/desorption isotherms, and (d) pore size distribution curves of the PyTzTzSO-1, PyTzTzSO-2, and 
PyTzTzSO-3 CMPs.

Table 1 
BET parameters of the synthesized polymers.

CMPs SBET (m2 g− 1) Pore size (nm) Pore volume (cm3 

g− 1)

PyTzTzSO- 
1

251 1.6–3.6/4.1–6.3/ 
8.4–10.0

0.34

PyTzTzSO- 
2

100 0.7–6.7/7.5–10.0 0.08

PyTzTzSO- 
3

169 1.7–3.4/4.6–6.0 0.68
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and geometries. The observed bimodal PSD—centered around ~3 nm 
and ~6 nm—can be rationalized by the diverse connectivity motifs 
illustrated in Scheme 1. Shorter sequence such as D–A1–D is likely result 
in more compact network segments that correlate with micropores (~3 
nm), while more extended or branched linkages, such as D–A1–A2–A1 
or D–A1–A2, introduce greater free volume and less efficient packing, 
contributing to the formation of larger mesopores (~6 nm).

The morphological structures of the resulting porous polymers were 
analyzed through scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). Based on SEM images, it is observed that all 
examined CMPs exhibit small agglomerated spherical shapes, displaying 
a similar nanoparticle morphology (Fig. 3a–c). Additionally, the 
elemental mapping conducted via energy-dispersive X-ray spectroscopy 
(EDS) represented a homogeneous distribution of C, N, O, and S atoms 
across polymer skeletons (Fig. S12). Moreover, the porous structures of 
the synthesized D-A1-A2 CMPs were further validated through TEM 
imaging. The formation of this porous structure can be attributed to the 
highly cross-linked frameworks of the synthesized CMPs. Circular- 
shaped nanoparticles have been identified, featuring internal di
ameters within a specific range (100–600 nm), and showing amorphous 
texture (Fig. 3d–f). The elemental analyses of the as-prepared polymers 
have been investigated using EDS spectroscopy (Fig. S13). The EDS 
pattern of the PyTzTzSO-1 polymer exhibited four peaks at 0.009, 0.034, 
0.271, and 2.319 KeV, representing C, N, O, and S atoms, respectively. 
The corresponding values for the PyTzTzSO-2 polymer were observed to 
be 0.259, 0.317, 0.511, and 2.305 KeV, respectively. Whereas the ob
tained signals for PyTzTzSO-3 polymer were found to be 0.259, 0.317, 
0.521, and 2.305 KeV, respectively.

We measured the water contact angle (CA) for the obtained co
polymers to evaluate their hydrophilic nature. The results indicated an 
observed decrease in CA from 83.4◦ for PyTzTzSO-3, 59.6◦ for 
PyTzTzSO-2, to 53.5◦ for PyTzTzSO-1, illustrating a stepwise improve
ment in hydrophilicity from PyTzTzSO-3 to PyTzTzSO-1 (Fig. S14). The 
high hydrophilicity, characterized by a small CA of water, facilitates 
direct contact between the reaction solution and the surface of polymers, 
thereby enhancing photocatalytic performance [74].

3.4. Optical efficiency and HOMO–LUMO energy gap

Investigation of the visible-light absorption characteristics for our 
polymers under study was conducted using ultraviolet/visible (UV/vis) 
absorption spectroscopy. From the obtained Tauc plot, the Eg of con
jugated polymers have been calculated, whereas cyclic voltammetry 
(CV) plots have been utilized to determine the lowest unoccupied mo
lecular orbital (LUMO) values. (Fig. S15) As observed in the UV/vis 
absorption curves (Fig. 4a), our synthesized CMPs demonstrate a wide 
visible-light absorption domain (400–800 nm). In comparison to clas
sical D-A CMPs, D-A1-A2 type polymers with higher intramolecular 
charge transfer (ICT) from D to A1 to A2 show a broader range of visible 
light response with a dark color (Fig. S16). Interestingly, with increasing 
SO and TzTz contents, the polymers exhibited a bathochromic shift. 
Additionally, the insertion of the SO group modulates the Eg of the 
resulting polymers within a range of 2.43 to 2.55 eV (Fig. 4b and c). 
Notably, the prepared terpolymer PyTzTzSO-1 exhibits a narrow Eg 
value of 2.43 eV and the broadest visible light absorption domain. In 
general, a broader light response domain suggests an extended π-con
jugated chain, leading to improved electron delocalization, which is 
advantageous for photocatalytic reactions [74].

3.5. Electron transport dynamics

Photo-electrochemical measurements were conducted to observe the 
suppression of backward charge recombination and the enhancement of 
forward charge isolation characteristics, as critical variables influencing 
the photocatalytic performance of polymeric materials. Photo
luminescence (PL) spectra, arising from the combination of photo
generated electrons and holes, serve as a reliable method for 
characterizing the rate of charge recombination. As depicted in Fig. 4d, 
the produced polymers revealed various emission peaks and intensities. 
The PyTzTzSO-3 terpolymer possessed the smallest PL intensity, 
demonstrating that its charges/holes recombination was greatly sup
pressed compared to other CMPs; this was mainly due to the extended 
π-conjugation and considerable energy level gradient. The intensities of 
the resulting PL peaks have been inclined in the order PyTzTzSO-3 <
PyTzTzSO-2 < PyTzTzSO-1. However, this trend didn’t agree with the 
actual order of their photocatalytic performance, in which PyTzTzSO-1 

Fig. 3. FE-SEM photos of (a) PyTzTzSO-1, (b) PyTzTzSO-2, and (c) PyTzTzSO-3 CMPs. TEM photos of (d) PyTzTzSO-1, (e) PyTzTzSO-2, and (f) PyTzTzSO-3 CMPs.
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exhibited the top photocatalytic efficacy. This behavior may be attrib
uted to other variables such as a smaller energy gap, the highest BET 
surface area, and the top hydrophilicity of the PyTzTzSO-1 CMP in 
comparable to others. The observed, red-shifted emission of the 
PyTzTzSO-3 at approximately 509 nm could be related to the highest SO 
content with an efficient electron-withdrawing nature [14,75]. In 
addition, A red shift in the PL spectra of the PyTzTzSO-3 with the highest 
A content can be attributed to several key structural and electronic 
factors: The first one is that increasing the A content in the polymer 
chain strengthens ICT between D and A units. This leads to lower energy 
excitons, which emit at longer wavelengths. The second factor is that 
with more A units, an improvement in π-conjugation across the structure 
will occur. This extended conjugation delocalizes the exciton, lowering 
the energy of emission and causing a red shift. The third factor is that the 
higher A content can promote π–π stacking or aggregation, especially in 
amorphous CMPs. Aggregation typically results in red-shifted emission 
due to the formation of excimers or lower-energy aggregate states 
[76–78]. Furthermore, the transient photocurrent measurement of the 
PyTzTzSO-1 polymer was greater than those of the other polymers, 
suggesting the most rapid photoresponse (Fig. 4e). Meanwhile, accord
ing to electrochemical impedance spectroscopy (EIS), the PyTzTzSO-1 
polymer had lower resistance than the others, confirming excellent 
interfacial charge transfer, consistent with the photocurrent analysis 
(Fig. 4f). Based on the obtained data, the building of D-A1-A2 type 
polymers not only enhances forward charge isolation but prohibits 
charge recombination as well, thereby boosting photocatalytic 
efficiency.

3.6. Photocatalytic experiments

The as-synthesized polymers were tested as photocatalysts for H2 
generation using a visible light source (λ = 380–780 nm) at 25 ◦C for a 
duration of 4 h. Each photocatalytic system was conducted in a glass 
photoreaction cell by the addition of a sacrificial electron donor (SED) to 
the suspended polymer in a mixture of DMF and H2O. The released gas 
was observed, measured, and analyzed into a gas chromatograph (GC) 

every hour. To recognize a convenient SED, we evaluated solutions of 
AA, TEOA, and TEA by investigating the hydrogen evolution rate (HER) 
within a 4 h period under ultraviolet–visible light irradiation, in the 
absence of a platinum (Pt) cocatalyst (Figs. 5a and S17). The perfor
mance of the D-A1-A2 polymers was significantly greater in AA solution 
compared to the TEOA and TEA solutions. Consequently, we utilized AA 
at a definite pH (4.0) as the sacrificial agent in the following optimiza
tion experiments.

Fig. S18 compares the time-dependent H2 evolution performance of 
PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3 CMPs under two different 
light irradiation conditions: UV–visible light and visible light only, using 
1 mM AA as a sacrificial agent. Under UV–Visible irradiation, PyTzTzSO- 
1 exhibited the highest photocatalytic activity, reaching approximately 
HER of 39.11 mmol g− 1 h− 1, followed by PyTzTzSO-2 (~33.44 mmol 
g− 1 h− 1), while PyTzTzSO-3 shows minimal hydrogen evolution (~9.15 
mmol g− 1 h− 1). A similar trend is observed under visible light irradia
tion, although with slightly lower overall activity. PyTzTzSO-1 and 
PyTzTzSO-2 still demonstrated high HER (about 32.75 and 28.56 mmol 
g− 1 h− 1, respectively), confirming their strong absorption in the visible 
region and efficient charge separation. In contrast, PyTzTzSO-3 con
tinues to exhibit poor performance under visible light, indicating limited 
photoresponse and less effective charge dynamics. These results suggest 
that PyTzTzSO-1 and PyTzTzSO-2 are highly active and responsive 
under both UV–visible and visible light. For practical applications, 
photocatalytic reactions were carried out under visible light irradiation. 
We also investigated the effects of varying the weight amounts of our 
three D-A1-A2 CMPs (2.0, 5.0, and 10.0 mg) on their photocatalytic 
efficacy. We observed that the HER efficacy of polymers decreased as 
their mass increased, with the highest performance achieved using 2.0 
mg of the catalysts (Figs. S19 and S20). This irreversible relationship 
between the HER and the amount of photocatalyst was likely due to 
reduced light transmission and less effective utilization of higher light 
intensities. The palladium (Pd) catalyst employed during the polymer
ization process has been reported to exhibit co-catalytic activity in 
photocatalytic H2 evolution reactions [79]. Elevated levels of residual 
Pd (>0.24 wt%) remaining in polymeric photocatalysts synthesized via 

Fig. 4. (a) UV–vis diffuse absorption spectra, (b) Tauc plots (from UV–visible spectra), (c) electronic band structures, (d) PL spectra, (e) transient photocurrent 
measurements, and (f) Nyquist plots, of all D-A1-A2 polymers.
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Pd-catalyzed polymerization have been shown to enhance H2 evolution 
performance [80]. In this study, the PyTzTzSO-1, PyTzTzSO-2, and 
PyTzTzSO-3 polymers contained 0.10, 0.12, and 0.11 wt% of Pd, 
respectively. Therefore, no clear correlation was observed between the 
Pd content and the photocatalytic performance of the polymers. Instead, 
the differences in their H2 evolution efficiencies are primarily attributed 
to variations in their molecular structures rather than the residual Pd 
content. An efficient photocatalyst should demonstrate long-term sta
bility and sustained performance for practical applications. Therefore, 
under the optimized conditions for H2 generation, we examined the 
impact of varying the amounts of Pt co-catalyst (1.0, 5.0, and 10.0 wt% 
H2PtCl6). Remarkably, the inclusion of only 1 wt% of Pt in the CMP 
suspension led to outstanding HER under visible irradiation (Fig. S21). 
With the incorporation of Pt as a co-catalyst, all three polymers 
exhibited enhanced hydrogen production compared to their Pt-free 
counterparts. PyTzTzSO-1 demonstrated the highest performance, 
achieving approximately a HER of 38.61 mmol g− 1 h− 1, followed by 
PyTzTzSO-2 with about 34.94 mmol g− 1 h− 1. PyTzTzSO-3, while still 
significantly less active than the other two, showed a marked 
improvement, reaching around 10.93 mmol g− 1 h− 1 (Table 2). The 
enhancement in photocatalytic activity upon Pt loading is attributed to 
the improved charge separation and more efficient proton reduction 
facilitated by Pt, which serves as an electron trap and active site for 
hydrogen evolution. These results confirmed the beneficial role of Pt in 
boosting photocatalytic efficiency and further highlight PyTzTzSO-1 
and PyTzTzSO-2 as promising polymer photocatalysts for solar 
hydrogen production. The long-term photocatalytic cycling tests 
demonstrated that all PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3 CMPs 
exhibited excellent durability and photostability, as manifested by their 
performance under continued irradiation for 20 h (Figs. 5b and S22). 
After 20 h of photocatalytic H2 evolution, the photocatalyst powders 
PyTzTzSO-1, PyTzTzSO-2, and PyTzTzSO-3 were collected by filtration 
and subsequently analyzed using FTIR and FE-SEM to assess their 
structural and morphological stability. The FTIR spectra recorded before 
and after the photocatalytic process revealed that the key vibrational 
bands of all three materials remained at nearly the same wavenumbers, 
suggesting that their molecular frameworks were preserved without 
significant degradation (Figs. S23-25). Additionally, after completing 
four cycles of photocatalytic H2 production, FE-SEM images confirmed 
that the overall morphology of the PyTzTzSO-based CMPs remained 
unchanged (Fig. S26). These results collectively demonstrate that the 
materials possess excellent chemical and morphological stability under 
prolonged photocatalytic conditions.

The control photocatalytic H2 evolution measurements of PyTzTzSO- 
1, PyTzTzSO-2, and PyTzTzSO-3 CMPs under different conditions were 
clearly demonstrated in Figs. 5c and S27. In the presence of 1 M AA and 
under visible light irradiation, PyTzTzSO-1, PyTzTzSO-2, and 
PyTzTzSO-3 CMPs exhibited a significant increase in H2 production. The 
distinct ON/OFF light switching behavior confirmed that H2 generation 

is directly driven by light, highlighting the true photocatalytic nature of 
the process. In contrast, when AA is omitted, the H2 evolution rate was 
markedly reduced, indicating that severe electron–hole recombination 
occurred in the absence of an efficient hole scavenger. The absence of a 
sacrificial reagent leads to inefficient hole removal, rapid recombina
tion, and low H2 evolution activity. AA plays a critical role by consuming 
holes rapidly, allowing electrons to accumulate and participate in pro
ton reduction more effectively. Thus, the presence of a sacrificial agent is 
essential for high photocatalytic activity in CMP-based systems. 
Furthermore, in the control experiment without both the catalyst and 
AA, negligible H2 production was observed. These results underscore the 
critical role of AA in suppressing charge recombination and enabling 
efficient proton reduction, thus demonstrating that CMP functions 
effectively as a photocatalyst only when paired with a sacrificial reagent. 
Moreover, the photocatalytic hydrogen production over time in the 
presence of 1 M AA without the addition of a photocatalyst was tested as 
shown in Fig. S28. The amount of H2 generated remained extremely low, 
reaching only about 0.012 mmol g− 1 after 4 h, with minimal incremental 
increases. This result confirmed that AA alone does not contribute to any 
significant H2 evolution under visible light irradiation. The H2 produc
tion observed is likely attributed to background noise or non-catalytic 
side reactions. Importantly, this control experiment underscores the 
necessity of a photocatalyst to drive the hydrogen evolution process, 
highlighting that AA functions solely as a sacrificial hole scavenger and 
not as a photoactive species. In conclusion, the PyTzTzSO-1, PyTzTzSO- 
2, and PyTzTzSO-3 CMPs exhibited notable HERs of 32.75, 28.56, and 
4.17 mmol g− 1 h− 1, respectively, under visible light irradiation without 
the use of a Pt co-catalyst (Fig. 5d). Upon the addition of 1 wt% Pt, their 
HERs under visible light increased to 38.61, 34.94, and 10.93 mmol 
g–1h− 1, respectively, as summarized in Table 2. Furthermore, under 
UV–visible light irradiation without Pt, the PyTzTzSO-1, PyTzTzSO-2, 
and PyTzTzSO-3 CMPs achieved HERs of 39.11, 33.44, and 9.15 mmol 
g− 1 h− 1, respectively, further confirming their intrinsic photoactivity 
and potential for noble-metal-free photocatalysis.

At present, polymeric photocatalysts possess lower apparent quan
tum yield (AQY) values. It is stated that the AQY of polymer-based 
photocatalysts has never been attained as great as that of modified g- 
C3N4 or inorganic materials, even at larger wavelengths (>420 nm). 
The AQYs of the polymeric photoabsorbers were measured with three 
different bandpass filters (420, 460, and 500 nm) for the assessment of 
spectral contributions to HER (Fig. S29). Based on the utilized light 
wavelengths (420, 450, and 600 nm), the highly efficient PyTzTzSO-1 
photocatalyst had superb AQYs of 51.18 %, 16.08 %, and 3.37 % 
respectively, which were among the highest recorded values until now 
(Fig. 6). Table S3 shows the photocatalytic performance of various 
polymeric photocatalysts under visible-light irradiation. Notably, our 
polymeric candidates, with optimized photocatalytic conditions, 
exhibited the greatest HER.

To substantiate the superiority of the D–A1–A2 structures in 

Table 2 
Photophysical properties of H2 evolution rates for all the polymers.

Polymer HOMO/LUMO (eV)a,b Bandgap (eV)c HER (mmol g− 1h− 1)d HER (mmol g− 1h− 1)e AQY (%)f

420 nm 460 nm 500 nm

PyTzTzSO-1 − 5.86/− 3.43 2.43 32.75 38.61 51.31 16.08 3.37
PyTzTzSO-2 − 6.04/− 3.53 2.51 28.56 34.94 32.15 10.81 3.4
PyTzTzSO-3 − 6.05/− 3.50 2.55 4.17 10.93 5.88 1.58 0.58

a HOMO calculated using photoelectron spectra (mean ± 0.03, n = 3).
b LUMO = EHOMO – Eg.
c Calculated from Tauc plots.
d Conditions; 2 mg of polymer in 10 mL of a mixture of water/DMF (9:1)/1M AA, measured under 350-W Xe light (AM 1.5; λ = 380–780 nm; 1000 W m− 2) (mean ±

2.6, n = 3).
e 2 mg of polymer + 1 wt% Pt in 10 mL of a mixture of water/DMF (9:1)/1M AA, measured under 350-W Xe light (AM 1.5; λ = 380–780 nm; 1000 W m− 2) (mean ±

2.6, n = 3).
f AQYs measured at 420, 460, and 500 nm (mean ± 0.1, n = 3).
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photocatalytic H2 evolution, we have evaluated the intrinsic photo
catalytic activities of the individual monomers under identical reaction 
conditions. As shown in Fig. S30, the HERs of Py-4Br, SO-2Br, and TzTz- 
2BO were significantly lower than those of the corresponding D–A1–A2 
polymers. Among the monomers, Py-4Br exhibited the highest HER, 
followed by TzTz-2BO, while SO-2Br showed minimal activity. These 
results confirm that while the monomers possess some inherent 

photoactivity, their performance is markedly inferior to that of the fully 
conjugated D–A1–A2 polymer networks. This demonstrates that the 
integration of D and dual A units within a conjugated polymer backbone 
significantly enhances charge separation and transfer, leading to supe
rior photocatalytic hydrogen evolution performance.

To further validate the enhanced performance of D–A1–A2 systems, 
we compared their photocatalytic HERs with those of corresponding 
D–A1 and D–A2 systems [81,82]. the D–A1 (Py-ThTh) polymer exhibi
ted an HER of 1874 μmol g− 1 h− 1, while the D–A2 (PyDOBT-1) system 
achieved a significantly higher rate of 12,986 μmol g− 1 h− 1. In contrast, 
the D–A–A structured polymers demonstrated even greater activity, 
underscoring the synergistic effect of incorporating two electron- 
accepting units within the conjugated framework. This progressive 
enhancement in photocatalytic performance—from individual mono
mers to D–A1, D–A2, and finally D–A1–A2 systems—highlights the 
crucial role of molecular design in facilitating efficient light harvesting, 
charge separation, and H2 evolution. These results collectively confirm 
that the D–A1–A2 architecture offers a superior pathway for optimizing 
polymer photocatalysts for visible-light-driven H2 production.

The photocatalytic H2 evolution performance of CMPs is intricately 
linked to their internal structural characteristics, including internal 
disorder, surface defects, and the spatial arrangement of D and A units. 
Adjusting the FMR during synthesis can significantly influence these 
structural aspects, thereby affecting photocatalytic efficiency. It was 
suggested that rigidification might be a general strategy for improving 
photocatalytic H2 evolution in organic polymers, where the optical gap 
can be tuned by composition [83]. Internal disorder in CMPs, often 
resulting from irregular monomer arrangements or non-ideal polymer
ization conditions, can disrupt π-conjugation pathways. This disruption 
hampers effective charge transport and increases the likelihood of 

Fig. 5. (a) Effect of sacrificial agent on HER of polymers under UV–visible irradiation, (b) stability test for PyTzTzSO-1 in presence of 1 wt%Pt and under visible 
irradiation, (c) control experiment for PyTzTzSO-1 under visible irradiation, and (d) H2 evolution under visible-light irradiation for the prepared polymers.

Fig. 6. Comparison of AQY of the synthesized PyTzTzSO-1 polymer at 420 nm 
with other reported competitive values.
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electron-hole recombination, leading to reduced photocatalytic activity. 
For instance, studies have shown that CMPs with higher degrees of 
structural order exhibit enhanced charge mobility and, consequently, 
better photocatalytic performance [84]. The PyTzTzSO-1 with the 
smallest FMR (1.0:3.0:1.0) had smaller chains, which gives rise to 
decreased flexibility, increased rigidity, and reduced internal disorder of 
the resultant polymer, leading to great photocatalytic activity. On the 
other hand, by increasing the FMR in the PyTzTzSO-2 and the 
PyTzTzSO-3, the chains will be longer, the flexibility will increase, the 
rigidity will decrease, the internal disorder will expand, and hence the 
photocatalytic efficiency will be lower.

In addition, surface defects, such as vacancies or irregularities on the 
polymer surface, can act as recombination centers for photogenerated 
charge carriers. These defects trap electrons or holes, preventing them 
from participating in the photocatalytic reaction. controlling the FMR 
can influence the formation of such defects; a balanced ratio promotes 
uniform polymer growth, minimizing defect formation [84]. Moreover, 
polymers displaying high crystallinity, and thus few defects, can sup
press recombination events as the charges can separate more easily and 
have higher mobility [85–87]. A reverse relationship exists between the 
chain flexibility within a polymer and its crystallinity. When the chain is 
long, the flexibility will be high, the crystallinity will be low, the surface 
defects will increase, and thus the photocatalytic performance will be 
poor, as observed in the PyTzTzSO-3 with the highest FMR (1.0:5.0:7.0).

The spatial distance between donor and acceptor units within CMPs 
is critical for efficient charge separation. An optimal arrangement fa
cilitates effective electron transfer from donor to acceptor, reducing 
recombination rates. Adjusting the monomer feed ratio allows for tuning 
this spatial arrangement. For example, incorporating an alkyne bridge 
between D and A units has enhanced charge separation efficiency, 
improving hydrogen evolution rates [84]. However, the PyTzTzSO-1 
with balanced FMR resulted in a polymer with moderate internal 
order and minimal surface defects. The optimized D-A spacing facili
tated efficient charge separation, leading to the highest HER among the 
three polymers. The increased A content in the PyTzTzSO-2 led to 
extended D-A distances, which hindered effective charge transfer. 
Additionally, the imbalance introduced more structural disorders, 
resulting in a moderate HER. The further increase in A content in the 
PyTzTzSO-3 exacerbated internal disorder and surface defects. The 
excessive D-A distance significantly impeded charge separation, leading 
to the lowest HER among the three polymers studied.

In general, the researchers considered library 6354 copolymers, 
synthesized more than 170 polymers, and tested them for photocatalytic 
H2 generation. The results confirmed that there is a weak link between 
the efficiency of photocatalytic HERs and every property of the polymer, 
which supports the opinion that the factors affecting photocatalytic 
HERs are multifactorial properties that are related to many mutually 
independent factors [88,89].

3.7. Density Functional Theory (DFT) calculations

We expand the study by turning to the Kohn-Sham Density Func
tional Theory to gain further insights into the D-A CMP. We performed 
first-principles calculations within the Gaussian software package [90]. 
Structure optimizations were carried out within the DFT framework. The 
B3LYP exchange–correlation functional [91–93] and the 6-31G basis set 
[94] were employed. Additionally, the Grimme D3 dispersion correction 
[95] was added. Full structural relaxation was performed until all forces 
were less than 0.001 eV/ Å. Table S4 gives a summary of the compu
tational results. We work with different models of the CMP that contain 
different ratios of D and A moieties covering the length of the models 
between 3.1 (C44H24N2O2S3), 5.3 (C72H38N4O4S6), and 7.5 nm 
(C100H52N6O6S3). Note that the CMP models have one donor moiety and 
different amounts of acceptor-pair moieties resulting in different D-A 
ratios, i.e. D-A1-A2, D-A1-A2-A1-A2, and D-A1-A2-A1-A2-A1-A2.

Regarding the HER process, the different stages of the reaction path 

are accessible through adsorption simulations. The adsorption of H and 
H2 was sampled with 40 random initial structures with distances be
tween adsorbates and the CMP models (C44H24N2O2S3, C72H38N4O4S6, 
and C100H52N6O6S3) between 1.2 and 4.0 Å for each of the CMP models, 
i.e. a total of 240 adsorption calculations with full structural relaxation. 
The adsorption energies Ead were calculated with respect to the sepa
rated constituents, i.e., a CMP and either H2 or H, referred to as ECMP and 
EH or EH2, according to Ead,CMP+H/H2 = ECMP+H/H2 − ECMP − EH/H2. The 
adsorption energies appear to be independent of the size of the CMP 
model. H2 and H adsorbs exothermally with about 110 meV and 90 meV 
binding energy, respectively. Overall, the observed energy differences 
between different adsorption sites showed only a dependence on the 
local chemical environment, i.e. the binding strength was identical at 
similar binding sites independently of in the polymer chain. The binding 
of H2 and H happened on the electronegative sulfone groups with 
binding distances of 2.441 and 2.388 Å, respectively (Figs. S31 and S32).

We extend the computational model by including two polymer 
chains weakly interacting with each other. This allows investigate the 
impact of the local chemical environment on the interaction of the 
polymers with H2, and to further analysis possible effects thereof. Two 
models (Fig. S33), one with parallel polymer strains (2 × C44H24N2O2S3) 
and an arrangement with non-parallel initial arrangement. Note that 
geometry optimization shows a preferential intermolecular interaction 
between positively and negatively charged moieties, e.g., between sul
fone groups and benzene moieties, and between thiazole and benzene 
moieties. This could indicate the presence of built-in microscopic elec
tric fields which were recently presented to be beneficial migration of 
photogenerated charge carriers for catalytic activities in polymers [96]. 
The parallel model is energetically slightly preferred by about 0.7 eV due 
to the increased van der Waals interactions by π-π stacking. Testing 
different favorable H2 adsorption sites, e.g., in the vicinity of sulfone 
groups, we note a slight increase in H2 binding strength by about 25 
meV, which is constituted by the additional van der Waals interaction 
between H2 and the benzene moieties of the neighboring polymer chain. 
However, the binding distance of H2 to the polymer at the sulfone group 
increases to 2.451 Å indicating competing attraction among the poly
mers, while the bond length in H2 remains at 0.746 Å (about 0.003 Å 
larger than in isolated H2). Henceforth, it appears that the leading in
teractions between H2 and isolated polymer chains remain valid even for 
polymer aggregate, while the arrangement of D-A CMP is likely to 
benefit from built-in electric fields which may enhance the migration 
process of photogenerated charge carriers.

Among the different single polymer chain models, HOMO and LUMO 
energy levels are rather similar. The smaller models have their HOMO at 
− 5.40 eV. The positions of the LUMO are more affected by the structural 
differences. The LUMO of the smaller models is at − 2.63 and the one of 
the larger models at − 2.91 eV that equates to an energy gap contraction 
of 0.28 eV from a HOMO–LUMO gap of 2.77 eV–2.49 eV for the larger 
model. It should be noted that the energy gap of the larger model is 
closer to the ideal value of 2.37 eV, and that the changes with increasing 
size are monotonic. Furthermore, the here reported energy gaps are 
larger than the experimental values; a DFT untypical outcome which can 
be explained with possible impacts from the CMP aggregate phase. 
Nonetheless, trends observed, and conclusions drawn from the compu
tational results should be valid. Other electronic properties (given in a 
Tab. S4) display similar trends. The vertical electron affinity and the 
vertical ionization potential range from 1.67 to 2.35 eV and from 6.48 to 
6.22 eV respectively. This indicates a greater size-dependent on prop
erties related to the removal or addition of an electron on the CMPs, and 
potentially equally applicable for the charge transfer processes during 
catalytic processes. Likewise, the overlap of the HOMO and LUMO of 
CMPs with different sizes given in Fig. S31 also indicates a potential 
impact on the excitonic state under photon adsorption and charge 
transfer performance.
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4. Conclusion

In summary, D-A1-A2 type CMPs enable enhanced modulation of 
photophysical properties and exhibit superior charge separation and 
photocatalytic efficiency compared to D-A CMPs. Thus, we successfully 
developed a set of D-A1-A2 ternary polymer photocatalysts through a 
statistical polymerization protocol by regulating the FMR to address the 
impact of molecular engineering on the energy gap, charge separation 
kinetics, and photocatalytic performance. The synthesized polymers 
possessed considerable porosities (reaching 251 m2 g− 1), accessible 
morphologies, high hydrophilicities (CA up to 53.5◦), and suitable Eg 
(up to 2.43 eV). The comparative study of the three CMPs showed that 
the PyTzTzSO-1 polymer with 1.0:3.0:1.0 FMR displayed the top pho
tocatalytic efficiency with an HER of 39.11 mmol h− 1 g− 1 under UV/Vis 
light irradiation. Interestingly, it displayed a greater AQY value of 51.31 
% at 420 nm, which is comparable to the state-of-the-art values. The 
supreme photocatalytic performance of the PyTzTzSO-1 compared to 
the others was basically due to its capability to promote photoelectron 
transfer and suppress electron-hole recombination. These results not 
only provide auspicious CMPs photocatalysts with outstanding photo
catalytic performance for HER but also highlight the remarkable influ
ence of the rational structure and chemical composition on improving 
the photocatalytic activity of D-A CMPs photocatalysts.
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