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This figure illustrates the structure-activity relationship of fluorinated PFBT conjugated polymer
photocatalysts: the formation of conformational locks through F---S non-covalent interactions reduces
molecular torsional angles, enhances planarity and charge transfer efficiency; under light irradiation, the

film material converts UO2?" into solid-phase (UO2)O,-2H,0, enabling efficient uranium removal.
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ABSTRACT: The practical application of donor-acceptor(D-A) conjugated polymers for photocatalytic U(VI) extraction is limited, fused-
ring planar backbones that enable efficient charge transport yet resist film processing and soluble backbones that allow film fabrication yet
suffer from poor planarity and photocatalytic activity. Here, we demonstrate that a single fluorination method locked the backbone into a near-
planar conformation via F---S simple noncovalent interactions, while simultaneously conferring enough solubility for direct casting of
recyclable polymer films. The optimized Film-PFBT, tested in a lab-scale continuous-flow photoreactor, achieves 95% U(VI) removal within
4 hours with a rate constant 1.74 times that of its non-fluorinated control, and retains >60% efficiency even in genuine uranium mining
wastewater. This work offers a conjugated polymer photocatalyst design featuring enhanced processability and reusability for potential

application in uranium-contaminated water remediation.
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1.Introduction

Nuclear energy, as a significant low-carbon energy source, plays
a critical role in addressing the global energy crisis and
achieving carbon neutrality goals!=. Uranium constitutes a
critical strategic resource throughout the nuclear fuel cycle.
Nevertheless, substantial amounts of radioactive wastewater
containing soluble U(VI) are generated during uranium mining,
fuel fabrication, and the treatment of nuclear waste liquids,
which represent a severe hazard to both the ecosystem and
public health®. Consequently, the efficient sequestration and
recovery of U(VI) from water bodies represent not only a
pressing need for radioactive pollution control, but also hold
substantial importance for the sustainable advancement of
nuclear energy> °.

To date, various strategies have been developed for the removal
of U(VI) from aqueous solutions, including adsorption,
chemical precipitation, membrane separation, ion exchange,
electrochemical reduction, and bioremediation’. Among them,
adsorption has been the most widely investigated owing to its
Photocatalysis offers a mild-conditions route for converting
soluble uranyl ions in aqueous media into sparingly soluble
uranium-bearing solid phases, and is distinguished by its green
chemistry attributes, low energy footprint, and superior
treatment efficacy, thus representing a highly promising strategy
for the remediation of uranium-contaminated waters!'!-!3,

simplicity and low cost; however, it generally suffers from
limited selectivity, moderate uptake capacity, and the generation
of secondary solid waste that requires further treatment.
Chemical precipitation and ion exchange are effective at
relatively high uranium concentrations, but they are less
applicable to trace-level U(VI) and produce large volumes of
secondary sludge®. Membrane separation offers high selectivity,
yet it is constrained by membrane fouling, high energy input,
and limited flux. Electrochemical reduction can efficiently
immobilize U(VI) but relies on an external power supply and
sophisticated electrode engineering®. By contrast, photocatalysis
converts soluble U(VI) into sparingly soluble U(VI)-bearing
solid precipitates under mild conditions driven by renewable
solar energy, simultaneously achieving uranium immobilization,
waste volume reduction, and enhanced safety of the final waste
form!®. These unique advantages make photocatalysis a highly
promising strategy for the remediation of uranium-contaminated
waters.

Nevertheless, conventional inorganic photocatalysts are plagued
by persistent limitations-namely, narrow  visible-light
responsiveness, suboptimal charge-carrier separation, and the
intractability of band-structure engineering-which collectively
impede their practical deployment. By contrast, donor-acceptor
(D-A) type conjugated polymers, endowed with adjustable band
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structures, broad spectral absorption, and enhanced charge
dissociation, have emerged as highly attractive candidates in
photocatalytic  applications'* '>.  Among these, the
benzothiadiazole (BT) moiety, characterized by its strong
electron-withdrawing capability and rigid conjugated planar
structure, has been extensively utilized as a high-performance
acceptor in the construction of D-A photocatalysts. While
existing research has demonstrated the remarkable efficacy of
BT-based polymers in the photocatalytic removal of U(VI), their
real-world deployment continues to be confronted with
challenges on two fronts'> 1. First, there are inherent defects at
the molecular conformation level. In D-A copolymers, the
single bonds connecting the donor units and the BT units are
prone to free rotation, resulting in large dihedral angles. This
forces the conjugated backbone to deviate from a planar
conformation,  disrupts the continuity of m-electron
delocalization, and suppresses both the intramolecular charge
transfer (ICT) efficiency and the migration rate of
photogenerated charge carriers, thereby weakening the intrinsic
photocatalytic activity of the material'"'. Second, there are
general limitations associated with powder morphology. Like
most powdered photocatalysts, conventionally synthesized BT-
based polymers exist in powder form, which exhibits poor
dispersibility in aqueous media, a tendency to agglomerate, and
difficulty in efficient recovery after reaction. This leads to low
recycling efficiency and the risk of secondary pollution.
Therefore, addressing the molecular conformational defects and
powder morphology issues is fundamental to the application of
BT-based photocatalytic materials.

Fluorination modification has been proven to be an effective
approach for modulating molecular energy-level structures and
planar conformations?*??. The strong electronegativity of
fluorine atoms can induce changes in molecular dipole moments,
optimize frontier orbital energy levels, and promote charge
separation. More importantly, fluorine atoms can form non-
covalent interactions with heteroatoms on adjacent units,
generating a "conformational lock" effect that significantly
reduces the dihedral angle between the donor and acceptor,
locks the backbone into a near-planar conformation, thereby
extending the m-conjugation length and enhancing charge
mobility. For example, Gamez-Valenzuela et al*® confirmed that
fluorine atoms form F---S non-covalent interactions with the
sulfur atoms of adjacent thiophene rings, sharply reducing the
dihedral angle between the isoindigo unit and the thiophene ring
from 22° to 4°. This locks the near-planar conformation, extends
the m-conjugation length, and improves the efficiency of charge
separation; Ahn et al?® by introducing fluorine atoms into the
polymer backbone to form F---S non-covalent "conformational
locks" with adjacent sulfur atoms, the planarity of the polymer
backbone is significantly enhanced. Benefiting from the
efficient charge transport channels provided by this rigid planar
structure, the fluorinated polymer BDD-BT achieved excellent
high charge carrier mobilities in TGBC-OFET devices, with
hole and electron mobilities reaching 0.513 c¢cm? V! s and
0.577 cm? V! 51, respectively.

Meanwhile, fabricating the polymer into thin-film materials can
not only preserve the rapid charge transport channels arising
from molecular-scale ordered packing, but also enable
convenient separation and repeated use of the photocatalyst,

thereby overcoming the limitations of the powder state?* 3.
Conventional polymer photocatalysts have generally been
optimized for denser m-x stacking and enhanced carrier mobility,
often at the expense of solubility, rendering them challenging to
process into readily recoverable morphologies such as thin-film
architectures®® ?7. Introducing long-chain alkyl groups into
conjugated polymer molecules is an effective method to
improve polymer solubility, and this approach has been widely
applied in fields such as organic solar cells?® ?°. Therefore, it
becomes possible to enhance the solubility of polymers while
ensuring charge carrier mobility by introducing alkyl chains of
appropriate length into the polymer molecules.

Based on the above analysis, this paper proposes a synergistic
strategy  integrating  "fluorination-induced conformational
locking" and "thin-film engineering". We synthesized two long-
chain alkyl-containing polymers, the fluorine-free control PBT
and the fluorinated PFBT, via Stille coupling polymerization.
Taking advantage of the solubility of both polymers in highly
polar organic solvents, we fabricated uniform thin films,
designated as Film-PBT and Film-PFBT. The effects of
fluorination on molecular dihedral angles, backbone planarity,
ICT effects, light absorption, and band structures were
systematically investigated, and the performance, stability, and
active species mechanisms of the thin-film photocatalysts for
U(VI) removal were evaluated. The results showed that Film-
PFBT achieved a 95% U(VI) removal rate within 4 hours under
visible light. Its excellent performance can be attributed to the
enhanced charge separation and transport efficiency resulting
from the fluorination-induced conformational lock that reduces
the dihedral angle. This study provides a new molecular design
strategy for developing efficient, stable, and easily recoverable
D-A polymer photocatalysts, and offers valuable reference for
advancing the practical application of photocatalytic technology
in uranium-containing wastewater treatment.

2.Experimental section

The synthetic procedures for PBT and PFBT are described as
follows. Details are provided in the Fig. 1.
(1) Synthesis method of 2, 5-bis (tri-n-butylstannyl) thiophene
(Compound 1)%.

Under a N, atmosphere, 2, 5-dibromothiophene (1.21 g,
5 mmol) was dissolved in 20 mL of super-dry THF in a 100 mL
two-necked flask and then cooled to -78 °C. Under vigorous
stirring, a 2.5 mol/L solution of n-BuLi in hexane (4 mL, 10
mmol) was added dropwise. After the addition was complete,
the mixture was stirred for 30 min, followed by the dropwise
addition of tri-n-butyltin chloride (3.25 g, 10 mmol). After the
addition was complete, the mixture was stirred for 3 h, then
allowed to warm to room temperature and stirred for an
additional 12 h. After the reaction, an appropriate amount of
deionized water was added to quench the reaction. The organic
phase was extracted with petroleum ether, washed with
saturated sodium chloride solution, and then washed three times
with deionized water. The organic phase was dried over
anhydrous magnesium sulfate and filtered. The filtrate was
concentrated by rotary evaporation under reduced pressure to
give Compound 1 as a pale yellow oil (2.13 g). The product was
used directly in the polymerization without further purification.

(2) Synthesis method of (3-octyl-2-thienyl) tributylstannane
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(Compound 2)*!

Under a N, atmosphere, 3-octylthiophene (0.294 g, 1.5 mmol)
was dissolved in 25 mL of super-dry THF in a 100 mL two-
necked flask and then cooled to -78 °C. A 2.5 mol/L solution of
n-BuLi in hexane (0.6 mL, 1.5 mmol) was added dropwise.
After the addition was complete, the mixture was allowed to
warm to 0 °C and stirred for 1 h, then cooled again to -78 °C.
Tributyltin chloride (0.538 g, 1.65 mmol) was added dropwise,
and the mixture was stirred overnight. After the reaction, an
appropriate amount of deionized water was added to quench the
reaction. The organic phase was extracted with petroleum ether,
then washed three times with deionized water, dried over
anhydrous magnesium sulfate, and filtered. The filtrate was
concentrated by rotary evaporation under reduced pressure to
give Compound 2 as a pale yellow oil (0.74 g). The product was
used directly in the next step without further purification.

(3) Synthesis method of 5, 6-difluoro-4, 7-bis (4-octyl-2-thienyl)
-benzothiadiazole (Compound 3)3

Under a N atmosphere, 4, 7-dibromo-5, 6-
difluorobenzothiadiazole (0.111 g, 0.335 mmol), Compound 2
(0.406 g, 0.838 mmol), and tetrakis (triphenylphosphine)
palladium (0) (19.4 mg, 5 mol%) were dissolved in 12 mL of
super-dry THF in a 50 mL round-bottom flask. The mixture was
stirred under reflux for 24 h. After the reaction mixture was
cooled to room temperature, an appropriate amount of deionized
water was added to quench the reaction. The organic phase was
extracted with dichloromethane, then washed three times with
deionized water, dried over anhydrous magnesium sulfate, and
filtered. The filtrate was concentrated by rotary evaporation
under reduced pressure, and the residue was purified by column
chromatography using petroleum ether/dichloromethane (4:1) as
the eluent to obtain Compound 3 as a yellow powder (0.128 g,
yield 68%). '"H NMR (500 MHz, Chloroform - d) & = 8.11 (s,
2H), 7.20 (s, 2H), 2.71 (t, J = 7.7 Hz, 4H), 1.70 (m, 4H), 1.37-
1.23 (m, 20 H), 0.88 (t, J = 6.7 Hz, 6H).

(4) Synthesis method of FBT-ThCs-Br??

Compound 3 (86 mg, 0.153 mmol) and N-bromosuccinimide
(NBS) (68.22 mg, 0.382 mmol, 2.5 eq) were dissolved in 10 mL
of super-dry THF in a 50 mL round-bottom flask, followed by
the addition of three drops of glacial acetic acid. The reaction
mixture was stirred under dark conditions for 12 h. After the
reaction was complete, deionized water was added to quench the
reaction. The organic phase was extracted with dichloromethane,
then washed three times with deionized water, dried over
anhydrous magnesium sulfate, and filtered. The filtrate was
concentrated by rotary evaporation under reduced pressure, and
the residue was purified by column chromatography using
petroleum ether/dichloromethane (3:1) as the eluent to obtain

Compound 4 as an orange powder (91 mg, yield 82%). '"H NMR
(500 MHz, Chloroform - d) 8 = 7.93 (s, 2H), 2.64 (t, J = 7.7 Hz,
4H), 1.66 (m, 4H), 1.40 - 1.21 (m, 20H), 0.89 ( t, J = 6.8Hz, 6H).
(5) Synthesis method of 4, 7-bis (4-octyl-2-thienyl) -
benzothiadiazole (Compound 4)3?

Under a N> atmosphere, 4, 7-dibromobenzothiadiazole (0.127 g,
0.433 mmol), Compound 2 (0.462 g, 0.952 mmol), and tetrakis
(triphenylphosphine) palladium (0) (25 mg, 5 mol%) were
dissolved in 12 mL of super-dry THF in a 50 mL round-bottom
flask. The synthesis method was adapted from that of
Compound 3, using petroleum ether/dichloromethane (5:1) as
the eluent, to obtain Compound 5 as a yellow powder (0.161 g,
yield 71%). '"H NMR (500 MHz, Chloroform - d) § = 7.96 (s,
2H), 7.80 (d, J = 3.7 Hz, 2H), 7.03 (s, 2H), 2.68 (t, J = 7.8 Hz,
4H), 1.70 (m, 4H), 1.40 - 1.25 (m, 20H), 0.88 (t, J = 6.6Hz, 6H).

(6) Synthesis method of BT-ThCs-Br*

Compound 4 (100 mg, 0.190 mmol) and N-
bromosuccinimide (NBS) (84 mg, 0.475 mmol, 2.5 eq) were
dissolved in 10 mL of super-dry THF in a 50 mL round-bottom
flask. The synthesis method was adapted from that of
Compound 4, using petroleum ether/dichloromethane (4:1) as
the eluent, to obtain Compound 6 as a bright yellow powder
(0.104 g, yield 80%). '"H NMR (500 MHz, Chloroform - d) & =
7.75 (s, 2H), 7.72 (s, 2H), 2.63 (t, J = 7.8 Hz, 4H), 1.66 (m, 4H),
1.39 - 1.27 (m, 20H), 0.88 (t, J = 6.6Hz, 6H).

(7) The synthesis method of PFBT is as follows*?

Under a N, atmosphere, FBT-ThCs-Br (60 mg, 0.083
mmol) was dissolved in 8 mL of toluene in a 50 mL round-
bottom flask. Then, Compound 1 (61 mg, 0.092 mmol) and
tetrakis (triphenylphosphine) palladium (0) (4.7 mg, 5 mol%)
were added. The mixture was stirred under reflux for 24 h. After
the reaction was complete and the mixture was cooled to room
temperature, the reaction solution was poured into methanol to
precipitate the solid, which was then collected by filtration. The
filter cake was washed successively with methanol, petroleum
ether, and dichloromethane, and then dried under vacuum for 12
h to obtain PFBT as a dark purple powder (60 mg, yield 49%).
(8) The synthesis method of PBT is as follows™?

Under a N, atmosphere, BT-ThCs-Br (56 mg, 0.082 mmol),
Compound 1 (59 mg, 0.089 mmol), and tetrakis
(triphenylphosphine) palladium (0) (4.7 mg, 5 mol%) were
dissolved in 8 mL of toluene in a 50 mL round-bottom flask.
The synthesis method was adapted from that of PFBT to obtain
PBT as a dark purple powder (60 mg, yield 52%).

The details of the characterization, photocatalytic reactions,
photoelectrochemical measurements, theoretical calculations,
and NMR data are provided in Supporting Information.
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Fig. 1 Synthetic routes of PFBT and PBT.

3. Results and Discussion

3.1 Characterization of Film-PBT and Film-
PFBT

The synthesis procedures of the two conjugated polymers, PBT
and PFBT (whose molecular structures are shown in Fig. 2(a,
b)). To further confirm the successful synthesis of the target
products PFBT and PBT, Fourier-transform infrared
spectroscopy (FT-IR) analysis was performed on the reaction
monomers and the resulting polymers. As presented in Fig. S1,
the C-Br stretching vibration band at 628 cm™' was observed for
the monomers FBT-ThCs-Br and BT-ThCs-Br. Notably, this
characteristic absorption peak was found to be completely
absent in the spectra of PFBT and PBT, confirming the
successful polymerization of the monomers through the Stille
cross-coupling reaction. Additionally, XPS survey spectra were
acquired to verify the elemental composition of PBT and PFBT
polymers. As shown in Fig. S2, characteristic signals of C 1s, N
Is, S 2s and S 2p can be detected in both polymers, matching
their expected elemental composition. A distinct F 1s peak at
~688 eV is observed in the survey spectrum of PFBT, while no
F 1s signal is present in PBT, directly confirming the successful
incorporation of fluorine atoms into the PFBT backbone.
Combined with the FT-IR results, the XPS survey data further
validate the successful synthesis of PBT and PFBT. The high-
resolution C 1s spectra of PBT and PFBT were further
deconvoluted to analyze the local chemical environments of
carbon atomsa (Fig. S3). For PBT, three carbon components
were fitted: C—C/C=C at 284.8 eV, C-S at 285.7 eV, and
C=N/C-N at 286.5 eV. For PFBT, an additional peak at ~288.0
eV assigned to aromatic C—F bond was clearly resolved, which
further evidences the introduction of fluorine substituents on the
polymer backbone. Thermal stability constitutes a critical
parameter in assessing the practical viability of materials for
real-world applications®. As can be observed in Fig. S4, the 5%
decomposition temperatures of PFBT and PBT were determined
to be 430 °C and 454 °C, respectively. The results indicated that
the introduction of fluorine atom onto the BT skeleton would
increase the thermal stability of the corresponding copolymers.
Subsequently, the thin-film materials were prepared as follows.
As shown in Fig. S5, 20 mg of PFBT and 20 mg of PBT were
weighed and transferred into two separate 5 mL brown reagent
bottles, respectively. Then, 1 mL of chlorobenzene was added to
each bottle using a pipette, and the mixtures were ultrasonically
dissolved. Subsequently, 1 mL of each solution was taken and
uniformly coated onto glass slides with a side length of 2.5 cm.

After the chlorobenzene had naturally evaporated, black thin-
film materials were obtained (with a photocatalyst loading of 2
mg). To investigate the morphology of the polymer thin films,
microscopic images of the film materials were obtained using an
industrial camera under 50 magnification (Fig. 2c). It can be
observed that the materials are uniformly loaded on the glass
slide surface with a homogeneous texture. To gain a deeper
understanding of the surface morphology of the thin film,
atomic force microscopy measurements were performed on a 5
% 5 um? area of the film (Fig. 2(d-g). The Film-PBT and Film-
PFBT films displayed a relatively smooth surface with average
root mean square (RMS) roughness values of 1.98nm and 1.65
nm, respectively. The smoother surface indicating that the films
possess fewer defect sites, leading to improved charge
separation and transport, thereby enhancing the photocatalytic
removal of uranium. To further investigate the crystalline nature
and molecular orientation, thin films and powders of these
polymers were also characterized by X-ray diffraction (XRD).
The polymer powders and their thin films spin-coated onto ITO
glass substrates were characterized by X-ray diffraction (XRD).
The XRD pattern of the bare ITO glass substrate was also
recorded as a reference to exclude interference from diffraction
signals originating from the substrate. As shown in Fig. 2(h),
both the thin films and powders exhibit a low-intensity (010)
diffraction peak at around 25°, which is related to the n-m
stacking distances (dmw) between coplanar conjugated polymers.
The (010) diffraction angles were calculated to be
approximately 23.84°, 25.15°, 25.07°, and 25.25°, and the
corresponding dr distances were evaluated to be 3.73 A for PBT,
3.55 A for Film-PBT, 3.54 A for PFBT, and 3.55 A for Film-
PFBT, respectively. Compared with the powders, all films
displayed additional diffraction peaks in the range of 5-15°,
which are related to the lamellar spacings (dl) between coplanar
conjugated polymers. Specifically, the peaks at 5.36° and 5.76°
correspond to the (100) reflection, and those at 11.64° and
11.55° correspond to the (200) reflection. From the XRD
patterns, Film-PFBT exhibits a higher (100) peak intensity than
Film-PBT, indicating higher crystallinity. The lamellar spacings
(d1) were calculated to be 1.65 A for Film-PBT (from 5.36°) and
1.53 A for Film-PFBT (from 5.76°). Therefore, the introduction
of fluorine atoms reduces the lamellar spacings. It is worth
noting that both polymer films exhibit a relatively strong peak at
12.51°, which may correspond to another ordered packing scale
perpendicular to the side-chain stacking direction, further
indicating that the films have more ordered packing compared to
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the powders. Through comprehensive consideration of the XRD
results, the copolymer film is more favorable for ordered
molecular packing. In particular, the fluorinated copolymer film

exhibits a more regular interchain arrangement of polymer
molecules, which will enhance the charge transport capability of
the material* 35,

@[ ppT

(b)

(©)

R
~
=
~—

Intensity
=
=
=
]

Film-PFBT)

ITO glass|

5 10 15 20 25 30 35
20 (degree)

Fig. 2 Schematic structures of PBT and PFBT (a, b); Photographs of Film-PBT and Film-PFBT (upper left, lower left) ; Images of

Film-PBT and Film-PFBT under 50x zoom (upper right, lower right) (c); AFM height images and phase images of the film. Film-PBT
(d, e) Film-PFBT (f, g); Image size: 5 x 5 um? ; X-ray diffraction (XRD) patterns of PBT, Film-PBT, PFBT, Film-PFBT and ITO
glass (h).

3.2 Photoelectric
Carrier Dynamics
To investigate the light absorption performance of the polymers,
UV-vis absorption spectra were recorded using a UV-vis
spectrophotometer over the wavelength range of 350-1000 nm,
as displayed in Fig. 3(a). The results reveal that PFBT exhibits a
remarkable red-shift in the maximum absorption wavelength
and a broader absorption spectrum compared with PBT. This
may be ascribed to the incorporation of fluorine atoms that
generate intramolecular non-covalent conformational locks,
enhancing molecular planarity and thus extending the light
absorption range3°. Notably, after film formation, both materials
exhibited a red shift in light absorption, with the absorption
range covering the entire visible region and a significant
enhancement in light-harvesting capability. This indicates that
the ordered arrangement of polymer molecular chains during the
film-formation process improves the optical absorption
performance of the materials20. According to the Tauc plot
analysis, the bandgap values of PBT, Film-PBT, PFBT, and
Film-PFBT were determined to be 1.64 eV, 1.82 eV, 1.52 eV,
and 1.58 eV, respectively (Fig. 3(b-c)). It can be seen that both
fluorination and film formation lead to a reduction in the

Properties and Charge

bandgap, which will generate more photogenerated charge
carriers and thereby enhance the photocatalytic activity. To
further characterize the band structures of Film-PBT and Film-
PFBT, Mott-Schottky measurements were performed (Fig. 3(d-
e)). The slopes of the tangent lines in the Mott-Schottky plots
are positive for both samples, indicating that both Film-PBT and
Film-PFBT are n-type semiconductors. Their flat-band
potentials were determined to be -1.14 V and -0.93 V,
respectively, from which the LUMO energy levels were
calculated to be -0.94 V and -0.73 V, respectively. According to
the bandgap formula (E; = Ecs - Evs)’’, the HOMO energy
levels of the two materials were thus determined to be 0.70 V
and 0.79 V, respectively, from which the band alignment
diagrams of the two materials were plotted as shown in Fig. 3(f).
It can be seen that fluorination-mediated modulation of the
electron acceptor unit can serve as an effective strategy for
optimizing  the redox  potentials of D-A  type
materials.Subsequently, the photogenerated charge separation
and migration capabilities of Film-PBT and Film-PFBT were
investigated using transient photocurrent response and
electrochemical impedance spectroscopy. As shown in Fig. 3(g),
the photocurrent density of Film-PFBT under illumination was
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higher than that of Film-PBT, indicating that the introduction of
fluorine atoms into the benzothiadiazole unit can improve the
separation efficiency of photogenerated electrons and holes,
thereby enabling more photogenerated electrons to participate in
the photocatalytic reaction and enhancing the photocatalytic
activity. Fig. 3(h) shows the electrochemical impedance spectra
of the two materials. It can be seen that the arc radius of Film-
PFBT is smaller than that of Film-PBT, indicating that, owing to
the electron-withdrawing effect of fluorine atoms, Film-PFBT
possesses lower charge transfer resistance and faster interfacial
charge migration capability*®. To understand the photogenerated
charge recombination behavior of Film-PFBT and Film-PBT,

their photoluminescence (PL) spectra were measured (Fig. 31).
Under excitation at 500 nm, the fluorescence intensity of Film-
PFBT was weaker than that of Film-PBT, indicating that the
recombination of photogenerated electrons and holes in Film-
PFBT was significantly suppressed™.

In conclusion, the fluorination-based modulation of the electron-
acceptor moiety serves to enhance the optical absorption
capability, optimize the redox potentials, facilitate
photogenerated carrier separation and charge transport, and
effectively suppress charge recombination in the photocatalyst
system.
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Fig. 3 UV-visible absorption spectra of PBT, PFBT, Film-PBT, and Film-PFBT (a); Tauc of PBT and Film-PBT(b); Tauc of PFBT
and Film-PFBT (c); Mott-Schottky plots of Film-PBT (d) and Film-PFBT (e); Band diagram of Film-PBT and Film-PFBT (f);
Transient photocurrent response spectra of Film-PBT and Film-PFBT (g); Electrochemical impedance spectra (EIS) of Film-PBT and
Film-PFBT (h); Photoluminescence (PL) spectra of Film-PBT and Film-PFBT (i).

3.3Photocatalytic Uranium (VI) Removal
Performance of Film-PBT and Film-PFBT

In a photocatalytic system for U(VI) removal, the hole
scavenger and the pH of the UO,?" aqueous solution are two
critical parameters that require optimization to maximize the
photocatalyst's removal efficiency. Photocatalytic experiments
were conducted under the following conditions: pH = 5, solution
volume of 50 mL, and initial UO»?* concentration of 50 ppm.
Three different hole scavengers methanol (MeOH), isopropanol
(IPA), and ethanol (EtOH) were respectively employed to
evaluate the U(VI) removal performance of Film-PFBT and
Film-PBT (Fig. 4a; Fig. S6). As clearly shown in Fig. 4a and
Fig. S6, both film photocatalysts achieved the highest removal
efficiency when methanol was used as the hole scavenger. After
determining the appropriate hole scavenger, the optimal pH

value of the UO,*" solution was investigated (Fig. 4b). It was
found that when the pH of the UO2** solution increased from 3
to 7 (under 4 h of illumination), the removal efficiencies of both
Film-PFBT and Film-PBT exhibited a trend of first increasing
and then decreasing, with both showing the best removal
performance at pH = 5. Furthermore, Film-PFBT achieved
removal efficiencies above 80% at pH values of 4, 5, and 6,
demonstrating good pH adaptability.

Under the conditions of pH = 5, a solution volume of 50 mL, a
UO>*" concentration of 50 ppm, and the addition of 2 mL of
methanol, the photocatalytic U(VI) removal performances of
powder PBT, powder PFBT, Film-PBT and Film-PFBT were
systematically compared (Fig. 4c). A 60 min dark adsorption
process was implemented prior to visible light irradiation to
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achieve adsorption-desorption equilibrium. At 300 min, the
powder PBT and powder PFBT achieved U (VI) removal
efficiencies of 73.4% and 86.2%, respectively. In sharp contrast,
Film-PBT and Film-PFBT delivered much higher removal
efficiencies of 87.0% and 95.1%. Compared with Film-PBT,
Film-PFBT exhibited superior photocatalytic U(VI) removal
performance, achieving approximately 95% removal efficiency
for UO?" after 4 h of illumination, following a 60 min
adsorption-desorption equilibrium period in the dark. From the
pseudo-first-order kinetic curves (Fig. 4d), the rate constants for
Film-PFBT and Film-PBT were determined to be 0.01435 min!
and 0.00824 min’!, respectively. The larger rate constant of
Film-PFBT indicates a faster removal rate in the photocatalytic
U(VI) reduction process.This is because the fluorine atoms
reduce the dihedral angles of the molecular backbone by
forming non-covalent conformational locks, thereby improving
the planarity of the framework. As a result, the transport
efficiency of photogenerated charge carriers is effectively
enhanced and the recombination rate is reduced, which
facilitates the participation of more photogenerated electrons in
the photocatalytic reaction of U(VI).

The reusability and anti-ion interference capability of materials
are critically important for practical applications. In the
reusability tests, after each photocatalytic reaction (4 h of
illumination per cycle), the films were immersed in 0.2 mol/L
Na,COs solution for 6 h to remove the deposited uranium oxides
from the film surface. It was found that Film-PFBT maintained
nearly 90% removal efficiency after four cycles of
photocatalytic U(VI) removal tests (Fig. 4e), indicating that
Film-PFBT possesses good stability and excellent photocatalytic
U(VI) removal capability. The XRD patterns of the original
Film-PFBT and the sample after adsorption-desorption cycles
are shown in Fig. S7. It can be observed that the position of
characteristic diffraction peaks remains nearly unchanged after
repeated adsorption-desorption cycling. No new impurity peaks
appear, demonstrating that the crystalline structure of Film-
PFBT is well maintained and the material possesses good

structural stability during the cycling process. In addition,
considering that real uranium mine wastewater often contains
abundant metal cations, the selectivity of Film-PFBT toward
UO>*" was evaluated. Photocatalytic U(VI) removal tests were
conducted in UO»?" solutions containing Na*, K*, Mg?*, Co*",
Ni?*, Zn?*, and VO>" ions (with a mass concentration ratio of
M : UO2*" = 50:1) (Fig. 4f). The results showed that, except
for VO,*, which has a similar coordination mode to UQO,*",
Film-PFBT maintained a removal efficiency of approximately
90% even in the presence of other interfering cations,
demonstrating its excellent anti-interference capability. As listed
in Supporting Information Table 1, we also investigated the
U(VI) removal performance of various recently reported
materials under their respective optimal pH conditions. These
features highlight its great potential for U(VI) remediation**-4.
Fig. 4(g) shows a photograph of the Film-PFBT thin film used
in the experiment, providing a visual representation of the
appearance and morphology of the prepared black film sample.
It is accompanied by a photograph of the photocatalytic reaction
setup, clearly illustrating the reaction channel, light source
system, peristaltic pump, and liquid storage unit, thereby fully
presenting the operational system for the dynamic photocatalytic
removal of U(VI). To evaluate the feasibility of Film-PFBT for
practical applications, this study employed raw uranium mine
wastewater as the test medium. The wastewater is characterized
by typical high salinity and a complex matrix, with a total
dissolved solids (TDS) content as high as 2500 mg L' and the
presence of a large number of competing ions. The specific
water quality conditions are as follows: the initial concentration
of hexavalent uranium (U(VI)) is 160.4 mg-L-!, among the
major coexisting ions, the sodium ion concentration is 1680
mg-L!, sulfate ion concentration is 1490 mg-L"!, and carbonate
ion concentration is 450 mg-L"'. Under such high-salinity, high-
interference real wastewater conditions, Film-PFBT still
exhibited satisfactory treatment performance toward the target
contaminant, achieving a U(VI) removal efficiency of over 60%.
This verifies its selective adsorption capability for U(VI) in
complex matrices and its potential application value (Fig. 4h).
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3.4 Density
Calculations

Functional Theory (DFT)

To explore the modulating effect of fluorination on the
conformation of conjugated polymers, we calculated the
optimized molecular geometries and key dihedral angles of PBT
and PFBT using density functional theory (DFT). As shown in
Fig. 5(a-b), and Table S2, the dihedral angles between the BT
unit and adjacent thiophene units in the PBT backbone (0; =
0.32° and 0, = 6.08°) and the dihedral angle between the
terminal thiophene units (03 = 44.34°) reveal significant
conformational distortion. In contrast, for the fluorinated PFBT,
non-covalent conformational locking interactions were formed
between the F atoms and the S atoms of the adjacent thiophene
units*, the F---S atomic distances were determined to be 2.730
A and 2736 A (Fig. 5(c)), which are smaller than their
theoretical van der Waals distance of 2.99 A. As a result, 0; and
0, were significantly reduced to 0.21° and 0.91°, respectively,
while 03 was simultaneously decreased to 30.99°, indicating a
substantial improvement in the planarity of the molecular
backbone. This conformational planarization effectively
enhances the -7 stacking interactions between molecular chains,
providing a structural basis for improving the optoelectronic
properties of the material*”> 8. This conformational regulation
offers multiple advantages. First, the planarized molecular
conformation can effectively reduce steric hindrance between

conjugated chains, promoting ordered packing of molecular
chains. Second, the enhanced m-m interactions can improve
charge carrier mobility while broadening the light absorption
range of the material*®; In addition, the conformational lock
effect can enhance the conformational stability of the polymer in
both solution and thin-film states, reduce defect sites, and
provide favorable conditions for charge separation and transport
during the photocatalytic process®.

To conduct an in-depth investigation into the band structures of
the two conjugated polymers, DFT calculations were
systematically employed to study the intramolecular excited-
state electron transfer process of the photocatalysts. The frontier
molecular orbital distributions of polymer chain segment are
shown in Fig. 5d. The HOMO energy levels of both materials
are primarily localized on the thiophene groups (D), while the
LUMO energy levels are highly delocalized over the
difluorobenzothiadiazole and benzothiadiazole acceptor groups
(A). This indicates that photogenerated electrons can rapidly
transfer along the polymer chain from the thiophene groups to
the difluorobenzothiadiazole and benzothiadiazole acceptor
groups, enabling efficient separation of photogenerated
electron-hole pairs®®. The calculation results show that LUMO
energy levels of PFBT and PBT were -2.72 ¢V and -2.62 eV (vs.
vacuum), respectively, and the HOMO energy levels were -5.12
eV and -5.98 eV (vs. vacuum), respectively. The introduction of
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fluorine atoms lowered both the LUMO and HOMO energy
levels of the materials, which is consistent with the experimental
results.

In donor-acceptor (D-A) systems, due to the difference in
electron affinity between the donor (D) and acceptor (A) units,
an internal electric field is formed within the molecule. The
strength of this internal electric field affects the degree of
photogenerated charge carrier separation, and the molecular
dipole moment serves as an important criterion for evaluating
the intensity of the internal electric field®'. From the molecular
electrostatic potential (ESP) maps (Fig. 5e), it can be observed
that the degree of positive and negative charge separation in
PFBT is significantly higher than that in PBT. This difference
results in a larger dipole moment for PFBT. The computational
results further confirm this trend, with PFBT exhibiting a dipole
moment of 1.3361 Debye, while PBT has a dipole moment of

(a) PBT ¢ @
s -

P g e B {c LUMO
o S ‘p (4 ,‘,b [ “9 (vs vacuum)
y € 3
P < g\% e ZL}:*
kil ¥
0,=0.329 0,=6.08"  0,=44.349
= Energy Gap
(eV)
(b) PFBT ts*
u&\ tt"t
L Y &
& ty HOMO
$ P fw LS (vs vacuum)
Y . ® © .
&« e« &€ ~ [ o
(. ~"k““‘ “9. —~ e&
q Cag &2 :t "y (e)
. ¢ ESP(keal/m
9I=0'2|u 92=0.910 9]:30.990 /
(¢) PFBT
‘e
39 ol 5
2. )
@l e e
g3 A 2,
38 i 2 ? L, 0%
N J;'_m-u ey
e il i‘; g
Y d‘ 9, 4 9
s g 2.730A 2.736 A

60
~I100 ~B0 ~B0 =40 -20 00 20 48 &0 80 W0
Length unit: Angatrem.

0.6012 Debye. A larger dipole moment generally implies a
stronger built-in electric field, which facilitates rapid separation
of photogenerated charge carriers and thereby enhances
photocatalytic activity.

The construction of planar and continuous m-electron
delocalization channels can promote the transport of
photogenerated charges. To study the m-electron delocalization
channels of PFBT and PBT, simulations were performed on
their oligomer chain fragments. As shown in Fig. 5f, the red and
orange pathways indicate that both PFBT and PBT exhibit
highly delocalized m-electrons. The planar and continuous =-
electron delocalization channels formed by the thiophene and
benzene rings endow the materials with a highly extended -
conjugated backbone, which facilitates the transport of

photogenerated charges and thus enhances photocatalytic
activity>2.
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Fig. 5 Ball-and-stick model and schematic diagram of the key dihedral angle of PBT(a); Ball-and-stick model and schematic diagram
of the key dihedral angle of PFBT(b); The structure of PFBT with labeled intramolecular F---S distances and dihedral angles (c);
HOMO and LUMO orbital distributions of polymer fragments obtained from DFT simulations (d); Electrostatic surface potential and
dipole moment (e); LOL-x electron delocalization above the Bohr radius (f).

3.5 Mechanism of Photocatalytic Uranium (VI)
Removal by Film-PFBT

To investigate the reaction mechanism of photocatalytic U(VI)
removal by Film-PFBT, X-ray photoelectron spectroscopy (XPS)
analysis was performed on the Film-PFBT samples. Compared
with the pristine Film-PFBT sample, a new U 4f signal peak
appeared in the survey XPS spectrum of Film-PFBT after
photocatalytic U(VI) removal (Fig. 6a), indicating the successful
progress of the photocatalytic U(VI) removal process.
Subsequently, the high-resolution U 4f spectrum was analyzed.

As shown in Fig. 6b, two strong peaks were attributed to U(VI)
45 (392.96 eV) and U(VD) 4f;, (393.25 eV), respectively,
confirming that the uranium oxides generated after the
photocatalytic reaction of Film-PFBT are hexavalent uranium.
Notably, in the high-resolution N 1s spectrum, the peak
corresponding to C=N-S (399.40 eV) shifted to a higher binding
energy by 0.14 eV after photocatalytic U(VI) removal (Fig. S8),
indicating that electrons in the vicinity of the thiadiazole unit of
the benzothiadiazole moiety participated in the photocatalytic
reaction. To further investigate the morphology of the uranium
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oxides after the photocatalytic reaction, X-ray diffraction (XRD)
analysis was performed on the sample after photocatalysis. As
shown in Fig. 6¢, compared with the pristine sample, the XRD
pattern of Film-PFBT after the photocatalytic reaction exhibited
new diffraction peaks at 16.96°, 20.22°, 23.34°, 25.04°, 27.38°,
32.48°, 33.56°, 36.36°, and 37.34°, which are in full agreement
with the diffraction peaks of (UO2)022H>0%.

Investigating the reactive species involved in the photocatalytic
reaction is crucial for elucidating the reaction mechanism. To
explore the active species participating in the photocatalytic
U(VI) removal by Film-PFBT, radical trapping experiments
were conducted to study the effects of h*, e, ‘O, and -OH on
the photocatalytic reaction. Methanol (MeOH), potassium
bromate (KBrOs;), p-benzoquinone (p-BQ), and tert-butanol
(TBA) were used as scavengers for h*, e, ‘Oy, and -OH,
respectively. As shown in Fig. 6d, the photocatalytic U(VI)
removal efficiency of Film-PFBT was significantly enhanced in
the presence of methanol. This is because methanol, acting as a
hole (h*) scavenger, reacts with photogenerated holes, thereby
reducing the recombination rate of photogenerated electrons and
holes and allowing more photogenerated electrons to participate
in the photocatalytic reaction. The addition of potassium
bromate and p-benzoquinone had a marked influence on the
photocatalytic U(VI) removal performance of Film-PFBT,
especially in the presence of p-benzoquinone. This indicates that
e- and ‘Oy are the most dominant reactive species in the
photocatalytic U(VI) removal process. In contrast, when tert-
butanol was present in the UO,** solution, its effect on the
photocatalytic U(VI) removal was almost negligible.

To further confirm the presence or absence of ‘O, and -OH

during the photocatalytic process, radical trapping experiments
were conducted. Nitro blue tetrazolium chloride (NBT) and
coumarin were used as trapping agents for 'O, and -OH,
respectively. As shown in Fig. S9, the absorbance of NBT
decreased with increasing irradiation time, demonstrating that a
large amount of ‘O was generated and participated in the
photocatalytic ~ U(VI) removal process. The coumarin
fluorescence intensity experiment (Fig. S10) revealed that the
fluorescence intensity remained almost unchanged with
increasing irradiation time, indicating that Film-PFBT could not
generate -OH under light irradiation. The results of the radical
trapping experiments were consistent with those of the radical
quenching experiments.

Finally, electron paramagnetic resonance (EPR) spectroscopy
was employed to further investigate whether e and O reactive
species were generated by Film-PFBT under light irradiation.
TEMPO was used as an electron-trapping agent, and DMPO
was used as a superoxide radical-trapping agent. As shown in
Fig. 6¢e, no characteristic DMPO--O," signal was observed under
dark conditions; however, upon light irradiation, a distinct
DMPO--Oy signal was detected. Fig. 6f presents the
characteristic curve of the electron-trapping agent TEMPO
(which can be reduced to TEMPOH by electrons). It can be seen
that the peak intensity under light irradiation was lower than that
under dark conditions, indicating a decrease in TEMPO
concentration. The EPR results further confirmed that both e
and -O; reactive species were generated by Film-PFBT during
the photocatalytic U(VI) removal process. In summary, the
reactive species involved in the photocatalytic U(VI) removal
by Film-PFBT are e and -O».
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Fig. 6 XPS survey spectra of Film-PFBT before and after photocatalytic U(VI) removal (a); High-resolution U 4f XPS spectra of
Film-PFBT after photocatalysis (b); XRD patterns of Film-PFBT after photocatalytic U(VI) removal (c); Radical quenching
experimental curves of Film-PFBT (d); EPR spectra of DMPO--O, under dark and light conditions (¢); EPR spectra of TEMPO under
dark and light conditions (f).

Previously, numerous literature reports have demonstrated that
H>0; can convert uranyl ions into (UO2)0,+2H,0%. Based on
this, the relationship between H202 concentration and
irradiation time for Film-PFBT and Film-PBT under light
irradiation was investigated using the iodometric method. As

shown in Fig. S11, the concentration of H>O. gradually
increased with extended irradiation time, with the most rapid
increase occurring within the first 30 min. The above results
indicate that during the photocatalytic reaction, Film-PFBT can
generate substantial amounts of H>O,, which subsequently
reacts with uranyl ions to form (UO2)02°2H;0.
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In summary, a reasonable photocatalytic U(VI) removal

mechanism for Film-PFBT is proposed. As illustrated in Fig. 7,
upon light excitation, Film-PFBT generates photogenerated
electrons and holes. Under the action of the built-in electric field,
the electrons and holes are effectively separated, and the
rapidly

photogenerated  electrons migrate  to  the

difluorobenzothiadiazole units. The photogenerated holes are
rapidly consumed by methanol to produce CO, and H»O, while
the photogenerated electrons are captured by oxygen to generate
superoxide radicals (-Oy’), which further react to form H>O..
The generated H,O: then reacts with UO*" in the solution to
form (UO2)0222H-0.

H,0,
>

y (U0,)0,22H,0())

coH,0 CHOH

Fig.7 Schematic diagram of the photocatalytic U(VI) removal mechanism of Film-PFBT.

4. Conclusions

This study employs a fluorination regulation strategy to
construct a conformational lock via F---S interactions, thereby
enhancing the planarity of the material and improving its light
absorption capability as well as photogenerated charge carrier
transport. Meanwhile, the introduction of fluorine atoms

strengthens the intramolecular built-in electric field, which
promotes the separation efficiency of photogenerated charge
carriers and the interfacial charge migration ability. Furthermore,
thin-film fabrication techniques are further adopted to enhance
the recyclability of the material in practical applications. This
study provides a reference for the design of high-performance
and recyclable D-A type photocatalysts.
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1. Experimental Section

1.1 Photocatalytic Removal of Uranium

A uranyl nitrate stock solution (50 ppm) was prepared by dissolving an appropriate amount of UO2(NO3),-6H>O in
nitric acid solution in a jacketed quartz beaker reactor, which was cooled by circulating water. The pH of the solution
was adjusted using aqueous HNOs or Na,COs. Subsequently, 10 mg of the material was added to 50 mL of UO»**
solution (50 ppm). Prior to irradiation, the mixture was continuously stirred in the dark for 1 h to achieve adsorption-
desorption equilibrium. Then, 2 mL of methanol solution was added, and the solution was irradiated for 4 h using a
300-W-CEL-HXF300-T3-Xe lamp equipped with a 400 nm cutoff filter. At specific intervals, 2.0 mL aliquots were
precisely withdrawn, filtered through a 0.22 pm nylon syringe filter to remove solid particles, and the resulting clear
supernatant was analyzed for uranium(VI) concentration via UV-Vis spectrophotometry. Specifically, Arsenazo III
was used as the chromogenic reagent, and absorbance was measured at a wavelength of 650 nm.

1.2 Cycle elution experiment

After the photocatalysis is completed, filter the photocatalytic material, wash the material with a 0.2 mol/L Na,COs
solution under stirring for 6 h. After that, wash it with ethanol and deionized water and dry it for the next experiment.
1.3 Electrochemical measurement

Electrochemical measurements including Mott-Schottky (M-S) plots, electrochemical impedance spectroscopy (EIS),
and transient photocurrent responses (I-t) were performed on a DH7000 electrochemical workstation using a three-
electrode system. A 0.5 M aqueous Na,SOj4 solution served as the electrolyte, and a 300 W xenon lamp equipped with
a 420 nm cutoff filter was used as the light source. A platinum auxiliary electrode and a saturated Ag/AgCl electrode
were employed as the counter electrode and reference electrode, respectively, while a glassy carbon electrode loaded
with the as-prepared material served as the working electrode.

For the transient photocurrent (i-t) measurements, the working electrode was prepared as follows: 5.0 mg of the
synthesized material was ground with 0.05 mL of 5% Nafion aqueous solution and 0.5 mL of ethanol to form a
homogeneous slurry. The resulting slurry was then cast onto an ITO glass electrode with an active area of 2.5 cm?,
followed by drying at 60 °C for 1 h to evaporate the solvent. The photocurrent intensity of the prepared electrode was
measured by repeatedly turning the light source on and off.

1.4 DFT calculation methods

To investigate the electrostatic potential and molecular orbitals of the materials, density functional theory (DFT)
calculations were performed using Gaussianl6. The 6-311G(d)  basis set and associated pseudopotentials were
employed for all H, C, N, S, and F atoms. The ECP60MWB basis set was used for all U atoms. Energy calculations
were performed without additional corrections and employed tight convergence criteria. The adsorption energy was
calculated according to the following equation:

Eads = Etotat — (Estab + Ev)

where Eads is the adsorption energy (kcal/mol) of UO>?" on the substrate material, Etotal is the total energy of the
adsorbed system (kcal/mol), Eslab is the energy of the substrate material (kcal/mol), and EU is the energy of UO»?*
(kcal/mol). Geometry optimizations and frequency calculations were performed in aqueous solution using the SMD
solvation model. Hole-electron and electrostatic potential analyses were carried out using the Multiwfn software

package, and the visualized energy levels and electrostatic potential distributions were plotted with the aid of VMD'.
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2.Characterization
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Fig. S1 The Fourier transform infrared (FTIR) spectra of PFBT, FBT-ThCs-Br, PBT, and BT-ThCs-Br.
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Fig. S2 XPS survey spectra of PBT and PFBT polymers
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Fig. S4 Thermogravimetric analysis (TGA) curves of PBT and PFBT.
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Fig. S8 High-resolution N 1s XPS spectra of Film-PFBT after photocatalysis.
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Fig. S10 Fluorescence curve of coumarin under light irradiation.

22



Nano Research | Vol. XX, No. XX Firstauthor et al.

30

10+

—&—Film-PBT
01 Film-PFBT

H,0, concentration ( pmol /L)

0 30 60 90 120 150
Time (min)

Fig. S11 Concentration variation curves of H,O» generated by Film-PFBT and Film-PBT under light irradiation.
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Table S1 Comparison of uranium removal performance of different materials under their respective optimal pH conditions

Maximum removal

Materials Conditions Citation
rate(%)

THEP-24 50ppmU(VI), pH=5.5 80.4 2
MOF-808@OxA 50ppmU(VI), pH=6 80.6 3
Cu-TMT 50ppmU(VI), pH=5 93.4 4
NH:-MX@Por-COF-OMe 50ppmU(VI), pH=6 92.8 5
Ni(bipy);@COF 50ppmU(VI), pH=5 84.5 6
ECUT-AQ 50ppmU(VI), pH=4 73.4 7

Table S2 Comparison of the key dihedral angles (01, 02, 03) and conformation-lock types of the PBT and PFBT molecular backbones
obtained from DFT calculation

No conformational

PBT 0.320 6.08° 44340
lock
PFBT Sem"c"i‘ofgl‘;ma“"nal 0.21° 0.91° 30.99°
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3.Nuclear Magnetic Resonance
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