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Abstract: Traditional polymeric photocatalysts are typically constructed using aromatic building blocks to enhance n-
conjugation. However, their inherent hydrophobicity and rigid structure lead to poor dispersibility in aqueous solutions,
resulting in significant optical losses and exciton recombination. In this study, two series of six novel polymer
photocatalysts( FLUSO, FLUSO-PEG10, FLUSO-PEG30; CPDTSO, CPDTSO-PEG10, CPDTSO-PEG30) are designed and
synthesized by incorporating the hydrophilic, non-conjugated polyethylene glycol (PEG) chain, into both the main and side
chains of polymers. By precisely optimizing the ratio of hydrophilic PEG segments, the water dispersibility is significantly
improved while the light absorption capability of the polymer photocatalysts is well maintained. The experimental results

confirm that the optimized FLUSO-PEG10 exhibits excellent photocatalytic hydrogen evolution rate, reaching up to
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33.9 mmol/(g-h), which is nearly three times higher than that of fully n-conjugated counterparts. Water contact angles and
particle size analyses reveal that incorporating non-conjugated segments into the main chains enhances the capacitance of the
polymer/water interface and reduces particle aggregation, leading to improved photocatalyst dispersion and enhanced charge
generation.

Key words: organic semiconductor; polymer photocatalyst; main-chain engineering; side-chain engineering;

photocatalytic hydrogen evolution

Harnessing sunlight to generate hydrogen fuel through photocatalytic water splitting offers a promising pathway
toward clean and sustainable energy!"- 2. Organic semiconductors are particularly attractive for this process due to their
strong absorption of visible light and highly tunable optoelectronic propertiesi*°l. Among the extensively studied,
organic photocatalysts are graphitic carbon nitrides (g-C3N4)!"?), linear conjugated polymers (LCPs)!'*!2], conjugated
microporous polymers (CMPs)!!3151 and covalent organic frameworks (COFs)!!*!”l, Typically, to enhance light
absorption and charge transport, these photocatalysts are synthesized using rigid and aromatic building blocks, resulting
in a planar, conjugated polymer network[??l, However, the inherent hydrophobicity of most aromatic building blocks,
combined with difficulties in controlling the degree of polymerization, often leads to the formation of large polymer
particles, ranging from microns to millimeters, in aqueous suspensions!® 21221, Since light can only penetrate organic
semiconductors to a depth of a few hundred nanometers, such oversized particles are not fully activated by
illumination[?* 241, Moreover, as exciton diffusion lengths in organic semiconductors are usually limited to several tens
of nanometers>>271. Thus, reducing the particle size and improving the water dispersion of organic photocatalysts are
critical for enhancing their photocatalytic performance.

One effective strategy to enhance the water dispersibility of organic photocatalysts is by increasing their
hydrophilicity, which improves wettability and minimizes agglomeration under ultrasonic dispersion process?8-3%,
Common strategies in molecular engineering involve incorporating polar groups, such as sulfone moieties®!- 32, into the
conjugated backbone or attaching hydrophilic side chains, including polyethylene glycol (PEG)% 33 34 carboxylic
acids!®], amino groups, or ionic electrolytesi®l. Nevertheless, despite these modifications, the polymer backbones
typically remain hydrophobic. Recent study has demonstrated that introducing non-conjugated segments into the
backbone can improve the water/polymer interface without significantly compromising light harvestingl*’). However,
few reports have explored the simultaneous engineering of both the main chain and side chain in polymer
photocatalysts, where achieving an optimal balance between non-conjugated and conjugated segments remains a critical
challenge for enhancing hydrophilicity while maintaining efficient charge transport.

Here, we developed two series of hydrophilic polymer photocatalysts (FLUSO and CPDTSO) by integrating both
main-chain and side-chain engineering. Hydrophilic PEG groups were simultaneously grafted onto m-conjugated
fluorene (FLU) or cyclopentadithiophene (CPDT) building blocks, and incorporated into the polymer main chain as non-
conjugated segments. By carefully optimizing the ratio of non-conjugated segments, their photophysical properties were
well maintained as compared to those of the fully n-conjugated polymer. Remarkably, FLUSO-PEG10 achieved an
enhanced photocatalytic hydrogen evolution rate of 33.9 mmol/(g-h) under visible light irradiation, approximately three
times higher than that of the fully m-conjugated one with only hydrophilic side chains. Water contact angle test and
scanning electron microscopy (SEM) image indicated that introducing PEG into the polymer main chain reduced the
contact angle, resulting in significantly less particle aggregation in the photocatalytic solution. This reduction in particle

size enhanced catalytic sites and improved charge generation which was confirmed by transient photocurrent tests.

1 Experiment

1.1 Chemicals

All reagents were obtained from Macklin, Meryer, Boer and used as received. Solvents were obtained from
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commercial sources and used without further purification.
1.2 Synthesis of Polymer Photocatalysts

All polymers were synthesized by Pd-catalyzed Suzuki-Miyaura coupling reaction. 3,7-Dibenzo[b,d]thiophene
sulfone diboronic acid bis(pinacol) ester (mole fraction 100%), PEG substituted 2,7-dibromo-9 H-fluorene or 2,6-
dibromo-4H-cyclopenta-[2,1-b:3,4-b’ |dithiophene (mole fraction 100%, 90% and 70%), 1,11-di(4-bromophenoxy)-
3,6,9-trioxaundecane (mole fraction 0, 10% and 30%), Pd(PPhs)4 (mole fraction 3.6%), and K,COj; (2 mol/L, 5.6 mL)
were added to a dried Schlenk tube. THF was added via syringe and the solution was dried under vacuum for 5 min and
then purged with N». The mixture was stirred under nitrogen at 85 °C overnight. After cooling to room temperature, the
mixture was poured into methanol and washed with methanol, n-hexane and water after filtration to afford the target
polymer FLUSO, FLUSO-PEG10, FLUSO-PEG30, CPDTSO, CPDTSO-PEG10 and CPDTSO-PEG30 (Yield: 59.2%,
51.1%, 64.3%, 66.3%, 61.6% and 56.0%), respectively.
1.3 Characterization

"H-nuclear magnetic resonance (NMR) spectra were recorded in solution at 400 MHz, using a Bruker Avance
400 NMR spectrometer. UV-Visible (UV-Vis) absorption spectra were collected on a Varian Cary
500 spectrophotometer. The optical bandgap (£,) was obtained from Tauc plots of the UV-Vis spectra and by
extrapolation of the linear part of the curve to the energy axis based on the relationship ahv= A(hv - E,)’, where a is the
absorption coefficient, 4 is an energy-independent constant, E, is the optical bandgap, / is Planck’s constant, v is the
velocity, and p is a constant representing the type of electronic transition. Fluorescence spectra were recorded on
Edinburgh Instrument (2 Bain Square, Kirkton Campus, Lovingston, UK). Fourier transform infrared spectrometer (FT-
IR) was acquired on Thermo Nicolet Corporation (7800-350/cm 0.01/cm/6700). X-ray photoelectron spectroscopy
(XPS) data were measured in powder form using an ESCALAB 250 Xi instrument (Thermo Fisher Scientific) with a
monochromatized Al Ka line source. The photoelectric data of samples were recorded by the CHI660 B
electrochemical workstation of (Shanghai Chenhua, China). A standard three-electrode system was employed with a
platinum foil and Ag/AgCl as the counter electrode and the reference electrode, respectively. The working electrodes
were prepared as follows: Typically, polymer dispersion was mixed with Nafion (1 mL, volume fraction 4%) under the
ultrasonication for 30 min. Then, 0.1 mL of the suspension was dropwise coated on the indium tin oxide (ITO) glass
substrate for three times. 0.2 mol/L Na,SO4 aqueous solution was employed as the electrolyte. The polymer dispersions
were drop-coated onto ITO glass for three times to make films, and the water contact angle measurements were
performed by JC2000 C (Power Each). The morphologies of polymers were imaged using a field-emission scanning
electron microscope (Helios G4 UC, Thermo Fisher Scientific). Transmission electron microscopy characterizations
were performed on a Themis Z microscope (Thermo Fisher Scientific) equipped with two aberration correctors under
200 kV. Samples were cast on a copper grid with holey carbon supporting films. Scanning transmission electron
microscopy and element mapping were collected on a Talos F200 X transmission electron microscope.
1.4 Photocatalytic Hydrogen Evolution Measurement

Photocatalytic hydrogen evolution experiments were conducted in a glass system (250 mL). Typically, a quartz
reactor was charged with polymer dispersion (25 mL) containing 2.5 mg catalysts, ascorbic acid (0.2 mol/L), and a
certain amount of Pt as a cocatalyst using hexachloroplatinic acid as a Pt precursor. Before light irradiation, the
dissolved air was thoroughly removed by bubbling with N, for 30 min. Then the system was irradiated from the top
using a 300 W xenon lamp (Perfectlight PLS-SXE300 D). The temperature of the reaction solution was maintained at
20 “C by circulation of cool water. The evolved gases were detected on a gas chromatograph (Shimadzu GC 2014 C)

with a thermal conductive detector.

2 Results and Discussion

Two series of polymer photocatalysts (FLUSO and CPDTSO) were constructed using fluorene (FLU) or
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cyclopentadithiophene (CPDT) as electron donors and dibenzothiophene sulfone (DTSO) as electron acceptors.
Polymers based on fluorene and cyclopentadithiophene have been reported to exhibit excellent properties such as high
coplanarity and electrical conductivity, attributed to their rigid and planar molecular structuresB8l. These structural
characteristics contribute to a narrower bandgap and superior light-harvesting capabilities, both of which are highly
desirable for photocatalytic applications. The dibenzothiophene sulfone (DTSO) unit was selected due to its strong
electron-withdrawing nature, planar geometry, and the high hydrophilicity conferred by the sulfone group. These
features make DTSO a widely used building block in the design of efficient organic photocatalystsi**l. We employed
both main-chain and side-chain engineering by incorporating penta(ethylene glycol) (PEG) into the backbone as well as
the side chains of FLUSO and CPDTSO (Fig. 1). The PEG-based hydrophilic non-conjugated segments were integrated
into the main chain via a one-pot Pd-catalyzed Suzuki-Miyaura coupling polymerization, simply by replacing the
dibromo-monomers with PEG-functionalized (PEG-Br) segments. By varying the mole fractions (0, 10% and 30%) of
these hydrophilic non-conjugated segments, six polymer photocatalysts, FLUSO, FLUSO-PEG10, FLUSO-PEG30,
CPDTSO, CPDTSO-PEG10 and CPDTSO-PEG30 were synthesized (Fig. 1).
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Fig. 1 Schematic illustration of hydrophilicity design strategy and the chemical structures of polymer photocatalysts

The chemical structures of the synthesized polymers were confirmed using Fourier-transform infrared (FT-IR)
spectroscopy and X-ray photoelectron spectroscopy (XPS). In the FT-IR spectra, FLUSO showed peaks at 1602 cm™
and 1456 cm™ (Fig. 2(a)), which are attributed to the C=C stretching vibrations of the phenyl group in the polymer
backbone. Additional peaks at 1304 cm™ and 1157 cm™ correspond to the characteristic stretching vibrations of the
O=S=0 group, which confirms the presence of the sulfone moiety. The spectra also revealed two distinct C— H
stretching vibration peaks in the range of 2800~ 3000 cm™!, along with asymmetric C— O— C stretching peaks
between 1000 cm™! and1 170 cm™!, which verify the incorporation of PEG side chains (Fig. 2(a)). When PEG-based
hydrophilic non-conjugated segments were incorporated into the polymer main chain, as in FLUSO-PEGI10 and
FLUSO-PEG30, the FT-IR spectra remained similar to that of FLUSO. For the CPDTSO polymers, aside from the
similar sulfone group signals (1304 cm™! and 1153 cm )0, a distinctive C— S stretching band emerged at 706 cm™,
which is attributed to the CPDT unitP7! (Fig. 2(b)). The XPS survey spectra indicated that these polymers contain
carbon, oxygen, and sulfur elements. The high-resolution C 1s spectra (Fig. 2(c)) can be deconvoluted into three peaks
at 284.8, 285.3 eV and 286.4 eV, which correspond to C=C, C— S, and C— O— C bonds, respectively. While the C 1s
spectra of FLUSO and CPDTSO are similar, their S 2p signals differ significantly (Fig. 2(d)). FLUSO polymers showed
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a single set of S 2p peaks at 169.4 eV and 168.2 eV, corresponding to the 2 py,, and 2 ps»» states of R— SO,— R, In
contrast, CPDTSO polymers exhibited an additional set of S 2p signals at 165.2 eV and 164.0 eV, corresponding to the
2 p12 and 2 p3; states of R—S—R from the CPDT unit!“],
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Fig.2 FT-IR spectra of (a) FLUSO based polymers and (b) CPDTSO based polymers; (c) C 1s and (d) S 2p XPS spectra of FLUSO based
polymers and CPDTSO based polymers

The photophysical properties of these polymers photocatalysts were investigated using UV-Vis diffuse reflectance
spectroscopy and photoluminescence (PL) spectroscopy. As shown in Fig. 3(a), FLUSO exhibited a broad absorption
band from 300 nm to 500 nm with an absorption edge around 600 nm. In contrast, CPDTSO, owing to the stronger
electron-donating ability of the cyclopentadithiophene unit compared to fluorene, exhibits a significantly red-shifted
absorption band extending from 300 nm to 650 nm, with the absorption edge shifting to approximately 700 nm. FLUSO-
PEG and CPDTSO-PEG polymers displayed absorption bands similar to their fully n-conjugated analogues, albeit with
a slight blue shift in the absorption edge, likely due to reduced aggregation of the polymer backbones. Furthermore,
solid-state PL measurements suggested ared-shifted emission peak of CPDTSO compared with FLUSO (680 nm vs 550 nm,
Fig. 3(c)). After incorporating the non-conjugated segments, FLUSO-PEG showed a slight blue shift in their emission
peaks relative to FLUSO, while the emission peak of CPDTSO-PEG was similar to CPDTSO.

The energy levels of the polymer photocatalysts were estimated using a combination of Mott-Schottky analysis
and Tauc plots. The maximum absorption wavelength (Amax, abs) Was determined by Tauc plots derived from the
absorption spectra (Fig. 3(b)), with E, values of 2.56, 2.58, 2.63, 1.92, 1.94 eV, and 1.95 eV for FLUSO, FLUSO-
PEG10, FLUSO-PEG30, CPDTSO, CPDTSO-PEG10, and CPDTSO-PEG30, respectively. The flat band potentials
(Ep) were determined versus Ag/AgCl based on the Mott-Schottky formula and the conduction band (Ecg) potentials
were —0.77, —0.74, —=0.71, —1.01, —0.85 V and —0.99 V versus the normal hydrogen electrode (Enxug) for FLUSO,
FLUSO-PEG10, FLUSO-PEG30, CPDTSO, CPDTSO-PEG10 and CPDTSO-PEG30, respectively, calculated using the
equations Ecg = Ep 0.1 V and Enug=FEagagcit0.2 V. The valence band (Evg) levels were then calculated using the
equation Evp = EgtEcp™®), resulting in Evg values ranging from 1.79 V to 1.92 V for FLUSO polymers and from 0.91
Vto 1.09 V for the CPDTSO polymers (Fig. 3(d)). The photophysical properties for FLUSO and CPDTSO polymers

were shown in Table 1.



3 HTE 5%, A8 FEE-OUEE B R] TR 50 R S Yo & 221

The molecular electrostatic potential (ESP) of the repeat units of FLUSO and CPDTSO polymers was investigated
to visualize the spatial distribution of positive and negative charges, which is critical for understanding and predicting
intermolecular interactionst* 431, As shown in Fig. 3(e), the negative charges in FLUSO are distributed on both the
electron-withdrawing sulfone group and the benzene ring of the FLU unit, while the negative charges in CPDTSO are
primarily localized on the sulfone group due to the stronger electron-donating properties of the incorporated CPDT
group. Additionally, the spatial distributions of the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) in these polymers were studied using density functional theory (DFT) calculations
(Fig. 3(f, g)). All DFT calculations and ESP analyses were performed with the CAM-B3 LYP density functional, with
def2 SVP basis set using the Gaussian 16 and Multiwfn software!*6 471, FLUSO and CPDTSO polymers exhibit similar
LUMO distributions, with electron density predominantly populates on the sulfone unit. In the HOMO state, the
electron density is largely concentrated on their donor moiety and the conjugated aromatic nucleus. This behavior is
characteristic of donor-acceptor (D-A) polymers, theoretically promoting the migration of photogenerated charge.

These provide a strong foundation for further main-chain and side-chain engineering on polymer backbones.
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Fig.3 (a) Solid-state UV-Vis diffuse reflectance spectra; (b) Tauc plots; (c) Solid-state photoluminescence spectra (4o, = 350 nm for FLUSO
based polymers and ., = 500 nm for CPDTSO based polymers); (d) Energy level diagram of all prepared polymers; (e) Electrostatic
potential; (f) LUMO and (g) HOMO distribution of the molecular fragments in FLUSO and CPDTSO polymer as models (Gray, light
gray, yellow and red balls refer to C, H, S and O atoms, respectively)

Table 1 The photophysical properties for FLUSO and CPDTSO polymers

Polymer A0, /nm E2NV EJ/V EONV EN E9/eV

CPDTSO 646 -1.11 -0.91 0.91 —-1.01 1.92
CPDTSO-PEG10 639 -0.95 -0.75 1.09 —0.85 1.94
CPDTSO-PEG30 636 —-1.09 —-0.89 0.96 —-0.99 1.95

FLUSO 484 —0.87 —0.67 1.79 -0.77 2.56
FLUSO-PEG10 481 —0.84 —0.64 1.84 —0.74 2.58
FLUSO-PEG30 471 —-0.81 —0.61 1.92 —-0.71 2.63

1) Determined by solid-state UV-Vis diffuse reflectance spectroscopy; 2) Determined versus Ag/AgCl based on the Mott-Schottky formula; 3) Determined by the equation Enyg=
Eagagcrt0.197 V; 4) Determined by the equation Eypg = EcgtEg; 5) For many n-type semiconductors, Ey, is considered to be about 0.1 V more positive than its conduction band

potentials; 6) Determined from Tauc plots
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We next evaluated the photocatalytic hydrogen evolution performance of these polymers using platinum (Pt) as a
co-catalyst in a H,O/MeOH/TEA (volume ratio 1:1:1) mixture, where TEA (triethylamine) serves as the sacrificial
electron donor and MeOH helps mix TEA with water. As shown in Fig. 4(a), 2.5 mg of FLUSO polymer generated
163.7 pmol of H, over 5 h of photolysis under visible light irradiation, corresponding to a hydrogen evolution rate
(HER) of 32.7 pmol/h (13.1 mmol/(g-h) when normalized to gram-scale). In contrast, CPDTSO exhibited a much lower
HER of 3.4 pmol/h (1.3 mmol/(g-h)), approximately one-tenth of FLUSO, despite its broader absorption spectrum. This
discrepancy may arise from the insufficient driving force for TEA oxidation due to the upward-shifted Evg of CPDTSO.
Since holes transfer from the photoexcited polymer to TEA constitutes the initial step in the photocatalytic processi®],
the reduced thermodynamic driving force limits the ability of TEA to effectively scavenge photogenerated holes,
thereby diminishing overall photocatalytic performancel*]. Remarkably, when 10% (mole fraction) hydrophilic non-
conjugated segments were incorporated, FLUSO-PEG10 and CPDTSO-PEG10 produced 424.1 pmol and 24.9 pmol of
H,, respectively, under the identical catalytic conditions, with average HER of 33.9 mmol/(g-h) and 2.0 mmol/(g-h).
These values are nearly 3 and 2 times higher than those of their fully conjugated counterparts, FLUSO and CPDTSO.
Further increasing the proportion of non-conjugated segments to 30% (mole fraction) led to an increased HER for
CPDTSO-PEG30 (25.1 umol/h, 6.1 mmol/(g-h)), while there was only minor improvement for FLUSO-PEG30
(61.6 pumol/h, 24.6 mmol/(g-h)). These results emphasize the advantage of hydrophilic non-conjugated main-chain
engineering in enhancing photocatalytic performance.

The photocatalytic activity of the best-performing polymer, FLUSO-PEG10, was also tested under AM 1.5 G
filter irradiation, which achieved a HER of 22.3 mmol/(h-g) (Fig. 4(b)). A control experiment was performed by
removing light irradiation, where no hydrogen evolution was detected, supporting that it is a photocatalytic process
mediated by the polymers. Further testing of FLUSO-PEG10 with various sacrificial agents revealed that TEA provided
the highest performance, while only minimal hydrogen was produced with ascorbic acid (AA) and triethanolamine
(TEOA), probably due to the slower oxidation kinetics for these sacrificial agents (Fig. 4(c)). Additionally, two
repeated batches of FLUSO-PEG10 were tested, which showed negligible differences in photocatalytic activities
(Fig.4(d)), demonstrating high reproducibility for the photocatalysis test.

Apparent quantum yield (AQY), which indicates the conversion efficiency of incident photons to hydrogen, was
measured for FLUSO-PEG10. The parameters required for AQY calculation were shown in Table 2. As displayed in
Fig. 4(e), FLUSO-PEG10 exhibited AQY of 23.2%, 17.3%, and 2.8% at 400, 420 nm and 475 nm, respectively, which
aligns well with its absorption spectrum and supports its high hydrogen evolution rate. The long-term stability of
FLUSO-PEG10 was assessed through five consecutive photocatalytic cycles under visible light irradiation (Fig. 4(f)).
The HER remained stable throughout all cycles with 95% of the initial rate retained in the final cycle, demonstrating
good photocatalytic stability were measured for FLUSO-PEG10.

Since FLUSO-PEGI10 possessed similar photophysical properties to fully m-conjugated counterparts, we
hypothesize that the enhanced photocatalytic activity may stem from differences in their water/polymer interface. The
hydrophilicities of these polymers were assessed by measuring the water contact angles of their polymer films. The
polymer dispersions were drop-coated onto ITO glass for three times to make films and the water contact angle
measurements were performed by JC2000C (Power Each). As shown in Fig. 5(a~c), FLUSO displayed water contact
angles of 94°. When a small mole fraction (10%) of hydrophilic, non-conjugated segments was introduced into FLUSO,
FLUSO-PEG10 showed a significant decrease in the water contact angle to 65°. Further increasing the proportion of
PEG non-conjugated segments in the main chain led to minimal change in the water contact angles. The observed
variation in water contact angles correlates well with the photocatalytic hydrogen evolution rate, suggesting that the
improved water/polymer interface is beneficial for photocatalytic hydrogen production.

The nano-morphologies of FLUSO polymers dispersed in photocatalysis solution were analyzed using SEM. As
shown in Fig. 5(d~ f), FLUSO exhibited a bulk morphology with significant particle aggregation, with dimensions
reaching hundreds of micrometers. In contrast, FLUSO-PEG10 and FLUSO-PEG30 exhibited loosely aggregated
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Fig. 4 (a) Photocatalytic hydrogen evolution rates for FLUSO based polymers and CPDTSO based polymers under visible light irradiation (1 >
420 nm); (b) Time-dependent photocatalytic hydrogen evolution for FLUSO-PEG10 under visible light (4 > 420 nm), AM 1.5 G filter
irradiation and without irradiation; (c) Photocatalytic hydrogen evolution rates for FLUSO-PEG10 using different sacrificial agents
under visible light irradiation (4 > 420 nm); (d) Photocatalytic hydrogen evolution rates for FLUSO-PEG10 tested for different batches
under visible light irradiation (4 > 420 nm); (e) The absorption spectra and apparent quantum yields (AQY) for FLUSO-PEG10 at 400,
420 nm, and 475 nm, respectively; (f) Long-term photocatalytic hydrogen evolution for FLUSO-PEG10 under visible light irradiation
(4 > 420 nm) (the system was degassed again between each cycle) (Photocatalysis conditions: 2.5 mg photocatalyst, 25 mL
MeOH/TEA/H,0 (volume ratio 1:1:1), Pt based on polymer nanoparticles mass as co-catalyst)

Table 2 Parameters required for apparent quantum yield (AQY) calculation

H, evolution/pmol Irradiated area/cm® 1/s Average light intensity/(mW-cm %) Wavelength/nm AQY/%
46.3 18.1 3600 1.83 400 232
453 18.1 3600 2.28 420 17.3
11.5 18.1 3600 3.18 475 2.8

nanostructures composed of smaller particles. This behavior can be attributed to the replacement of m-conjugated
aromatic units with non-conjugated PEG segments, which helps reduce the strong aggregation and packing of aromatic
backbones. The modified nano-morphology of FLUSO-PEG10 remained stable during photocatalysis reaction. Post-
photocatalysis characterization using scanning transmission electron microscopy (STEM) revealed that the morphology
of FLUSO-PEGI10 remained unchanged, maintaining its loosely packed, small, and dispersed particle structures
(Fig. 5(g, h)). The Pt co-catalyst, deposited via photoreduction, was uniformly distributed throughout the
polymer, exhibiting a consistent particle size of less than 5 nm. Elemental mapping (Fig. 5(i)) confirmed the
presence of Pt signals from the photo-deposition of co-catalyst, which further supported the chemical stability of
FLUSO-PEG10 following photocatalysis.

To examine the effect of main-chain and side-chain engineering on the dispersibility of polymer photocatalysts,
the particle size distributions were further analyzed by measuring UV-vis absorption spectra after sonication dispersion
in a photocatalytic solution and filtration through filters with varying pore sizes. This method was chosen due to the
polydispersity of the insoluble polymers, which makes measurement via dynamic light scattering (DLS) or static light

scattering (SLS) challenging. As seen in Fig. 5(j, k), the FLUSO dispersion displayed an absorption band in the
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Fig. 5 Water contact angles of (a) FLUSO, (b) FLUSO-PEG10 and (c) FLUSO-PEG30 as thin films; SEM images of (d) FLUSO, (e) FLUSO-
PEG10 and (f) FLUSO-PEG30 dispersion in H,O/MeOH/TEA (volume ratio 1:1:1); (g) TEM image; (h) HAADF-STEM image and
(i) EDX mapping analysis of platinum for FLUSO-PEG10 after photocatalytic reaction; Absorption spectra of (j) FLUSO, (k) FLUSO-
PEG10 polymers dispersed in HyO/MeOH/TEA (volume ratio 1:1:1) and filtered using Nylon filters with pore sizes of 0.45 pm and
0.22 pm; (1) Transient photocurrents of FLUSO and FLUSO-PEG10

300~ 450 nm, with tails extending to 600 nm, consistent with their solid-state absorption spectra. Notably, FLUSO-
PEG10 exhibited a significantly higher absorption intensity compared to FLUSO, despite both being dispersed at the
same concentration. The increased absorption intensity can be attributed to the reduced particle size and enhanced
dispersion of FLUSO-PEG10 in photocatalytic solutions. After filtration through a 0.45 pm filter, the absorbance of all
polymer dispersions remained largely unchanged, indicating that most particles are smaller than 0.45 pm, highlighting
the effectiveness of hydrophilic side-chain engineering. When filtered through a 0.22 pm filter, the FLUSO dispersion
retained less than 40% of its original absorbance, whereas the FLUSO-PEG10 dispersions retained more than 50%,
suggesting a greater proportion of particles smaller than 0.22 um. Therefore, the introduction of non-conjugated PEG in
the main polymer chains facilitates the formation of smaller particles, resulting in better dispersion in the photocatalytic
solution and enhanced light absorption. It is important to note that the particle size estimates from the UV-Vis
absorption measurements may not fully correlate with photocatalytic activity, as the nano-morphologies and reaction
kinetics also play crucial roles in the surface-dominated photocatalytic reaction.

The charge generation of polymers with main-chain and side-chain engineering was studied by transient
photocurrent. As displayed in Fig. 5(1), by incorporating non-conjugated PEG in the polymer main chains, FLUSO-
PEG10 showed a higher and more stable photocurrent response than FLUSO under light illumination, suggesting the
more efficient charge generation. Overall, the enhanced photocatalytic hydrogen production for FLUSO-PEG10 can be

attributed to the optimized hydrophilicity and dispersion in photocatalysis solutions, which reduces the distance that
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excitons need to travel.

3 Conclusion

In summary, we have successfully developed two series of hydrophilic polymer photocatalysts by integrating
main-chain and side-chain engineering for enhanced photocatalytic hydrogen production. By progressively integrating
hydrophilic PEG chains into the FLU and CPDT building blocks, as well as the conjugated backbone, the resulting
photocatalysts retained photophysical properties similar to their fully conjugated counterparts, with no significant loss
in light absorption. Notably, the inclusion of the hydrophilic, non-conjugated segments in the polymer main chain
greatly enhanced photocatalytic hydrogen evolution activity, with FLUSO-PEG10 achieving an average hydrogen
evolution rate of 33.9 mmol/(g-h), nearly three times higher than those of fully conjugated FLUSO. Water contact angle
measurements confirmed an improved water/polymer interface upon the introduction of non-conjugated PEG segments.
Particle size distribution analysis indicated decreased particle size and aggregation of FLUSO-PEGI10in the
photocatalytic solution, accompanied by enhanced dispersion and light absorption. This reduction in particle size

promoted charge generation, thereby improving the photocatalytic performance.
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