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Conjugated terpolymers bearing three kinds of T-monomers have been regarded as a promising platform
for photocatalytic hydrogen production (PHP). However, the high-performance terpolymers reported so far
typically involve large portions (=20 mol%) of the third monomer. Efficiently modulating the terpolymer by
utilizing minimum content of the third component remains a critical challenge. Herein, we report a donor—
acceptor linear terpolymer prepared by atom-economical C—H/C-Br coupling with an ultra-low ratio
(0.5 mol%) of benzothiadiazole (BT) as the third monomer, which can efficiently modulate properties and
afford a hydrogen evolution rate of up to 222.28 mmol h™* g~ with an apparent quantum yield of
24.35% at 475 nm wavelength in the absence of a Pt co-catalyst. Systematic spectroscopic studies reveal
that even a minimal amount of the BT monomer can effectively tune the light absorption and frontier

molecular orbitals of the resulting terpolymers. Compared to the BT-free BSO,—EDOT bi-polymer, the
Received 24th February 2025

Accepted 27th April 2025 terpolymer BSED—-BTj s involving 0.5 mol% of BT has a much faster electron transfer (5.76 vs. 1.13 ns)

and much lower exciton binding energy (61.35 vs. 32.03 meV), showcasing an important discovery that

DOI: 10.1039/d55c014389 the BT building block even with an ultra-low ratio enables the effective modulations of terpolymers with
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Introduction

As the world's fossil energy crisis worsens and global warming
intensifies, the search for green and sustainable energies has
become one of the key research areas."” Hydrogen gas (H,) has
garnered significant attention as a sustainable energy source
owing to its high calorific value with carbon-free emission.
Photocatalytic hydrogen production (PHP) is recognized as one
of the most promising technologies for converting solar energy
into green H,.*° Since Fujishima and Honda first reported
titanium dioxide (TiO,) photocatalysts for PHP application,”
numerous inorganic semiconductor photocatalysts have been
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explored for hydrogen production®® Inorganic photocatalysts,
however, struggle with the inefficient utilization of visible light
due to their rigid structures, which inherently constrain the
tunability of the bandgaps. w-Conjugated polymer (CP)-based
photocatalysts, such as graphitic carbon nitride (g-C;N,),"***
linear conjugated polymers (LCPs),">** conjugated microporous
polymers (CMPs),*>*¢ covalent triazine frameworks (CTFs),"”*®
and covalent organic frameworks (COFs),"*?' with unique
merits such as structural versatility and flexibility, broad
tunability of the opto-electrochemical properties, and
outstanding capacity for visible light absorption, have attracted
significant attention in recent years.?>>*?

The introduction of donor-acceptor (D-A) architecture into
polymeric photocatalysts has emerged as a convenient and
pivotal strategy for achieving efficient PHP.>*“* This is due to the
interaction between the electron donor and acceptor blocks,
which facilitates the formation of a robust internal electric field
across the polymeric backbone. This, in turn, triggers intra-
molecular charge transfer (ICT) from D units to A units.?**
Upon light irradiation, this ICT can effectively aid the electron
(e )-hole (h") pair separation—a crucial step toward photo-
catalysis. Furthermore, the huge library of m-monomers
provides enormous versatility in designing CP-based photo-
catalysts, enabling the fine modulation of the properties for
superior performance. Based on this principle, a large number
of donor and acceptor building blocks have been explored for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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building D-A polymer photocatalysts. In 2016, the Wang
group®® first reported a variety of D-A type CPs wherein benzo-
thiadizole (BT) served as an acceptor. By optimizing the
compositions, an optimal hydrogen evolution rate (HER) of 116
umol h™" (50 mg) was achieved. The Jiang group? developed
a D-A-type CP photocatalyst by using 3,7-dibenzothiophene-5,5-
dioxide (BTSO,) as an acceptor and achieved an HER of
5.697 mmol g~' h™". Recently, our group®® successfully devel-
oped an innovative D-A type LCP-based photocatalyst involving
3,4-ethylenedioxythiophene (EDOT) as the hydrophilic donor
and BTSO, as the acceptor through direct C-H arylation poly-
merization (DArP). This exceptional photocatalyst exhibits
aremarkable HER of up to 158.4 mmol h™" g%, coupled with an
unprecedented apparent quantum yield (AQY) of 13.6% at A =
550 nm by using 6 mg of photocatalyst without the aid of a Pt
cocatalyst.

Compared to the established binary D-A CPs, the ternary
strategy by incorporating a third building block into backbones
provides a new avenue for the design of CP-based photo-
catalysts. The pioneering work by Cooper's group® explored
terpolymer-based photocatalysts for hydrogen evolution by
polymerizing three kinds of m-monomers. This approach could
effectively modulate opto-electrochemical properties and
suppress the recombination of charges by leveraging the fron-
tier molecular orbital (FMO) gradients created by the multiple D
or multiple A units, thereby enhancing the charge carrier
separation and broadening the light absorption.**** For
example, the Araujo group® reported a library of D;-D,-A
ternary CP photocatalysts with improved PHP performance due
to the promoted light absorption by the electron-accepting BT
unit. The Jiang group® reported a library of D--A CP photo-
catalysts by using phenyl as m-linker units, showing broadened
light absorption enabled by the elongated w-conjugation,
thereby promoting the PHP performance. The Li group®*
ported a library of D-m-D-A terpolymer photocatalysts with
improved PHP performance due to the accelerated electron
transfer by 30 mol% of the pendant BT alongside the main
backbone. Very recently, our group® developed a library of
linear terpolymer photocatalysts by using phenyl as a m-linker,
among which, the terpolymer involving 25 mol% of the phenyl
block exhibits the optimal PHP performance due to improved
hydrophilicity and charge separation. It is reasonable to design
terpolymers to tune the light absorption and increase the carrier
lifetime, thus improving the photocatalytic activity. However,
the third building blocks of the terpolymers reported so far
typically need to be added more than 20 mol% to sufficiently
exert a synergic effect.**** It is still a critical challenge to effi-
ciently modulate terpolymers by utilizing a minimum ratio of
the third monomers.

In this work, a series of D-A type linear terpolymers with
EDOT as a donor and BTSO, and BT as acceptors were obtained
via an atom economical DArP strategy. The feed ratios of the BT
unit in the backbone were strategically tuned according to the
stoichiometry, leading to formation of ten linear terpolymers
(Scheme 1). Note that BT units incorporated even in ultra-low
ratios were able to drastically broaden the light absorption,
affect the charge transfer pathway, and facilitate the directional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic routes of bi-polymers BSO,—-EDOT and BT-
EDOT and terpolymer BSED—-BT, (x represents the molar ratio of BT)
via DArP polymerization.

charge transport of the terpolymers. The prepared terpolymers
exhibited strong absorption in the wavelengths between 300
and 600 nm, which was gradually extended to 800 nm with the
increase of BT content. As the BT content increases, the optical
bandgaps (E;) of the terpolymers undergo a precise modulation,
narrowing from 2.06 eV to 1.53 eV. These changes were mainly
attributed to the precise modulations of ICT, FMOs, and light
absorption of the terpolymers by finely tuning the ratios of BT
involved in the polymeric backbone, emphasizing the impor-
tant influence of the BT unit on the opto-electrochemical
properties. PHP tests show that the terpolymer BSED-BT 5o,
involving 0.5 mol% of BT units exhibits the highest HER up to
222.28 mmol h™' ¢~" under visible light (>420 nm) irradiation
without the use of Pt co-catalysts. The highest AQY achieved was
22.73% at 500 nm. Impressively, compared to the BT-free BSO,—
EDOT bi-polymer, the terpolymer BSED-BT, 5o, shows a much
faster non-radiative rate (0.23 vs. 0.69 ns), much lower exciton
binding energy (32.03 vs. 61.35 meV), and much faster electron
transfer (1.13 vs. 5.76 ns). This work discloses that 0.5 mol% of
BT can play a vital role in achieving ultrahigh HERs of the
terpolymer, which represents a novel protocol for the design of
high-performance terpolymer photocatalysts by using
a minimal amount of the third monomer.

Results and discussion
Synthesis and structural characterization

All polymers were prepared via the DArP polymerization of
EDOT with dibromo-benzothiophene-5,5-dioxide (BTSO,) and
BT by gradually tuning the stoichiometry of BTSO, and BT
building blocks (Scheme 1). The resulting ten binary & ternary
LCPs named BSO,-EDOT, BSED-BT, 1o,, BSED-BT s5,,, BSED-
BT, ¢, BSED-BT, 5o, BSED-BTs (o, BSED-BT0¢0, BSED-
BT,5.00, BSED-BTs 0, and BT-EDOT contain, respectively,
zero, 0.1 mol%, 0.5 mol%, 1.0 mol%, 2.5 mol%, 5 mol%,
10 mol%, 25 mol%, 50 mol%, and 1 equiv. of the BT unit.

The structures of the resulting LCPs with varied feed ratios of
monomers were verified by Fourier transform infrared spec-
troscopy (FT-IR) and solid-state '*C NMR. Fig. 1a and S1 (ESIY)
show the FT-IR spectra of all LCPs. The characteristic peaks at
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Fig. 1 (a) FT-IR spectra and (b) solid-state *C NMR spectra of BSO,—EDOT, BSED—-BTg 5% BSED—BT; g, BSED—BTs0 0% and BT-EDOT; SEM
images of (c) BSO,—EDOT, (d) BSED—BTg 5%, (€) BSED—BT4 gox. (f) BSED-BTs0 0. and (g) BT-EDOT. EDS elemental mapping of (h) N, (i) O and ()) S

in BSED—BTo_S%.

1 1

~1590 cm~ and 1080 cm ~ assigned, respectively, to the
stretch model of the aryl m-linkage backbone and skeletal
vibrations of the C-O-C in the EDOT unit can be found in all
LCPs. Except for BTSO,-free BT-EDOT, the other nine LCPs
exhibit characteristic peaks at ~1150 and ~1300 cm ' that
correspond to the stretching vibrations of the sulfone group
(S=0=S) of the BTSO, unit. The characteristic peak at
1440 cm™ " corresponds to the stretching vibration of the N-S
bond in BT. Notably, the intensity of this peak gradually
diminishes as the BT ratio decreases and ultimately vanishes in
the BT-free BSO,~EDOT bi-polymer.

Fig. 1b and S27 show the solid-state "*C NMR spectra of the
polymers, wherein the carbon atoms were labelled as “a-g”. All
polymers have a signal at ~65 ppm that belongs to the carbons
of ethylenedioxy groups in the EDOT unit (carbons a), and the
signals at ~140 and ~115 ppm are attributed to a« and B-
quaternary carbons of the EDOT unit (carbons b and c). The
signals of the BTSO, unit can be found at ~121 ppm (carbons
d), ~129 ppm (carbons f and g) and ~134 ppm (carbons e). It is
worth noting that the intensities of these BTSO, signals
decrease as the contents of BTSO, decrease and ultimately
diminish in the BTSO,-free BT-EDOT bi-polymer. The charac-
teristic signals of the carbons in the BT unit can be found at
~125 and ~152 ppm (carbons h and i), and the intensities of
these peaks progressively increase as the BT contents increase.
The above analyses evidently reveal that the trends of FT-IR and
3C NMR spectra are consistent with the structural evolution of

10000 | Chem. Sci, 2025, 16, 9998-10009

the terpolymers altered from the BT-free BSO,-EDOT bi-
polymer to the BTSO,-free BT-EDOT bi-polymer, implying that
the target LCPs containing varied amounts of BT have been
successfully obtained via the DArP strategy. The elemental
analysis (EA) was employed to further confirm the structures of
LCPs. The trend of N, C, H and S element contents in the five
representative LCPs derived from EA measurement (Table S1t)
matched well with the calculated results, demonstrating the
successful incorporation of varied monomers into the target
LCPs, especially for terpolymer BSED-BT, 5o, With a low content
of BT.

The morphology and element distributions of the as-
prepared LCPs were checked by scanning electron microscopy
(SEM) and energy-dispersive spectroscopy (EDS), respectively.
SEM images (Fig. 1c-g and S3t) reveal distinct morphological
features associated with the varying amounts of BT incorpo-
rated. The bi-polymers BSO,-EDOT and BT-EDOT exhibit
laminar and sphere stacking morphologies, respectively, and
the BT-containing terpolymers display morphologies that are
in-between those of the bi-polymers of BSO,-EDOT and BT-
EDOT. As shown in Fig. 1c-g and S3,} at an ultra-low ratio of BT
content (within 1.0%), the terpolymers exhibited layer stacking
morphology. When BT content escalates to 2.5%, the polymers
begin to aggregate and adopt the sphere stacking morphologies.
Ultimately, in the case of the BT-EDOT bi-polymer, the lamellar
stacking completely disappears, and instead, sphere stacking
appears. EDS was further employed to check the N, O and S

© 2025 The Author(s). Published by the Royal Society of Chemistry
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element distributions in the LCPs, whose intensities matched
well with the feed ratios of the monomers involved in the
polymers (Fig. 1h-j and S4, ESI{), and the N element is
accordingly absent in the EDS map of the BT- & N-free bi-
polymer BSO,-EDOT (Fig. S4t). Besides SEM, the particle size
distribution and average sizes of BSO,-EDOT, BSED-BTj, 50,
BSED-BT} oy, BSED-BTs5 g0, and BT-EDOT dispersed in NMP
were further examined by the dynamic light scattering (DLS)
method, showing size distributions in hundreds of nano-meters
(Fig. S111). This result is consistent with those of our previous
study.”®** The lamellar stacked polymers (Fig. 1c-g) are exfoli-
ated using NMP solvent and are able to be stripped into thin
flakes,**** which provides more active sites that are accessible to
photocatalysis.

Optical & electrochemical properties

Fig. 2a illustrates the photographs of the ten LCPs in the solid
state and in the solutions of NMP. The bi-polymers BSO,~-EDOT
and BT-EDOT appear as red and black powders, respectively,
whereas the colors of the terpolymer powders gradually get
darkened with the increase of BT contents. All the powdery LCPs

View Article Online
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are insoluble in common organic solvents including ethanol,
dichloromethane, chloroform, and toluene due to the absence
of solubilized alkyl side chains. Despite this, these polymers
exhibit remarkable dispersibility in aprotic polar solvents, such
as N,N-dimethylformamide (DMF) and N-methyl pyrrolidone
(NMP), to form stable colloidal solutions (Fig. 2a, below). The
colors of the NMP-dispersed bi-polymers BSO,-EDOT and BT-
EDOT are red and blue, respectively. As the BT ratios increased,
the colors of the terpolymers dispersed in NMP gradually
altered from red to brown and lastly to blue. The varied colors of
these LCPs in solid & solution imply that light absorption can be
facilely tuned by incorporating varied contents of BT into the -
backbones. Meanwhile, the miscibility of NMP with H,O will
endow these LCP colloidal dispersions with huge potential to
serve as reliable platforms for quasi-homogeneous photo-
catalysis in aqueous solutions.?®3>*

To gain deep insight into the structure-property correlations
of polymers involving varied feed ratios of w-monomers, UV-vis
diffuse reflectance spectroscopy (DRS), cyclic voltammetry (CV),
photoluminescence spectroscopy (PL) and transient photocur-
rent response (TPR) measurement were systematically carried
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Fig. 2

(a) Photographs of all polymers. (b) UV-vis DRS and (c) Tauc-plot of BSO,—EDOT, BSED-BTg 1%, BSED—BTg 55, BSED-BT; g%, BSED—

BT, 5%, BSED—-BTs %, and BSED—-BT,s o. (d) Steady state PL spectra, (e) energy band diagrams and (f) transient photocurrents under visible light

irradiation of all polymers.
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out to study their opto-electrochemical properties (Fig. 2b—f). As
shown in Fig. 2b and S5,f all the LCPs exhibit a strong light
absorption between 350 and 700 nm. Among them, the bi-
polymer BSO,-EDOT shows the most hypsochromic shift in
absorption onset (~600 nm), while the bi-polymer BT-EDOT
exhibits the most bathochromic shift in absorption onset
(~1010 nm, Fig. S51), indicating a stronger push-pull electron
effect in BT-EDOT because BT units have a stronger electron-
withdrawing ability than BTSO, units. As a result of this,
compared to the BSO,-EDOT bi-polymer, all terpolymers
exhibit a gradual bathochromic shift as the BT ratio increases
(Fig. 2b). Impressively, the terpolymer BSED-BT, ;4, even with
a 0.1 mol% molar ratio of BT blocks has a distinct red-shift
compared to the BT-free BSO,-EDOT bi-polymer (inset of
Fig. 2b), showing that the push-pull effect of the D-A interac-
tion modulated with the BT unit plays a vital role in narrowing
the bandgap and extending the light absorption of the
terpolymers, which makes them reliable for light harvesting
and photo-driven conversions. The E,s of the LCPs are calcu-
lated using the Kubelka-Munk formula and extracted from the
Tauc-plot function (Fig. 2¢ and S571), showing a decrease in the
range of 2.07-1.53 eV with the increase of BT contents (Fig. 2f).
Inspired by the perfect dispersibility of the LCPs in NMP, UV-vis
was also employed to investigate the light absorption of the
polymers in colloidal solutions (see Fig. 2a, below). UV-vis
spectra (Fig. S6T) show that the polymers dispersed in NMP
exhibit strong absorption in the visible light region between 400
and 700 nm. Like the powdery samples, these NMP-dispersed
LCPs also exhibit a gradual bathochromic shift as the BT ratio
increases, matching well with the feed ratios of the monomers.
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The steady-state PL and TPR were investigated to examine
the photogenerated carrier transport and separation in the
LCPs. The BT-free bi-polymer BSO,-EDOT exhibits the
maximum emission peak (Agm’) at ~645 nm, whereas all
terpolymers exhibit a noticeable redshift in AgR™ (Fig. 2d).
Meanwhile, the terpolymers containing BT exhibit lowered PL
intensities with the suppressed e /h* recombination, indicating
that the incorporation of BT units into the m-backbones
provides more probabilities for photon-to-electron conversion,
rather than photon-to-photon conversion. As shown in Fig. 2d,
the terpolymer BSED-BT, 4, even with 0.1 mol% of BT can
drastically weaken the PL intensity compared to the BT-free bi-
polymer BSO,-EDOT. As a result, the terpolymer BSED-BT 5o,
exhibited the highest photocurrent response (~1.6 pA ¢cm™?)
with four on-off cycles, which is 0.7 pA cm ™~ higher than that of
BSO,-EDOT (Fig. 2e). When the BT ratio exceeds 0.5 mol%, the
TPR of the terpolymers becomes gradually reduced, revealing
that 0.5 mol% is an optimal BT content for the photon-to-
current conversion, wherein more light induced excitons can
be produced.

CV was carried out to investigate the FMOs of the polymers
(Fig. S71). The reduction and oxidation waves of the polymers
come respectively from the electron-deficient BTSO, and BT
units and the electron-rich EDOT unit. The calculated lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) levels are presented in Fig. 2f,
showing that the LUMO levels of all LCPs have sufficient driving
forces for proton reduction. Due to the strong electron-deficient
character of the BT unit, the LUMOs decrease gradually as the
contents of BT increase in low ratios, reaching the deepest
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Fig.3

(a) PHP as a function of time for 6 mg polymers under visible light irradiation. (b) Normalized hydrogenolysis reaction rates of all polymers.

(c) AQYs of PHP for BSED-BT s« at six different incident light wavelengths. (d) Cycling stability test for BSED—-BTj s¢. () Comparison of the HER
of BSED-BTy 55 With those of other recently reported photocatalysts (blue colour indicates that the HER added Pt as a co-catalyst).28353845-56
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LUMO at the BSED-BTs5 (o, terpolymer that contains 5.0 mol%
BT. As the BT contents continue to increase (>5.0 mol%),
however, a gradual increase in LUMO levels is observed. The
increase of the LUMO at higher BT ratios may be due to the
twisted polymeric backbone caused by the BT unit (as can be
seen in DFT calculations), which reduces the intramolecular D-
A interaction along the conjugated backbone.

Photocatalytic hydrogen production performance

To study the structure-performance correlations of polymers
involving varied feed ratios of mw-monomers, the PHP of these
LCPs was systematically investigated under visible light irradi-
ation (A > 420 nm) by utilizing the quasi-homogeneous colloidal
dispersion of LCPs (6 mg) in NMP/H,0 mixed solvent**® and
ascorbic acid (AA) as a sacrificial electron donor without addi-
tion of the Pt co-catalyst. As shown in Fig. 3a, all LCPs
demonstrate the capacity to generate H, gas, albeit with
different HERs. The normalized HERs of these ten LCPs are
presented in Fig. 3b and Table S2.f The terpolymers BSED-
BT).10, and BSED-BT, s, exhibited superior PHP to the bi-
polymer BSO,-EDOT. Notably, the PHP of BSED-BT 5o, ach-
ieved a remarkable 6.67 mmol H, within 5 h, corresponding to
a normalized HER of 222.28 mmol h™! g™, which is 1.26 times
higher than that of BT-free bi-polymer BSO,-EDOT. However,
when the BT content in terpolymers surpasses 0.5 mol%,
a gradual decline in HERs is observed and results in the lowest
HER in bi-polymer BT-EDOT, demonstrating that a minimal
amount (0.5 mol%) of BT plays a vital role in the PHP
enhancement. To visualize this high hydrogen productivity,
a homemade setup was designed to monitor the PHP reaction
by using 3 mg of BSED-BT, s, photocatalyst. With this setup,
the produced H, was drained from the Schlenk tube under light
irradiation, wherein the amount of H, can be directly displayed
by the scales on a cylinder. After 2 hours of irradiation using
simulated sunlight, 80 mL of H, gas was amazingly produced
(ESI Vvideo 1f), corresponding to a normalized HER of
595.23 mmol h™* g~'. To our surprise, the same setup under
natural winter sunlight was able to produce 19 mL H, gas in 2
hours with an HER of 141.37 mmol h™' ¢~ (ESI Video 2 and
Fig. S87).

The AQYs of the BSED-BT, 5o, photocatalyst were investi-
gated under different monochromatic light sources to check the
solar-to-hydrogen conversion efficiency. The AQYs at 400, 420,
450, 475, 500, 550 and 600 nm were 15.51%, 15.12%, 14.98%,
24.35%, 22.73%, 10.46%, and 9.19%, respectively, whose trend
is in agreement with the UV-vis spectrum of its colloidal
dispersion in NMP (Fig. 3c), manifesting the light-driven
process of the proton reduction. It is noteworthy that the
highest AQY of 24.35% is achieved at 475 nm, which much
exceeds that of the pristine BSO,-EDOT bi-polymer. Next,
a cycling test lasting for 20 h in four cycles was carried out to
evaluate the stability of BSED-BT, 54, for the PHP reaction. As
shown in Fig. 3d, a linear correlation between the H, evolution
and time is well maintained in each cycle. To our delight, albeit
with 20 h of consecutive PHP reactions, the polymer retained
approximately 88% of the original HER. The decreased HER in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the last cycling test was mainly attributed to the consumption of
the SED, i.e., AA.254

It is known that the photocatalysts for the PHP reaction
typically need the aid of a Pt co-catalyst. Herein, the terpolymer
BSED-BT), 50, achieves an ultrahigh HER without the addition of
a Pt co-catalyst. For a comprehensive comparison, Fig. 3e and
Table S31 summarize the HERs of BSED-BTj 5o, and the refer-
enced polymeric photocatalysts, showing that BSED-BT| 50, is
one of the best performing candidates among the ever-reported
polymeric photocatalysts either with or without the aid of Pt
cocatalysts (Table S37).

To check the residual Pd contents of the LCPs and its effect
on the HER, three batches of BSED-BT,, 54, were synthesized by
the DArP strategy, respectively, by using 1 mol%, 3 mol% and
5 mol% Pd,(dba);, which are accordingly denoted as BSED-
BT, 50,1, BSED-BT 50,3 and BSED-BT, 5o,_s. The ICP-MS test
reveals that all LCPs exhibited almost equal residual Pt loading
(~0.8 wt%, Table S4t), which could be attributed to the satu-
ration of Pd loaded on the LCPs after identical post-treatment
procedures. The PHP tests on these three LCPs showed
a slight increase in the HER with the increase of Pd pre-catalyst
loadings (Table S47). This may be attributed to the increase in
polymerization degrees due to the increased Pd loadings for
DArP. The effect of residual Pd and polymerization degree on
the photocatalytic performance explored here also coincides
with previous studies.”®*” Given that Pt is the most efficient and
widely adopted co-catalyst for the PHP reaction (as demon-
strated by the majority of cases in Table S37), the residual Pd
remaining in the synthesized polymer photocatalysts is likely to
have minimal impact on PHP performance.

Photocatalytic mechanism studies

The above results reveal that even an ultra-low ratio of the BT
block incorporated into the backbone of terpolymers can play
a pivotal role in the PHP enhancement. To unravel this
intriguing phenomenon and understand the mechanism
behind this, the time-resolved photoluminescence (TRPL),
temperature-dependent PL, and fs-transient absorption spec-
troscopies (fs-TAS) of the BT-free bi-polymer BSO,~EDOT and
terpolymer BSED-BT, 5o, (Fig. 4) were systematically conducted
to study the effects of BT building blocks on the photo-exciton
transition, complexation, separation, and transfer processes.
First, TRPL spectroscopy was performed to investigate the
charge transfer. By fitting the decay curves (Fig. 4a and Table
S51), the weighted average lifetimes of BSO,-EDOT and BSED-
BT, 5o, were calculated to be 0.69 and 0.23 ns, respectively. The
shortened lifetimes of the excited state indicate a reinforced
suppression of the radiative exciton recombination in BSED-
BT, 50,, Which agrees with the steady-state PL spectra in Fig. 2d.
The decreased excited state lifetime and the lowered emission
quantum yield suggest that BSED-BT, 5¢,'s nonradiative rate is
more pronounced relative to its radiative rate.”®*’

The exciton binding energy (E};,) determines the nonradiative
transition of a photocatalyst. Ej, is usually used to describe the
energy thermodynamically required for exciton dissociation
into free e~ and h". The e~ present on the HOMO is excited and
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Fig. 4 Time-resolved PL (excited with 475 nm pulse) of BSO,—EDOT and BSED-BT 5 (a); integrated PL (Aex = 470 nm) intensities of BSO,—
EDOT (b) and BSED-BTg 5% (c) as functions of 1/T (insets show the temperature-dependent PL spectra); contour plots of fs-TAS and TAS with
different delay times of BSO,—EDOT (d and e) and BSED-BTg s (f and g); attenuation kinetic spectra (h) and fitting data (i) of BSO,—EDOT and

BSED-BT( 55 at the indicated wavelengths.

leaves h* behind, at which point the e on its way to the excited
leap to h* through Coulomb forces to form an exciton. A larger
energy difference between electrons (e~) and holes (h") reduces
their recombination probability in the bulk phase, thereby
facilitating exciton dissociation into free e~ and h*. The study of
E}, is thus an important means to understand the non-radiative
process of BT-based terpolymers. Here, the temperature-
dependent PL was checked to reveal the charge separation
kinetics and exciton binding energies.®® Owing to the thermally
activated non-radiative processes, the integrated PL intensities
of BSO,-EDOT and BSED-BT),, 54, decrease with the increasing
temperatures (Fig. 4b and c). The temperature-dependent PL
intensities can be expressed using the Arrhenius equation:
Iy
10 = T e mr

where I, is the intensity at 0 K, 4 is the Boltzmann constant, and
E}, is the exciton binding energy.®* The corresponding E, values
of BSO,-EDOT and BSED-BT), 54, obtained using the Arrhenius
equation are 61.35 and 32.03 meV, respectively. The lowered E},

10004 | Chem. Sci., 2025, 16, 9998-10009

of BSED-BT,, 5., indicates that the excitons in BSED-BT, 5o, can
be more readily dissociated than those in BSO,-EDOT, which
improves the concentration of charge carriers. This result
affirmed and agreed with the highest TPR response of BSED-
BT, 5o, in Fig. 2e.

The TRPL and temperature-dependent PL results confirm
the thermodynamic contribution of BSED-BT,, 5., with ultra-low
contents of BT to the charge carrier formation. The reduced E;,
of the excitons in BSED-BT), 50, facilitates their dissociation into
free charges, thereby increasing non-radiative recombination
probability and meanwhile suppressing bulk recombination.

To examine the contribution of BT units to the excited state
and carrier dynamics on a picosecond scale, fs-transient
absorption spectra (fs-TAS) were measured for BSO,-EDOT
and BSED-BT, 5o, (Fig. 4d-i) from 0 to 1000 ps by excitation at
470 nm. As shown in Fig. 4d and e, BSO,-EDOT exhibits
a distinct negative band in the 420-542 nm range, corre-
sponding to ground-state bleaching (GSB) without the BT-
mediated reduction of the E,. The GSB peaks of both polymers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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align closely with their absorption edges. Notably, BSED-BT, 5o,
displays a GSB signal in the 616-693 nm range (Fig. 4f and g),
which is absent in BSO,-EDOT, demonstrating that trace BT
incorporation effectively broadens the light absorption range of
the terpolymer. At 454 nm, the absorption intensity gradually
increases for BSO,-EDOT (~0.5 ps) and BSED-BTj 5o, (~2 ps),
corresponding to the electron-electron relaxation process to the
LUMO. Here, e~ in the HOMO are photoexcited to the LUMO,
leaving h" in the HOMO. Some of these photoexcited e~ may
recombine with h* via radiative (fluorescence) or nonradiative
(heat) pathways, while others survive through rapid electron
transfer processes. The suppressed e /h* recombination in the
BSED-BT),, 50, terpolymer leads to a faster decay rate of its GSB
peak (~1000 ps, Fig. 4g) compared to that of the BSO,-EDOT bi-
polymer (>1000 ps, Fig. 4e).

To elucidate the effect of the ultra-low ratio of BT on the
dynamics of charge carriers, the decay kinetics of BSO,~EDOT
and BSED-BT, 54, at specific wavelengths were combined and
analyzed (Fig. 4h and i). The decay transient can be described by
a double exponential function, and the fitting results yielded
time constants t; and 7, with different coefficients, which
correspond, respectively, to the electron transfer and capture
processes. The 7; and 7, are 5.76 and 44.76 ps for BSO,-EDOT
and 1.13 and 48.10 ps for BSED-BT, 5o, respectively (Fig. 4i).
The TAS kinetics results reveal that, compared to BSO,-EDOT,
BSED-BT, 5, has an ultra-fast electron transfer (z,) and a longer
electron capture time (7). Meanwhile, unlike BSO,-EDOT,
BSED-BT),, 54, exhibits additional decay pathways owing to the
electron transfer centers provided by the BT segments, enabling
rapid electron transfer. This accelerates exciton dissociation
and enhances electron-hole pair separation. Overall, the TRPL,
temperature-dependent PL, and fs-TAS in Fig. 4 evidently reveal
that even with an ultra-low ratio of BT (0.5 mol%), the exciton Ej,
is significantly reduced, triggering rapid exciton dissociation
and increasing the nonradiative transition to generate more
free charges. Furthermore, the BT segments create stronger
electron transfer centers that rapidly shuttle surrounding elec-
trons, improving carrier dynamics, and ultimately enhancing
photocatalytic performance.

(a)

I

BSO,-EDOT

BSED-BTso 0

BSED-BT s,

A A -
pH 2 4 6 8 10
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The water-wettability of photocatalysts has always played an
un-negligible role in the PHP reaction.®>* Typically, CPs with
high water wettability is advantageous to aqueous photo-
catalysis. Here, the wettability of the LCPs was investigated by
the contact angle (CA) test (Fig. 5a-e and S10t). BTSO, and
EDOT have been demonstrated, respectively, as hydrophilic
donor* and acceptor® monomers for CP-based photocatalysts.

Accordingly, the bi-polymer BSO,-EDOT has a low water CA
of 12.0° with a fine wettability. After incorporating a minimal
amount of BT unit (0.1 and 0.5 mol%), the terpolymers BSED-
BT, 14, and BSED-By 5, exhibit water CAs of 12.4° and 12.6°,
respectively, implying that an ultra-low ratio (<1.0 mol%) of BT
has a negligible impact on the wettability. However, as the BT
ratio surpasses 1.0 mol%, a gradual increase in the water CA is
observed, culminating in a significant increase to 40.5° in the
case of bi-polymer BT-EDOT might be due to the low hydro-
philicity of the BT unit. The water CA test (Fig. 5a—e and S107)
reveals that the incorporation of BT less than 1.0 mol% has
a negligible effect on the water wettability.

The adsorption of H' by the photocatalyst is a key step for the
mass transfer in the PHP process. Zeta potential measurements
of BSO,-EDOT and BSED-BT)|, 5, were carried out to check their
surface affinity toward H'. In comparison to BSO,-EDOT,
BSED-BT, 54, has a more negative zeta potential (Fig. 5f) and
thus a stronger electrostatic attraction toward H',**® which is
conducive to the reduction of H to H,.

To further disclose the mechanism behind the enhanced
performance of the BTSO,-EDOT-BT based terpolymers, the
density-functional theory (DFT) calculations at the B3LYP/6-31G
(d, p) level using the Beijing density functional (BDF) compu-
tational software package were conducted.®** Here, the tetra-
mers of the four representative polymers were set as models M1,
M2, M3 and M4 for calculations. The calculated molecular
geometries, dipole moments (DPs), FMO distributions and
electrostatic potentials (ESPs) of the polymers are presented in
Fig. 6a-d and S9.f The optimized oligomeric models exhibit
twist geometries (Fig. S9t). In bi-polymer BSO,-EDOT, the
dihedral angles of BTSO, with adjacent EDOT are about 8.8°
and 11.2°, while in bi-polymer EDOT-BT, the dihedral angles of
the BT unit with adjacent EDOT units are 2.4° and 43.8°. Thus,

(c) \
BSED-BT ¢
(f) « ——BS0,-EDOT
s 30

pe ——BSED-BTy 5,

10 2

04---cacea-2
-10
-20

ta potential (m

Ze
g

Fig.5 Water CAs of BSO,—~EDOT (a), BSED-BTy s (b), BSED—BT; 0% (c), BSED—BTs 0% (d), and BT-EDOT (e); (f) zeta potentials of BSO,~EDOT

and BSED-BTg ss,.
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when the BT unit was introduced into the terpolymer to partially
replace BTSO,, the backbone became more twisted with
a decrease in the planarity.

The introduction of built-in electric fields (BEFs) into semi-
conductors has been regarded as a viable strategy to promote
the dissociation of photoinduced excitons into banded e /h*
pairs, thereby achieving higher carrier concentrations.” The
BEFs mainly rely on the polarization of semiconductors induced
by the molecular DPs. The DP values (Fig. S91) for the models of
M1, M2, M3 and M4 are 5.48, 4.87, 10.90, and 2.86 debye (D),
respectively. Here, M4 exhibits the lowest DP value, indicating

View Article Online
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that a higher ratio of BT weakens the BEF intensity of the
terpolymer. However, M2 and M3 show distinct dipole moment
magnitudes, likely due to the different positions of BT units in
their models: the relatively symmetric M2 model has a weaker
DP, while the less symmetric M3 model displays a stronger DP.
The BT units are statistically distributed in BSED-BT| 5o, which
will enhance its DP, thereby strengthening the BEFs. This DFT
predication is consistent with the experimental results of the
varied optical & electrochemical tests in Fig. 2d, e and 6.

The FMO distributions of the molecular models are shown in
Fig. 6. The HOMOs and LUMOs show a partial separation in the
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Fig.6 DFT-predicated FMO distributions and ESPs of the tetramers M1 (a), M2 (b), M3 (c), and M4 (d); the total energy of protons adsorbed on BT

(e) and on BTSO; (f); the adsorption free energy during H* reduction (g).
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BSO,-EDOT

BSED-BT,

Fig. 7 Comparative PHP pathways of the BSO,—EDOT bi-polymer
and BSED-BT, terpolymers.

bi-polymer model M1. As the third building block BT unit was
involved, the LUMOs become localized on the BT units, and the
HOMOs become delocalized across the EDOT and BTSO, units.
For the bi-polymer model M4, the LUMOs are mainly located on
the electron-withdrawing BT unit, while the HOMOs are
distributed across the entire molecule. This suggests that BT
units act as relay centers capable of rapidly transferring
surrounding electrons. The LUMO level of M4 is more negative
than those of M2 and M3, a trend that matches the data ob-
tained from the CV test (Fig. 2f). Consistent with the FMO
distribution, positive charges are predominantly localized on
the electron-donating EDOT units, while negative charges
concentrate on the electron-accepting BTSO, and BT units (ESP
in Fig. 6). This indicates a charge transfer direction from EDOT
to BTSO,/BT. The FMOs and ESP distributions suggest that,
among the four models, M2 or M3 demonstrate that ultra-low
ratios of BT can create stronger electron transfer centers and
additional electron transfer pathways, thereby enhancing pho-
tocatalytic performance. Furthermore, the proton (H') adsorp-
tion energy was calculated to predicate the affinity of BT and
BTSO, units toward protons (Fig. 6e and f). The results reveal
that the N atoms on BT exhibit stronger H' adsorption ability
and lower energy barriers compared to the O atoms on BTSO,
(Fig. 6g), allowing H' to be more readily reduced on BT units.

The above DFT calculations clarify that the BT units in the
polymer create electron transfer centers, generating additional
electron transfer pathways. The preferential adsorption and
reduction of H' on BT ensure the efficient utilization of trans-
ferred electrons.

Based on the experimental analyses (Fig. 2d and e, 4 and 5f)
and theoretical calculation (Fig. 6), the photocatalytic mecha-
nism of BSED-BT, s, is present as below (Fig. 7). Compared to
the BSO,-EDOT bi-polymer, the ultra-low ratio of BT in the
BSED-BT, 5, terpolymer has a higher affinity toward H" and
broader light absorption. More photo-induced electrons are
quickly transferred to the active sites, produce longer-lived
carriers due to its lower Ep, and thus catalytically reduce the
adsorbed H' to H, in a more efficient way.

Conclusions

A series of D-A type semiconducting linear conjugated polymers
involving varied feed ratios of BTSO,, EDOT and BT monomers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were facilely synthesized by an atom-economical DArP strategy.
To clarify the structure-property-performance correlations, the
LCPs were fully characterized by SEM, EDS, UV-vis, PL, CV, TPR,
TRPL, temperature-dependent PL and fs-TAS spectroscopies, CA
measurement and DFT calculations and evaluated as photo-
catalysts for the PHP reaction. The terpolymer BSED-BTj 50,
exhibits an HER of up to 222.28 mmol h™* g~* under visible
light irradiation and a top AQY of 24.35% at 475 nm without the
aid of Pt co-catalysts. Systematic mechanism studies reveal that
the BSED-BT), 50, terpolymer involving a minimal amount of BT
(0.5 mol%) has a negligible impact on the hydrophilicity, but
shows outstanding merits over the pristine BSO,-EDOT bi-
polymer, including (1) higher affinity toward H, (2) broader
light absorption, (3) drastically lowered Ej, (32.03 vs. 61.35 meV),
(4) much faster electron transfer (1.13 vs. 5.76 ps), (5) increased
electron capture time, and (6) improved carrier dynamics, all of
which facilitate the PHP reaction. Our study reveals the signif-
icance of the ultra-low ratios of BT in terpolymers and provides
unique insight into the design of high-performance CP
photocatalysts.
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