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Site-specific fluorination on donor—acceptor
polymers enhances intramolecular charge transfer
for photocatalytic hydrogen evolution
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The development of polymer photocatalysts remains a central challenge in achieving efficient solar-to-fuel
conversion. A key limitation lies in the use of weak donor units, which hampers the optimization of
intramolecular donor—acceptor interactions and reduces charge-transfer efficiency. Here, we report
a site-specific fluorination strategy that addresses this bottleneck by introducing fluorine atoms at
defined positions along the polymer backbone via a unique two-step polymerization protocol. Two
representative random copolymers were synthesized: the acceptor-fluorinated polymer (PBF8BT-AF)
and the donor-fluorinated polymer (PBF8BT-DF). Strikingly, PBF8BT-DF exhibited superior photocatalytic
activity, while PBF8BT-AF showed inferior performance due to exciton loss through a non-productive
decay pathway. A comprehensive spectroscopic analysis, supported by density functional theory (DFT)
calculations, reveals that donor-site fluorination promotes exciton delocalization across the entire

repeating unit, thereby facilitating efficient intramolecular charge transfer. In contrast, acceptor
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Accepted 30th May 2026 fluorination energetically localizes the excited state, impeding exciton migration and suppressing charge
utilization. These findings underscore the critical role of site-specific exciton stabilization in determining

DOI: 10.1039/d6ta01219a photocatalytic efficiency and establish domain-targeted molecular engineering as a powerful design
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Introduction

The transition to a sustainable energy system requires clean,
high-density energy carriers, among which hydrogen is partic-
ularly promising due to its zero-emission operation and broad
industrial applicability.® As interest in solar-driven hydrogen
production continues to grow, the ability to rationally control
photophysical processes has emerged as a central challenge.”?
While inorganic and hybrid photocatalysts have achieved
impressive efficiencies, their optoelectronic properties are
largely constrained by fixed crystal structures, offering limited
flexibility in tailoring excited-state dynamics.*® In contrast,
organic conjugated polymers offer unique advantages, as their
electronic structure, exciton behavior, and charge-transfer
pathways can be systematically engineered at the molecular
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principle for next-generation polymer photocatalysts.

level through backbone and side-chain modification.®* In
particular, precise backbone design and chemical functionali-
zation enable direct modulation of key parameters governing
photocatalytic performance, such as intramolecular donor-
acceptor interactions, exciton delocalization, and interfacial
charge transfer.*** This intrinsic design flexibility positions
conjugated polymers as a versatile and promising class of
materials for advancing solar fuel generation.

In general, the development of organic photocatalysts,
particularly linear conjugated polymers, has been heavily
influenced by the structural design principles and analytical
methodologies originally established for organic photovoltaics
(OPVs).™ Recent progress has increasingly adopted alternating
donor-acceptor (D-A) copolymer strategies from OPV materials
to enhance intramolecular charge transfer (ICT).2>> However,
a critical divergence exists between the two fields in the selec-
tion of donor units. In OPVs, strong electron-donating units are
deliberately employed to enhance donor-acceptor hybridiza-
tion, thereby broadening light absorption and strengthening
ICT.**** This strong electronic coupling facilitates the formation
of charge transfer states that readily dissociate into free carriers,
which can then be efficiently transported and extracted at the
electrodes. From a device perspective, short-lived but highly
mobile charge carriers are advantageous, as overall perfor-
mance is governed by efficient charge transport and collection
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rather than carrier lifetime.”*”” In contrast, polymer photo-
catalyst systems have predominantly relied on weak donor
units, such as fluorene or benzene.”®*° Beyond synthetic
convenience, this preference reflects fundamentally different
kinetic requirements. In photocatalytic systems operating
without external bias, charge carriers must persist long enough
to participate in slow, multistep surface redox reactions at the
polymer—cocatalyst-water interface, rather than being rapidly
extracted. From this perspective, strong donor units—while
effective in OPVs—can promote excessively fast charge delo-
calization and recombination, which are detrimental under
catalytic conditions.®” Consequently, weak donor units are
empirically favored, as they suppress rapid charge extraction
and enable the formation of long-lived excited states and charge
carriers necessary to drive sluggish proton reduction reactions.
This reliance on weak donors is further reinforced by synthetic
constraints, as conventional cross-coupling strategies often
limit the incorporation of monomers with highly mismatched
reactivities. As a result of the distinct operating principles and
synthetic challenges, the potential of strong donor units in
polymer-based hydrogen evolution photocatalysts remains
largely unexplored.

To address the synthetic challenges associated with con-
structing complex donor-acceptor molecular architectures, we
previously developed a robust one-pot, two-step polymerization
strategy that enables the precise integration of electronically
disparate donor units within a single polymer backbone.*
Using this approach, we successfully incorporated a strong
electron-donating unit, benzodithiophene (BDT), alongside
a weak donor, fluorene, to yield the PBF8BT-2 polymer. This
material was specifically designed to probe donor-dependent
charge dynamics in polymer photocatalysis and demonstrated
high hydrogen evolution activity, establishing it as an ideal
reference system for further molecular engineering. Building on
this established synthetic versatility and well-defined electronic
architecture, we now move toward site-specific molecular
modification to further enhance photocatalytic performance.
Among various chemical strategies, fluorination is particularly
attractive due to its ability to modulate energy levels, dipole
moments, and intramolecular charge distribution without
introducing significant steric hindrance or disrupting the
polymer backbone framework.**=*® Furthermore, this approach
is uniquely suited to our two-step polymerization protocol.
While other electrophilic or nucleophilic substitutions, such as
the introduction of ionic or highly polar side chains commonly
used to tune wettability, can drastically alter the hydrophobic/
hydrophilic balance of the monomers, fluorination maintains
these macroscopic properties. Preserving this physicochemical
similarity is crucial in our methodology to ensure consistent
reactivity and strictly controlled incorporation ratios of the
targeted domains. Therefore, fluorination provides the most
reliable pathway to isolate purely electronic effects without
compromising synthetic control. Importantly, PBF8BT-2
features spatially and functionally distinct domains: the BT-
fluorene segment primarily governs exciton generation and
suppresses recombination, while the BT-BDT domain serves as
the terminal charge-accepting and catalytic site. This unique
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architecture provides a rare opportunity to selectively introduce
fluorine at predefined donor or acceptor positions and directly
compare their electronic consequences within a unified poly-
mer system, while minimizing confounding effects from
morphology or aggregation.

In this work, we focused on the distinct roles of the donor
and acceptor units. Motivated by our previous findings high-
lighting the critical role of the BDT donor,** alongside the well-
established significance of acceptor engineering in the litera-
ture,’” we hypothesized that the position of halogenation would
distinctively influence the photocatalytic behaviors. Guided by
a targeted design strategy, we selectively introduced fluorine at
either the acceptor (benzothiadiazole, BT) or donor (BDT)
moiety, yielding two fluorinated derivatives: PBFS8BT-AF and
PBF8BT-DF, respectively. For the parent polymer, the donor
monomer feed ratio of 0.75 : 0.25 (fluorene to BDT or FBDT) was
deliberately selected based on their distinct physico-chemical
roles. As demonstrated in our previous work,*" while fluorene
domains provide robust exciton generation, an excessively high
BDT content induces an overly strong push-pull effect between
the donor and acceptor units, which leads to severe exciton loss
through non-radiative decay pathways. These site-specific
modifications led to markedly divergent effects on photo-
catalytic performance. Fluorination of the acceptor in PBF8BT-
AF induced a pronounced downshift in the BT energy levels,
energetically localizing the excited state and disrupting exciton
stabilization at the BT-BDT interface, which ultimately sup-
pressed hydrogen evolution. In contrast, fluorination of the
donor in PBF8BT-DF promoted exciton delocalization across
the repeating unit, stabilized the excited state, and significantly
extended charge carrier lifetimes. Density functional theory
(DFT) calculations revealed that fluorination near the N=S=N
group of the BT moiety downshifts the local dipole moment,
shifting the exciton from a localized to a more delocalized
electronic state. This enhanced delocalization improves ICT
efficiency and, critically, enables more effective charge transfer
to Pt cocatalysts under hole scavenging conditions. As a result,
PBF8BT-DF exhibits up to a 50% increase in hydrogen evolution
activity compared to the non-fluorinated PBF8BT-2. Collectively,
these findings establish site-specific fluorination as a powerful
molecular engineering strategy for conjugated polymer photo-
catalysts. By elucidating how selective fluorination at donor and
acceptor moieties governs exciton generation, stabilization, and
extraction, this study provides fundamental mechanistic
insights and introduces a generalizable design principle for
next-generation polymer-based materials for solar hydrogen
evolution.

Results and discussion
Synthesis and characterization

To systematically examine the influence of fluorine substitu-
tion, the high-performing reference polymer PBF8BT-2 was
selected as a well-defined parent structure. For clarity, PBFSBT-2
is hereafter referred to as PBF8BT throughout this work, and its
fluorinated derivatives are denoted as PBF8BT-AF and PBF8BT-
DF. This polymer features a precisely balanced combination of

This journal is © The Royal Society of Chemistry 2026
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weak (fluorene) and strong (BDT) donor units, providing an
ideal molecular framework for probing donor- and acceptor-
dependent charge dynamics in polymer photocatalysts. All
polymers were synthesized using our previously developed two-
step polymerization protocol,®* which allows controlled incor-
poration of electronically disparate donor units within a single
conjugated backbone. To minimize variations in optoelectronic
properties arising from chain length effects, the number-
average molecular weights (M,) of all polymers were carefully
tuned to approximately 8 kDa, ensuring that comparative
studies reflect the intrinsic effects of site-specific fluorination
rather than differences in molecular weight or dispersity.
Importantly, the overall donor fraction was held constant across
the series, ensuring that any observed differences in photo-
physical or photocatalytic behaviour arise primarily from site-
specific fluorination rather than compositional variations.
Within this controlled framework, fluorine atoms were selec-
tively introduced at either the acceptor (benzothiadiazole, BT)
or donor moiety to generate two derivatives: PBFS8BT-AF,
incorporating a fluorinated BT acceptor unit, and PBF8BT-DF,
in which fluorination was confined to the BDT donor unit
(Fig. 1a). Detailed synthetic procedures are provided in the SI.

The chemical structures of all polymers were confirmed by
"H NMR spectroscopy, which exhibited characteristic reso-
nances corresponding to both aromatic and alkyl protons,
validating successful polymerization. All polymers showed good
solubility in chloroform, ensuring compatibility with solution-
based processing methods. Quantitative 'H NMR analysis
revealed BDT or BDTF incorporation ratios of 34% for PBF8BT-
AF and 37% for PBF8BT-DF, closely matching the 33.8% content
in PBF8BT. These values were determined based on the inte-
gration of a-proton signals from the side chains of BDT (3.2—
2.8 ppm, in Fig. S1 and S2), as well as the a-proton of fluorene
and the tertiary proton of the ethylhexyl side chain of BDT (2.2-
1.9 ppm, in Fig. S1 and S2). These results confirm precise
control over donor content within experimental error, under-
scoring the robustness of the two-step polymerization protocol.
Beyond confirming the compositional accuracy, we further
probed the local vibrational environments using FT-IR spec-
troscopy. The FT-IR spectra, obtained via the KBr pellet method
to eliminate substrate interference, exhibit distinct site-
dependent C-F vibrational features (Fig. S4). Aryl C-F
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Fig. 1 (a) Schematic illustration of the polymer photocatalyst design
and synthetic strategy, (b) electrostatic potential maps and calculated
dipole moments of the monomer units BT-Flu, FBT-Flu, FBT-BDT, and
BT-FBDT.
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stretching vibrations in conjugated polymers typically appear in
the 1000-1400 cm™' region.®® In PBFS8BT-AF, two relatively
pronounced features appear in the 1250-1300 ¢cm ™' region,
which are consistent with C-F-related modes associated with
the BT unit. Due to the electron-deficient nature of the BT
moiety, coupling between the C-F stretching vibration and BT
skeletal modes likely shifts these features toward relatively
higher wavenumbers* within the fingerprint region. In
contrast, PBFSBT-DF shows a broader band in the 1150-
1200 cm™' region, where C-F-related modes are strongly
coupled with the highly delocalized backbone vibrations of the
electron-rich thiophene (BDT) unit, resulting in broadened and
less resolved spectral features.

To elucidate the molecular-level origin of the distinct pho-
tocatalytic behaviours induced by site-specific fluorination, we
performed DFT calculations. Due to the computational
complexity of modelling the full polymer backbone, represen-
tative monomer segments were employed, and electrostatic
potential (ESP) mapping was used to capture local electronic
perturbations induced by fluorine substitution (Fig. 1b). This
approach is particularly effective for resolving changes in local
dipole moments and charge redistributions that govern exciton
stabilization and ICT. For the acceptor-fluorinated derivative
PBFS8BT-AF, DFT calculations revealed that fluorine substitution
on the BT unit does not reverse the intrinsic dipole moment,
contrary to our initial expectation. Instead, fluorination signif-
icantly stabilizes the energy level of the intermediate BT-Flu
segment. As this segment acts as an energetic bridge along the
intramolecular charge transport pathway, its over-stabilization
effectively flattens the energetic landscape between the BT-Flu
and downstream BT-BDT domains. This reduction in the
energetic gradient diminishes the thermodynamic driving force
for charge migration toward the terminal charge-accepting site,
thereby impeding charge transfer kinetics and explaining the
experimentally observed suppression of hydrogen evolution
activity. In contrast, donor fluorination in PBF8BT-DF generates
a markedly different electronic environment. Here, the fluorine
atom is positioned opposite the electron-rich N=S=N group of
the BT moiety. DFT calculations show that this configuration
reverses the local dipole orientation of the BT unit; notably, the
new dipole vector extends vertically rather than being confined
along the N=S=N bond axis. This three-dimensional redistri-
bution of charge density enhances exciton stabilization and
reduces localization-driven non-radiative decay. As a result,
PBF8BT-DF exhibits more robust charge carrier delocalization
across the BT-BDT interface.

Optical and electronic properties

The UV-vis absorption spectra (Fig. 2b) of the conjugated poly-
mers were investigated using polymer dots (Pdots) prepared via
nanoprecipitation and dispersed in distilled water, stabilized
with poly(styrene)-co-poly(ethylene glycol)-co-poly(carboxylic
acid) (PS-PEG-COOH).**** This Pdot-based approach mini-
mizes aggregation-induced spectral distortion, allowing reliable
comparison with the solid-state polymers. Compared with the
reference PBFSBT, PBFSBT-AF exhibited a distinct blue shift in
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Fig. 2 (a) Energy level diagram of PBF8BT-DF, PBF8BT, and PBF8BT-
AF. Dashed lines indicate the proton reduction potential (H*/H,). (b)
UV-visible absorption spectra and (c) photoluminescence spectra of
Pdots dispersions in water.

the main absorption peak, from 456 nm to 440 nm, while
PBF8BT-DF showed a negligible spectral shift in the short-
wavelength region. These results support the hypothesis that
absorption in the 400-500 nm range is primarily governed by
the BT-Flu domain, which remains largely unaffected by donor-
site fluorination. In contrast, both fluorinated derivatives di-
splayed clear red shifts at longer wavelengths, indicative of
reduced optical bandgaps due to enhanced m-delocalization
and local electronic perturbations from fluorine substitution.
Among them, PBF8BT-AF showed the most pronounced red
shift, suggesting that direct fluorination on the BT acceptor
more effectively perturbs backbone conjugation than donor-
side substitution.

Photoluminescence (PL) spectra (Fig. 2¢), recorded under the
same Pdots water-dispersed conditions as the UV-vis measure-
ments, revealed that all fluorinated polymers exhibited red-
shifted emission relative to PBF8BT, indicating reduced
energy gaps between the excited and ground states. Notably,
PBF8BT-DF showed the largest red shift, attributed to donor-site
fluorination enhancing ICT. This modification extends the
effective conjugation length and redistributes frontier molec-
ular orbitals, thereby stabilizing the excited state more effi-
ciently than acceptor-side fluorination. These findings
highlight the BT-BDT domain as the terminal exciton-accepting
site, with donor fluorination further reinforcing its role in
exciton stabilization.

Ultraviolet photoelectron spectroscopy (UPS) was employed
to determine the highest occupied molecular orbital (HOMO)
energy levels of the conjugated polymers. Both fluorinated
polymers exhibited a clear downshift in HOMO levels relative to
PBF8BT, with the strongest stabilization observed for PBF8BT-
AF, consistent with the stronger electron-withdrawing effect of
BT-site fluorination. Optical bandgaps (E,p), extracted from
Tauc plots, were used in conjunction with UPS-derived HOMO
values to estimate the lowest unoccupied molecular orbital
(LUMO) levels. Complementary cyclic voltammetry (CV)
measurements revealed similar trends, although the magnitude
of the HOMO downshift was less pronounced than that
observed by UPS. Despite minor discrepancies in absolute
values, both methods consistently demonstrated fluorination-
induced stabilization of the frontier orbitals. A comprehensive
summary of the thermal, optical, and electronic properties is
presented in Tables 1, S1 and Fig. S5, S6.
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Photocatalytic hydrogen evolution performance

To characterize the colloidal properties of the Pdots was
employed to determine hydrodynamic radii, while nanoparticle
tracking analysis (ZetaView® x30) was used to assess
morphology. Across the series of conjugated polymers, the
Pdots exhibited hydrodynamic radii centered around ~100 nm
(Fig. S7), consistent with well-dispersed nanoscale colloids
suitable for photocatalytic evaluation.

Photocatalytic hydrogen evolution rates (HERSs) of the Pdots
were quantified under simulated solar illumination (300 W Xe
lamp, 100 mW cm ™%, AM 1.5G), using ascorbic acid (AA, pH = 4,
NaOH-buffered) as a sacrificial electron donor. As shown in
Fig. 3a, the fluorinated donor derivative PBF8BT-DF signifi-
cantly outperformed its counterparts in the absence of a cocat-
alyst, achieving an average HER of 10250 umol g ' h™". This
represents a substantial enhancement over both the non-
fluorinated PBF8BT (7340 pmol g¢~' h™") and the acceptor-
fluorinated PBF8BT-AF (5120 umol g~* h™"). Upon deposition
of 10 wt% Pt as a cocatalyst (using K,PtCls), HERs increased
across all polymers, while the performance trend remained
consistent: PBF8BT-DF achieved a remarkable HER of 31 000
pumol ¢ ' h™*, outperforming PBFSBT (22 000 pmol g ' h™ ') and
PBF8BT-AF (15180 umol ¢~ h™").

To evaluate the robustness of these trends, AA was replaced
with 30 v/v% triethanolamine (TEOA, pH = 10, HCl-buffered) as
the sacrificial electron donor. Although absolute HER values
changed, the relative performance order among the polymers
remained unchanged (PBFSBT-DF: 18000 umol g ' h™}
PBF8BT: 13 200 pmol g~ ' h™'; PBFSBT-AF: 9100 pmol g ' h™,
with 10 wt% Pt cocatalysts) (Fig. 3b). This consistency confirms
that the superior activity of donor-fluorinated PBF8BT-DF arises
from intrinsic molecular properties rather than dependence on
a specific hole scavenger. Collectively, these results reveal
a clear structure-activity relationship: fluorination at the donor
(BDT) moiety markedly enhances photocatalytic performance,
whereas fluorination at the acceptor (BT) moiety diminishes it.
Relative to its non-fluorinated analogue, PBFS8BT-DF demon-
strated 1.4-fold (without Pt) and 1.9-fold (with Pt) increases in
HER, while PBF8BT-AF consistently underperformed. This
divergent behaviour underscores the directional impact of
selective backbone fluorination, which benefits electron-
donating segments but disrupts the electronic structure of
electron-accepting units.

The long-term operational stability of the optimized PBF8BT-
DF Pdots was further evaluated (Fig. 3c). After each 5 h photo-
catalytic cycle, the system was purged with high-purity argon
(>99.99%) and replenished with ascorbic acid to prevent elec-
tron donor depletion. The other polymers (PBFSBT-AF and
PBF8BT) also showed consistent photocatalytic performance
over three cycles. Liquid-Phase Transmission Electron Micros-
copy (LP-TEM) characterization (Fig. S8) of the spent catalysts
further demonstrated that the initial morphology of the Pdots
was preserved after the reaction. This evidence suggests that the
chemical and physical structures of the polymer nanoparticles
remain stable during the photocatalytic hydrogen evolution
process. In addition, the chemical stability of the Pdots was

This journal is © The Royal Society of Chemistry 2026
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Table 1 Thermal, optical, and electrochemical properties of the synthesized conjugated polymers

Amax Aedge
Polymers M,* [kg mol '] PDI T4? [°C] [nm] [nm] EP [eV] LUMO? [eV] HOMOF [eV]
PBF8BT-AF 8.4k 1.94 340 440 694 1.73 -3.59 —5.32
PBF8BT-DF 7.6k 2.19 391 461 692 1.65 —3.57 —5.22

“ Determined by gel permeation chromatography (GPC) using tetrahydrofuran as an eluent at 40 °C, relative to a polystyrene standard. * Thermal
decomposition temperature (5% weight loss) determined by TGA under N,. © Optical band gap estimated from the absorption edges (Acqge) in the
solution state. ¢ Lowest unoccupied molecular orbital (LUMO) levels were estimated from the onset of the first reduction potentials with reference

to ferrocene at —4.8 eV. © HOMO = LUMO + Eg™".
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Fig. 3 (a) Comparison of HERs for PBF8BT derivatives with and
without photo-deposited Pt cocatalysts (10 wt%) in ascorbic acid (AA,
pH = 4) under visible light irradiation (1 > 420 nm). (b) Average HERs
over 5 h for each sample across five repeated runs, demonstrating
reproducibility using AA and triethanolamine (TEOA 30 v/v%, pH = 10,
HCl-buffered) as sacrificial agents. (c) Photocatalytic stability of opti-
mized PBF8BT-DF Pdots over three consecutives 5 h cycles. (d)
Apparent quantum yield (AQY) of PBF8BT-DF at 400, 420, 450, 500,
and 550 nm, shown alongside the absorbance spectrum of 0.2 M AA
(pH = 4).

evaluated by comparing the UV-vis absorption spectra before
and after the photocatalytic process. No discernible changes in
the spectral profiles were observed for PBF8BT-AF, PBF8BT, and
PBF8BT-DF (Fig. S9), indicating that the conjugation length and
structural integrity of the polymers remain intact during the
hydrogen evolution tests. Under these conditions, PBFSBT-DF
retained approximately 95% of its initial activity over three
consecutive runs, demonstrating excellent photostability.
Apparent quantum yield (AQY) measurements (Fig. 3d) showed
efficiencies of 1.4% at 450 nm and 0.3% at 350 nm, consistent
with previous findings that PBF8BT-DF exhibits ~1.3-fold
higher AQY than PBF8BT at 450 nm. To rule out the influence of
residual palladium from polymer synthesis on photocatalytic
performance, inductively coupled plasma (ICP) analysis was
performed on all polymers (Table S2). The Pd content was
comparable across the series, confirming that residual catalyst
contamination was not a determining factor.

Finally, we considered the potential influence of polymer
surface wettability (Fig. S10) to determine whether the fluori-
nation induced any significant extrinsic changes,*' particularly
regarding Pdots morphology in aqueous media. The contact
angle measurements revealed that both the donor- and

This journal is © The Royal Society of Chemistry 2026

acceptor-fluorinated derivatives exhibit wettability comparable
to that of PBF8BT, with only negligible variations. These results
suggest that fluorination does not significantly alter the
macroscopic hydrophilicity or the morphology of the Pdots.
Consequently, we can posit that differences in wettability and
morphological features are not the primary drivers of the
observed performance enhancement. This allows us to attribute
the improved hydrogen evolution primarily to intrinsic elec-
tronic and photophysical modifications, which are compre-
hensively analyzed in the following section.

Photophysical study of photocatalysts

To complement these theoretical insights, we conducted time-
resolved PL (TR-PL) measurements across the polymer series,
both in pristine form and in the presence of cocatalysts or
sacrificial agents (Fig. 4a and b). The TR-PL data revealed that
both PBF8BT-AF and PBF8BT-DF exhibit shortened lifetimes on
the order of a few nanoseconds (Tables S3 and S4), indicating
efficient exciton dissociation. This suggests that initial charge
separation within the conjugated backbone is not the sole
determinant of photocatalytic activity. However, a closer
inspection revealed critical differences in the fate of these
excitons. Analysis of emission-lifetime spectra showed that site-
specific fluorination significantly influences exciton behaviour.
For PBF8BT-AF, exciton lifetimes were particularly short at
emission wavelengths of 680 nm and 700 nm, suggesting that
fluorination at the BT unit facilitates rapid exciton quenching.
While this may enhance internal charge separation, the
quenching appears to be predominantly non-productive,

(a) - PBF8BT (b) PBF8BT-DF
1 « PBF8BT-AF 1 + PBF8BT-DF w/ Pt
« PBF8BT-DF - :/\ PBFSBT-DF w/ AA, Pt
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Fig.4 (a) TR-PL decay curves of PBF8BT (black), PBF8BT-AF (red), and

PBF8BT-DF (blue) Pdots measured at an emission wavelength of
680 nm. Both fluorinated derivatives exhibit shorter exciton lifetimes
than the non-fluorinated reference, indicating enhanced exciton
quenching upon fluorination. (b) TR-PL decay profiles of PBF8BT-DF
Pdots, Pt-photodeposited DF Pdots, and DF Pdots in the presence of
ascorbic acid (AA) under excitation at 450 nm.
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channeling excitons into non-radiative decay pathways that
limit hydrogen evolution. Thus, although AF substitution
promotes exciton dissociation, it does not translate into
improved photocatalytic efficiency. In contrast, PBFSBT-DF
exhibited a more pronounced reduction in PL lifetime upon
cocatalyst deposition, directly linking exciton quenching to
interfacial charge transfer rather than intramolecular decay.
Furthermore, under Pt cocatalyst and AA conditions (Fig. S11),
internal excitons in Pdots remained observable, and their life-
times were further reduced, indicating efficient carrier transfer
at the polymer-cocatalyst interface. This behaviour underscores
a central mechanistic point: while both AF and DF substitutions
facilitate exciton dissociation, only DF effectively directs this
process toward productive charge transfer, thereby enabling
higher hydrogen evolution activity.

Overall, the combined DFT and TR-PL results establish that
the decisive factor for photocatalytic efficiency is not exciton
dissociation alone, but rather the subsequent stabilization and
extraction of charges at the polymer—cocatalyst interface.
Among the series, the donor-fluorinated PBF8BT-DF uniquely
fulfills these criteria, thereby accounting for its superior
performance relative to both its non-fluorinated and acceptor-
fluorinated analogues.

To further elucidate the role of site-specific fluorination,
nanosecond transient absorption spectroscopy (ns-TAS) was
performed on PBF8BT-based Pdots to probe their carrier
dynamics. Our previous study,** demonstrated that optimized
BDT incorporation in pristine PBF8BT facilitates long-lived
charge separated states by suppressing both radiative and
non-radiative recombination, thereby enabling efficient charge
transfer to cocatalysts and enhanced photocatalytic hydrogen
evolution. Building upon this, the present study examines how
site-specific fluorination further modulates these dynamics in
PBF8BT, PBF8BT-AF, and PBF8BT-DF. Pristine PBF8BT was
used as a direct reference to evaluate fluorination-induced
changes in excited state behaviour. The TA spectra display
ground-state bleach (GSB) features at ~470 nm, attributed to
the BT unit, and the 580-600 nm range, associated with the BDT
segment (Fig. 5a and b). In the pristine PBF8BT, the coexistence
of BT- and BDT-related excited states is evidenced by the clear
GSB features at both 470 and 580 nm, while a photoinduced
absorption (PIA) signal is observed at 720 nm (Fig. S12).
Although the overall spectral profiles remain similar across the
Pdots, the relative intensities and kinetic behaviours of the GSB
signals diverge significantly upon site-specific fluorination. For
PBF8BT-AF, the GSB at 470 nm becomes markedly pronounced,
suggesting that fluorination of the BT unit modulates the
excited-state population associated with BT-centered transi-
tions. PBF8BT-DF, on the other hand, shows a strengthened
GSB at 580 nm, indicating that fluorination on the BDT unit
enhances the contribution of BDT-centered excited states.

The relaxation kinetics further elucidate the dynamics of
these photogenerated carriers (Fig. 5c, d and Table S5). The
notably slowed GSB recovery at 470 nm in PBF8BT-AF suggests
that fluorination at the BT unit stabilizes localized excited states
by suppressing rapid recombination. The intensified and pro-
longed GSB response further implies the formation of BT-
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Fig. 5 ns-TAS analyses of PBF8BT-AF and PBF8BT-DF Pdots. Tran-
sient absorption spectra of (a) PBF8BT-AF and (b) PBF8BT-DF Pdots.
(c) GSB kinetics probed at 470 nm, corresponding to the BT unit, for
both samples. (d) GSB kinetics probed at 580 nm, assigned to the BDT
segment, for AF and DF Pdots. All measurements were conducted with
excitation at 355 nm and a fluence of 2 mJ cm™~2. Polymer suspensions
were prepared to have an absorbance of 0.42 at 355 nm and were
thoroughly purged with argon before measurement.

centered trapped states. However, this extended lifetime likely
corresponds to a localized excited state that does not efficiently
contribute to productive interfacial charge transfer, thus
limiting its photocatalytic contribution. In contrast, PBF8BT-DF
exhibits more persistent GSB dynamics at 580 nm, indicating
the efficient funneling of excited state carriers into long-lived
charges associated with the BDT domain. This reflects
a comparatively more productive excited-state relaxation
process that facilitates interfacial charge transfer. Such behav-
iour is consistent with more efficient intermolecular carrier
migration. Regarding the PIA features at 720 nm (Table S6), the
decay kinetics vary with the fluorination site. Pristine PBFS8BT
shows the slowest decay, likely due to more delocalized charge
carriers in the absence of fluorination. The accelerated decay in
PBF8BT-DF is consistent with a charge-transfer-assisted carrier
relaxation pathway, potentially associated with more efficient
intermolecular carrier migration. In contrast, PBFS8BT-AF
exhibits intermediate behaviour, where localized relaxation
pathways potentially compete with productive charge
separation.

To validate the correlation between these dynamics and
photocatalytic performance, we evaluated the representative
PBFS8BT-DF system under operative conditions (with AA and Pt).
Consistent with the reduced exciton lifetimes observed in TRPL
(Fig. S11), the TAS analysis provides direct evidence for efficient
carrier extraction (Fig. S13 and Table S7). The marked decrease
in initial AOD amplitudes (Fig. S13a-d) and the accelerated
decay kinetics (Fig. S13e and f) in the presence of the cocatalyst
confirm that photogenerated carriers are rapidly extracted to
the Pt interface to participate in catalytic redox reactions.
Overall, the integrated analysis of TRPL and TAS confirms that

This journal is © The Royal Society of Chemistry 2026
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DF substitution promotes an optimized interfacial charge
transfer, leading to the observed enhancement in hydrogen
evolution.

Based on our comprehensive analysis, the superior photo-
catalytic performance of PBF8BT-DF is attributed to the stra-
tegic fluorination on the donor moiety, as shown in Fig. 6. This
modification effectively reorients the local dipole moment,
resulting in three-dimensional stabilization and delocalization
of the electron density across the polymer backbone. Such
stabilization not only prolongs the exciton lifetime but also
efficiently channels charges to the low-energy BT-BDT domains.
In photocatalytic systems, this suggests that preserving the
structural integrity of the BT unit—without modifications such
as fluorination—plays a more favorable role in enhancing
photocatalytic activity. Ultimately, this leads to more effective
charge transfer to the cocatalyst, which is the critical factor in
achieving a significantly higher HER compared to other
derivatives.

Conclusions

In this study, we systematically investigated the synthesis,
optoelectronic  properties, and photocatalytic hydrogen-
evolution performance of PBF8BT-based conjugated polymers
with site-selective fluorine modification. Using a robust two-
step polymerization strategy, we precisely introduced fluorine
atoms onto either the acceptor or donor moiety, yielding two
structurally well-defined derivatives: PBFSBT-AF and PBF8BT-
DF. Our results demonstrate that photocatalytic activity is
highly sensitive to the fluorination site. While fluorination of
the acceptor unit in PBFSBT-AF suppresses hydrogen evolution,
donor fluorination in PBF8BT-DF markedly enhances it,
achieving a maximum HER of 31000 pmol ¢~ * h™'. Through
comprehensive photophysical characterization and DFT anal-
yses, we show that this contrasting behaviour arises not from
differences in initial exciton generation, but from fundamen-
tally distinct exciton stabilization pathways. Although both
fluorinated polymers exhibit efficient exciton dissociation, only
donor-side fluorination enables productive stabilization of the
excited state. Specifically, fluorination at the donor moiety
induces reorientation of the local dipole moment, promoting
exciton delocalization across the repeating unit, suppressing
non-radiative decay, and prolonging charge-carrier lifetimes.
This stabilized and delocalized excited state facilitates efficient
charge transfer to the cocatalyst, ultimately resulting in superior

N\
e LMo 9 Lumo J
BT-BDTF N | BT-BDT <. PBF8BT-AF
/7

Efficient ICT Low ICT
N\

Fig. 6 Schematic illustration of the photocatalytic processes in
PBF8BT-DF and PBF8BT-AF Pdots.
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photocatalytic performance. These findings underscore the
critical role of domain-specific molecular engineering in
conjugated polymer photocatalysts and demonstrate that
exciton dissociation alone is insufficient to ensure high catalytic
efficiency. Instead, the ability to stabilize and direct photog-
enerated charges toward productive interfacial pathways is the
key determinant. More broadly, this work establishes site-
selective fluorination as a powerful and promising design
strategy for modulating exciton dynamics and charge utiliza-
tion, providing clear molecular-level guidelines for developing
next-generation polymer-based photocatalysts for solar
hydrogen evolution.
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