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Photocatalytic hydrogen evolution on bithiazole (Tz)-based conju-
gated polymers was demonstrated for the first time, establishing Tz
as a new building block beyond conventional benzothiadiazole (BT)
systems. Two Tz-based donor—acceptor polymers were synthe-
sized: one consisting of fluorene and Tz units (PFOTz), and the other
incorporating a thiophene n-spacer between Tz units (PFOTZzT). The
use of thiophene-incorporating PFOTZzT leads to a more ordered
nanostructure within the resulting nanoparticles, promoting stron-
ger interchain interactions and red-shifted absorption. Photocata-
lytic nanoparticles were prepared via mini-emulsion and
nanoprecipitation methods with various surfactants. The hydrogen
evolution reaction (HER) performance was evaluated under visible-
light irradiation using ascorbic acid as the sacrificial electron donor.
Both Tz-based polymers showed HER activity, but PFOTzT exhibited
significantly higher HER activity. Time-resolved photoluminescence
and transient absorption spectroscopy revealed that its superior
performance arises from efficient exciton dissociation and sup-
pressed charge recombination, resulting in prolonged carrier life-
times. These results establish Tz as an alternative to BT in the design
of high-performance organic photocatalysts and underscore the
crucial impact of nanoscale morphology and interfacial engineering
on photocatalytic efficiency.

“ Department of Chemical Engineering, Pohang University of Science and
Technology (POSTECH), Pohang 37673, Republic of Korea.
E-mail: dchung@postech.ac.kr

b Department of Organic and Nano Engineering, and Human-Tech Convergence
Program, Hanyang University, Seoul 04763, Republic of Korea.
E-mail: inhjung@hanyang.ac.kr

¢ School of Energy Engineering, Kyungpook National University, Daegu 41566,
Republic of Korea. E-mail: hcha@knu.ac.kr

4 Department of Energy Engineering, Hanyang University, Seoul 04763, Republic of
Korea

+ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2026

Taekmin Kim,+® WonJo Jeong,° Sanghyeok An,
Seungok Pyo,” Hyojung Cha,

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal

Designing bithiazole-based conjugated polymers
as alternatives to benzothiadiazoles for
photocatalytic hydrogen evolution

@ Junho Kim,® Gayoung Ham,®

*© |n Hwan Jung (2 *° and Dae Sung Chung () *?

New concepts

The development of metal-free organic photocatalysts has long relied exclu-
sively on benzothiadiazole (BT)-based polymers, limiting structural diversity
and slowing the progress of material synthesis. This work introduces bithia-
zole (Tz) derivatives as new electron-deficient building blocks that enable
efficient water splitting using conjugated polymer photocatalysts. The incor-
poration of a thiophene m-spacer between Tz units demonstrates that fine-
tuning nanoscale morphology can directly promote exciton dissociation and
charge separation, leading to efficient hydrogen evolution under visible light.
This new polymeric architecture redefines molecular design strategies for
donor-acceptor conjugated polymers and broadens the molecular design
space for organic photocatalysts beyond BT-centered architectures.

Introduction

Photocatalytic water splitting presents a sustainable strategy for
hydrogen production using water as the feedstock, with oxygen as
the only byproduct."™ Inorganic semiconductors such as TiO,,
WO;, and SrTiO; have been widely investigated for facilitating both
hydrogen and oxygen evolution through reductive and oxidative
half-reactions, thereby enabling overall water splitting.®"* How-
ever, for practical and scalable applications, photocatalysts should
ideally be composed of earth-abundant and non-toxic elements. In
this context, organic photocatalysts have emerged as attractive
alternatives due to their tunable electronic properties, structural
versatility, and solution processability.'*™°

For efficient water splitting, the band edges of the photocatalyst
must straddle the redox potentials of H'/H, and H,0/O,, while also
ensuring fast charge separation and slow recombination. In prac-
tice, co-catalysts and sacrificial electron donors are often intro-
duced to accelerate the interfacial redox kinetics and to selectively
promote the hydrogen evolution half-reaction. Therefore, the devel-
opment of photocatalysts that optimize light absorption, band
alignment, and charge-transport pathways is required to enhance
the utilization of photogenerated carriers for efficient hydrogen
production.?%?*

Among the available organic materials, donor-acceptor
(D-A) conjugated polymers have demonstrated considerable
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promise for photocatalytic hydrogen evolution.”” > In particular,
benzothiadiazole (BT)-based D-A polymers—such as poly(9,9-
dioctylfluorene-alt-1,2,3-benzothiadiazole) (F8BT)—have exhibited
significant photocatalytic activity in aqueous dispersions.?®* The
high efficiency of BT-based systems is attributed to the favorable
electronic interactions between BT moieties and protons, enabling
efficient proton reduction.’**" Numerous BT derivatives have since
been investigated in combination with various electron-donating
co-monomers and nanoparticle fabrication methods.**>® For
example, a BT-thiophene copolymer exhibited strong absorption
extending to 700 nm and achieved an exceptional hydrogen
evolution rate (HER) of 50 + 0.5 mmol g ' h™', along with an
apparent quantum yield (AQY) of 0.6% at 550 nm.*®

Despite these advances, the development of alternative acceptor
structures beyond BT for use in conjugated polymer photocatalysts
remains limited.*” Given the structural and electronic similarity of
BT and bithiazole (Tz)*® moieties, particularly their nitrogen-
containing aromaticity and electron-deficient characteristics, Tz
represents a promising alternative acceptor unit. Tz-based motifs
have demonstrated excellent performance for other organic elec-
tronic applications;*>*® however, to date, no Tz-based conjugated
polymers have been reported for photocatalytic hydrogen evolution.

In this study, we investigate Tz as a new acceptor motif for
D-A conjugated polymer photocatalysts. Inspired by the electron-
withdrawing nature and hydrogen-binding capability of the BT
unit, we designed and synthesized a novel Tz-based acceptor
monomer, 2,5-bis(5-bromo-4-octylthiazol-2-yl)thiophene (OTzT).
This molecule features two 4-octylthiazole (OTz) units connected
to a central thiophene core, thereby positioning a nitrogen atom
from the thiazole ring and a sulfur atom from the thiophene
ring in proximity—mimicking the active binding configuration
found in BT. For comparison, we also synthesized 5,5’-dibromo-
4,4'-dioctyl-2,2’-bithiazole (OTz), a similar structure lacking the
thiophene core.

These two acceptor monomers were copolymerized with a
fluorene-based donor monomer, 2,2'-(9,9-dioctyl-9H-fluorene-
2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane), yielding two
D-A conjugated polymers: PFOTZT and PFOTz. The only structural
difference between the two lies in the presence (PFOTZzI) or
absence (PFOTz) of a thiophene spacer between the two OTz rings.
The thiophene spacer not only enhances intramolecular charge
transfer (ICT) between the donor and acceptor units but also reduces
the polymer’s optical bandgap via LUMO stabilization and HOMO
destabilization.** Furthermore, the increased m-conjugation length
and extended spacing between OTz units in PFOTZT may provide
improved accessibility and more favorable active sites for hydrogen
evolution.*” The discovery of alternative conjugated polymers beyond
BT-based systems will serve as an important starting point for the
advancement of metal-free photocatalysis.

Results and discussion
Synthesis and characterization

2-Bromo-4-octylthiazole and 2,5-bis(trimethylstannyl)thiophene
were synthesized according to previously reported procedures.
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Compound 1 (Fig. S1) was prepared via a Stille coupling reaction
between 2,5-bis(trimethylstannyl)thiophene and 2-bromo-4-octyl-
thiazole in the presence of a palladium catalyst. Subsequent
bromination of compound 1 with N-bromosuccinimide (NBS) in
DMF afforded the final monomer, compound 2 (Fig. S2). Com-
pound 3 (Fig. S3) was synthesized through a heterocyclic ring-
forming reaction between 1-bromooctan-2-one and dithiooxamide.
The final monomer, compound 4 (Fig. S4), was then obtained by
brominating compound 3 with NBS in a DMF/acetic acid co-
solvent system. The D-A conjugated polymers PFOTZT and PFOTz
were synthesized via the Suzuki coupling polycondensation of the
fluorene-based donor monomer with compounds 2 and 4, respec-
tively, in the presence of a palladium catalyst and a suitable base.
To ensure full termination of the polymer chain ends and to
eliminate any residual reactivity, 1-bromobenzene and 4,4,5,5-
tetramethyl-2-phenyl-1,3,2-dioxaborolane were sequentially intro-
duced for end-capping, yielding the final polymers PFOTZT and
PFOTz with both ends capped (Scheme 1). The success of the end-
capping procedure was confirmed by the disappearance of term-
inal boronic ester and bromoarene signals from the 'H NMR
spectra (Fig. $5-58).** This end capping ensures that the observed
differences in optical and photocatalytic properties arise solely
from the polymer backbone design, rather than from chain-end
effects.

The absorption spectra of the synthesized polymers and
their nanoparticles were investigated (Fig. 1a and b). In the thin-
film state (Fig. 1a), PFOTZT continues to exhibit stronger vibronic
features and more pronounced 0-1 transitions than PFOTz,
reflecting the enhanced backbone planarity and intramolecular
ordering facilitated by the thiophene spacer. To investigate how
different nanoparticle formation strategies affect molecular order-
ing and aggregation behavior, PFOTzT and PFOTz nanoparticles
were prepared using two established techniques: mini-emulsion
and nanoprecipitation.***> The mini-emulsion approach utilizes
ultrasonication with surfactants such as sodium dodecyl sulfate
(SDS) or 2-(3-thienyl)ethyloxybutylsulfonate sodium salt (TEBS) to
yield colloidally stable particles with well-controlled sizes. In
contrast, the nanoprecipitation method induces polymer aggrega-
tion under aqueous conditions using amphiphilic stabilizers like
PEG-COOH (PEG), resulting in distinct surface environments and
morphologies. The absorption trend seen for thin films is further
amplified upon nanoparticle formation, where PFOTzT demon-
strates enhanced aggregation and molecular ordering (Fig. 1b
and Fig. S9). These structural advantages contribute to improved
exciton transport and charge separation, which are crucial in
organic photocatalysts lacking high dielectric constants or inter-
nal junctions.”®"” The ordered crystalline domains in PFOTZT
nanoparticles facilitate exciton migration and dissociation, ulti-
mately enabling more efficient charge carrier transport to reactive
sites.®*?

Spectroscopic analyses revealed notable differences in optical
absorption and aggregation states, and we further investigated
how these structural variations influence the electronic proper-
ties of the polymers by conducting cyclic voltammetry tests.
Cyclic voltammetry (CV) data (Fig. 1c) reveal key differences in
the electronic structures of the polymers. PFOTzT, featuring

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthetic routes to OTz-based monomers and polymers (PFOTzT and PFOTz). Reaction conditions: (i) Pd(PPhs),, toluene, 110 °C; (ii) NBS,
DMF; (iii) dithiooxamide, dithiooxamide, ethanol; (iv) NBS, DMF/AcOH; (v) Aliquat 336, Pd(PPhz)4, 2 M K3POy, toluene, 110 °C.
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Fig. 1 UV-vis absorption spectra of the polymers (a) in solution and film
states and (b) as nanoparticles prepared via mini-emulsion (SDS) and
nanoprecipitation (PEG). (c) Cyclic voltammograms of the polymers and
(d) HOMO/LUMO energy level diagrams of the polymers in the neutral
state from CV and optical band gap measurements.

thiophene and OTz units, displays a stabilized LUMO energy level
at —3.58 eV, compared to —3.44 eV for PFOTz. Both polymers
share nearly identical HOMO levels (—5.74 eV for PFOTzT and
—5.77 eV for PFOTz), due to their common donor backbone
(Fig. 1d). The reduced bandgap of PFOTZT originates from its
thiophene-extended Tz acceptor unit, which is expected to enable

This journal is © The Royal Society of Chemistry 2026

Table 1 A summary of the optical and electrochemical properties of the
polymers

Jmax (NM) .
Aonset,film Egpt Exomo Erumo
Polymer  Solution Film (nm) (ev) (eV) (eV)
PFOTzT 441 477,474 506 2.45 —5.74 —3.58
PFOTz 415 414 472 2.62 —5.77 —3.44

broader light absorption and more efficient charge separation.
These electronic differences, reflected in the optical and electro-
chemical properties summarized in Table 1, correlate with the
improved photocatalytic activity observed in subsequent
experiments.

The molecular weights of PFOTzZT and PFOTz were mea-
sured by gel permeation chromatography, and the number-
average molecular weights of PFOTzT and PFOTz were 59 and
35 kDa, respectively (Fig. S6 and S8). This moderate difference
in molecular weight is unlikely to affect the intrinsic electronic
structure or photocatalytic performance, confirming that the
observed differences in activity primarily stem from the back-
bone architecture rather than the chain length.

Photocatalytic hydrogen evolution performance

Building on the structural and optical differences observed in
solution, thin film, and nanoparticle states, we next investi-
gated how these variations affect the photocatalytic hydrogen
evolution reaction (HER) efficiency. Given the critical role of
interfacial environments in mediating exciton dissociation and
charge transport, HER measurements were performed using

Nanoscale Horiz.
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PFOTzT and PFOTz nanoparticles synthesized via both mini-
emulsion and nanoprecipitation methods using different
surfactants.

To establish a clear relationship between nanoparticle mor-
phology and photocatalytic activity, both the mini-emulsion
and nanoprecipitation approaches were adopted. The mini-
emulsion route is known to produce kinetically trapped disper-
sions under ultrasonication, in which surfactant molecules
reside at the polymer-water interface and help regulate surface
charge and hydration. In our case, this method gave relatively
uniform particles with controlled size and good colloidal
stability, allowing a systematic comparison of how interfacial
structure correlates with charge transport and reactivity. In
contrast, nanoprecipitation relies on rapid diffusion between
a good solvent and water, with polymer chains spontaneously
aggregating as the solvent is displaced. This approach often
proceeds without added surfactants because transient solvent
stabilization can provide short-term colloidal stability; how-
ever, highly n-conjugated polymers, such as our Tz-thiophene
system, can undergo pronounced aggregation during fast sol-
vent exchange. To mitigate uncontrolled coalescence and main-
tain reasonable molecular ordering, we added a small amount
of PEG as a soft stabilizer. Its non-ionic and hydrophilic ether
backbone is expected to provide gentle interfacial stabilization
while only weakly perturbing the intrinsic n-n interactions of
the conjugated polymer. Rather than forming well-defined
micelles, PEG is likely to adsorb weakly onto the polymer
backbone, slowing down solvent-antisolvent interdiffusion
and favouring more uniform particle nucleation. Under these
conditions, we were able to reproducibly prepare stable disper-
sions suitable for comparing photocatalytic performance across
different processing routes.*’

HER measurements were performed under AM 1.5G illumi-
nation using 1.0 M ascorbic acid (AA) (pH 4.0) as a sacrificial
donor. The incident light intensity was maintained at 100 mW cm 2,
and the reactions were conducted in glass vials with a diameter
of 3 cm under ambient temperature and pressure conditions in
the laboratory. Across all methods, PFOTzT nanoparticles con-
sistently outperformed PFOTz (Fig. 2 and Table 2). Notably,
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Table 2 A summary of HER measurements

HER (umol g " h™) TEBS PEG SDS
PFOTzT 246.8 181.9 102.4
PFOTz 35.0 10.0 13.9

PFOTzT/TEBS nanoparticles achieved the highest HER activity
of 246.8 umol g~ ' h™', exceeding the performance of PFOTz/
TEBS (35 umol ¢! h™") over seven-fold. ICP-MS confirmed
negligible residual Pd content, validating the intrinsic photo-
catalytic activity of the polymers.*®

The superior performance of PFOTzT is attributed to its
enhanced molecular crystallinity and broader absorption profile.
Across all nanoparticle formulations, PFOTZT consistently exhib-
ited higher hydrogen evolution activity than PFOTz, reflecting the
intrinsic advantages arising from its backbone design. The
insertion of a thiophene spacer between Tz units extends n-
conjugation and increases backbone planarity. This structural
modification promotes efficient intramolecular charge delocali-
zation and optimized orbital overlap, leading to superior exciton
transport despite the moderate long-range crystallinity. Two-
dimensional grazing incidence X-ray diffraction (2D-GIXD) ana-
lysis was conducted to understand the difference in the molecu-
lar ordering. As shown in Fig. S15, although the polymer
nanoparticles are randomly oriented isotropic spheres (resulting
in ring-like diffraction patterns rather than distinct spots), clear
diffraction peaks from lamellar and n-m stacking are still
observed for PFOTZzT. This indicates that molecular ordering
and crystalline domains are preserved even within the confined
nanostructures, driven by the self-assembling tendency of the
PFOTzT backbone. In contrast, PFOTz exhibited broad halo
patterns, indicating a predominantly amorphous nature. There-
fore, the enhanced crystallinity and long-range packing of
PFOTZzT also contribute to its superior performance. Moreover,
the stabilized LUMO level of PFOTzT also facilitates electron
transfer to protons, while its red-shifted absorption enables
broader light harvesting under solar illumination. These com-
bined optical, electrochemical, and structural benefits provide a
fundamentally more favorable framework for charge separation

a 14 b 020 C
—e—TEBS —e—TEBS ] B FFTzC
1.2{-®—SDS ,® —e—5DS ° B PFBTZ-C
—e—PEG o 0154 7®~PEC / —~200
1.0 Eall e
/ -
) ° ) / -
TE: 0.8 /’ ’ Té 2150
4 ] [<]
Eocl s £ 0.10 / S
e v e 4 o =100 -
w s 9 o w o [v2
T 04+ ¢, T yd Ve ]
, 0054 ¢ g T
, ol -® = 50
02{ o -® P
+® ./'
VY A —— 0.00 = -
0 1 2 3 4 5 0 1 2 4 5 TEBS PEG SDS TEBS SDS PEG
Time (h) Time (h)

Fig. 2

(a) and (b) Time-dependent photocatalytic hydrogen evolution activities of PFOTzT and PFOTz nanoparticles obtained using TEBS, PEG, and SDS

surfactants. (c) A comparison of the photocatalytic HER activity by surfactant type under AM 1.5G illumination with 1.0 M ascorbic acid (pH 4.0).
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and photocatalytic redox processes, explaining the markedly
higher HER activity observed for PFOTzT nanoparticles.

Among the tested surfactants, TEBS yielded the highest
hydrogen evolution rate, while PEG showed moderate activity,
and SDS produced the lowest. Although TEBS-stabilized nano-
particles exhibit a slightly larger hydrodynamic diameter com-
pared to SDS-stabilized ones (Fig. 3), this is attributed to the
formation of a more open and highly hydrated surfactant shell
at the particle-water interface. Unlike a compact solid surface,
such a swollen interfacial layer enhances water penetration and
provides local dielectric screening. These factors significantly
improve the exciton dissociation efficiency and facilitate inter-
facial charge-transfer processes, effectively compensating for
any potential loss in activity due to the modest decrease in the
geometric surface-to-volume ratio,*"** providing favorable con-
ditions for exciton dissociation and redox reactions. In con-
trast, PEG generated moderately hydrophilic but electronically
inert interfaces, and SDS formed compact shells that restricted
water access and charge transport. To clarify the molecular
origins of these differences, the interfacial characteristics of
each surfactant were further analyzed.

Under identical mini-emulsion conditions, SDS and TEBS
both produced stable dispersions, yet the resulting interfacial
environments were fundamentally different. SDS, consisting of a
long alkyl chain and a sulfate headgroup, forms a compact ionic
shell that limits water penetration and suppresses interfacial
electron transfer. In contrast, TEBS contains a thiophene-sulfo-
nate motif capable of n-n and S.--S interactions with the
conjugated backbone. These interactions improve molecular
alignment and create a hydrated polar interface that facilitates
exciton separation. Although TEBS does not form micelles or
bind strongly to particle surfaces, its thiophene unit can pene-
trate the near-surface amorphous domains of the polymer, creat-
ing localized n-m contacts and partial electronic coupling. Its
flexible aromatic structure allows weak but electronically active
contacts that effectively mediate exciton dissociation and electron
transfer; this is consistent with the higher HER activity observed
for TEBS-based nanoparticles compared to SDS-based ones.

The comparison between TEBS and PEG further highlights
the structural origin of interfacial effects.>*>* While both
surfactants exhibit strong hydrophilicity, PEG consists of
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non-conjugated ether chains that form a thick amorphous
hydration layer but cannot engage in m-7m interactions with
the polymer backbone. During nanoprecipitation, this hydrated
layer acts as a dielectric barrier that reduces internal ordering
and slows charge transport. Conversely, TEBS features a m-
conjugated thiophene ring that maintains local alignment with
the bithiazole-thiophene backbone, even during the dynamic
mini-emulsion process. Its sulfonate headgroup also increases
interfacial polarity and promotes water diffusion, collectively
leading to more efficient exciton dissociation and electron
transfer. These combined properties render TEBS an effective
compatibilizer, bridging hydrophilic solvation and n-electronic
coupling, which explains its superior HER performance com-
pared to PEG-stabilized nanoparticles.

The AQYs of the PFOTzT/TEBS nanoparticles were measured
by using monochromatic light filters to verify the photo-driven
nature of the reaction. As shown in Fig. S16, the AQY values
closely follow the trend of the polymer’s UV-vis absorption
profile. This finding confirms that the hydrogen evolution
reaction is intrinsically driven by light absorption by the
PFOTzT backbone, rather than by impurities or other artifacts.

The HER performances of linear conjugated polymers are
summarized in Table S1. Most reported systems are based on
BT-containing polymers, and high HER activity without the use of
a Pt co-catalyst remains extremely rare.*®*83%33-7 Notably, the
PFOTZT/TEBS nanoparticles show a promising HER activity of
0.25 mmol g~* h™" without the use of any co-catalyst. These
results demonstrate that our rational backbone engineering
strategy, combined with surfactant-assisted processing, effec-
tively overcomes the intrinsic limitations of linear polymers,
thereby establishing Tz-based polymers as highly promising
candidates for use in next-generation photocatalysts.

Exciton dynamics and charge separation

To assess the efficiency of exciton separation and charge
generation in different nanoparticle systems, we first per-
formed steady-state photoluminescence (SS-PL) measurements
(Fig. 4). PL spectra were recorded under identical optical
conditions, and the optical densities of all samples were care-
fully adjusted to achieve equal absorbance (A =~ 0.4) at the
excitation wavelength. This normalization ensured that the
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Fig. 3 Size distributions of nanoparticles prepared with (a) TEBS, (b) PEG, and (c) SDS surfactants in aqueous media.
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observed changes in PL intensity reflect intrinsic photophysical
variations rather than differences in the absorbed excitation
power. SS-PL analysis revealed a strong correlation between the
exciton quenching yield and HER activity, further confirming
the role of interfacial modification by surfactants (Fig. $10). PL
spectroscopy revealed that PFOTzT/TEBS exhibited a quenching
yield of 94.05%, indicating highly efficient exciton separation.
PEG and SDS systems showed lower yields, with SDS displaying
an anomalous PL increase upon AA addition, suggesting poor
charge separation. This observation suggests diminished charge-
transfer efficiency and higher levels of insulating behavior in
SDS-stabilized systems. PFOTz followed a similar surfactant-
dependent trend, with TEBS yielding the highest quenching
(99.37%), although its absolute HER activity remained lower,
likely due to its less-ordered internal structure and reduced long-
range charge transport (Fig. S11). Interestingly, PFOTzT exhibited
consistently lower PL intensities than PFOTz, reflecting more
efficient non-radiative decay via charge separation pathways
rather than radiative recombination.”®

The SS-PL spectra revealed distinct behaviors of PFOTzT-
based nanoparticles depending on the type of surfactant
employed. In the studied systems, AA generally induced a
decrease in emission intensity due to its role as an electron
donor; however, partial PL enhancement was observed only for
the PFOTzT/SDS sample, whereas the PEG- and TEBS-stabilized
systems exhibited conventional quenching. The selective PL
increase in the PFOTZT/SDS system suggests that AA induces
subtle structural rearrangements in the polymer domains when
a rigid, insulating surfactant shell is present.”® SDS forms a
dense ionic interface that initially restricts water penetration
and limits exciton diffusion. Upon the introduction of AA, the
interfacial environment becomes more polar, weakening the
tight packing of SDS molecules and allowing partial reorganiza-
tion of the polymer surface. This relaxation can promote the
formation of locally ordered emissive regions, thereby increas-
ing the probability of radiative recombination in PFOTzT/SDS
nanoparticles. In contrast, the TEBS- and PEG-stabilized sys-
tems already possess hydrated, flexible interfaces, where AA
mainly facilitates charge extraction rather than structural rear-
rangement, resulting in continued PL quenching.®*®'

Importantly, the PFOTz/SDS system does not show any PL
enhancement under identical conditions. This behavior is
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likely related to the less-flexible backbone of PFOTz, which
likely limits the interchain reorganization and optimization of
n-n interactions at the SDS-modified interface. Without such
structural relaxation, the radiative pathways appear to remain
largely unchanged, and AA primarily acts as a reductive
quencher, resulting in the observed monotonic PL decrease.

These results together indicate that the mild PL enhancement
observed only in PFOTzT/SDS originates from the morphology-
driven redistribution of emissive domains enabled by the
thiophene-spaced, more-flexible backbone, whereas other sur-
factant systems remain dominated by charge-transfer-induced
quenching behavior.

Time-resolved PL (TR-PL) measurements were then con-
ducted to further probe exciton lifetimes and potential recom-
bination pathways (Fig. S12). The results indicated that exciton
radiative decay occurs within a few nanoseconds for both
PFOTzT and PFOTz, confirming the rapid exciton recombina-
tion kinetics. TR-PL analysis showed that PFOTZT nanoparticles
had longer exciton lifetimes than PFOTz in the absence of AA,
consistent with their crystalline structure and low recombination
rates (Fig. S13). Upon AA addition, lifetimes shortened signifi-
cantly, indicating efficient charge separation. To directly examine
the charge carrier dynamics, we employed nano-microsecond
transient absorption spectroscopy (TAS), enabling us to track
the evolution of photoinduced species over time. The TA spectra,
observed in the range of 400 nm to 800 nm, provided insights
into interfacial modification induced by different surfactants
(Fig. 5). The ground-state bleaching (GSB) signal at 450 nm
corresponded to the UV-vis absorbance region, indicating that
PFOTzT exhibits efficient long-lived charge carrier generation
upon light exposure, irrespective of the surfactant used. Addi-
tionally, the photoinduced absorption (PIA) signal at 600 nm
showed a positive differential optical density (AOD) in the
absence of AA but exhibited quenching when AA was introduced.
Most notably, TEBS-stabilized PFOTzT nanoparticles show ultra-
fast quenching of both the GSB and PIA signals within the
instrument response time (<10 ns), corresponding to a quench-
ing efficiency exceeding 99%, which clearly indicates a barrier-
free interface enabling highly efficient electron transfer with AA.
In contrast, PFOTZT/SDS exhibits negligible quenching (<5%),
with decay dynamics in the presence of AA (t;,, ~ 900 ns) nearly
identical to those in the pristine state, confirming that the

a g . . . bs : Cs .
7L TEBS ] 7L PEG ] SDS ]
sl w/o AA | sl w/o AA ] sl w/o AA ]
< <
s w/ AA | © w/ AA =} 21.23% w/ AA
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b 2] 2]
B o4t { £ 4t = i
c
= 5 >
o 3t Q sf Q s3f 1
8 o o
2} 2t 2} 1
1+ 1+ 1+ 1
0 0 - 0
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Fig. 4 Steady-state PL spectra of PFOTzT nanoparticles stabilized with (a) TEBS, (b) PEG, and (c) SDS, measured before and after ascorbic acid addition.
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Fig. 5 Transient absorption spectra of PFOTzT nanoparticles stabilized with (a) and (d) TEBS, (b) and (e) PEG, and (c) and (f) SDS, measured without AA
(a)—(c) and with AA (d)—(f). Spectra were recorded after various delay times (6-500 ns) following 355-nm pulsed excitation.

insulating SDS shell suppresses interfacial charge extraction and
leads to charge accumulation. PFOTzT/PEG shows negative tran-
sient signals upon AA addition, indicative of charge trapping
behaviour, consistent with its moderate photocatalytic perfor-
mance (Table S1). Moreover, the TA spectra also revealed that
TEBS-stabilized PFOTz generated few charge carriers in the
visible-light region, aligning with the observed HER performance
(Fig. 514).5%%°

As shown in Fig. 6a, the kinetic profiles of the ground-state
bleaching (GSB) signals revealed comparable charge carrier
lifetimes across different surfactant systems, consistent with
the corresponding transient absorption (TA) spectra. To gain
further insights into the electron dynamics, the kinetics at
600 nm were analyzed (Fig. 6b-d). PFOTzT nanoparticles sta-
bilized with PEG exhibited persistent GSB signals within the
range of 400-500 nm and retained a positive AOD in the
absence of AA, which reversed to a negative AOD upon AA
addition, suggesting the presence of trapped or accumulated
charges. In contrast, SDS-stabilized nanoparticles showed mini-
mal spectral changes in the presence of AA, indicating ineffi-
cient interfacial charge transfer. For TEBS-stabilized PFOTZT, a
pronounced positive AOD, attributed to long-lived charge car-
riers, was observed without AA, whereas this signal was almost
completely quenched with AA, indicative of rapid and efficient
interfacial charge transfer and consistent with the superior
hydrogen evolution activity of the TEBS-based system.

These observations were further corroborated by the analy-
sis of both GSB and photoinduced absorption (PIA) signals
(Fig. 6), which collectively demonstrated that TEBS yields the
highest population of long-lived charge carriers capable of

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) GSB decay at 450 nm for PFOTzT nanoparticles, revealing the

exciton lifetime dynamics in the absence of AA. (b)-(d) PIA decay at
600 nm for PFOTzT nanoparticles stabilized with TEBS, PEG, and SDS,
respectively, measured with and without AA.

interfacial transfer. This enhancement is likely facilitated by
the increased local permittivity and reduced exciton diffusion
lengths associated with the TEBS interface. Although the
PFOTzT/SDS system exhibits the strongest initial GSB signal
intensity, this should not be interpreted as the system having
high catalytic potential. Instead, this indicates the accumula-
tion of photogenerated charges that are unable to participate in
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surface redox reactions. Due to the dense and insulating nature
of the SDS shell, interfacial electron transfer involving AA is
severely impeded. Consequently, these trapped carriers do not
undergo efficient quenching, leading to both a persistent GSB
signal and the poorest hydrogen evolution performance.

Conclusions

This study demonstrates that the precise backbone engineering
of Tz-based conjugated polymers can significantly influence the
photocatalytic hydrogen evolution performance. Through a
direct comparison of PFOTzT and PFOTz, we show that insert-
ing a thiophene spacer between Tz units leads to enhanced n-
conjugation, extended electron delocalization, improved inter-
facial wettability with the aqueous medium, and broader light
absorption. Among the various nanoparticle formulations,
PFOTzT nanoparticles stabilized by TEBS exhibited the highest
hydrogen evolution rate (246.8 umol g~' h™"), outperforming
PFOTz over seven-fold under identical conditions. This perfor-
mance is attributed to synergistic effects between the polymer’s
intermolecular ordering and the surfactant-induced interfacial
environment, which jointly facilitate water penetration, sup-
press recombination, and promote exciton dissociation. These
findings underscore that achieving high-efficiency photocata-
lysis requires not only the rational design of semiconducting
polymers but also the precise engineering of nanoparticle
interfaces to optimize charge transport pathways and minimize
recombination losses.
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