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In this paper, we describe efficient, inexpensive, and donor-acceptor (D-A) systems based on conjugated
microporous polymers incorporating thiazolo[5,4-d]thiazole (ThTh) linkages for the extraction of Hy from H0
under visible light in the presence of ascorbic acid (AA) as a sacrificial electron donor without additional noble
metals as co-catalyst. The integration of electron-rich pyrene (Py) and electron-deficient ThTh units in Py-ThTh-
CMP resulted in a D-A system that provided an Hj evolution rate (HER) of 1874 umol g’lh’l; this value was
greater than those of the other tested CMPs prepared with and without the ThTh acceptor moiety. Notably, Py-
ThTh-CMP also exceeded the HERs of many other reported materials for photocatalytic HyO reduction, including
co-catalysts based on covalent organic frameworks, CMPs, and graphitic carbon nitride. The DFT and TD-DFT
suggested the incorporation of ThTh moiety in the CMPs backbone to enhance the charge transfer via S1 <
T1 and contribute to the Hy formation. This study presents a new approach for preparing highly efficient pho-

tocatalysts for the practical development of cost-effective Hy evolution.

1. Introduction

Because hydrogen (H,) is becoming a practical alternative to fossil
fuels and an environmentally friendly form of energy [1-4], the gener-
ation of Hy gas photo catalytically from the splitting of water (H20) is
becoming more attractive in the quest for sustainable energy [5-10].
Inorganic semiconductors have mostly been used as photocatalysts to
produce Hy gas, owing to their high activity and stability [11-16].
Nevertheless, inorganic photocatalysts (e.g., metal oxides, sulfides,
oxysulfides, nitrides) have some limitations in terms of the efficiency of
their Hy evolution, difficulties in their preparation, and their weak ab-
sorption of visible light, and, possibly, the low abundance of their nat-
ural resources. Recent studies have suggested that organic
photocatalysts could become the best systems for the production of Hy

gas due to the availability of their building units, the ease and diversity
of their preparation, the flexibility of their molecular design, and the
feasible tuning of their electronic structures and band gaps [17-19].
Many organic photocatalysts have been demonstrated to produce Hy
from H0O, including graphitic carbon nitride (g-C3Ny4), polymer dots,
linear polymers, covalent organic frameworks (COF), metal-organic
frameworks (MOFs), hydrophilic polymers, covalent triazine frame-
works (CTFs), and conjugated microporous polymers (CMPs) [20-22].
In particular, CMPs are types of porous polymers that have garnered
great attention recently because of their high surface areas and poros-
ities, superior chemical stability, and tunable and robust properties
[23,24]. Many procedures and building units have been developed to
provide CMPs with applications in, for example, energy storage, lumi-
nescence, catalysis, light emission, sensing, light-harvesting, dye and
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iodine capture, encapsulation, and gas separation and capture [25-45].
CMPs have also found applications in semiconductor photocatalysis,
owing to their large delocalized n-electron systems and compressible
band gaps [46,47]. Many CMPs have also been designed for photo-
catalytic purposes, including H; evolution, amine oxidation, oxygen and
indole activation, sulfide oxidation, and cycloaddition [48-54]. The
fabrication of novel molecular building blocks capable of high photo-
catalytic performance has become a goal in CMP research. Likewise,
CMPs containing donor (D) and acceptor (A) units have become targets
for photocatalysis because of their potential for mediating charge
transfer processes. The thiazolo[5,4-d]thiazole (ThTh) moiety has been
used as a common A unit in CMPs because of its ease of preparation, high
stability against oxidation, and outstanding electron-withdrawing
characteristics, rigidity, and planarity. Accordingly, ThTh-linked poly-
mers have been applied widely in optoelectronics, photovoltaics, gas
separation, fluorescence, and electrical conductivity [55-58]. Recently,
ThTh-based CMPs have been employed as semiconductor photo-
catalysts, taking advantage of their extended intermolecular 1—r over-
lap, high light-absorbing capability, low bandgap energies, and high
charge carrier mobilities. For example, Zhao et al. constructed two
photoactive ThTh-CMPs using a metal-free method and then explored
their photocatalytic efficiency in reducing CO5 [59]. Tan and co-workers
reported that the ThTh-containing CMP TZCP-3 exhibited high photo-
degradation efficiency because the ThTh moieties improved the ab-
sorption of visible light and, consequently, enhanced the photocatalytic
activity [60]. Lang et al. found that TzTz-CMP-2 had outstanding ac-
tivity (<90%) in the oxidation of amines into imines when using EtOH as
the redox solvent; they attributed this behavior to the porosity and
flexibility of the ThTh ring [61]. Furthermore, the Wen group prepared a
two-dimensional COF photocatalyst containing pyrene (Py) and thiazolo
[5,4-d]thiazole (Tz) units that displayed excellent ability for Hy evolu-
tion through HO splitting [62]. Lotsch et al. described a TpDTz-COF
system that provided a good rate of Hy production (941 pmol h™! g™1)
in H0 when using triethanolamine as a sacrificial agent and a Ni-
thiolate cluster (NiME) cluster as the co-catalyst [63]. Khan et al.

Chemical Engineering Journal 446 (2022) 137158

reported that the CMP CNU-TT; 2o, prepared through co-polymerization
to introduce ThTh units within a polymeric carbon nitride (PCN)
framework, exhibited good photocatalytic characteristics for H,O
degradation [64]. However, only a few papers have described the effects
of incorporating ThTh moiety within CMP skeletons to produce Hj
through H»O splitting. Accordingly, in this study, we fabricated three
photoactive ThTh-CMPs containing electron donor moieties (thiophene,
biphenyl, pyrene) connected to ThTh units as electron acceptor moieties
for the production of Hy through Hy0 degradation. We obtained these
three ThTh-CMPs through condensation reactions of dithiooxamide with
the three aromatic aldehydes Ts-Ph-CHO, Bi-Ph-CHO, and Py-Ph-CHO,
respectively, in DMF (Scheme 1). We used Fourier transform infrared
(FTIR) spectroscopy, 13¢ NMR spectroscopy, Brunauer-Emmett-Teller
(BET) analysis, photoluminescence (PL) spectroscopy, transmission
electron microscopy (TEM), and scanning electron microscopy (SEM) to
investigate the chemical structures, surface areas, morphologies, ther-
mal stabilities, and photoelectric characteristics of these three new
ThTh-CMPs. We then examined the activities of the ThTh-CMPs as
photocatalysts for the generation of Hjy through the splitting of Hy0
when using ascorbic acid (AA) as the sacrificial electron donor (SED).
Notably, our ThTh-CMPs exhibited excellent photocatalytic perfor-
mance for the reduction of HyO to produce Hs without the need for any
additional co-catalysts.

2. Experimental
2.1. Materials

Dichloromethane (DCM), methanol (MeOH), tetrahydrofuran (THF),
chloroform (CHClg), N, N-dimethylformamide (DMF), 1,4-dioxane,
acetone, hydrochloric acid (HC), 4-formylphenylboronic acid, 4-bromo-
phenylboronic acid, potassium carbonate (KoCO3), Pd(PPhs)y, thio-
phene, 4,4-biphenol, bromine (Bry), iodomethane, dithiooxamide,
sodium hydroxide (NaOH), and sodium bicarbonate (NaHCO3) were
purchased commercially (Alfa Aesar, Acros, Sigma-Aldrich). 1,3,6,8-

Scheme 1. Synthesis of (a) Ts-ThTh-CMP, (b) Bi-ThTh-CMP, and (c) Py-ThTh-CMP.



M. Mohamed Samy et al.

Tetrabromopyrene (Py-Bry) and 1,3,6,8-tetra(4-formylphenyl)pyrene
(Py-Ph-CHO) were synthesized according to previously reported pro-
cedures [65,66]. Py-PhPh-CMP was prepared according to a previously
reported method [67].

2.2. Synthetic methods of monomers and CMPs

2.2.1. Synthesis of 2,3,4,5-Tetrabromothiophene (Ts-4Br)

Bry (5.3 mL, 0.033 mmol) was added slowly to a solution of thio-
phene (2.0 g, 0.023 mmol) in CHCl3 (15 mL) at 0 °C, and then the
mixture was heated under reflux for 6 h. NaOH solution (100 mL) was
added, and the mixture was heated under reflux for 6 h. After cooling,
the product was filtered off, washed with H20, and dried. FTIR (KBr,
em™!, Figure S1): 1636 (C = C), 852 (C-S), 735 (C-Br). 'H NMR (500
MHz, DMSO, 5, ppm, Figure $2): No signals observed. 13C NMR (125
MHz, CDCls, 8, ppm, Figure S3): 116.936, 110.284. HR-FD-MS: m/z:
398.242 (Figure S4). Anal. Caled for C4Br4S: C, 12.02; S, 8.02 %. Found:
C, 12.13; S, 8.11%.

2.2.2. Synthesis of 2,3,4,5-Tetra(4-formylphenyDthiophene (Ts-Ph-CHO)

A mixture of Ts-4Br (0.54 g, 1.4 mmol), Pd(PPhs)4 (0.06 g, 0.05
mmol), 4-formylphenylboronic acid (0.98 g, 6.53 mmol), and KoCO3
(2.30 g, 16.64 mmol) was degassed under vacuum. 1,4-dioxane (50 mL)
was added, and then the mixture was heated at 85 °C for two days. The
contents were poured onto ice-cold H20 and neutralized with HCI (2
mL) to dissolve any remaining KoCOs. The precipitate was filtered off,
washed with MeOH, and dried to produce a white powder (Scheme S1).
FTIR (KBr, cm ™!, Figure S1): 3065 (C-H aromatic), 2859 (CH = 0),
1697 (C = 0), 1609 (C = C). 'H NMR (500 MHz, DMSO-dg, 8, ppm,
Figure §2): 10.087 (s, 4H, CHO), 8.083 (d, 8H, CH aromatic), 7.938 (d,
8H, CH aromatic). **C NMR (125 MHz, DMSO-dg, 8, ppm, Figure S3):
192.647, 137.677, 137.274, 136.233, 130.043, 129.493, 113.829. EI-
MS m/z 500.7 (Figure S5). Anal. Calcd for C33Ho004S: C, 76.78; H,
4.03; S, 6.40; O, 12.78 %. Found: C, 75.42; H, 4.12; S, 6.83; O, 13.64 %.

2.2.3. Synthesis of 1,3,6,8-Tetra(4-formylphenyDpyrene (Py-Ph-CHO)

A mixture of Py-4Br (0.54 g, 1.1 mmol), Pd(PPhg)4 (0.06 g, 0.05
mmol), 4-formylphenylboronic acid (0.98 g, 6.53 mmol), and K,CO3
(2.30 g, 16.64 mmol) was degassed under vacuum. 1,4-dioxane (50 mL)
was added, and then the mixture was heated at 85 °C for two days. The
contents were poured onto ice-cold H>O and neutralized with HCl (2
mL) to dissolve any remaining KoCOs. The precipitate was filtered off,
washed with MeOH, and dried to produce a yellow powder (Scheme
S2). FTIR (KBr, crn’l, Figure S1): 3041 (CH aromatic), 2813, 2727 (CH
=0), 1693 (C=0), 1606 (C = C). HR-FD-MS: m/z: 619.185 (Figure S6).
Anal. Caled for C44H2604: C, 85.42; H, 4.24; O, 10.34 %. Found: C,
85.67; H, 4.18; 0, 11.02 %.

2.2.4. Synthesis of 3,3,5,."5—Tetrabromo—4,4—biphenol (Bi-4Br-OH)

A solution of 4,4—biphenol (2.00 g, 10.8 mmol) in MeOH (80 mL) was
stirred in an ice-water bather for 1 h until the temperature reached 0 °C.
Br; (2.76 mL, 53.7 mmol) was added dropwise to the solution, and then
the mixture was left at room temperature for 3 h with stirring. The solid
precipitate was filtered off and washed sequentially with aqueous
NaHCO3 and H50. The white solid was dried at 60 °C for 24 h (Scheme
S3). FTIR (KBr, cm’l, Figure S7): 3439 (O-H stretching), 3061 (C-H
aromatic), 747 (C-Br). 'H NMR (500 MHz, DMSO-ds, 5, ppm,
Figure $8): 10.053 (s, 2H, OH), 7.865 (s, 4H, CH aromatic). 1*C NMR
(125 MHz, DMSO-dg, 8, ppm, Figure S9): 150.285, 131.632, 130.035,
112.481. HR-FD-MS: m/z: 501.707 (Figure S10). Anal. Caled for
C1oHgBr405: C, 28.72; H, 1.21; O, 6.38 %. Found: C, 29.16; H, 1.22; O,
6.22 %.

2.2.5. Synthesis of 3,3,5,."5—telrabromo—4,Z’I—dimethoxy—l,i -biphenyl (Bi-
4Br-OCHs)
A mixture of Bi-4Br-OH (2.0 g, 4.0 mmol), methyl iodide (3.4 g, 24
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mmol), and K,CO3 (1.7 g, 12 mmol) in acetone (50 mL) was heated at
60 °C for 20 h. The solvent was evaporated, and the residue was added to
cold H,0. The solids were filtered off, washed with H5O, and dried in an
oven at 60 °C for 24 h (Scheme S3). FTIR (KBr, crn’l, Figure S1): 3067
(C-H aromatic), 2946 (C-H aliphatic), 744 (C-Br). ' NMR (500 MHz,
DMSO-dg, 8, ppm, Figure S8): 8.057 (s, 4H, CH aromatic), 3.830 (s, 6H,
OCHs). 3C NMR (125 MHz, DMSO-dg, 5, ppm, Figure $9): 153.333,
135.779, 131.149, 118.093, 60.486. HR-FD-MS: m/z: 529.736
(Figure S11). Anal. Caled for C14H1¢Br4O5: C, 31.74; H, 1.90; O, 6.04 %.
Found: C, 32.10; H, 1.89; O, 5.99 %.

2.2.6. Synthesis of 3,3,5,5-Tetra(4-formylphenyl)-4,4-dimethoxybiphenyl
(Bi-Ph-CHO)

A mixture of Bi-4Br-OCHs3 (0.54 g, 1.0 mmol), Pd(PPhs)4 (0.06 g,
0.05 mmol), 4-formylphenylboronic acid (0.98 g, 6.53 mmol), and
K2CO3 (2.30 g, 16.64 mmol) was degassed under vacuum. 1,4-dioxane
(50 mL) was added, and then the mixture was heated at 85 °C for two
days. The contents were poured onto ice-cold HyO and neutralized with
HCl (2 mL) to dissolve any remaining KoCOs. The precipitate was
filtered off, washed with MeOH, and dried to give a white powder
(Scheme S3). FTIR (KBr, cm’l, Figure S1): 3067 (C-H aromatic), 2988,
2929 (C-H aliphatic), 2821, 2733 (CH = 0), 1689 (C=0), 1610 (C=C).
H NMR (500 MHz, CDCl3, 5, ppm, Figure S8): 10.087 (s, 4H, CHO),
8.034-7.901 (m, CH aromatic), 3.130 (s, 6H, OCH3). '3C NMR (125
MHz, CDCl3, §, ppm, Figure §9): 192.889, 143.831, 135.112, 134.607,
130.086, 129.625, 129.449, 60.713. HR-FD-MS: m/z: 630.205
(Figure S12). Anal. Calcd for C42H300¢: C, 79.98; H, 4.79; O, 15.32 %.
Found: C, 78.74; H, 4.74; O, 16.06 %.

2.2.7. Synthesis of 1,3,6,8-Tetrakis(4-bromophenylDpyrene (Py-Ph-Br)

A mixture of Py-4Br (0.10 g, 0.19 mmol), Pd(PPh3)4 (0.040 g, 0.034
mmol), 4-bromophenylboronic acid (0.18 g, 1.1 mmol), and K,CO3
(0.213 g, 1.54 mmol) was degassed under vacuum. 1,4-dioxane (50 mL)
was added, and then the mixture was heated at 110 °C for two days. The
residue was filtered off and washed with H,O, THF, and MeOH. The
yellow powder was dried for two days at 80 °C (Scheme S4). FTIR (KBr,
em™!, Figure S13): 3027 (C-H aromatic), 1597 (C = C), 676 (C-Br). 'H
NMR (500 MHz, DMSO-dg, 8, ppm, Figure S14): 8.25 (s, 1H), 8.13 (d,
2H), 7.96 (d, 1H), 7.9 (d, 2H), 7.86-7.74 (m, 5H), 7.74-7.75 (m, 6H),
7.51-7.42 (m, 2H), 7.38 (d, 2H). The I3CNMR result of Py-Ph-Br cannot
provide due to its poor solubility. HR-FD-MS: m/z: 822.90 (Figure S15).
Anal. Caled for C49Ho2Bry4: C, 58.43; H, 2.70 %. Found: C, 57.59; H, 2.80
%.

2.2.8. Synthesis of Ts-ThTh-CMP, Bi-ThTh-CMP, and Py-ThTh-CMP

2,3,4,5-Tetra(4-formylphenyl)thiophene (0.15 g, 0.31 mmol) [or
3,3,5,5-tetra(4-formylphenyl)-4,4-dimethoxybiphenyl (0.15 g, 0.24
mmol) or 1,3,6,8-tetra(4-formylphenyl)pyrene (0.15 g, 0.24 mmol)] and
dithiooxamide (0.074 g, 0.61 mmol) were heated at 120 °C in dry DMF
(15 mL) for 72 h. The precipitate was filtered off and washed with THF,
MeOH, and acetone. The polymer was dried in an oven for two days at
100 °C to afford Ts-ThTh-CMP (or Bi-ThTh-CMP or Py-ThTh-CMP)
(Scheme 1). FTIR (KBr, cm’l, Fig. 1(a)): 3033 (C-H aromatic), 837
(C-S-Q).

2.2.9. Synthesis of Py-PhPh-CMP

A mixture of Py-Ph-Br (0.10 g, 0.12 mmol), 1,4-benzenediboronic
acid (0.040 g, 0.24 mmol), K,CO3 (0.13 g, 0.96 mmol), and Pd(PPhgs),
(0.04 g, 0.84 mmol) was heated at 110 °C in DMF (8 mL) and H20 (2 mL)
for 72 h. The precipitate was filtered off and washed sequentially with
H»0, THF, MeOH, and acetone to afford a green solid (Scheme S4). FTIR
(KBr, cm ™, Figure $13): 3022 (C-H aromatic), 1607 (C = C).

2.2.10. Photocatalytic hydrogen production
The photocatalytic hydrogen generation experiment was carried out
on a photocatalytic reaction cell. 3 mg of CMP powder was added to 10
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Fig. 1. (a) FTIR spectra, (b) solid-state 13C NMR spectra, (c) TGA analyses, and (d) XRD profiles of Ts-ThTh-CMP, Bi-ThTh-CMP, and Py-ThTh-CMP.

mL (H,0/MeOH, 4/1, V/V) of 0.1 M aqueous ascorbic acid solution. It
was further ultrasonicated for 5 min to obtain a well-dispersed suspen-
sion. The resulting suspension was degassed using Argon gas for 10 min
to ensure complete air removal prior to irradiation with a 350 W Xe light
source (1000 W m — 2; A > 420 nm) under stirring. The reaction time
was 4 h at ambient temperature by a stream of cold water. Ensuring of
Hj production was thermally detected via bit injection by semi-capillary
column (molecular sieve; diameter: 8 mm; length: 3 m) into the reactor
headspace gas (0.5 uL) into gas chromatography (GC7920) under
isothermal parameters. The apparent quantum yield (AQY) was calcu-
lated using the following equations:

AQY — numberof evolvedH,molecules x2 N, 2M XNy  2M X Ny
B numberofincidentphotons " Np :;% o &P
‘photon 7

2M x Ny x h x ¢
=TS Pxixa < 100%
where Nj is the Avogadro constant, M is the amount of Hy produced
(mol), c is the speed of light, h is the Planck constant, S is the irradiation
area (cmz), t is the photoreaction time (s), P is the intensity of the
irradiating light (W cm™2), and A is the wavelength of the mono-
chromatic light (m).

3. Results and discussion

3.1. Synthesis and characterization of Ts-ThTh-CMP, Bi-ThTh-CMP, and
Py-ThTh-CMP

Three CMPs incorporating ThTh moieties were rationally fabricated

to function as photocatalysts through the condensation of dithiooxamide
with three different aromatic aldehydes (Ts-Ph-CHO, Bi-Ph-CHO, and
Py-Ph-CHO, respectively) in DMF at 120 °C for 3 days. These three
ThTh-CMPs were insoluble in almost all organic solvents. For example,
we checked the solubility of Py-ThTh-CMP in various organic solvents
such as acetone, ethanol, THF, DMF and CHCl3, as shown in Figure S16.
The images showed that Py-ThTh-CMP could not dissolve in all these
organic solvents, indicating that Py-ThTh-CMP had a highly crosslinked
structure with a high degree of polymerization. These three ThTh-CMPs
possessed distinct colors arising from the presence of heteroatoms (S and
N) in their different chemical composition (Scheme 1). To confirm the
preparation of the three ThTh-CMPs, we recorded their FTIR and solid-
state 13C NMR spectra. To ensure the preparation of the three ThTh-
CMPs, we recorded their FT-IR and solid-state *C NMR spectra. The
FTIR spectra of the ThTh-CMPs [Fig. 1(a)] featured an absorption band
near 1685 cm™!, representing unreacted aldehyde groups that are
characterized by the appearance of C = O band in the FTIR spectrum of
Ts-Ph-CHO, Bi-Ph-CHO, and Py-Ph-CHO [Figure S1], which overlapped
with a band near 1654 cm™!, representing the (C = N) stretching vi-
brations of the ThTh moieties. In addition, an intense peak appeared at
840 cm 1, related to C-S bonds that disappeared in the FTIR spectrum of
the monomers [Figure S1], confirming the incorporation of ThTh units
into our three CMPs. The solid-state °C NMR spectra [Fig. 1(b)] of the
three ThTh-CMPs featured signals at 167 and 157 ppm representing the
sp2-hybridized carbon atoms of the C = N and C = C units in the ThTh
moieties. An additional peak observed at 148 ppm was related to the
aromatic carbon atoms attached to the thiazole units. The broad signals
from 126 to 135 ppm represent the aromatic carbon atoms in ThTh-CMP
structures. For Bi-ThTh-CMP, peaks at 73 and 143 ppm represented the
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MeO groups and the aromatic carbon atoms bonded to the MeO units.
The solid-state 1°C NMR spectrum [Figure S17] of the Py-PhPh-CMP
featured signals from 139 and 125 ppm representing the aromatic car-
bon atoms in the Py-PhPh-CMP framework. We performed thermogra-
vimetric analysis (TGA) [Fig. 1(c), Table 1] under Ny to study the
thermal stabilities of our three ThTh-CMPs. The decomposition tem-
peratures at which the weight loss of 5% and 10% (T4s and T410) wWere
322 and 408 °C for Ts-ThTh-CMP, 282 and 375 °C for Bi-ThTh-CMP, 291
and 334 °C for Py-ThTh-CMP, 401 and 468 °C for Py-PhPh-CMP
[Figure S18], respectively, with char residues of 45, 50, 38 and 65 wt
%, respectively. In addition, the significant weights loss is also seen in
the TGA curves of ThTh-CMPs, which are attributed to the release of
some small gaseous molecules or entrapped solvent in their porous
structures. X-ray diffraction (XRD) patterns [Fig. 1(d) and Figure S19]
of the Ts-ThTh-CMP, Bi-ThTh- CMP and Py-PhPh-CMP featured no
distinct peak, revealing their amorphous properties. While XRD profile
of Py-ThTh-CMP featured some distinct peaks, indicating its semi-
crystalline character.

We examined the porous properties of the ThTh-CMPs through Nj
sorption measurements at 77 K [Fig. 2(a-c) and Figure S20]. The
specific BET surface areas for Ts-ThTh-CMP, Bi-ThTh-CMP, Py-ThTh-
CMP, and Py-PhPh-CMP were 70, 316, 125, and 100 m? g™}, respec-
tively; the total pore volumes, calculated from the amount of Ny gas
adsorbed when P/P; was equal to 0.99, were 0.103, 0.678, and 0.795
em? g7}, respectively. We applied nonlocal density functional theory to
estimate the pore sizes of these ThTh-CMPs and Py-PhPh-CMP. Fig. 2
(d—f) reveal that all three of the ThTh-CMPs contained micropores and
mesopores in their structures, with pore sizes in the range of 2.03-2.30
nm. While the pore size of Py-PhPh-CMP was centered at 1.90 nm as
depicted in Figure S20. We used SEM and TEM to observe the surface
properties of the ThTh-CMPs. The SEM images in Fig. 2(g-i) reveal that
the surfaces of Ts-ThTh-CMP and Bi-ThTh-CMP both featured the
stacking of small particles, whereas a rodlike morphology appeared on
the surface of Py-ThTh-CMP. The TEM images of the ThTh-CMPs in
Fig. 2(j-1) and Figure S21 revealed layered structures consistent with
the SEM images. The SEM images [Figure S22] of Py-PhPh-CMP showed
aggregation of small spheres and TEM images [Figure S22] confirmed
its microporosity. Elemental mapping of TEM and SEM confirmed the
presence of C, N, O, S, and Pd atoms in ThTh-CMPs materials
(Figures S23- S28).

3.2. Photoelectronic properties of Ts-ThTh-CMP, Bi-ThTh-CMP, and Py-
ThTh-CMP

We used ultraviolet/visible diffuse reflectance spectroscopy (UV-Vis
DRS), ultraviolet photoelectron spectroscopy (UPS), steady-state PL
spectroscopy, time-correlated single-photon counting (TCSPC), photo-
current measurements, and electrochemical impedance spectroscopy
(EIS) to investigate the photoelectronic properties of Ts-ThTh-CMP, Bi-
ThTh-CMP, and Py-ThTh-CMP as D-A systems and of Py-PhPh-CMP as a
non-D-A system. Fig. 3(a) presents the UV-Vis DRS spectra of the three
CMPs incorporating the ThTh moieties; they displayed their strongest
absorptions in the UV-Vis region. These absorptions extended to 800

Table 1
TGA and BET data of Ts-ThTh-CMP, Bi-ThTh-CMP, and Py-ThTh-CMP.
Sample Tgs Ta10 Char yield Surface area Pore size
o) o)} (wt%) m?g™ (nm)
Ts-ThTh- 322 408 45 70 2.03
CMP
Bi-ThTh- 282 375 50 316 2.07
CMP
Py-ThTh- 291 334 38 125 2.30
CMP
Py-PhPh- 401 468 65 100 1.90
CMP
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nm. Ts-ThTh-CMP, Bi-ThTh-CMP, and Py-ThTh-CMP exhibited absorp-
tion bands at 441, 413, and 460 nm. The signal for Py-ThTh-CMP was
red-shifted concerning those of the other D-A CMPs. Py-PhPh-CMP
provided its most robust band at 390 nm, suggesting that integration
of the ThTh moieties in the pyrene-CMP resulted in a severe red-shift
(460 nm) as a result of the D-A system and the novel electronic struc-
ture. We calculated the band gaps of Ts-ThTh-CMP, Bi-ThTh-CMP, Py-
ThTh-CMP, and Py-PhPh-CMP to be 2.0, 2.1, 1.94, and 2.51 eV,
respectively [Fig. 3(b)]. The bandgap of Py-ThTh-CMP was narrower
than those of the other CMPs, suggesting that it might catalyze the
reduction of HyO to Hy in an effective manner (Table 2). The bandgap of
Ts-ThTh-CMP is less than Py-PhPh-CMP and Bi-ThTh-CMP according to
a thiophene ring which increases the sulfur content in the CMP backbone
and reduces the bandgap of Ts-ThTh-CMP respect to the Py-PhPh-CMP
and Bi-ThTh-CMP [68,69]. The presence of D-A systems can result in
faster intramolecular charge transfer, highly extended conjugation, and
more absorbed light [70]. We used UPS to investigate the band gaps of
these CMPs [Fig. 3(c)]. The relative valance band maximum (VBM) and
the energies (Ecp) of the conduction band minimum (CBM) for Ts-ThTh-
CMP, Bi-ThTh-CMP, Py-ThTh-CMP, and Py-PhPh-CMP were -5.93/
-3.93, -5.61/-3.51, -5.74/-3.80, and -5.74/-3.23, respectively [Fig. 3
(c), Figure S29, Table 2]. Because the values of Ecg for all of the CMPs
were greater than the reduction potential for Hj, these catalysts would
have the ability to split Hy0 to give Hy. Besides, we consider the Ts-
ThTh-CMP, the best candidate for overall water splitting as depicted
in the optical band gap structure diagram under visible light concerning
the others [71,72]. As a result, we plan in the future work to construct
new materials based on the Ts-ThTh-CMPs derivatives and study in
detail the overall water splitting under visible light. Moreover, these
catalysts could also be used for the reduction of Oy [62].

The steady-state PL spectra of the as-prepared CMPs featured
different fluorescence emission bands and intensities when excited at a
wavelength of 350 nm [Fig. 4(a), Figure S30]. The emission intensity of
the signal from Py-ThTh-CMP was lower than those from the other as-
prepared samples; furthermore, it was shifted bathochromically
compared with those of Bi-ThTh-CMP and Ts-ThTh-CMP. Thus, we ex-
pected the photocatalytic activity of Py-ThTh-CMP to be higher than
those of the other two ThTh-CMPs and Py-PhPh-CMP (without ThTh
moiety, Figure S30) because of its efficiency at generating light-induced
charge carriers, its suppression of photogenerated exciton recombina-
tion, and its continuous heterojunction, all of which would enhance the
charge diffusion rate at the Py-ThTh interfaces [62,73]. To examine the
photoelectric properties of the CMPs, we used TCSPC to record their PL
decays upon excitation at 450 nm, with observation at 650 nm. Fig. 4(b)
and Table S1 reveal that the PL intensities featured fast decay singlet S1
(71 = 0.4887-2.075 ns) and slow decay triplet T1 (z3 = 0.08753-0.4938
ns) components. The average lifetimes (z) of the as-prepared CMPs
ranged from 0.2141 to 0.6348 ns. Among our samples, Py-ThTh-CMP
afforded a slower PL lifetime. As a result, we suspected that the longer
lifetimes for exciton diffusion at the Py—ThTh heterojunctions inhibited
nonradiative recombination and that extended electron delocalization
through the D-A system extended the lifetime [52] [Fig. 4(b)]. Efficient
charge separation in the Py-ThTh-CMP was accomplished due to its
longer lifetime extension, thereby facilitating Hy production without
any co-catalysts. The photocurrents measured for Ts-ThTh-CMP, Bi-
ThTh-CMP, Py-ThTh-CMP, and Py-PhPh-CMP were 2, 0.425, 2, and 0.27
pA cm 2 [Fig. 4(c)]. The photocurrent measurement revealed that Py-
ThTh-CMP and Ts-ThTh-CMP have a stronger photocurrent response
than the other in comparison with the others (Fig. 4¢), indicating that
more light-induced excitons in Py-ThTh-CMP are available for the
photocatalytic reaction, which is beneficial for the photocatalytic
hydrogen evolution. These results revealed that the physical properties
and the electronic structures of the Py-ThTh-CMP could be effectively
tuned by altering the chemical components and exhibited excellent
intramolecular charge transfer for photogenerated electrons, which
gives the highest value for Hy evolution of the Py-ThTh-CMP sample
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Fig. 2. (a—c) Ny sorption isotherms, (d-f) pore size distribution curves using nonlocal density functional theory, (g-i) SEM images, and (j-1) TEM images of (a, d, g, j)

Ts-ThTh-CMP, (b, e, h, k) Bi-ThTh-CMP, and (c, f, i, I) Py-ThTh-CMP.

[74]. However, Ts-ThTh-CMP gives a high photocurrent response, but
the photocatalytic performance is low compared with Py-ThTh-CMP.
The Py-ThTh-CMP comprises a strong acceptor (ThTh) with a strong
donor (pyrene). In contrast, Ts-ThTh-CMP forms a strong acceptor
(ThTh) with a weak donor (thiophene). The Nyquist plot of Py-ThTh-
CMP featured a semicircle having a much smaller diameter than the
other CMPs, confirming its fastest interfacial charge transfer to facilitate
and enhance the photocatalytic activity [75], as outlined in Fig. 4(d).
Notably, the Py-PhPh-CMP shows low resistance concerning the Ts-
ThTh-CMP and Bi-ThTh-CMP according to the high planarity of pyr-
ene CMP, which contributes to the charge also transfer the presence of
Pd, which is loaded with a high amount on the surface of the polymer.
All of the previous measurements were consistent with the Hy evolution
rates (HERs) of the CMPs (Table 2).

3.3. Photocatalytic H, evolution of Ts-ThTh-CMP, Bi-ThTh-CMP, Py-
ThTh-CMP, and Py-PhPh-CMP

We used a Xe lamp (A < 420 nm) as a light source to measure the
photocatalytic Hp production over the as-prepared CMPs. Generally, we
dispersed 3 mg of each CMP powder in 10 mL of H,O/MeOH (4:1, v/v)
and adjusted the concentration of AA (used as the SED) to 0.1 M. We
selected AA as the SED for these CMPs from a study of several other
sacrificial reagents, including triethanolamine (TEOA), triethylamine
(TEA), and benzyl alcohol (BA) [Fig. 5(a)l; the highest HER occurred in
the presence of AA [66]. The optimal AA concentration (0.1 M) for the
photocatalytic reaction was selected compared with 0.05 and 0.2 M
[Figure S31]. All the as-prepared CMPs incorporating ThTh moieties
could reduce Hy0 to Hj in the presence of visible light (A > 420 nm)
through the photocatalytic process [Fig. 3(b)]. Py-ThTh-CMP, as a ma-
terial, evolved a moderate amount of Hy during the first hour. Notably,

in second hour, the HER reached a maximum of 1874 umol g"'h~! and a
value superior to those obtained for many reported materials featuring
molecular Ni and metallic Pt co-catalysts: TPDTz-COF/Ni (941 umol
g’lh_l) [63], amorphous carbon/g-C3N4/Pt (747 pmol g’lh_l) [76],
Carbon@g-Graphene/C3N4/Pt (1.0 wt%) (451 upmol g'lh’l) [771,
three-dimensional g-C3N4/C nanosheets/Pt (1610 pmol g’lh_l) [78],
CP-CMP10 (150 pmol g*h™) [20], DBTD-CMP2 (188 pmol g'h™})
[52], CMP9/Pt (96.5 umol gh™!) [75], Ta-CMP (478 ymol g *h™1)
[79], PyBT-2/Pt (1060 umol g *h~1) [801, and TP-BDDA/Pt (324 umol
g'h™1) [81]. Table S2 compares the HER efficiencies of various re-
ported materials. The HERs of Ts-ThTh-CMP (269 umol g'h™!) and Bi-
ThTh-CMP (404 pmol g 'h™') were lower than that of Py-ThTh-CMP
(507 pmol g’lh_l) because the latter featured Py donor moieties,
which ensured excellent separation of photogenerated holes and elec-
trons during the photocatalytic reaction, a more extended conjugated
structure, strong absorption in the visible region, and strong interactions
between the n orbitals of the Py donor and ThTh acceptor units
[51,59,82]. Many CMPs photocatalysts reported previously have con-
tained residual Pd-catalysts that played a critical role in enhancing their
HERs [83-86]. All as-prepared CMPs with acceptor bridge showed the
presence of residual Pd-catalyst, which integrated from Suzuki —
Miyaura coupling reaction in the preparation step of used monomers
(Figure S1-S3); besides, the pyrene-CMP without acceptor moiety (Py-
PhPh-CMP) as outlined in Figure S4. Notably, ICP-OES measurements
proven the presence of Pd-residual in as-prepared materials was esti-
mated to be 0.105 (Py-ThTh-CMP), 0.0801 (Bi-ThTh-CMP), 0.012 (Ts-
ThTh-CMP), and 1.34 wt% (Py-PhPh-CMP), respectively, (Table S3). A
signal is also detected for Pd-nanoparticles in TEM and SEM images and
their EDS diagrams (Figures S23-S28). Furthermore, this approves that
the role of detected traces of Pd in our compounds is not trivial for HER
efficiency. Still, we don’t attribute the higher HER efficiency of our
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Fig. 3. (a) Diffuse reflectance UV-Vis spectra, (b) Tauc plots of Ts-ThTh-CMP, Bi-ThTh-CMP, Py-ThTh-CMP, and Py-PhPh-CMP and (c) band diagram of Py-ThTh-
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Table 2

Photophysical Properties and HERs of the Four CMPs.
CMP HOMO/LUMO (eV) * Absorption peak (nm)® Optical gap (eV)© HER AQY (%)¢

(umol gth~1Hd
420 nm 460 nm 500 nm

Ts-ThTh-CMP -5.93/-3.93 441 2.0 279 0.5 0.25 0.21
Bi-ThTh-CMP -5.61/-3.51 413 2.1 404 0.11 - -
Py-ThTh-CMP -5.74/-3.80 460 1.94 1874 3.4 0.52 0.4
Py-PhPh-CMP -5.74/-3.23 390 2.51 507 - - -

# HOMOs was determined using photoelectron spectroscopy; LUMOs derived from the expression Eyomo — Eg. bAbsorption peaks from UV-Vis DRS spectra. “Band
gaps calculated from Tauc plots. “Conditions: 3 mg of CMP in 10 mL of a mixture of Hy0/MeOH (4:1)/0.1 M AA, measured under 350-W Xe light (AM 1.5; % = 380-780
nm; 1000 W m~2). ®*AQYs measured at 420, 460, and 500 nm.
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CMPs. (c) Photocurrent curves and (d) Nyquist plots of the CMPs, measured at 2 V vs. Ag/AgCl electrode under light irradiation (LED lamp; A > 420 nm) in 0.5 M

NaySOy as the electrolyte. Inset: Equivalent circuit of the electrochemical cell.

prepared CMPs to the presence of Pd-catalyzed residual only. Still, we
may attribute it to other reasons, including the optical gap and elec-
tronic structure of the D-A system, especially in the case of Py-ThTh-
CMP. On the other hand, HER for Py-PhPh-CMP With highly loaded
Pd-residual (13400 ppm) with respect to the others equal 507 pmol
g 'h™!. Notably, Kosco et al. [84] reported that the highest loading of
Pd-residual for CPs, which affect the HER, reached 1170 ppm and
50000 ppm from Pt as co-catalyst. To confirm this phenomenon, we
examined the effect of the most common co-catalyst (HyPtCle) used in
the photocatalytic hydrogen evolution process, which was utilized to
load the Pt-co-catalyst on the Py-ThTh-CMP with various wt% (1.5, 3,
and 5). All wt% of platinum loading revealed no enhancement in
hydrogen evolution rate, as depicted in Figure S32. The presence of
ThTh linkage acts as electron-output sites owing to their strong electron-
withdrawing ability, leading to various physical and chemical properties
of the prepared CMPs. Hence, it approves that the CMPs with ThTh
moiety are effective photocatalysts without any additional metal co-
catalyst.

Thus, our present CMPs are photocatalytic systems without the
addition of noble metals as co-catalyst for Hy production from Hy0. We
performed many experiments and optimization processes to examine the
importance of each component in our photocatalytic Hy evolution sys-
tem, namely, the light (A > 420 nm), CMP (catalyst), and SED [Fig. 5(a)
and Figures S32-S37]. The absence of any of these components led to
no H, being observed during the period of the photocatalytic reaction
for up to 4 h. Thus, each component played an essential and critical role
in the efficiency of the HER in our system. In addition, we tested the
effects of three different weights (1.5, 3.0, and 5.0 mg) of the CMPs

incorporating the ThTh acceptor moieties. The best weights for Hy
evolution when using Ts-ThTh-CMP, Bi-ThTh-CMP, and Py-ThTh-CMP
were 3.0, 1.5, and 3.0 mg, respectively [Fig. 5(b) and (c)]. As well,
we evaluated the impact of the dosage of the three CMPs photocatalysts
(Ts-ThTh-CMP, Bi-ThTh-CMP, and Py-ThTh-CMP) on the photocatalytic
activity since previous studies demonstrated that the mass loading of
photocatalyst shows a noticeable effect on the photocatalytic perfor-
mance due to the saturated light absorption after an optimal amount of
photocatalyst [87,88]. As depicted in Figure S33, the observed HER for
Py-ThTh-CMP slightly increased from 1502 to 1874 umole g'*h~! under
Vis-light irradiation, when increasing the dosage from 1.5 to 3 mg. Be-
sides, the HER suddenly decreased from 1874 to 810 pymole glh™1,
When increasing the dosage from 3 to 5 mg. Notably, Ts-ThTh-CMP and
Bi-ThTh-CMP give higher HER for 1.5 mg compared to the other dosages
(3 and 5 mg) [Figures S36 and S37]. Given a fixed HER, a less photo-
catalyst dosage indicates a higher photocatalyst efficiency. The
decreased efficiency for the three CMPs photocatalysts with high mass
loading can be explained by the light scattering and the low utilization
ratio of active sites of the polymers during the photocatalytic process.
High mass loading of CMPs will cause the particle aggregation to form
bigger particles and reduce the dispersity of the polymers in the reaction
solution, leading to poor light absorption and transmission and a low
utilization ratio of active sites in the polymers photocatalysts. As a
result, the HER decreases with the increase in the mass loading of the
CMPs photocatalysts.

We estimated the apparent quantum yields (AQYs) of these CMPs by
applying band-pass filters with specific wavelengths of 420, 460, and
500 nm in combination with monochromatic light. The highest AQY of
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Fig. 5. (a) Optimization of photocatalytic activities for Py-ThTh-CMP using different SEDs. (b) H, evolution of Py-ThTh-CMP, Bi-ThTh-CMP, Ts-ThTh-CMP, and Py-
PhPh-CMP. (c) HERs of the ThTh-CMPs were measured at different weights. (d) Dependence of the AQY (%) of the H, evolution concerning wavelength. (e) Stability
and (f) FTIR spectra of Py-ThTh-CMP, Bi-ThTh-CMP, and Ts-ThTh-CMP after the photocatalytic reaction.
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3.4% at 420 nm was observed for Py-ThTh-CMP; it decreased to 0.52 and
0.4% at 460 and 500 nm, respectively [Fig. 5(d)]. Ts-ThTh-CMP
exhibited the same behavior, whereas Bi-ThTh-CMP provided a low
AQY at 420 nm and AQYs of zero at 460 and 500 nm. For further
confirmation, AQYs for Py-ThTh-CMP with different concentrations
(1-4 mg) were taken to give the highest value at 420 nm/3 mg
[Figure S38]. The Stability experiments performed in the dark with the
three new CMPs revealed remarkable recycling through five cycles for
Ts-ThTh-CMP and Py-ThTh-CMP and moderate stability for Bi-ThTh-
CMP [Fig. 5(e)]. For more details, we attempted the stability test of
Py-ThTh-CMP via different time intervals in the dark, as depicted in
Figure S39. The reaction mixture was held after the first run for four
days in the dark, and then the stability was slightly decreased in the
second and third runs. It was reserved for two days and measured the
last two runs (4 and 5) to afford a decrease in the amount of hydrogen
evolved compared to two runs (2 and 3). We attributed this decrease to
two reasons; the first one for the storage of photocatalyst for a long time
in the dark (6 days), and the second reason was the depletion of SED
(AA) during the reaction time. We retained the stability test of Py-ThTh-
CMP but without storing it in the dark and added the SED (AA) in the
second and fourth runs, as shown in Figure $40. As a result, we have
obtained excellent stability for this CMP. FTIR spectra revealed that
none of the CMPs underwent any structural changes during the photo-
catalytic reactions, confirming the stability of these materials [Fig. 5(f)].
Interestingly, the SEM images reveal that the Ts-ThTh-CMP, Bi-ThTh-
CMP, and Py-ThTh-CMP preserve their original morphology upon the
irradiation process [Figure S41]. We have also irradiated the Py-ThTh-
CMP upon the exact condition for hydrogen evolution under UV light for
10 h. The FT-IR results showed no noticeable differences between the
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sample before and after the illumination process outlined in [Figure S42
(a) and (b)].

3.4. DFT and TD-DFT calculations for CMPs

For an explanation of the vital role of the absorbed light on the ef-
ficiency of Hy production for prepared compounds at excited states. we
estimated the molecular frontier orbitals and the natural transition or-
bitals (NTOs) via density functional theory (DFT) and time dependent-
DFT (TD-DFT) at the B3LYP/6-311G* (d,p) level of theory using
Gaussian16 [89]. Upon light absorption, polymers are excited to singlet
excited states (Sn), followed by relaxation to the S1 state according to
Kasha’s rule [90]. Therefore, knowing the S1 excited-state character is
crucial to understanding HER photocatalytic activities. As revealed in
the natural transition orbitals (NTOs) analysis [Fig. 6], Py-ThTh exhibits
a delocalized S1 while Py-PhPh shows a localized n-n* transition on
pyrene fragments. On the one hand, the delocalized S1 state explains the
smaller optical gap of Py-ThTh as compared to Py-PhPh observed both
experimentally and computationally (Fig. 3 and Table 3). On the other

Table 3

The computed excitation energy (Es, andEr, in eV), the energy difference be-
tween S1 and T1 (AEgy in eV), oscillator strength (fs, in eV) of the S; state at
neutral ground state geometry, reorganization energy for electron transfer (4, in
eV) for the monomer of Py-PhPh and Py-ThTh.

Monomer Es AEst

1

Py-PhPh
Py-ThTh

2.94
2.55

1.07
0.72

Py-PhPh

Py-ThTh

51%

electron

@
electron

Fig. 6. Natural transition orbitals of the S; state of the monomer of Py-PhPh and Py-ThTh (isosurface = 0.05 A~3).

10
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hand, it may explain why Py-ThTh exhibits better HER photocatalytic
activity than Py-PhPh. In general, energy transport in polymer via
delocalized excitons is fast [91,92], which reduces the exciton traveling
time to the reaction site where the charge transfer between polymer and
sacrificial reagents occurs.

Upon reduction by the sacrificial reagents, the polymer has a nega-
tive charge. Fast electron transport within the polymer shortens the
electron traveling time to the reaction center for HER, resulting in better
photocatalytic activities. Similar to the exciton case, compounds with
delocalized LUMO usually exhibit fast electron transport due to small
reorganization energy (Table 3) [93-95]. The LUMO of Bi-ThTh and Ts-
ThTh is mainly distributed over the central ThTh fragment and two
benzene bridges next to it [Fig. 7]. In contrast, the LUMO of Py-PhPh
predominantly localizes on the pyrene donor, with a small contribu-
tion from the central biphenyl bridge. The LUMO of Py-ThTh delocalizes
over nearly the whole molecule. Therefore, we expect Py-ThTh to
exhibit faster electron transport than the rest due to LUMO’s most
considerable degree of spatial delocalization.

To present the role of integration of ThTh linkage in the prepared
CMPs backbone. From the literature survey, the small value of the en-
ergy difference between singlet state S1 and triplet state T1 (AEgt) for
the organic materials containing nitrogen enhances the intermolecular
charge transfer transition and the spin-orbital coupling effect [96-100].
The smaller AEgt value aids the S1 < T1 transfer for excited electrons
through intersystem crossing (ISC) and elongates the lifetime of photo-
generated electrons in several organic semiconductors [101,102]. These
motivated us to study S1 « T1 interaction via TD-DFT of the excited
states (S1, T1-T3) for CMPs with and without acceptor (i.e., Py-ThTh-
CMP) Py-PhPh-CMP) as summarized in Tables S4 and S5. The S1

LUMO

HOMO

Bi-ThTh

LUMO

HOMO

Py-ThTh

Fig. 7. Frontier orbitals of the monomer of the four CMPs (isosurface = 0.05 A’3).
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states of the Py-ThTh exhibit a delocalized S1, which stands for
exhibited prominent charge transfer character at singlet state dcn,
while Py-PhPh shows a localized n-n* transition on pyrene fragments
[Figure S43]. The T1 state of Py-ThTh-CMP showed stronger locally
excited triplet states (°LE) characters due to its more planar structure, in
which both the holes and the electrons were distributed over it almost
entirely. In contrast, The T1 state of Py-PhPh-CMP showed weaker
locally excited triplet states (®LE) characters due to the absence of ThTh
linkage, in which both the holes and the electrons localized on the
pyrene fragment [Figure S43]. Moreover, the TD-DFT calculation
exhibited a small AEgy value for Py-ThTh equal to 0.7211 eV compared
to Py-PhPh equal to 1.0704 eV, leading to fast charge separation.
Finally, the DFT and TD-DFT calculations revealed that the integration
of ThTh moieties for the as-prepared CMPs plays a critical role in
hydrogen adsorption and contributes to the photocatalytic HoO reduc-
tion reaction. The mentioned results agree with the experimental results
of our UV-Vis-URS, photocurrent, impedance, UPS, TCSPC, and photo-
catalytic Hy evolution experiments.

3.5. Photocatalytic mechanism of CMPs with and without ThTh moiety

Fig. 8 displays the mechanism responsible for the promising photo-
catalytic activities for HoO reduction when using our CMPs prepared
with or without ThTh linkages. We dispersed each target CMP in a mixed
solvent of H,O and MeOH (4:1, v/v), added AA (0.1 M) as the SED, and
irradiated the mixture with visible light. The transfer pathways of
photogenerated electrons between the electronic energy levels (VBM
and CBM) in Py-ThTh-CMP and Py-PhPh-CMP as outlined in Fig. 8. The
Py-ThTh-CMP and Py-PhPh-CMP have the same VBM, which sufficiently

anat S L

Ts-ThTh

Py-PhPh
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Fig. 8. Schematic representation of the possible photocatalytic mechanism for H, evolution over Py-ThTh-CMP and Py-PhPh-CMP.

oxidize the H,O and different CBM values, which gives a small bandgap
in Py-ThTh-CMP and a large one in Py-PhPh-CMP. We calculated the
AEgr through the excited states (S1 and T1) for these CMPs to give the
smaller value in the case of Py-ThTh-CMP, which facilitates the ISC
charge transfer while in the absence of acceptor moiety (Py-PhPh-CMP)
afford large AEgr. As a result, the insertion of the ThTh linkage in the
CMPs backbone leads to a smaller bandgap, smaller AEgy, and efficient
charge separation. The combination of Py and ThTh units created an
efficient system for photocatalytic Hy evolution; when the CMPs con-
taining the ThTh acceptor moieties absorbed light, the excited electrons
were delocalized (LUMO), as suggested by the TD-DFT calculations,
thereby suppressing the recombination of holes and electrons, with the
trapping of holes then being accomplished by AA (as the SED) at the
HOMO positions. Furthermore, this combination of donor and acceptor
moieties ensured rapid carrier pathways and excellent separation of
photogenerated holes and electrons, thereby enhancing the photo-
catalytic activity relative to that of the CMP prepared without acceptor
moieties. Ultimately, the CMPs incorporating ThTh moieties functioned
as a robust and excellent system for Hy production compared with the
performance of many previously reported materials, both organic and
inorganic.

4. Conclusion

We have prepared three new CMPs incorporating ThTh linkages as
D-A systems having the ability to generate Hy from HoO under visible
light in the presence of AA as the SED without adding any co-catalyst.
Notably, Py-ThTh-CMP displayed the highest photocatalytic activity,
providing an HER of 1874 umol g 'h~! because of the high planarity of
its Py units, its highly extended conjugation (electron-rich), its strongest
absorption in the visible region, its narrowest bandgap, and the strong
interactions between the r orbitals of its Py (donor) and ThTh (acceptor)
units. Upon light absorption, the TD-DFT calculations revealed the
integration of ThTh linkage in prepared CMPs leads to further HOMO/
LUMO charge separation, reduces the value of AEgt, and accelerates the
ISC process. In future studies, we aim to construct new materials based
on Ts-ThTh-CMP to simultaneously produce Hz and Oy (overall HoO
splitting) under visible light.
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