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ARTICLE INFO ABSTRACT

Keywords: The importance of conjugated microporous polymers (CMPs) as active components in photocatalytic hydrogen
Conjugated microporous polymers evolution is growing due to its intense ultraviolet-visible (UV-vis) absorption, potent fluorescence, and high
Dibenzo[g,p]chrysene

carrier transport capacity, dibenzo[g,plchrysene shows notable photophysical and electrical features. This is
because CMPs have stiff molecular structures with large n-conjugation. In this section, we describe our approach
and syntheses of three types of polymers for the first time to determine the reactivity of dibenzo[g,p]chrysene
(TBN)-based CMPs for photocatalytic Hy evolution and energy storage applications. Three TBN-based CMPs,
TBN-TBN (D-D), TBN-TBN-TPA (A-D), and TBN-TBN-BT (D-A), were synthesized via Sonogashira—Hagihara
coupling. TBN-CMP materials were used as working electrodes for energy storage applications. The TBN-TBN-BT
CMP demonstrated excellent capacity retention (98.2%) over 2000 cycles and high capacitor (130 F g’l) at0.5A
gL, in accordance with electrochemical performance. Furthermore, the hydrogen evolution rate (HER) results
are in the following order 8452, 9800, and 3060 pmol g’lh’1 for TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT
CMPs, respectively. These findings suggest that using TBN as an acceptor increases the number of active sites
for proton reduction, thereby boosting the rate of Hy evolution.

Sonogashira-Hagihara coupling reaction
Supercapacitors

Photocatalysts

Hydrogen evolution

1. Introduction depends on hydrogen energy, which has a high combustion value, and

no carbon impact is critical. Chemical energy has been used to convert

Energy development has advanced from uncontrolled mining and
demand to the current stage of utilizing renewable resources owing to
growing public awareness of green technology. The importance of sus-
tainable environmental protection is repeatedly mentioned, making
energy transition and carbon reduction the targets of current research
[1-10]. Therefore, developing green and sustainable energy systems

solar energy to hydrogen by the photocatalytic splitting of water using
semiconductor photocatalysts [11-20]. Compared with most inorganic
photocatalysts, such as metal oxides, sulfides, and selenides, owing to
their high activity and suitable electronic structure, organic materials
such as graphitic carbon nitride (g-C3Ny4) [21-24], linear polymers [25,
26], metal-organic frameworks (MOFs) [27,28], and covalent organic
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frameworks (COFs) [29-31], and conjugated microporous polymers
(CMPs) [32-35] have been extensively used reported in recent years
because most inorganic photocatalysts struggle with poor visible-light
activity, difficult preparation, and scarce natural resources. Recent in-
vestigations have shown that organic semiconductors represent a
promising family of photocatalysts for hydrogen evolution owing to
their wide range of structures, numerous synthesis methods, and
modifiable electronic properties [36-38]. CMPs are amorphous organic
polymeric materials that are similar, but not identical, to other common
materials with crystalline covalent organic and metal-organic frame-
works. Its porous structure provides abundant adsorption sites for
photocatalytic reactions [39]. Furthermore, CMPs are a subclass of
conjugated polymers; as the name suggests, n-conjugated systems exist
in microporous frameworks and are built into two- or three-dimensional
networks [40]. Therefore, CMPs with n-conjugation is endowed with a
conductive function [41]. In general, CMPs can be prepared by oxidative
polymerization [42,43] or coupling reactions, such as Sonogashira
coupling [44,45], Suzuki coupling [46,47], Yamamoto coupling [48,
49], and other methods. Supercapacitors (SCs) are a promising type of
electrochemical energy storage system that has gained popularity
because of their ability to deliver high-power density and enable rapid
charging and discharging. They offer exceptional stability, high power
density, and environmental friendliness, making them attractive for
various applications. SCs can function both as batteries and traditional
capacitors by storing energy through electrostatic interactions between
the electrolyte ions and the carbon electrodes [2-7]. This easily syn-
thesized CMP materials is characterized by insolubility in most solvents,
high specific surface area and porosity, high thermal stability, high
carrier mobility, and strong photocatalytic activity [50-52], making it
suitable for applications in gas adsorption, energy storage, lumines-
cence, metal ion sensing, and Hy production using photocatalytic water
splitting [40,53]. To increase the photocatalytic effectiveness of organic
semiconductors, further work is required to create new organic photo-
catalyst materials and improve their electrical characteristics. The use of
CMPs as photocatalysts to produce hydrogen from visible light-split
water was demonstrated by Cooper et al., in 2015. Since then, much
attention has been paid to the relationship between CMPs’ molecular
structure and the photocatalytic activity of CMPs. Structural factors,
such as the linker geometry, conjugation length, and molecular struc-
ture, play significant roles in regulating the charge transport and sepa-
ration, energy band, and light adsorption of CMPs, thereby influencing
the hydrogen production efficiency of CMP-based photocatalysts. Zhou
et al. reported that the photocatalytic performance for Hy evolution
could be increased by including a secondary acceptor unit of the A;-Ay
type in the polymer chain. Nevertheless, because the acceptor units
cannot transport electrons effectively, this photocatalyst series exhibits
weak photocatalytic activity [54]. Meanwhile, the push-pull mechanism
in donor-acceptor (D-A)-type copolymers may lower the bandgap of the
polymer to boost solar energy harvesting and efficiently segregate
photoinduced excitons, making them an extraordinary option for
obtaining high photocatalytic hydrogen evolution efficiency. Yu et al.
observed that developing a D-A polymer structure successfully enhanced
the photocatalytic activity of CMPs [55]. Jiang et al. developed the
donor-acceptor (D-A) polymer containing dibenzothiophene dioxide,
demonstrating high photocatalytic performance due to the effective
separation of light-induced charge carriers [52]. A twisted polyaromatic
hydrocarbon called dibenzo[g,p]lchrysene (TBN) has a structure con-
sisting of two phenanthrenyl planes. TBN is well known for its superior
thermal stability, ultraviolet-visible (UV-vis) absorption, bright fluo-
rescence, and good carrier transport capacity owing to its stiff molecular
structure and definite conjugation [56,57]. TBN derivatives also exhibit
unique photophysical and electrical properties [58-60]. To the best of
our knowledge, prior research has primarily focused on utilizing a TBN
unit as a donor to increase visible light absorption, relying on the surface
area. However, there has been no reported use of TBN as an acceptor to
adjust the photophysical characteristics of polymers, for the purpose of
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enhancing photocatalytic effectiveness. The implementation of a potent
electron acceptor, such as benzo[c] [1,2,5]thiadiazole (BT), resulted in
the extraction of electrons from the polymer, leading to the concentra-
tion of the active site solely on the BT moiety. This, in turn, minimized
the active sites available on the polymer. Conversely, utilizing a feeble
acceptor like TBN, which caused the electrons to distribute over both the
TBN moiety and the triple bond, enabled the maximization of active sites
on the polymer.

In this study, three types of TBN-based CMPs with different molec-
ular structures were investigated for the first time and compared with
respect to their energy storage and photocatalytic activity. To confirm
and understand this effect, three monomers, dibenzo[g,p]chrysene
(TBN), benzo[c] [1,2,5]thiadiazole (BT), and triphenylamine (TPA),
were utilized to create three different kinds of TBN-based CMPs:
TBN-TBN (D-D), TBN-TBN-TPA (A-D), and TBN-TBN-BT (D-A) via
Sonogashira-Hagihara coupling reaction for energy storage and photo-
catalytic hydrogen evolution. The chemical structures, porosity, thermal
stability, morphology, and crystallinity properties of the TBN-TBN,
TBN-TBN-TPA, and TBN-TBN-BT CMPs are discussed in detail. Based
on electrochemical results, the TBN-TBN-BT CMP sample demonstrated
excellent capacity retention (98.2%) over 2000 cycles and high capac-
itor (130 F g~1) at 0.5 A g~ L. The HER findings are in the following order
8452, 9800, and 3060 pmol g~ h™! for TBN-TBN, TBN-TPA, and
TBN-BT CMPs, respectively, according to photocatalytic measurement.
The results of this study indicate that incorporating TBN as an acceptor
leads to an increase in active sites for proton reduction, which effectively
enhances the rate of Hy evolution.

2. Experimental section
2.1. Materials

Triphenylamine (TPA, 98%), anhydrous ferric chloride (FeCls,
99.9%), (trimethylsilyl)acetylene (TMSA, 98%), diethylamine, bromine
solution (Bry), triphenylphosphine (PPh3, 99%), copper(l) iodide (Cul,
99%), benzophenone, N-bromosuccinimide (NBS, 99%), potassium
carbonate (KoCO3, 99.9%), nitromethane (CH3NO»), acetic acid (AcOH),
dichloromethane (DCM), benzophenone (99%), zinc (Zn, 98%), tita-
nium tetrachloride (TiCly, 99.9%), anhydrous EtsN (99%), [Pd(PPhs)4]
and PdCly(PPh3); were ordered from Acros and Sigma-Aldrich. The
synthesis of TPA-Br3, BT-Bry, TPE, TPE-Br4, and TBN-Br4 were discussed
and provided in the supporting information file [5,32,61-64,
Figures S1-S15].

2.2. Synthesis of 2,7,10,15-tetrakis((trimethylsilyl) ethynyl)dibenzo[g,p]
chrysene (TBN-TMS)

1.5 g of TBN-Br4 (2.33 mmol) was dissolved in 125 mL of diethyl-
amine. The solution was treated with a combination of PdCly(PPhg)s
(0.08 g), Cul (0.11 g), and TMSA (1.83 g, 18.63 mmol). The mixture was
then stirred for 24 h at 80 °C. After the workup process, the yellow
powder ((1.3 g, 86%) was afforded after purification via silica gel col-
umn (DCM as eluent). FTIR (Figure S16): 3291 (C=C-H), 3031 (aro-
matic C-H), 2957 (aliphatic C-H), 2156 (C=C), and 1632 (C=C). 'H
NMR (Figure S17): & 8.77, 8.47, 7.69, 0.34 (s, 36H, CHj). 13¢ NMR
(Figure S18): 131.24, 128.74, 121.90, 105.38, 96.34, 30.59, 3.5.

2.3. Synthesis of 2,7,10,15-tetraethynyldibenzo[g,p]chrysene (TBN-T)

TBN-TMS (1 g, 1.40 mmol) was mixed in MeOH (60 mL)/DCM (40
mL) before stirring for 24 h with 1.2 g of K5CO3 (8.65 mmol). After the
workup process using DCM/H;0, the TBN-T compound was obtained as
an orange solid (0.8 g, 80%). FTIR (Figure S19):3291 (C=C-H), 3057
(aromatic C-H), 2106 (C=C), and 1604 (C=C). ‘H NMR (Figure S20):
3.30 (s, 4H), 7.73 (s, 4H), 8.53 (s, 4H), 8.81 (s, 4H). 13C NMR
(Figure S21): 135.70, 132.40-101.60, 84.21, 78.87.
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2.4. Synthesis of TBN-TBN-BT CMP

A solution containing BT-Bry (0.1 g, 0.34 mmol), TBN-T (0.1, 0.16
mmol), TBN-Bry4 (0.1 g, 0.24 mmol), Pd (0.03, 0.03 mmol), PPh3 (0.01 g,
0.02 mmol), and Cul (0.01 g, 0.03 mmol) was heated in DMF (5 mL)/
EtsN (5 mL) at 90 °C for 72 h to give a brown precipitate. FTIR: 3054
(aromatic C-H), 2204 (C=C), 1603 (C=C).

2.5. Synthesis of TBN-TBN CMP

The TBN-TBN CMP was prepared using a similar approach to prepare
TBN-TBN-BT CMP: TBN-T (0.1 g), TBN-Br4 (0.1 g), Pd (0.03 g), PPhs
(0.01 g), and Cul (0.01 g) to produce a yellow solid. FTIR: 2202 (C=C),
1601 (C=0C).

2.6. Synthesis of TBN-TBN-TPA CMP

The TBN-TBN-TPA CMP was prepared using a similar approach to
prepare TBN-TBN-BT CMP: TPA-Brs (0.1 g), TBN-T (0.1 g), TBN-Br4 (0.1
g), Pd (0.03 g), PPhs (0.01 g), and Cul (0.01 g) to get a yellow solid.
FTIR: 1598 (C=C), 2202 (C=C), 3057 (aromatic C-H).

3. Results and discussion

3.1. Synthesis and characterization of TBN-TBN-BT CMP, TBN-TBN
CMP, and TBN-TBN-TPA CMP

The TBN-T monomer was prepared in three steps, as shown in the
supporting file. First, TPE-Br4 was reacted with anhydrous FeCls in dry
nitromethane and DCM to obtain TBN-Bry as a yellow powder. Next, the
TBN-Br4 precursor was reacted with (trimethylsilyl)acetylene (TMSA) in
the presence of Cul in diethylamine as the solvent to obtain TBN-TMS as
a yellow solid. Finally, TBN-T was successfully synthesized via the re-
action of TBN-TMS with K,CO3 in methanol and DCM to give a yellow
solid. The peaks at 3291, 3057, 2106, and 1604 cm ! in the FTIR profile
of TBN-T [Figure S19] were assigned to C=C-H, aromatic C-H, C=C,
and C=C stretching, respectively. The 'H NMR spectrum of TBN-T
[Figure S20] shows the proton’s signal at 3.30, 7.73, 8.53, and 8.81
ppm for C=C-H and aromatic rings. In addition, the carbon peaks in the
TBN-T compound appeared at 135.70-101.60, 84.21, and 78.87 ppm
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due to the presence of aromatic rings and C=C units in the molecular
structure of TBN-T, as presented in the 13¢ NMR spectrum [Figure S21].
The TBN-based CMPs were obtained through Sonogashira couplings
between TBN-T as a building block and TBN-Br4/BT-Bry, TBN-Bry, and
TBN-Br4/TPA-Brs, respectively, in the presence of a catalyst [Pd(PPhg)4)
over 72 h (Scheme 1) to afford TBN-TBN-BT CMP as a brown solid, TBN-
TBN CMP as a yellow powder, and TBN-TBN-TPA CMP as a yellow solid.
The resulting TBN-based CMPs are insoluble in EtOH, DCM, THEF,
MeOH, DMSO, and acetone. The TBN-based CMP materials were
investigated using FTIR and ssNMR to identify their chemical structures
(Fig. 1(a)). The absorption bands at approximately 3058 and 1603 cm ™!
reveal the C-H aromatic and C—=C units in the TBN-CMP frameworks,
respectively [Fig. 1(b), S22, S23, and S24]. Furthermore, all TBN-CMPs
had absorption bands for internal -C=C- units around 2200 em™?,
demonstrating that TBN-TBN-BT, TBN-TBN, and TBN-TBN-TPA CMPs
were effectively prepared through the Sonogashira reaction. The carbon
atoms of the aromatic units were detected by 'C ssNMR spectroscopy
[Fig. 1(c)] in the ranges of 130.1-116.4 ppm for TBN-TBN-BT CMP,
140.7-120.3 ppm for TBN-TBN CMP, and 142.8-121.3 ppm for TBN-
TBN-TPA CMP. Additionally, it was discovered that the carbon signals
of the internal —-C=C- units of the TBN-TBN-BT, TBN-TBN, and TBN-
TBN-TPA CMPs were 81.7, 80.3, and 80.2 ppm, respectively. Ther-
mogravimetric analysis (TGA) indicated that the three prepared TBN-
CMPs had good thermal stability, and the 10% weight loss of TBN-
TBN-BT, TBN-TBN, and TBN-TBN-TPA CMPs occurred at 388, 386,
and 382 °C under Ny, with char yields of 67, 63, and 62 wt%, respec-
tively [Fig. 1(d)].

To further explore the synthesis of TBN-CMPs, X-ray photoelectron
spectroscopy (XPS) was used to analyze the compositions of surfaces of
the TBN-TBN-BT, TBN-TBN, and TBN-TBN-TPA CMPs (Fig. 2). The XPS
survey spectra of the TBN-based CMPs indicate the presence of C in TBN-
TBN CMP, C, and N in TBN-TBN-TPA CMP, and C, N, and S in TBN-TBN-
BT CMP (Fig. 2(a)), as expected. Fig. 2(b) shows high-resolution XPS
spectra of N1s and S2p. Where TBN-TBN-TPA and TBN-TBN-BT CMPs
showed a main peak in the N1 s spectra at 398.26 and 398.91 eV for
TBN-TBN-TPA and TBN-TBN-BT CMPs, respectively. In addition, TBN-
TBN-BT CMP showed an additional peak for sulfur in the BT unit in
S2p at 164.34 eV (Fig. 2(c)).

The specific surface areas and porosities of the three TBN-based
CMPs were determined based on the adsorption/desorption behavior

Cul, PPh,, Pd(PPh,),
DMF/Et,N, 90°C

TBN-TBN CMP

Donor-Donor (D-D)

TBN-TBN-BT CMP

Donor-Acceptor (D-A)

TBN-TBN-TPA CMP

Acceptor-Donor (A-D)

Scheme 1. Schematic approach for the synthesis of TBN-TBN-BT, TBN-TBN and TBN-TBN-TPA CMPs.
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Fig. 1. (a) Molecular structures, (b) FTIR, (c) solid state *>C NMR, and (d) TGA curves of TBN-TBN-BT, TBN-TBN, and TBN-TBN-TPA CMPs.
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Fig. 2. (a) Survey XPS spectra of the TBN-TBN-BT, TBN-TBN, and TBN-TBN-TPA CMPs and high-resolution XPS of (b) N1s and (c) S2p.

of N at 77 K. As illustrated in Fig. 3(a—c), the three TBN-CMP samples
exhibited a type-II isotherm with an H1 hysteresis loop that surged in the
lower P/Pg region (<0.02), confirming that these materials have a large
number of micropores. The specific surface areas of TBN-TBN-BT CMP,
TBN-TBN CMP, and TBN-TBN-TPA CMP were 217, 488, and 442 m? g%,
respectively, and their corresponding total pore volumes were 0.36,
0.40, and 0.63 cm® g~ ! respectively. In addition, we estimated the pore
size curves of the three TBN-CMPs [Fig. 3(d-f)] using nonlocal density
functional theory (NLDFT). The pore size exposes that TBN-TBN and
TBN-TBN-TPA CMPs have two sizes of micropores (average diameter:
0.44,1.80 nm and 1.20, 1.96 nm, respectively), while TBN-TBN-BT CMP
has mesopores with an average diameter of about 2.24 nm (Fig. 3(d-f)).
The TBN-CMPs with amorphous structures were reflected in the X-ray
diffraction pattern [Figure S25], which did not show any crystalline
diffraction peaks, similar to other reported CMPs networks.

The surface morphologies of TBN-TBN-BT CMP, TBN-TBN CMP, and
TBN-TBN-TPA CMP were visualized by scanning electron microscopy
(FE-SEM). The morphologies of TBN-TBN-BT CMP and TBN-TBN CMP
were regular small spherical structures, and TBN-TBN-TPA CMP dis-
played regular large spherical nanoparticles [Fig. 4(a-c)]. Furthermore,
the elemental composition of these TBN-CMPs was investigated using
energy-dispersive X-ray spectroscopy (EDS), as illustrated in
Figs. S$26-S28. The data revealed that the elements C, N, and S in TBN-
TBN-BT CMP were distributed with a weight content of 61.56% for C
atoms, 37.49% for N atoms, and 0.94% for S atoms [Figure S26]. The
weight content of C atoms in the TBN-TBN CMP framework was 100%
[Figure S27]. The C and N elements were mostly supplied in TBN-TBN-
TPA CMP, and the contents of C and N were 55.89 and 44.11%,
respectively, in the TBN-TBN-TPA CMP framework [Figure S28]. Addi-
tionally, the TEM images (Fig. 4(d-f)) confirmed the shape of the TBN-
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Fig. 3. (a—c) BET isotherms and (d-f) pore size diagrams of TBN-TBN-BT CMP (a, d), TBN-TBN CMP (b, e) and TBN-TBN-TPA CMP (c, f).

CMPs. These images demonstrate the amorphous properties of TBN-
TBN-BT, TBN-TBN, and TBN-TBN-TPA CMPs, as well as tiny holes that
indicate a porous structure.

3.2. Electrochemical performance of TBN-TBN-BT, TBN-TBN, and TBN-
TBN-TPA CMPs

To compare the electrochemical performance, we measured the
behavior of all TBN-based CMPs in a three-electrode system using cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) using a 1
M KOH aqueous solution as the electrolyte. Fig. 5(a-c) show the CV
profiles of the TBN-CMP materials at various scan rates (5-200 mV s_l).
The rectangular shapes exhibited in the CV curves of all TBN-based
CMPs indicate that they originate from the capacitive response of elec-
tric double-layer capacitance (EDLC). The rectangle of TBN-TBN-TPA
CMP has the appearance of an extra bulge, which is the reversible
radical redox behavior of the pseudo-capacitor during the charging and
discharging processes [5]. As the scan rate increased from 5 to 200 mV
s’l, the current density was enhanced, and the maintenance of the CV
curve demonstrated its excellent rate capability. Moreover, the GCD
measurements in Fig. 5(d-f) are all detected from 0.5 to 20 A g’l and
display a slightly curved triangular shape, which is a pseudocapacitor
and EDLC characterization.

From the GCD curves, the estimated specific capacitance values of
the TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT CMPs were 108, 95, and
130 F g7l at a 0.5 A g7}, respectively, as depicted in Fig. 6(a). The

specific capacitances of three electrode materials, TBN-TBN, TBN-TBN-
TPA, and TBN-TBN-BT CMP, are summarized in Table S1 along with
other porous electrode precursors. The stability graphs (Fig. 6(b-d)) of
the TBN-based CMPs were measured for 2000 cycles at 10 A g~. TBN-
TBN-BT-CMP had the best capacitance retention rate of 98.2%
compared to TBN-TBN CMP (85.7%) and TBN-TBN-TPA CMP (95.5%).

3.3. Photocatalytic performance of TBN-TBN-BT CMP, TBN-TBN CMP,
and TBN-TBN-TPA CMP for Hy production

Next, the synthesized TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT
CMPs were examined through photocatalytic Hy production measure-
ments. UV/visible absorption spectra were measured for all the poly-
mers in methanol to investigate their photophysical properties, as shown
in Fig. 7(a). As expected, the TBN-TBN-TPA and TBN-TBN-BT CMPs
have the most red-shifted absorption onset compared to TBN-TBN CMP,
which is a result of the addition of TPA and BT in the TBN-TBN-TPA and
TBN-TBN-BT CMPs, respectively. As the acceptor strength increased, the
absorption spectrum was slightly red-shifted. The estimated optical
bandgap (Eg) of TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT CMPs is
1.98, 2.0, and 1.75 eV, respectively based on Tauc plots [Fig. 7(b)],
considering the light absorption, which is suitable for photocatalytic
water splitting process. As shown in Fig. 7(c) and Table 1, the energy
levels of the HOMOs for TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT
CMPs were determined using ultraviolet photoelectron spectroscopy
(UPS). The LUMO energy levels of the TBN-TBN, TBN-TBN-TPA, and
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Fig. 4. (a—c) SEM and (d—f) TEM images of TBN-TBN-BT CMP (a, d), TBN-TBN CMP (b, e), and TBN-TBN-TPA CMP (c, f).
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Table 1
Photophysical properties and HER of the TBN-CMPs.
Polymer HOMO/ Bandgap HER (pmol AQY (%)
LUM 11 B ——
UMO (V) (V) g ) 420 460 500
nm nm nm
TBN-TBN —6.12/- 1.98 8452 4.19 2.74 0.19
4.14
TBN-TBN- —5.76/- 2.00 9800 5.07 8.10 0.56
TPA 3.76
TBN-TBN- —5.22/- 1.75 3060 0.57 0.79 0.03
BT 3.47

TBN-TBN-BT CMPs are —4.14, —3.76, and —3.47 eV [Fig. 7(d)],
demonstrating that they may all have been stimulated to generate Hy by
visible light. Studies on photocatalytic hydrogen evolution have been
carried out at room temperature under visible-light irradiation
(380-780 nm). Gas chromatography (GC) was used to measure the gas
generated in the photoreactor (500 pL) for 1 h. During the investigation
of photocatalytic Hy evolution from water, methanol was added to the
three TBN-CMPs in the presence of ascorbic (AA) as a sacrificial electron
donor (SED) to increase the dispersing of the photocatalysts in water.
The platinum (Pt) co-catalyst was produced in situ by adding HyPtClg,
which enhanced photocatalytic Hy evolution. First, we examined TEA,
TEOA, and AA as sacrificial donors and Pt cocatalysts in aqueous solu-
tions of TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT CMPs by moni-
toring the HER for 4 h while exposed to visible light (Figure S29). The
HER of the photocatalytic process is greatest when AA is employed as the
SED. Therefore, ascorbic acid was employed to perform further opti-
mization testing, as mentioned in the supplementary information
(Figure S30). The amount of AA serving as an electron donor source was
then tuned using three concentrations (0.05, 0.1, and 0.2 M)
(Figure S30). With 0.2 M of AA, the HER performance of the TBN-TBN
and TBN-TBN-TPA CMPs was good. When utilizing 0.1 M of AA, the
TBN-TBN-BT CMP demonstrated the most efficient photocatalytic Hy
evolution. Next, we examined the effects of various Pt co-catalyst con-
tents utilizing the ideal experimental conditions for the TBN-CMPs for
Hy evolution (the origin of Pt was HyPtClg:2-6 wt%) (Figure S31).
Surprisingly, adding 2 wt% Pt noble metal to the TBN-CMPs solution as a
co-catalyst resulted in an outstanding HER. We also examined the
impact of the three synthetic TBN-CMPs at different doses (1.0, 2.0, and
3.0 mg) on HERs (Figure S32). The mass of the polymers has an inverse
relationship with the photocatalytic activity. The amount of Hy pro-
duced per unit of irradiation area is the most important factor in pho-
tocatalysis. The polymers operated best at 1 mg (Figure S32). Because of
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the poor light transmission and inadequate use of high polymer con-
centrations, the HER decreased as the amount of polymer increased. As
shown in Fig. 7(e), TBN-TBN-TPA CMP has the highest photocatalytic
hydrogen evolution (HER) approximately 9800 pmol g~* h™!, demon-
strating the potential of the A-D method for developing highly effective
polymer photocatalysts. Using three distinct bandpass filters at 420,
460, and 500 nm, to determine how much the spectrum contributed to
the H, production ability of the TBN-CMPs photocatalysts, the apparent
quantum yield (AQY) was computed, as shown in Fig. 7(f). The AQY
obtained for TBN-TBN-TPA CMP was 8.09% at an incident light wave-
length of 460 nm. Photocatalytic processes depend on separating
photoinduced holes and electrons and their mobility.

The PL spectra of the TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT
CMPs were measured in methanol, as shown in Fig. 8(a). Compared
with that of TBN-TBN CMP, the FL intensity of the TBN-TBN-TPA and
TBN-TBN-BT CMPs decreased significantly. TBN-TBN-TPA CMP has the
lowest fluorescence intensity, demonstrating that it has the greatest
capacity to separate photogenerated electrons from holes, which is ad-
vantageous for its Hp performance. Furthermore, electrochemical
impedance spectroscopy was used to study the electric resistance offered
by various electrodes via the ion diffusion process. Several Nyquist plots
with similar fitted circuits are shown in Fig. 8(b) and Figure S33
allowing us to identify several characteristics of the electrodes, such as
their circuit series-resistance and charge transfer resistances across the
interface, constant-phase-element, capacitance phase element of the
semiconductor-electrolyte interface, and the Warburg element, which
are all represented in the fitting circuit as Rg, Re, CPE, C, and Z,,
respectively [Figure S33]. According to Table S2, the electrodes of the
TBN-TBN, TBN-TPA CMP and TBN-BT CMPs offered very similar initial
series resistances of 8.30, 10.0, and 7.58 Q, respectively. In addition to
this, the charge transfer resistances offered by these three different
electrodes namely TBN-TBN, TBN-TBN-TPA CMP, and TBN-TBN-BT
CMPs were quite different. TBN-TBN CMP has offered the lowest
charge transfer (263 mQ) followed by TBN-TBN-BT CMP (619 mQ) and
TBN-TBN-TPA CMP (642 mQ). The photocatalytic H, evolution findings
are supported by the fact that the TBN-TBN-TPA CMP has the lowest
resistance compared to the others (Fig. 8(b)), suggesting that it has
better interfacial charge mobility than the others.

The control photocatalytic studies revealed, as shown in Fig. S34,
that the H; production could not be seen in pure H20 in the absence of
AA or TBN-CMP photocatalysts, demonstrating that the sacrificial agent
and polymer photocatalysts are necessary for the photocatalytic evolu-
tion of hydrogen. One of the factors used to gauge the potential of TBN-
TBN, TBN-TBN-TPA, and TBN-TBN-BT CMPs as photocatalysts for
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Fig. 8. (a) PL and (b) Nyquist curves of TBN-based CMPs.
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hydrogen evolution is their stability. After prolonged irradiation, all
TBN-CMPs exhibited almost unaltered FTIR absorption bands for aro-
matic CH (~3044 cm™ 1) and alkynyl groups (~2200 cm™Y) in their
framework structures [Figures S35-S37].

To clarify the structure-property relationship of TBN-TBN, TBN-TBN-
TPA, and TBN-TBN-BT CMPs and their HOMO/LUMO separations, DFT
results were calculated at the B3LYP level using the 6-31G (d,p) basis set
(Fig. 9, S38, S39, and S40). According to the findings of the theoretical
calculation, TBN-TBN CMP is a donor-donor (D-D) system; as shown in
Fig. 9, the TBN unit acts as an electron donor, where both HOMO and
LUMO are distributed on the TBN groups. In the case of TBN-TBN-TPA
CMP is an acceptor-donor (A-D) system, where the LUMO is mainly
localized on TBN, and the HOMO is localized on the TPA groups. TBN-
TBN- BT CMP is a donor-acceptor (D-A) system, where TBN acts as an
electron donor, and BT acts as an electron acceptor (Fig. 9). These
findings illustrate that A-D conjugation can effectively extend HOMO
level delocalization, thus enabling inter- and intramolecular charge
transfer and assuring high mobility [65].

Based on Fig. 10(a—c), we further investigated the charges on each
atom of the TBN-TBN, TBN-TBN-TPA, and TBN-TBN-BT CMPs. The red
color represents excess negative charges, while the green color repre-
sents excess positive charges, according to Mulliken population analysis
[66]. In other words, the molecular charge at the surface of these CMPs
is more negative (or more positive) when the sum of the charges is
applied. The TBN-TBN module does not contain any heteroatoms, so the
carbons on the TBN rings with non-fused carbons had the most negative
charge (—0.238), while the other fused carbon had the most positive
charge. TBN-TBN-TPA CMP had the most negative charge of —0.653 for
nitrogen atoms in the triphenylamine moieties and the most positive
charge values for carbon atoms that are directly connected to nitrogen
atoms. Furthermore, The TBN-TBN-BT model compound contained
more positive charges on the side ring of BT moiety, including sulfur and
two fused carbons, than on the other side. A significant negative charge,
—0.569, was exhibited by nitrogen and carbon on the BT rings. The most
likely interactions of the active sites on the surface of the CMPs with the
hydrogen protons on the reaction mixture during the photocatalytic
activity were identified using electrostatic potential (ESP) contour
mapping. To determine the system’s reactivity, ESP can predict the
electrophilic and nucleophilic sites in the target molecules. As noted in
the ESP, the positive regions are associated with nucleophilic sites,
whereas the negative areas are related to electrophilic sites. The
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potential increase in the order of red < orange < yellow < green < blue.
The ESP surfaces for the TBN-TBN, TBN-TBN-TPA and TBN-TBN-BT
CMPs were calculated using the B3LYP level and 6-31G(d) basis set, as
shown in Fig. 10(e-f). The carbon skeleton of TBN-TBN and
TBN-TBN-TPA CMPs exhibit a significant negative potential spread,
particularly around the triple bond of the carbon atoms. This is note-
worthy because triple bonds are highly polarizable and can generate
areas of high electron density, which can impact the material’s overall
electronic properties [67,68]. The electron density EPS mapping of
CMPs that contain triple bonds can detect areas with high electron
density surrounding the triple bonds, which can affect the material’s
electronic conductivity and reactivity. This can create more active sites
for the reduction of water molecules to hydrogen (Hs) during the pho-
tocatalytic reaction, as illustrated in Fig. 10(d) and (e). TBN-TBN-BT
CMP demonstrates a highly negative potential around the N atoms,
while the BT linker proton exhibits the highest positive potential (Fig. 10
(f)). These results are consistent with the experimental photocatalytic
activity of the TBN-based CMPs, as presented in Table 1. Table S3 pre-
sents a comparison of the synthesized TBN-TBN-BT, TBN-TBN, and
TBN-TBN-TPA CMPs with other reported CMPs in terms of their pho-
tocatalytic hydrogen evolution performance.

3.4. The mechanistic study of TBN-based CMPs

ESP mapping is a valuable tool to investigate the interactions be-
tween CMPs and other molecules, such as solvents or guest molecules,
which can provide useful insights into the material’s potential applica-
tions in areas such as energy storage, gas separation, and catalysis [69].
Based on this approach, the proposed photocatalytic mechanism,
depicted in Fig. 11, involves the A-D copolymer (TBN-TBN-TPA CMP),
containing a triple bond as an active site that adsorbs water molecules
from the reaction mixture and splits them into protons during photo-
catalysis. The absorption of photons generates electron/hole pairs. The
polymer structure consists of two different types of acceptor moieties
(TBN and triple bond), which facilitate and promote the transfer of
light-induced electrons from TPA to the proton. The presence of a triple
bond enhances the coplanarity of the polymer skeleton and leads to the
transfer of excited electrons to the Pt co-catalyst surface, resulting in
high proton reduction and hydrogen generation efficiency. Further-
more, AA molecules adsorb on the copolymer surface and capture
light-induced holes from the HOMO orbits of the donor, producing
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Fig. 9. Electron orbital distributions of the molecular orbitals of TBN-based CMPs.
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Fig. 11. The proposed photocatalytic mechanism of the TBN-TBN-TPA CMP
photocatalyst.

oxidized AA. This mechanism promotes the photocatalytic hydrogen
evolution reaction.

4. Conclusion

A series of TBN-CMPs using three different systems, donor-donor (D-
D), acceptor-donor (A-D), and donor-acceptor (D-A), were constructed
via the Sonogashira reaction. The T4;¢ values of the TBN-TBN-BT, TBN-
TBN, and TBN-TBN-TPA CMPs were 388, 383, and 382 °C, respectively,
indicating that the synthesized TBN-CMPs possessed good thermal sta-
bility (based on the TGA data). According to the energy storage results,
the capacitances of the TBN-TBN-BT, TBN-TBN, and TBN-TBN-TPA
CMPs were 130, 110, and 95 F g1, respectively. TBN-TBN-TPA CMP
has the highest HER of approximately 9800 pmol g! h7l

10

demonstrating the potential of the A-D method for developing highly
effective polymer photocatalysts. These results indicate that using TBN
as an acceptor enhances the H; evolution rate by increasing the number
of active sites for hydrogen reduction. The obtained AQY for TBN-TBN-
TPA CMP is 8.09% at incident light wavelengths of 460 nm. This study
introduces an innovative approach to enhance the photocatalytic effi-
ciency of conjugated polymer materials and their compatibility with
various solar energy conversion technologies. The findings may offer a
promising new method for developing such materials.
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