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Broader context

Synergistic dual-electron acceptors in linear
conjugated polymers for boosting photocatalytic
hydrogen evolution
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A conjugated polymer photocatalyst containing dual-electron acceptor units, dibenzolb,d]thiophene
sulfone (DBS) and 2,1,3-benzothiadiazole (BT), known as PBT, has been synthesized for its strong
electron-withdrawing abilities and structural flexibility. However, the inherent hydrophobicity of PBT
leads to significant particle aggregation, hindering colloidal stability and electron transfer to protons. To
overcome these limitations, fluorine and ethylene glycol (EG) groups are strategically incorporated into
the BT unit to enhance molecular planarity and hydrophilicity, respectively. This molecular engineering
effectively suppresses exciton and charge recombination, facilitating efficient charge separation and
extraction. Comprehensive spectroscopic analyses—including time-resolved photoluminescence (Tr-PL)
and transient absorption spectroscopy (TAS)—reveal that EG-functionalized polymers exhibit prolonged
exciton lifetimes and strong photoinduced absorption at early timescales, indicating both suppressed
non-radiative recombination and effective charge generation. Importantly, these modifications enable
rapid charge separation and transfer with more efficient electron extraction to protons, mitigating
charge accumulation within aggregated domains. Among the modified polymers, 4EG-PBTz-F, with
di-fluoro substituents and tetra-ethylene glycol groups, achieves the highest hydrogen evolution rates of
15.476 mmol gt and 3.095 mmol g~* h™! with a 3 wt% Pt co-catalyst. These results highlight the
effectiveness of dual-electron acceptor design and interfacial control, offering a multi-faceted design
strategy in photocatalytic hydrogen evolution systems.

Hydrogen is a promising clean energy carrier in the transition to a sustainable energy economy, particularly when generated from sunlight via photocatalytic
water splitting. As a direct solar-to-chemical energy conversion strategy, photocatalysis offers a simple and scalable route for hydrogen production without

reliance on external electrical input or complex device architectures. Organic photocatalysts provide unique advantages in this context, including molecular
tunability, low-temperature processability, and compatibility with aqueous systems. Their structural flexibility allows for precise modulation of light
absorption, exciton behavior, and interfacial charge transfer dynamics, offering a powerful platform for material innovation in solar fuel generation. In this
study, we report a dual-electron acceptor-based linear conjugated polymer system, rationally designed with fluorinated and ethylene glycol-functionalized side
chains. This design enhances exciton stability, promotes rapid charge separation, and facilitates strong polymer-solvent interactions, resulting in significantly
improved hydrogen evolution activity. By leveraging the molecular design freedom of organic materials, this work contributes to the development of efficient

photocatalysts for solar-driven hydrogen production. These findings highlight the broader potential of organic systems in advancing decentralized, carbon-

neutral energy technologies.
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Hydrogen consumption is increasing as industries adopt eco-
friendly energy in response to climate change, with green
hydrogen derived from renewable sources such as solar, wind,
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process that utilizes sunlight to separate water into hydrogen
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and oxygen, not only directly utilizes solar energy but also
facilitates hydrogen fuel storage, presenting a promising ave-
nue for integrating renewable energy.®” Extensive research in
photocatalysis has primarily focused on inorganic materials,
such as metal oxides and chalcogenides.®* > Although these
materials exhibit high stability and efficient electron mobility
due to their well-ordered crystalline structure, they face sig-
nificant limitations stemming from their wide bandgaps, which
confine light absorption to the UV region, and challenges in
engineering molecular structures due to rigid structural frame-
works. To address these challenges, recent studies have shifted
toward conjugated organic molecules, including carbon
nitrides, covalent organic frameworks, and linear conjugated
polymers (LCPs). These materials offer distinct advantages
such as cost-effectiveness, enhanced light absorption effi-
ciency, and tunable molecular structures, making them pro-
mising candidates for photocatalytic applications in hydrogen
evolution.”*™°

In particular, LCPs are gaining attention due to effi-
cient charge transport facilitated by their n-n stacking struc-
ture and their versatility for processing into films and
particles suspended in solutions, as well as low environmental
impact.”°>* Among these materials, dibenzo[b,d]thiophene
sulfone (DBS) has recently emerged as an effective organic
photocatalytic moiety in current research.'®'® DBS is an elec-
tron acceptor that is known to offer a water-compatible environ-
ment around its polar sulfone unit, promoting the electron
transfer necessary for proton reduction.”> However, DBS
synthesized as a single repeating unit for a homopolymer,
referred to as P10, forms sub-micrometer-scale particles with
limited uniformity. This affects dispersion stability and imparts
a rigid structure that limits side-chain engineering.'® Conse-
quently, electron donor-acceptor (D-A) copolymers combining
electron donor moieties with DBS have been explored to over-
come these limitations, although the reduced proportion of the
acceptor unit in these copolymers can decrease the overall
electron-withdrawing ability.”®?” To further enhance the photo-
catalytic efficiency, recent studies have investigated dual-
acceptor systems incorporating sulfone-based groups, which
increase the electron output sites and improve charge separa-
tion and transfer efficiency.”®

Building upon this strategy, this study introduces a 2,1,
3-benzothiadiazole (BT) unit as an additional electron acceptor
in a DBS-based polymer, resulting in PBT, with the aim of
achieving both enhanced structural adaptability and proton
reduction efficiency (Fig. 1). Recent research indicates that the
nitrogen (N) atoms in the BT unit play a central role in
photocatalytic activation, particularly in proton reduction
reactions.”® While BT alone has limitations such as poor light
absorption and hydrophobic characteristics, integrating it with
DBS could mitigate these drawbacks.

In this study, a dual-acceptor polymer, PBT, was synthesized
with enhanced electron-accepting ability. Fluorine (F) substi-
tuents and ethylene glycol (EG) side chains were introduced to
the aromatic carbons and diazole ring of the BT unit, respec-
tively, to enhance backbone planarity via hydrogen bonding
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and to enhance polymer-solvent interactions in hydrophilic
environments.***> These structural modifications are expected
to increase the dispersibility of LCPs, facilitating efficient
charge separation and transfer, ultimately impacting photoca-
talytic activity. Density functional theory (DFT) calculations and
optical property analyses were performed to investigate how the
bonding characteristics and charge density distribution of the
PBT-based polymer affect exciton generation and recombina-
tion across the absorption region. Charge carrier dynamics
were measured to trace the behavior of electron-hole pairs over
time, analyzing mechanisms of charge separation and transfer.
Furthermore, morphological properties and hydrophilicity were
evaluated to assess polymer-solvent interactions resulting from
side-chain engineering, providing insights into the dispersibility and
stability of the photocatalyst. Consequently, 4EG-PBTz-F, incorporat-
ing di-fluoro substituents and tetra-ethylene glycol, exhibited a high
hydrogen evolution rate (HER) of 3.095 mmol ¢~ h™" with a 3 wt%
Pt co-catalyst under 1 sun illumination. This molecular design also
enabled substantial stability over extended periods.

Results and discussion
Material synthesis and characterization

Here, we designed and synthesized novel monomers and
copolymers using three acceptor units for organic photocata-
lysts in water-splitting hydrogen evolution. The detailed syn-
thetic procedures and characterization are presented in the SI
(Schemes S1-$13 and Fig. S1-523).**** Among the acceptor
units, the DBS unit is extensively studied due to its high
hydrophilicity, excellent electron-accepting ability, and effective
electron transfer properties (Schemes S1 and S2).*°* The
second is the BT unit, which has recently emerged as a
promising acceptor due to its N reduction site (Scheme $3).*°
The last unit is the 5,6-difluoro-2H-benzo[d]|[1,2,3]triazole (BTz)
unit (Scheme S4). The BTz unit can leverage the advantages of
organic materials, particularly its ability to accommodate
various substituent modifications on the N site. To enhance
both stability and charge mobility, we introduced F as a
substituent.*” Additionally, we incorporated three different
lengths of EG-based side chains to improve solubility in water,
ultimately developing new monomers (Schemes $5-57).*°"*® we
successfully designed and systematically synthesized three
soluble (REG-PBTz-Fs) and three insoluble (PBT, PBT-F, and
PBTzH-F) LCPs as photocatalysts by fixing DBS and changing
the BT-based monomers (Fig. 1 and Schemes S8-513). These
conjugated polymer photocatalysts were easily polymerized
using Suzuki aryl-aryl coupling reaction with Pd(PPh;),.*
End-capping was performed using bromobenzene and phenyl-
boronic acid to block reactive terminal groups that could
impact performance. This alternating arrangement and end-
capping enhance the reliability of HER characteristic assess-
ments. Moreover, previous studies have indicated that Suzuki
aryl-aryl coupling polymerization, which results in residual
palladium metal, generally performs better than Yamamoto
aryl-aryl coupling polymerization, which leaves residual nickel

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthetic routes and chemical structures of (a) DBS series monomers, (b) BT series monomers, and (c) PBT-based

copolymers.

metal.*" However, excessive residual Pd can negatively affect
performance, and significant variation in residual Pd content
among copolymers can make it challenging to compare their
properties. To address this, we employed repeated precipitation
in methanol. We conducted Soxhlet extraction with various
solvents to remove small molecules and oligomers, yielding a
high polydispersity index (PDI) and minimizing residual Pd
content (Table S1).*>

We conducted structural analyses of the synthesized LCPs
and investigated factors affecting hydrogen evolution efficiency.
Insoluble copolymers such as PBT, PBT-F, and PBTzH-F pose
challenges for precise analysis due to their insolubility in
typical organic solvents such as THF, DMF and chloroform.*®
To address this limitation, we utilized FT-IR spectroscopy
and solid-state '*C cross-polarization magic angle spinning
(CP/MAS) nuclear magnetic resonance (NMR) spectroscopy
measurements to examine the structures of these insoluble
copolymers (Fig. S24). The FT-IR spectra exhibited character-
istic peaks at approximately 1600 and 1465 cm ', corres-
ponding to the typical C=C stretching vibrations of aromatic
backbones (Fig. S24a). Furthermore, the C—N stretching
vibration from the BT unit was observed at approximately

1 1

1650 cm™ . Peaks at approximately 1307 and 1157 cm™ are
attributed to the stretching vibrations of the sulfone group
(0=$=0) from the DBS unit.’’™* To further analyze the
structure, solid-state '*C CP/MAS NMR spectroscopy was
employed for characterization (Fig. S24b). The main peaks
ranged from 122 to 136 ppm, with peaks between 122 and
131 ppm attributed to aromatic carbons (C—C, C-H, C-F) in
the BT group and aromatic carbons (C—C, C-H) in DBS. In
addition, the peak at 136 ppm corresponded to the sulfone
group carbons in DBS, while peaks between 149 and 160 ppm
were assigned to the C=N bonds in the BT group.*®***°

The soluble polymers (REG-PBTz-Fs) were structurally easier
to analyze, and structural analysis was performed using
"H-NMR (400 MHz) spectroscopy. The DBS unit exhibited a
characteristic aromatic 6H signal in the range of 8.5-7.5 ppm,
while the protons from the EG-based side chains appeared
between 5.2 and 3.2 ppm (Fig. S21-S23). Additionally, the
molecular weights of the three insoluble polymers could not
be determined due to their limited solubility.*”*® However, the
molecular weights of the three soluble polymers were success-
fully measured using gel permeation chromatography (GPC)
with chloroform as the eluent. The GPC results revealed

Table 1 Molecular weight, and optical and electrochemical properties of PBT, PBT-F, PBTzH-F, 2EG-PBTz-F, 3EG-PBTz-F, and 4EG-PBTz-F

Material M,/M,* (kDa) PDI* LUMO? (eV) HOMO?” (eV) Egprr” (eV) Egopt’ (€V) Jmax (nm)
PBT — — 3.02 6.00 2.98 2.98 321/432
PBT-F — — 3.10 6.18 3.07 2.66 324/374
PBTZH-F — — 2.80 5.99 3.19 2.79 404
2EG-PBTz-F 59.7/71.3 1.19 2.70 5.89 3.19 2.97 369
3EG-PBTz-F 68.6/88.2 1.28 2.70 5.89 3.19 3.00 371
4EG-PBTz-F 71.8/99.3 1.38 2.70 5.89 3.19 2.94 379

“ Measured by GPC; the eluent was chloroform. ” Values were calculated via DFT calculation. ¢ Values were evaluated using a Tauc plot (Fig. S31).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecular weights of 59.7 kDa for 2EG-PBTz-F (PDI = 1.19),
68.6 kDa for 3EG-PBTz-F (PDI = 1.28), and 71.8 kDa for
4EG-PBTz-F (PDI = 1.38) (Table 1).

Furthermore, SEM-EDS mapping provided additional struc-
tural information, showing uniform distribution of each ele-
ment across the polymer matrix, which, while not entirely
precise, contributed to confirming the structural composition
(Fig. $25).""">*° Furthermore, X-ray diffraction (XRD) data
indicated that all samples exhibited amorphous characteristics,
a common feature in conjugated polymers (Fig. S26a). The
introduction of side chains enabled the polymers to become
soluble, thereby enhancing their amorphous nature, as evi-
denced by the broad peaks observed in the XRD patterns of
polymers with side chains, indicating a more pronounced
amorphous character due to the tendency to disrupt a long-
range order. In contrast, polymers without side chains exhib-
ited relatively narrower peaks, suggesting a slight degree of
crystallinity. This observation confirms that while side chain
introduction enhances the amorphous nature of the polymers,
those without side chains may retain some crystalline
order.***

Thermogravimetric analysis (TGA) results revealed that the
decomposition temperatures (74) of all polymers, whether
soluble or insoluble, were close to or exceeded 300 °C, indicat-
ing their significant thermal stability (Fig. S26b). The high
decomposition threshold implies that the polymers can resist
thermal degradation, making them suitable for applications
requiring robust thermal endurance.*®*”*°

The DFT analysis of the polymers, including the distribu-
tions of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), along with
partial charge mapping, provides valuable insights into their
potential as photocatalysts for hydrogen evolution (Fig. S27).
The spatial separation of the HOMO and LUMO orbitals across
the polymer backbones indicates effective charge separation,
which is crucial for reducing electron-hole recombination and
enhancing photocatalytic efficiency. This separation suggests
that the polymers can absorb light energy, facilitating the
electron transfer crucial for driving redox reactions in hydrogen
evolution. To further assess these theoretical predictions, cyclic
voltammetry (CV) measurements were performed for all con-
jugated polymers (Fig. S28 and Table S2). The electrochemically
determined energy levels exhibit general agreement with the
theoretical values. These findings support the reliability of DFT
calculations in describing the electronic structures of the
investigated materials. The partial charge distribution further
clarifies the electronic structure, revealing regions of high
electron density around the sulfone and nitrogen-containing
groups, which are potential active sites for redox reactions.
Electron-rich regions favor reduction processes, while electron-
deficient regions support oxidation. Moreover, the introduction
of side chains, such as EG-based chains, influences the charge
distribution, potentially improving electron mobility and sup-
porting charge separation within the polymer matrix. The
HOMO-LUMO analysis and partial charge mapping provide a
theoretical framework for understanding the electronic and
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reactive properties of these polymers, thereby aiding in the
design and optimization of LCP-based photocatalysts for effi-
cient hydrogen evolution. This combined analysis lays the
groundwork for future experimental validation to confirm the
predicted photocatalytic performance (Fig. 2 and Fig. S29 and
$30).%7

Optical and electronic properties

UV-vis absorption measurements were conducted to investigate
the optical properties of the polymers in detail (Fig. 2a). The
optical properties measured are summarized in Table 1. The
polymer particles for UV-vis spectroscopy were prepared in a
triethylamine (TEA):methanol (MeOH):H,O solution. In the
PBT structure, the BT unit exhibited an absorption peak at
approximately 320 nm, while the DBS unit exhibited a peak at
approximately 432 nm.'® In the case of PBT-F, the absorption
peak at 374 nm in the UV-vis spectrum is attributed to the DBS
unit. This assignment is supported by the disappearance of the
324 nm peak upon the introduction of a nitrogen atom into the
BT unit, while the 374 nm peak remains unchanged, indicating
that the 324 nm peak corresponds to the BT moiety. Further-
more, the introduction of F substituents increases the electron
density around the BT unit, as shown by electrostatic potential
(ESP) data, which induces a blue-shift of the DBS-derived
absorption peak, resulting in the 374 nm peak observed in
PBT-F. This redistribution of electron density also decreases
both the HOMO and the LUMO energy levels of PBT-F, indicat-
ing deeper electronic states. Substituting the S atom in BT with
an N atom eliminates the BT peak, resulting in a significantly
red-shifted absorption peak for DBS. This change is attributed
to a more uniform electron density distribution and a
decreased dihedral angle, which increases molecular planarity
(Fig. S29). The improved planarity facilitates efficient electron
transport and reduces peak tailing at lower energies, enhancing
the optical properties for photocatalytic applications. In the
UV-vis spectrum of 2EG-PBTz-F, the addition of diethylene
glycol side chains to PBTzH-F causes a pronounced blue shift
of the DBS peak. ESP data confirmed this shift, suggesting that
the electron-donating properties of the EG groups localize
electrons on the DBS unit backbone. Conversely, the UV spectra
of 3EG-PBTz-F and 4EG-PBTz-F exhibited a more red-shifted
absorption peak compared to 2EG-PBTz-F. This trend is likely
due to the additional EG groups that strengthen hydrogen
bonding with water, thereby improving the interaction of
polymers with the aqueous environment. These interactions
help extend the conjugated system and reduce peak tailing,
thereby enhancing light absorption efficiency.

To investigate exciton generation and radiative recombina-
tion pathways, we performed photoluminescence (PL) measure-
ments (Fig. 2b). All reaction solutions for the PL measurements
were prepared using the polymer in the TEA:MeOH:H,O
solution to maintain consistent UV-vis absorbance. The excita-
tion wavelength was set at 320 nm. The PL intensity for both
PBT and PBT-F is relatively low, likely due to the poor disper-
sibility of the polymer in the aqueous environment, leading to
reduced exciton generation. Notably, PBT-F displays split

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Measurement of optical properties and electron distribution of the polymer. (a) Normalized UV-vis spectra acquired from polymer particle
dispersions prepared in a consistent TEA:MeOH:H,O solvent ratio. (b) PL spectra of polymer particle dispersions (PBT, PBT-F, PBTzH-F, 2EG-PBTz-F,
3EG-PBTz-F, and 4EG-PBTz-F) measured in a TEA:MeOH:H,O solvent prepared at the same volume ratio, with excitation at 320 nm for all samples.
(c) Electrostatic potential (ESP) data of PBT, PBT-F, and PBTzH-F. The ESP data and energy levels were calculated using DFT calculations. The electron
charge density distribution of the ESP is represented by a rainbow color scale, where red indicates regions with a high negative charge, and blue or violet
indicates regions with a high positive charge. (d) Schematic energy level diagram of the PBT, PBT-F, PBTzH-F, and nEG-PBTz-F (n = 2, 3, 4) series

obtained from DFT simulation.

peaks, indicating that the incorporation of F atoms modifies
electron density and facilitates recombination across multiple
energy levels. Introducing an N atom into the BT unit enhances
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Fig. 3 Time-resolved photoluminescence (Tr-PL) decays of dispersion of
polymer particles (PBTzH-F, 2EG-PBTz-F, 3EG-PBTz-F and 4EG-PBTz-F).
All polymers were dispersed in the same volume ratio of TEA:MeOH:H,0,
excited at 320 nm, and probed at 500 nm using the time-correlated single
photon counting method.

© 2025 The Author(s). Published by the Royal Society of Chemistry

electron delocalization, and the enhanced medium interaction
improves dispersibility and exciton generation, resulting in a
significant increase in the PL intensity. The PL characteristics
of polymers containing EG side chains appear similar, possibly
due to the convergence of structural and electronic properties
upon EG addition. With an increase in the number of EG
groups, the PL intensity increases, which can be attributed to
the enhanced dispersibility and interactions with the polymer-
aqueous environment, which facilitate exciton generation.
Notably, 4EG-PBTz-F exhibits slightly lower PL intensity com-
pared to 3EG-PBTz-F, likely due to increased non-radiative
pathways that facilitate charge separation over radiative recom-
bination. These results highlight the crucial role of side-chain
engineering, particularly EG substitution, in enhancing charge
transfer dynamics by balancing radiative and non-radiative
recombination, ultimately optimizing the photocatalyst for
hydrogen evolution.

Charge carrier dynamics

Time-resolved photoluminescence (Tr-PL) analysis was per-
formed to investigate the radiative recombination dynamics
of electron-hole pairs bound by Coulomb interactions (Fig. 3).
The Tr-PL measurements were carried out using a polymer in
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the TEA:MeOH:H,0 solution, ensuring consistent UV-vis absor-
bance across all samples. To account for both the fast initial
decay and the slower tail dynamics observed in the Tr-PL decay
curve, a bi-exponential equation was employed for fitting. The
PL decay curves fitted with this model and the corresponding
lifetimes are presented (Fig. S32 and Table S3). Due to low PL
intensity, PBT and PBT-F were excluded from these measure-
ments because the reliability of their Tr-PL signals was com-
promised. In PBTzH-F, a shorter exciton lifetime was observed,
likely attributed to the added N atom that enhanced the
molecular planarity and accelerated exciton dissociation into
charge carriers. However, the increase in the number of EG
groups in a side chain further extended the exciton lifetime by
improving the polymer-solvent interactions, leading to
increased PL intensity and enhanced exciton stabilization. This
extended lifetime suggests that the EG groups stabilize exci-
tons, thereby reducing the rate of radiative recombination and
facilitating exciton diffusion and dissociation. This improved
exciton lifetime, along with enhanced generation efficiency, is
expected to enhance charge transfer and lead to higher hydro-
gen evolution efficiency. These results highlight the signifi-
cance of side-chain engineering in extending exciton lifetime
achieving a balance between radiative and non-radiative recom-
bination processes, and ultimately improving the performance
of photocatalysts in hydrogen evolution.

To investigate the charge separation and transfer dynamics,
as well as non-radiative transitions, in the photoexcited state,
transient absorption spectroscopy (TAS) measurements were
conducted (Fig. 4) in TEA:MeOH:H,O0. In Fig. 4a, for PBT, there
is a ground state bleach (GSB) signal at approximately 450 nm
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that decreases over time, while a photo-induced absorption
(PIA) feature is observed beyond 600 nm. These signals likely
originate from a combination of excitonic and polaronic spe-
cies, which coexist and contribute simultaneously to the tran-
sient spectral response. The introduction of F substituents
results in a noticeable blue shift in both the GSB and PIA
peaks, along with an enhancement in the PIA signal, indicating
more efficient charge generation in PBT-F compared to PBT
(Fig. 4b). However, the relatively low exciton population
observed in the PL spectra indicates limited availability of
photogenerated electrons. This limitation not only constrains
the overall hydrogen evolution efficiency but also, together with
the prolonged lifetime of charge carriers, reflects inefficient
hole transfer to the sacrificial agent, TEA, implying suboptimal
charge separation dynamics. Fig. 4c shows that the transient
absorption (TA) spectra exhibit a rapid decay of the GSB signal.
Notably, a prominent PIA feature emerges around 450 nm at a
delay time of 6 ns, followed by a sharp decay and the appear-
ance of a long-lived PIA signal. This behavior is consistent with
fast charge separation and subsequent charge accumulation, in
agreement with the Tr-PL decay results. In Fig. 4d—f, the overall
intensity of the TA signal decreases. For 3EG-PBTz-F and
4EG-PBTz-F, a PIA signal emerges at approximately 475 nm
within the first 100 ns, displaying similar dynamics to those
observed in PBTzH-F. Notably, the initial signal intensity
increases with the length of the EG side chains, suggesting
improved exciton dissociation at early times. Beyond 100 ns,
the PIA peak undergoes a rapid spectral shift, accompanied by
the appearance of a weak PIA feature around 550 nm. This
evolution is indicative of the prompt transfer of photogenerated
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Fig. 4 Transient absorption (TA) spectra of the polymer nanoparticle dispersion of (a) PBT, (b) PBT-F, (c) PBTzH-F, (d) 2EG-PBTz-F, (e) 3EG-PBTz-F, and
(f) 4EG-PBTz-F. All polymers were dispersed in the same volume ratio of TEA:MeOH:H,O and measured at various nanosecond timescale delays with

355 nm excitation (2 mJ cm™2).
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Fig. 5 TA kinetics of polymer particle dispersion. All polymers were
dispersed in the same volume ratio of TEA:MeOH:H,O and probed at
415 or 450 nm.

charged to TEA, implying that longer EG side chains facilitate
strong polymer-solvent interactions, thereby suppressing exci-
ton recombination and accelerating charge separation. Conse-
quently, charge transfer efficiency is enhanced. Additionally,
when focusing the TA measurement timescale to 100 ns, all
polymer series exhibit quantitively similar dynamics to those
observed in Fig. 4, although the overall signal intensity is
increased. This indicates that charge separation and transfer
occur on a sub-20 ns timescale. These short timescale measure-
ments complement the long-time dynamics and further sup-
port the conclusion that charge separation in these materials is
both efficient and rapid after excitation (Fig. S33).

To further investigate the charge transfer kinetics, we mea-
sured TA kinetics to track the time-dependent behavior of
photoexcited electrons (Fig. 5). The lifetime obtained from
biexponential fitting is also presented (Table S4). The longest
charge lifetime was observed in PBT, indicating that excitons
persist for an extended period after excitation but undergo slow
non-radiative recombination without charge separation, as
shown in Fig. 4a. The shorter lifetime in PBT-F and PBTzH-F
is attributed to faster charge separation, as confirmed by the
PIA signal in the TA spectra (Fig. 4b and c). In PBT-F, however,
the PL data showed limited exciton generation, resulting in
insufficient electron availability for hydrogen evolution despite
efficient charge separation. Polymers with the EG groups
exhibited faster charge lifetimes. Despite the short charge
lifetime, the prolonged exciton lifetime observed in Tr-PL,
along with a strong PIA signal at 6 ns, suggests stable excitons
with slower recombination and rapid charge transfer following
charge separation. This highlights efficient charge trans-
fer, suggesting potential for improved hydrogen evolution
efficiency.

Morphology and hydrophilicity

Liquid-phase transmission electron microscopy (LP-TEM) was
used to analyze the size and morphology of polymer particles in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a TEA:MeOH:H,O0 solvent with an equal volume ratio (Fig. 6a).
With the exception of PBT-F, particles were detected at a length
scale of 50 nm. Spherical particles with radii ranging from
approximately 25 to 50 nm were observed in polymer particles
containing EG groups, suggesting a consistent morphology and
adequately small particle sizes. Small, uniform particles
demonstrate an enhanced specific surface area, offering more
active sites for catalytic reactions.

The water contact angles were measured to evaluate the
hydrophilicity of the polymers (Fig. 6b). The water contact
angles for PBT, PBT-F, PBTzH-F, 2EG-PBTz-F, 3EG-PBTzF,
and 4EG-PBTz-F were 64°, 61°, 64°, 52°, 42°, and 39°, respec-
tively. The lowest contact angle, observed in 4EG-PBTz-F,
indicates a high degree of hydrophilicity, suggesting significant
interaction between the polymer and water-rich environments.
This characteristic promotes water molecule uptake on the
polymer surface, thereby influencing charge transfer.

For a detailed analysis of the particle morphology at the
nanoscale, small-angle X-ray scattering (SAXS) measurements
were performed for each polymer in the TEA:MeOH:H,O
solution with an identical volume ratio.”* In the low-q scatter-
ing region (g < 0.02 A™'), 4EG-PBTz-F demonstrates the lowest
power law exponent of —1.9, indicating a relatively loosely
aggregated particle arrangement (Fig. 6¢).>*® This loose
arrangement leads to an increased surface area, facilitating
water penetration into the polymer structure. This phenom-
enon is attributed to the presence of EG groups, which enhance
polymer-solution interactions and promote efficient charge
transfer pathways. Furthermore, the calculated radius of gyra-
tion (Rg) of 4EG-PBTz-F from Guinier plot analysis was approxi-
mately 170 A, suggesting a larger particle size and a loosely
packed structure due to enhanced water penetration. This
finding further supports the formation of electrons required
for hydrogen evolution (Fig. S34).

Hydrogen evolution performance

Before evaluating the hydrogen evolution performance, it was
necessary to optimize the polymer loading in the reaction
solution. The experiment was conducted by varying the polymer
amount to 0.5, 1.0, 1.5, and 2.0 mg (Fig. S35). A significant
increase in hydrogen evolution was observed at 1.5 mg, while a
decrease was recorded at 2.0 mg. At this higher loading,
precipitation of polymer particles occurred, likely due to the
excessive amount. Based on these results, 1.5 mg was selected
as the optimal polymer loading. Subsequently, the photocata-
Iytic efficiency of all polymer photocatalysts was assessed under
artificial solar irradiation (Xenon lamp, 100 mW cm ?) with
TEA as a hole scavenger, using a TEA:MeOH:H,0 (1:1:1,
0.5 mg mL~ ") solution containing 1.5 mg of polymer. Hydrogen
evolution was quantified using gas chromatography with a gas-
tight syringe. An image of the polymer dispersion for hydrogen
evolution performance is also provided (Fig. S36).

As shown in Fig. 7a and b, 4EG-PBTz-F achieved the highest
HER of 15.476 mmol g~ and 3.095 mmol g~ h™" with 3 wt%
Pt, representing an approximately five-fold increase compared
to PBT. This significant improvement in hydrogen evolution is

EES Catal.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00155b

Open Access Article. Published on 07 August 2025. Downloaded on 12/24/2025 9:27:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

P
<

3EG-PBTz-F

PBT-F

Aa“

4EG-PBTz-F

2EG-PBTz-F 3EG-PBTz-F

. ...

PBTzH-F

View Article Online

EES Catalysis

PBTzH-F Cc K y
100 [ SET

10 “ 1

I(a) (a.u.)

01F E
4EG-PBTz-F

0.01 e

0.01 0.1
q value (A

~

100 ¢ ——4EG-PBTzF 7

I(q) (a.u)

01F |

0.01

0.61 0.1
q value (A"

Fig. 6 Morphology and hydrophilicity measurements of the polymers. (a) Transmission electron microscopy (TEM) image of polymer dispersion in the
same volume ratio of TEA:MeOH:H,O. (b) Water contact angle of the polymers in pellets. Small-angle X-ray scattering (SAXS) profiles of (c) PBT and
(d) 4EG-PBTz-F obtained from the polymer dispersions prepared in a TEA:MeOH:H,O solvent with the same volume ratio.

attributed to the incorporation of F substituents and EG side
chains, which enhance the polarity of the polymer, facilitating
interaction with water. The improved polarity facilitates water
absorption and enhances exciton generation, charge separa-
tion, and hydrogen evolution. Optical analyses confirmed the
positive impact of side-chain engineering on photocatalytic
performance. Moreover, increasing the number of EG side
chains further enhanced hydrogen evolution, likely due to
increased solvent interaction resulting from enhanced hydro-
philicity. Interestingly, PBTzH-F outperformed 2EG-PBTz-F and
3EG-PBTz-F in terms of hydrogen evolution, which can be in
explained by its superior dispersion in the solvent, enabling
enhanced water penetration and performance.

To evaluate the photocatalytic efficiency of 4EG-PBTz-F,
measurements were taken for the apparent quantum yield
(AQY) and photocatalytic stability (Fig. 7c and d). The AQY
values were determined as 0.78% at 400 nm, 0.49% at 420 nm,
0.20% at 450 nm, and 0.14% at 500 nm, which aligns with its
UV absorption spectrum, suggesting an enhancement in hydro-
gen evolution efficiency with increased light absorption. The
photocatalytic stability of 4EG-PBTz-F was examined over a 15-
hour period, divided into three 5-hour cycles. Following each
reaction period, the catalyst was recovered through centrifuga-
tion, and a fresh hole scavenger solution was then added to
prepare the system for subsequent measurements. The photo-
catalytic performance remained consistent across all cycles,
with the second cycle demonstrating higher hydrogen evolution

EES Catal.

compared to the first cycle. These findings confirm the stability
and reproducibility of 4EG-PBTz-F for sustainable photocataly-
tic applications. Furthermore, the effect of hole scavengers on
hydrogen evolution was investigated using three different sca-
vengers, with Pd residue from polymer synthesis as the only
co-catalyst. As shown in Fig. S37a and S37b, TEA exhibited the
highest hydrogen evolution performance, likely due to its
superior dispersibility within the system.

Conclusions

In conclusion, a dual-electron-acceptor copolymer, PBT, was
successfully synthesized by combining DBS and BT units to
enhance electron-withdrawing capability and maximize elec-
tron output sites. The subsequent incorporation of di-fluoro
substituents and EG groups into the BT unit improved mole-
cular planarity and strengthened interactions between the
polymer and aqueous environment. The photocatalytic hydro-
gen evolution mechanism was determined through time-
resolved optical analyses and charge carrier dynamics, reveal-
ing key processes from exciton generation to charge separation,
transport, and eventual hydrogen evolution. Furthermore, Tr-
PL and TAS measurements exhibited that the incorporation of
side chains effectively suppressed exciton recombination and
accelerated charge separation and transfer within the electron-
hole pair, thereby facilitating efficient hydrogen evolution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Hydrogen evolution experiments of the polymers. (a) Hydrogen evolution rate (HER) over time, (b) total hydrogen evolution, (c) apparent quantum
yield (AQY) of 4EG-PBTz-F at 400 nm, 420 nm, 450 nm, and 500 nm, and (d) photocatalytic stability of 4EG-PBTz-F over 15h in three cycles of 5h. All
experiments, excluding the AQY measurements, were performed using reaction solutions comprising 1.5 mg of polymer (0.5 mg mL™) in a
TEA:MeOH:H,O0 solvent with a fixed volume ratio. The AQY measurements for hydrogen evolution were conducted using reaction solutions containing
3 mg of polymer (1 mg mL™) in a TEA:MeOH:H,O solution with a fixed volume ratio.

Moreover, contact angle measurements and SAXS analysis
revealed that EG groups promoted water penetration into the
polymer, enhancing hydrophilicity and dispersibility. As a
result, 4EG-PBTz-F, which incorporates di-fluoro substi-
tuents and tetra-ethylene glycol groups, achieved an HER of
3.095 mmol g~ * h™*) approximately five times higher than that
of PBT. This study therefore highlights the potential of dual-
acceptor systems in photocatalysis and demonstrates side-
chain engineering as a viable strategy for enhancing hydrogen
evolution efficiency.
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