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Abstract

Highly crystalline organic semiconductors are ideal materials for photocatalytic
hydrogen evolution in water splitting. However, the instability and complex
synthesis processes of most reported organic molecule-based photocatalysts
restrict their applications. In this study, we introduce benzo [1,2-b:4,5-b’] bis
[1] benzothiophene-3,9-dicarboxylic acid, 5,5,11,11-tetraoxide (FSOCA), a highly
crystalline, stable molecular crystal that is easy to synthesize and serves as an
efficient photocatalyst for the hydrogen evolution reaction. FSOCA exhibits high
efficiency in sacrificial hydrogen evolution reaction (760 umol h~!, 76 mmol
g~! h™! at 330 mW cm™2; 570 umol h~!, 57 mmol g=! h~! at 250 mW cm~2),
and FSOCA remains stable during photocatalysis for up to 400 h. Experiments
and theoretical studies confirmed the presence of hydrogen bonds between the
sulfone group and the sacrificial agent (ascorbic acid). This interaction signifi-
cantly improved the oxidation reaction kinetics and boosted the photocatalytic
performance. This study presents a scalable and convenient approach to synthe-
size highly crystalline, active, and stable organic photocatalysts with potential
applications in large-scale photocatalysis.
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1 | INTRODUCTION

Photocatalytic water splitting to produce green hydrogen
is considered an ideal technology."> Organic photocata-
lysts, made from earth-abundant elements such as carbon
and nitrogen, can be synthetically tuned to absorb vis-
ible light while maintaining appropriate energy levels
for various photocatalytic reactions.>® A wide array of
organic semiconductors, especially polymer-based mate-
rials, have been developed for photocatalytic hydrogen
evolution reactions (HERs), for example, g-C;N,,1913
linear conjugated polymers,'*!> conjugated microporous
polymers,'®~18 covalent organic frameworks,'°~?! and cova-
lent triazine-based frameworks.22 2> However, it is difficult
for most of above-mentioned polymeric materials to obtain
highly crystalline structure. Abundant defects exist in
these organic semiconductors, which are prone to the
recombination of excitons, significantly limiting their pho-
tocatalytic performance.??%-2° Moreover, the synthesis of
many of these polymeric materials entails complexity or
relies on expensive monomers. Hence, there exists a pro-
nounced yet unfulfilled demand for readily synthesized
and highly crystalline organic photocatalysts with low
exciton recombination efficiency and high performance.
Organic molecular semiconductors are typically readily
accessible in highly crystalline structures via solution-
processed technology. Their highly crystalline struc-
ture can efficiently promote the exciton diffusion and
inhibit recombination.’?*' Till now, Y6’s derivatives,3
perylenediimide,*>~3> porphyrin,**=3® and carbazole®**°
have been reported as promising photocatalysts for HER
applications. Stupp and coworkers have conducted pio-
neering research on molecular semiconductors based on
perylenediimide, the perylene monoimide chromophore
amphiphile demonstrating a photocatalytic hydrogen evo-
lution rate of 6.56 uL h~l32 Recently, a crystalline
perylenetetracarboxylic acid nanosheet-based materials
exhibited a high hydrogen evolution rate of 118.9 mmol g*
h~1.3 Although crystalline structure has endowed organic
molecular semiconductors with good exciton diffusion
ability, the development of organic molecular semicon-
ductors is still limited due to their complex synthesis
processes and instability. For instance, the synthesis of
carbazole derivatives’**’ as well as Y6 derivatives’' is
too complicated and need expensive monomers, result-

ing in moderate to good performance. Moreover, most
molecular semiconductors are less stable in photocatalysis
process, which limited their practical application. Cooper
and coworker reported that the crystallinity and activity of
a pyrene-based organic semiconductor would both expe-
rience a notable decrease following a 6-h photocatalytic
experiment.?’ In summary, while the crystalline structure
renders molecular semiconductors attractive materials for
the photocatalytic HER, there remains plenty of room
for enhancement, for example, enhanced photocatalytic
activity, easier synthesis, and improved stability.

The instability of organic molecule-based semiconduc-
tors arises from oxidative degradation of their oxidized
forms. It has been confirmed that the oxidative stabil-
ity of organic molecules can be enhanced via removing
functional groups and increasing the oxidation potential
(much deeper highest occupied molecular orbital [HOMO]
energy). The improved oxidative stability is achieved by
the fast transfer of holes to water or sacrificial agent
molecules to avoid the oxidative degradation of organic
molecules.*! Inspired by this, we present herein a sta-
ble molecule photocatalyst (benzo [1,2-b:4,5-b’] bis [1]
benzothiophene-3,9-dicarboxylic acid, 5,5,11,11-tetraoxide
[FSOCA]) for the HER. Our hypothesis posits that the
electron-withdrawing group -SO, can lower the energy of
the HOMO and that the atoms of FSOCA have already
reached their highest valence state, which endow FSOCA
with good oxidative stability. Moreover, the sulfone groups
serve as a “lock” for the flipped aromatic rings, sub-
stantially enhancing the delocalized range and rigidity
of the skeleton as well as the interlayer 7—7 interaction.
Strong 7-7 interactions and hydrogen bonding between
carboxyl groups facilitate the attainment of a highly crys-
talline structure. Additionally, increased delocalization
leads to reduced spatial overlap between electron and hole
wavefunctions, resulting in lower exciton binding energy
(Ey), thereby enhancing the charge transfer process.* The
aforementioned factors contribute to FSOCA exhibiting
a highly crystalline structure with low exciton binding
energy, consequently leading to excellent photocatalytic
performance. Significantly, FSOCA exhibits remarkable
stability and achieves high performance in the HER dur-
ing prolonged photocatalytic processes (up to 400 h).
Its HER activity is up to 76 mmol g~' h™! at 330 mW
cm~2 (570 umol h~!, 57 mmol g~! h~! at 250 mW cm™2),
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resulting in one of the most outstanding performances
among organic photocatalysts. Furthermore, FSOCA can
be synthesized easily on a laboratory scale, up to tens of
grams. This study presents a promising approach for devel-
oping organic semiconductor-based photocatalysts with
high HER performance, excellent stability, and ease of
synthesis.

2 | RESULTS AND DISCUSSION

2.1 | Chemical structure of FSOCA,
SOCA, and TPCA

FSOCA was prepared through the sulfonation reaction
of [p-terphenyl]—4,4"-dicarboxylic acid (TPCA), which
exhibits insolubility in most common organic solvents and
water but shows slight solubility in dimethyl sulfoxide
(DMSO) and N-methylpyrrolidone (NMP). A control sam-
ple (5,5-dioxo-5H-dibenzo[b,d]thiophene-3,7-dicarboxylic
acid [SOCA]) with one sulfone group was purchased
commercially. Their structures were analyzed by nuclear
magnetic resonance spectroscopy and/or single-crystal
X-ray crystallography (SCXRD). The proton nuclear mag-
netic resonance (‘H NMR) spectrum of FSOCA (Figure S1)
showed three peaks at 8.94 ppm (2H, s), 8.31 ppm (2H, d),
and 8.21-8.23 ppm (4H, t), which correspond to the four
different types of protons in FSOCA. The *C NMR spec-
trum of FSOCA (Figure S2) exhibited nine peaks within
the range of 118-167 ppm. The peak observed at 167 ppm
corresponds to the carbon of the carbonyl group, while
the peaks falling within the range of 118-143 ppm can be
attributed to the aromatic carbon. 'H NMR spectrum of
TPCA (Figure S3) showed two peaks at 8.03 ppm (4H, d)
and 7.88 ppm (8H, d). 'H NMR spectrum of SOCA (Figure
S4) showed three peaks at 8.53 ppm (2H, d), 8.50 ppm
(2H, s), and 8.46 ppm (2H, d). Large crystals of FSOCA-
and SOCA-containing solvent were obtained and char-
acterized by SCXRD, while TPCA had yet to obtain the
crystals. The structure of FSOCA«NMP was refined (CCDC
no. 2287846, Figure S5), providing clear evidence of the
chemical structure of FSOCA. Additionally, the chemi-
cal structure of SOCA was definitively confirmed through
the refinement of SOCA«DMF (CCDC no. 2251963, Figure
S6). Fourier transform infrared (FTIR) spectrum (Figures
S7-S9) showed strong peak of carbonyl group (-C=0) at
about 1700 cm™. X-ray photoelectron spectroscopy anal-
ysis revealed the presence of C, O, and S elements in
FSOCA. The peaks at 169.2 and 168.0 eV in S2p spec-
trum were assigned to S in -SO, groups. The peak at
288.9 eV in Cls spectra can be assigned to carbonyl group,
and 284.9 eV is assigned to aromatic carbon. The peaks
at 532.6 and 531.9 eV in Ols spectra can be assigned to
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oxygen atoms in -COOH and -SO, groups, respectively
(Figure S10). Thermogravimetric analysis showed good
thermal stability (>300°C) of FSOCA, SOCA, and TPCA
(Figure S11). The nitrogen adsorption-desorption curve
(Figure S12a) revealed the presence of both micropore
and macropore in FSOCA. Micropores are likely a result
of specific crystal defects, while macropores may formed
due to particle aggregation. Additionally, the calculated
Brunauer-Emmett-Teller (BET) surface of FSOCA is about
82 m? g~!. Pore size distributions were calculated using
the Barret-Joyner-Halenda (BJH) method (Figure S12b),
revealing microporous structures located at approximately
2nm.

2.2 | Crystal structures of FSOCA and
SOCA without solvent

After elucidating their chemical structures, we further
analyzed the crystal structures of FSOCA and SOCA in
their solvent-free states. First, powder X-ray diffraction
(PXRD) revealed that both FSOCA (Figure 1(B)) and SOCA
(Figure S14) exhibited exceptionally high crystallinity. As
shown in Figure 1(B), the peaks near 6.97°, 12.06°, 14.01°,
18.06°, and 25.04° were assigned to (001), (010), (112), (122),
and (102) crystallographic planes, respectively. FSOCA
maintains high degree of order after various solvent treat-
ments, indicating good stability of the crystal. The slight
reduction in the grain size of FSOCA may be attributed to
solvent-induced crystal exfoliation (Figure S13). However,
TPCA exhibits a low degree of ordered structure (Figure
S15), and only three peaks in PXRD curves show that they
are likely originating from self-assembled structures. The
crystalline structure was further analyzed using microcrys-
tal electron diffraction (MicroED). From the reconstructed
3D lattice in reciprocal space, the lattice constants of
FSOCA (Figure 1(C-E)) were determined as follows: a =
506 A, b =763 A, c=1297 A, a = 89.07°, 8 = 100.93°,
and y = 101.94°, with a volume of V = 480.9 A3, which
was identified to P1 (no. 2) space group. Within a unit cell,
FSOCA molecules are interconnected via hydrogen bond-
ing (Figures 1(D,E) and S16), the hydrogen bond length is
2.64 A. The lattice constants of SOCA were determined as
follows: @ =19.27 A, b = 14.31 A, ¢ = 5.03 A, o = 90.00°,
B = 92.48°, and y = 90.00°, with volume of V = 1385.7
A3 (Figure S17), corresponding to space group P21 (no. 4).
Within a unit cell, nine SOCA molecules were linked via
hydrogen bonding between two carboxyl groups (Figures
S18 and S19).

FSOCAs tend to adopt a rod-shaped, layered struc-
ture (Figures S20 and S21). Similarly, an SOCA exhibits
a nanorod-type structure (Figure S22). In contrast,
TPCA presents as irregular nanosheets (Figure S23).
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FIGURE 1

(A) Molecular structures of three aromatic carboxylic acids. (B) Experimental powder X-ray diffraction (PXRD) data for

benzo [1,2-b:4,5-b’] bis [1] benzothiophene-3,9-dicarboxylic acid, 5,5,11,11-tetraoxide (FSOCA) from different synthesis scales (2 and 50 g) and
simulated PXRD data based on the crystal structure solved via cryo-electron diffraction tomography (EDT). (C) EDT data projected along the
[100], [001] direction for the FSOCA with routine holder and with cryo-holder. (D) Supercell structure of FSOCA viewed via b-axis. (E)

Supercell structure of FSOCA viewed via a-axis.

Interestingly, FSOCA’s morphology appears to be influ-
enced by the solvent used (Figures S24-S26), possibly due
to the exfoliation in organic solvents. This phenomenon
was also observed through atomic force microscopy
analysis (Figure S27). In acetone, FSOCA displayed a
nanosheet-like morphology with a thickness of around
4 nm, whereas in water, it adopted a nanorod structure
with a size of about 100 nm.

2.3 | Characterization of
physicochemical properties

Water contact angle measurements (Figure 2(A-C))
revealed water contact angles of approximately 36°-39°
for FSOCA and SOCA, and 92° for TPCA, indicating
the hydrophilic nature of FSOCA and SOCA and the
hydrophobic behavior for TPCA. Dynamic light scattering
(Figure S28) revealed a relatively narrow size distribution
of FSOCA and SOCA in water, whereas TPCA exhibited
a broader size distribution. These findings confirmed
that both SOCA and FSOCA exhibit significantly better
hydrophilicity and dispersibility in water compared to
TPCA.

A low exciton binding energy implies that photo-
generated excitons are more easily separated, making it an
important parameter for characterizing exciton separation
in materials. We employed temperature-dependent photo-
luminescence to assess the exciton binding energy of these
molecules (Figure 2(D-F)). By fitting the data using the
Arrhenius equation, I(T) = Iy/[1 + A exp(-Eyp/kg X T)],
the calculated Ej, for FSOCA, SOCA, and TPCA were 44,
14, and 210 meV, respectively. This means that FSOCA and
SOCA exhibit weaker electron-hole pair interactions com-
pared to TPCA, facilitating easier separation of excitons
into carriers.?

Subsequently, spectroscopic analysis was conducted
to investigate the photoelectric properties. Ultraviolet
(UV)-vis reflectance spectra revealed absorption onsets
at around 370 nm (SOCA), 450 nm (FSOCA), and 460 nm
(TPCA) (Figure 2(H)). This indicates that compared to
SOCA, FSOCA, and TPCA possess broader visible light
absorption capabilities.*> The charge transfer ability of
these molecules was analyzed through electrochemical
impedance spectroscopy. SOCA exhibited the highest
conductivity, followed by FSOCA, with TPCA show-
ing the lowest conductivity (Figure S29). Typically,
improved conductivity promotes the efficient transport of
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FIGURE 2 Water contact angle of (A) benzo [1,2-b:4,5-b’] bis [1] benzothiophene-3,9-dicarboxylic acid, 5,5,11,11-tetraoxide (FSOCA), (B)

5,5-dioxo-5H-dibenzo[b,d|thiophene-3,7-dicarboxylic acid (SOCA), and (C) [p-Terphenyl]|—4,4"-dicarboxylic acid (TPCA). (D-F) The
integrated Photoluminescence (PL) emission intensity as a function of temperature of FSOCA, SOCA, and TPCA in solid state. (G) The
photocurrent curves. (H) The ultraviolet (UV)-vis absorption spectra. (I) Energy level of FSOCA, SOCA, and TPCA.

photogenerated excitons, thereby enhancing overall
performance. However, under the utilized light source
(>320 nm), SOCA displays a significantly narrower
absorption spectrum, limited to wavelengths below
370 nm, whereas FSOCA has a broader absorption range
extending to 450 nm. Consequently, this leads to a lower
density of carriers generated for the SOCA than for
the FSOCA, which is supported by the notably lower
photocurrent density (Figure 2(G)).

The fluorescence spectra of FSOCA, SOCA, and TPCA
exhibited maximum emission wavelengths of 478, 380, and
572 nm, and the average lifetimes were determined as 2.08,
0.56, and 6.68 ns, respectively (Figure $30).! We further
tested the photoluminescence quantum yield to evaluate
the separation and transport behavior of photo-generated
charge carriers (Figures S31 and S32). The photolumines-
cence quantum efficiencies (pf) for FSOCA and TPCA
are 6.0% and 44.5%, respectively. Considering that the
photoluminescence quantum efficiency is the result of

competition between fluorescence or phosphorescence
radiation and other kinds of radiative or non-radiative
transitions. A lower photoluminescence quantum effi-
ciency (¢r) of FSOCA may indicate faster electron transfer
processes, while the photogenerated excitons of TPCA are
more easily to recombine. The energy level structures of
three molecules were analyzed using a combination of
UV-vis reflectance spectroscopy and Mott-Schottky anal-
ysis (Figures S33 and 2(I)). Their energy level structures
meet the energy requirements for HER and H,O oxidation
reactions.

2.4 | Photocatalytic experiments

Photocatalytic hydrogen evolution activity was evalu-
ated on Labsolar-6A system (Beijing Perfectlight) using
ascorbic acid (AA) as the sacrificial agent and platinum
(Pt) as the co-catalyst. Under UV-vis light irradiation
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(A) Hydrogen evolution reaction (HER) performance of benzo [1,2-b:4,5-b’] bis [1] benzothiophene-3,9-dicarboxylic acid,

5,5,11,11-tetraoxide (FSOCA), 5,5-dioxo-5H-dibenzo[b,d]thiophene-3,7-dicarboxylic acid (SOCA), and [p-terphenyl]—4,4"-dicarboxylic acid
(TPCA) (1 > 320 nm) (the inset is the performance comparison of TPCA, SOCA, and FSOCA; in pmol h™!). (B) The cycle experiment of
FSOCA. (C) The AQY of FSOCA. (D) The accumulated H, amount in a long-term (400 h) photocatalytic experiment of FSOCA. (E) Fourier
transform infrared (FTIR) spectra of FSOCA after 400 h of photocatalysis experiment. (F) Powder X-ray diffraction (PXRD) pattern of FSOCA

before and after 400 h of photocatalysis experiment.

(1 > 320 nm, 250 mW cm~2, Figure 3(A)), the average
H, evolution of FSOCA was 570 umol h™' (57 mmol g~}
h™') (Figure S34). And the performance of FSOCA could
reach up to 760 umol h™' (76 mmol g=! h7!) at 1 >
320 nm, 330 mW cm~2. This ranks it among the top organic
photocatalysts (Table S1). SOCA shows low performance
(2.4 umol h™, 240 ymol g~ h™!), which could be attributed
to the restricted light absorption (Figure S35). The perfor-
mance of TPCA was similarly low (1.1 umol h~, 110 umol
g~! h™!). Moreover, the optimal Pt loading for FSOCA
was determined to be approximately 0.43 wt% through
analysis using inductively coupled plasma mass spectrom-
etry (ICP-MS) (Figure S36 and Table S2). When using
triethanolamine (TEOA) or methanol as sacrificial agents
(Figure S37), the HER performance achieved is 6.0 mmol
g~! h™! for TEOA and 1.54 mmol g~ h™! for methanol,
both of which are significantly lower than that observed
with ascorbic acid. This difference may stem from factors
such as pH variations and discrepancies in redox poten-
tial. The wavelength-dependent apparent quantum yield
(AQY) trend follows that of photoluminescence excitation
spectroscopy, indicating wavelength-dependent hydrogen
production (Figure S38). The AQY at 405 nm (+10 nm) is
14.7% (Figure 3(C) and Table S3).

FSOCA maintained its HER activity over five cycles
(Figure 3(B)) and sustaining continuous hydrogen pro-
duction for 24 h (Figure S39) without a notable decrease
in activity, highlighting its excellent stability. FSOCA
demonstrated continuous hydrogen evolution in extended
photocatalytic experiments lasting 400 h (Figure 3(D)).
FTIR and PXRD analyses were conducted to assess the
chemical and crystalline structures of FSOCA after 400 h
(Figure 3(E,F)). The FTIR spectra and PXRD patterns of
FSOCA indicating the preservation of its structure. Fur-
thermore, the morphology of FSOCA remained largely
unchanged after the photocatalytic experiment (Figure
S40). Transmission electron microscopy images revealed
the presence of numerous Pt nanoparticles (ranging in size
from 2.0 to 5.0 nm) on the surface of FSOCA following the
photocatalysis experiments (Figure S41).

2.5 | Transient spectroscopy

Ultrafast transient absorption spectroscopy was employed
to investigate the charge separation behavior. The negative
signal ranging from 450 to 520 nm was attributed to the
ground state bleach (GSB). In addition, positive signal from
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FIGURE 4 Transient absorption spectra obtained from suspensions. (A) Benzo [1,2-b:4,5-b’] bis [1] benzothiophene-3,9-dicarboxylic
acid, 5,5,11,11-tetraoxide (FSOCA); (B) FSOCA + AA; (c) FSOCA + AA + Pt; (d) [p-terphenyl]—4,4”-dicarboxylic acid (TPCA); (E) TPCA +
AA; (f) TPCA + AA + Pt. (G) Comparison of transient absorption decay kinetics at 650 nm for FSOCA, FSOCA + AA, and FSOCA + AA + Pt
(Aex = 360 nm). (H) Transient kinetics probed at 650 nm for FSOCA, FSOCA + AA, FSOCA + AA + Pt, and (I) TPCA + AA+ Pt.

540 to 700 nm was attributed to trapped carriers because
its formation corresponded to the decay of the GSB signal
(Figures 4(A) and S42).44445 The trapped carriers were
specifically identified as trapped holes based on their rapid
decay with the introduce of the hole scavenger AA and AA
+ Pt (Figure 4(B,C,G)). In contrast, TPCA (Figure 4(D-F))
displayed minimal signal intensity between 450 and
700 nm following excitation at 360 nm, implying inefficient
electron separation in aqueous systems.

The lifetimes of charge carriers were investigated
through TA kinetics analysis of FSOCA and TPCA. In the
case of FSOCA, both FSOCA + AA (13.2 ps) and FSOCA

+ AA + Pt (14.3 ps) exhibited shorter lifetimes compared
to FSOCA alone (19.6 ps), indicating that the trapped
holes were effectively quenched by AA (Figure 4(H) and
Table S4). Conversely, both TPCA (1.1 ps) and TPCA +
AA + Pt (0.46 ps) displayed shorter excited-state lifetimes
than FSOCA + AA + Pt (14.3 ps) (Figures 4(I) and S43
and Table S4). This suggests that the introduction of sul-
fone groups in FSOCA results in a longer excited-state
lifetime. Moreover, AA can rapidly capture the holes of
FSOCA within several picoseconds, reducing the elec-
tron-hole recombination and enhancing FSOCA’s activity
for HER.
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FIGURE 5

Surface-enhanced infrared absorption spectroscopy (SEIRA) spectra of (A) benzo [1,2-b:4,5-b’] bis [1]

benzothiophene-3,9-dicarboxylic acid, 5,5,11,11-tetraoxide (FSOCA) and (B) [p-Terphenyl|—4,4"-dicarboxylic acid (TPCA). (C) The C=0 peak
area of ascorbic acid (AA) on FSOCA and TPCA with the change in potential; the inset is the C=0 peak of AA on FSOCA and TPCA. (D)
Computation of the bond length (black), net atomic charges (NACs) (blue), and bond orders (purple) of AA adsorbed on FSOCA and (E)
TPCA. Atoms are colored by element: H (white), C (gray), O (red), and S (yellow). (F) Difference in the charge densities of AA adsorbed on
FSOCA and (G) TPCA with an isosurface value of 0.001 e Bohr—3, and the charge accumulation and depletion regions are colored in yellow
and cyan. (H) Slab cut along O1-H10 and C3-H10 of ELF for AA adsorbed on FSOCA and (I) TPCA.

2.6 | The interaction between FSOCA
and AA

To gain deeper insights into the impact of sulfone groups
on the interaction and charge transfer processes between
FSOCA and AA, we utilized in situ attenuated total reflec-
tion surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) to monitor the adsorbed species near the
electrochemical interface. Before conducting the tests,
background correction was performed using FSOCA and
support as the electrochemical interfaces to mitigate
interference from their signals. In the resulting spectra
(Figure 5(A)), the positive peak observed at 1758 cm™ is
attributed to the C=0 stretching mode in the ester group

of AA. Conversely, when TPCA was used as the electro-
chemical interface (Figure 5(B)), the C=0 stretching mode
in the ester group of AA was observed at 1753 cm™. Addi-
tionally, the position of the C=0 stretching mode remained
unchanged with variations in applied potential for both
FSOCA and TPCA (Figure 5(C), inset). However, when the
potential decrease, the intensity increased for FSOCA at
1758 cm™, indicating specific adsorption of AA on FSOCA,
and the intensity of the C=0 stretching mode remained
relatively constant with decreasing potential for TPCA
(Figure 5(C)).% This suggests that AA is much more easily
adsorbed on FSOCA than TPCA.

Theoretical calculations were employed to quantify
the interaction strength between AA and the organic
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photocatalysts (FSOCA and TPCA). According to compu-
tational analysis, the bond lengths of O1-H1 and O2-H1
were determined to be 1.829 and 2.949 A, respectively,
for AA adsorbed on FSOCA. This suggests a preference
for AA to adsorb near the O atom rather than between
two O atoms (Figure 5(D) and Table S5). This suggests
the formation of hydrogen bonds between the hydroxyl
groups in AA and the sulfonyl groups in FSOCA. In the
case of AA adsorbed on TPCA, the shortest bond lengths
were 2.494 and 2.540 A for C3-H1 and C2-H1, respectively
(Figure 5(E)). The adsorption energies of AA on FSOCA
and TPCA were —0.40 and —0.19 eV, respectively. This
indicates that the interaction between AA and FSOCA is
stronger than that between AA and TPCA.

The charge density difference diagram reveals that the
charge depletion regions on the H1 atom of AA-FSOCA
(Figure 5(F)) are more extensive compared to those of
AA-TPCA (Figure 5(G)). Furthermore, the blue regions
between the O1 and HI1 atoms of AA-FSOCA are lower
than those between the C3 and H1 atoms in AA-TPCA.
Overall, the electron localization function (ELF) value is
relatively small for FSOCA (Figure 5(H,I)). The density-
derived electrostatic and chemical (DDEC6) method was
used to analyze hydrogen bonds. Quantitative atomic
population analysis indicated hydrogen bond orders of
0.1279 (Figure 5(D), O1-H1) and 0.0241-0.0311 (Figure 5(E),
C2-H1 and C3-HI1) at the adsorption positions in the
two materials. A higher bond order at O1-H1 corre-
sponds to a greater desorption energy of the AA molecule.
The net atomic charges of the hydrogen atom are mea-
sured at 0.3529 and 0.3293 lel. This, along with the bond
orders, provides evidence for the variance in charge den-
sity and the ELF diagram. These suggest that the hydrogen
bonds exhibit a significant electrostatic character with
a lesser covalent character. In conclusion, AA demon-
strates greater ease of adsorption and stability on FSOCA
compared to TPCA.

Taken together, various factors, including conjugated
structure, crystallinity, and light absorption ability, play
significant roles in influencing the efficacy of photoin-
duced proton reduction. The incorporation of sulfone
groups enhances the delocalized range and rigidity of the
molecular skeleton, resulting in lower exciton binding
energy (44 meV for FSOCA compared with 210 meV for
TPCA). Moreover, the rigid conjugated backbone enables
FSOCA to attain higher ordered structures in contrast to
TPCA. Reduction in exciton binding energy and highly
crystalline structure facilitates the separation of photo-
generated carriers, thereby reducing the recombination
of carriers (evidenced by the excited-state lifetimes at
650 nm, which are 19.6 ps for FSOCA and 1.1 ps for
TPCA). Additionally, the robust interaction between the
sulfone group and sacrificial agents, such as AA, facili-
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tates efficient electron transfer processes. In summary, the
combination of a highly crystalline structure, low exci-
ton binding energy, and strong interaction with sacrificial
agents renders FSOCA a highly efficient and promising
organic semiconductor-based photocatalyst for hydrogen
evolution.

3 | CONCLUSION

Rationally designed sulfone-functionalized carboxyl acid
photocatalysts (FSOCA) that offer the necessary chemistry
(high crystallinity, easy-synthesized, and good stability) for
photocatalytic HER have been reported. Incorporating the
sulfonyl group serves to improve both the stability and
hydrophilicity. As a result, the developed FSOCA achieved
an HER rate of 76 mmol g~! h~!. Remarkably, FSOCA can
maintain hydrogen production for 400 h. The interaction
between FSOCA and the sacrificial agent was investi-
gated through the utilization of in situ ATR-SEIRAS and
computational calculations. AA exhibits greater ease of
adsorption and enhanced stability on FSOCA compared
to TPCA. Moreover, because of its high activity, photocat-
alytic stability, and ease of synthesis, FSOCA is promising
material for other kinds of efficient photocatalytic appli-
cations or photo-electrocatalytic systems and challenging
reactions, such as overall water splitting.

4 | EXPERIMENTAL

4.1 | Materials

SOCA (98%, Aladdin), P-terphenyl (99%, Aladdin), oxa-
lyl chloride (98%, Aladdin), carbon disulfide (CS,, 99.9%,
Aladdin), aluminum chloride (AlCl;, 99%, Aladdin), fum-
ing sulfuric acid (20 wt.%, Sinopharm Chemical Reagent
Co., Ltd.), sodium bicarbonate (NaHCOs3, 99.7%, Aladdin),
hydrochloric acid (HCI, 36 wt. %, Sinopharm Chemical
Reagent Co., Ltd.), sodium sulfate (Na,SO,, 97%, Aladdin),
and AA (99.0%, Aladdin) were used. All the chemicals
were used directly as received without further purification.

4.2 | Preparation of TPCA

First, 1.50 g of para-terphenyl (6.50 mmol) and 3.35 mL of
oxalyl chloride were added into a 100 mL flask and 30 mL
of carbon disulfide (CS,) was added. Then, 1.475 g of alu-
minum chloride (11.06 mmol) was added under ice bath.
After 1 h, 0.870 g of aluminum chloride (6.51 mmol) was
added. The mixture was stirred at room temperature for 24
h. Then, the mixture was poured into crushed ice. The solid
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was filtered after evaporating the carbon disulfide. The
solid was washed by dilute hydrochloric acid and diethyl
ether and then dried at 50°C to obtain a pale yellow solid.
'H NMR (600 MHz, DMSO): 6 8.03 (d, 4H), 7.85 (d, 8H).

4.3 | Preparation of FSOCA

First, 0.5 g (1.57 mmol) of TPCA and 1.5 mL of fuming sul-
furic acid (oleum H,SO,; 20% SO5) were added in a 10 mL
flask and refluxed at 120°C for 24 h. The mixture was added
to 20 g of ice. A yellow precipitate was isolated via suction
filtration, washed with H,O and 1 M NaHCOj; solution,
and then isolated via suction filtration. The yellow cake
was stirred in 1 M HCI for 1 h and isolated via suction
filtration and drying at 50°C to get the final product. A
yield of 0.60 g of FSOCA was obtained. '"H NMR (600 MHz,
DMSO): 6 8.94 (s, 2H), 8.31 (d, 2H), 8.23 (t, 4H).
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