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ABSTRACT: Highly crystalline, hydrophilic and visible-light responsible molecular semiconductor materials are promising
photocatalysts for water splitting to produce green hydrogen. However, hydrophobic nature, instability, high cost and the
tedious synthesis process of most of the reported organic photocatalysts limit their photocatalytic activity and hinder their
scalable applications. Herein, we report stable and easy-to-synthesize sulfone-functionalized molecular single crystals
(FSOCA) as efficient hydrophilic photocatalyst for hydrogen evolution reaction. Its structure was determined by 3D electron
diffraction technique with atomic resolution. The introduction of the sulfone groups favors the decrease of exciton binding
energy, resulting in better exciton separation ability. FSOCA is highly hydrophilic in nature enabling it to efficiently drive
sacrificial hydrogen evolution (760 pmol h-1; 76 mmol g-! h-1). Interestingly, FSOCA remains stable in photocatalytic pro-
cess for at least 400 hours showing negligible structure change, has and can cumulatively produce 179.2 mmol (about 4 L)
of hydrogen. Employing transient spectroscopy, we find that the highly coplanar structure greatly enhances the transport of
charge carriers to hole scavengers. In-situ Fourier transform infrared spectroscopy and DFT calculation shows that hydro-
gen bonding between sacrificial agent (ascorbic acid) with sulfone group is energetically favorable for the adsorption of
ascorbic acid on FSOCA, thereby significantly improving the oxidation reaction kinetics and the photocatalytic performance.
This work provides a scalable, efficient and low-cost strategy to synthesize highly active and stable organic photocatalysts,
which can potentially be applicable in scalable photocatalysis.

INTRODUCTION

Direct photocatalytic water splitting via solar light to
produce hydrogen as a clean fuel is regarded as ideal tech-
nology 2. Organic photocatalysts are comprised of earth-
abundant elements (like carbon and nitrogen), and their
structure can be synthetically tuned to absorb visible light
while simultaneously retaining suitable energy levels to
drive a range of photocatalytic reactions I, Many organic
semiconductors, especially polymeric materials, have been
widely developed for photocatalytic hydrogen evolution
reaction (HER), such as g-C3N4 (X9, linear conjugated poly-
mers (LCPs) ["8], conjugated microporous polymers (CMPs)
11, covalent organic frameworks (COFs) !4 and cova-
lent triazine-based frameworks (CTFs) 8, Among poly-
meric materials, the state-of-the-art photocatalyst can
achieve the highest HER performance of about 100 mmol
g1 h-1 419, while most of these polymeric materials are
difficult to synthesize and require costly monomers. More-
over, the most of polymeric materials are amorphous or
semicrystalline structure with abundant defects and prone
to the recombination of excitons [1620-23]. Therefore, the

synthesis of low cost and highly crystalline organic photo-
catalysts that are highly efficient under visible light with
minimal recombination sites is highly desirable.

Organic molecular semiconductors are very appealing
materials for photocatalytic applications. Diverse synthetic
and processable methodologies make them feasible to tune
their chemical or device structure. Moreover, it is generally
easy to obtain highly crystalline and ordered structure that
can efficiently facilitate the exciton diffusion 2324, However,
till now, only handful molecular semiconductors such as
photovoltaic molecules 231 (e.g, Y6’s derivatives),
perylenediimide %%, porphyrin [¥-%, carbazole [**3 are
reported for photocatalytic HER. Stupp’s group has carried
out groundbreaking research on perylenediimide-based
self-assembled supramolecular materials ie., self-
assembling hydrogel, which showed the photocatalytic
HER performance of only 6.56 puL h-112¢], To the best of our
knowledge, molecular materials mentioned above still suf-
fer from the drawbacks of relatively low performance,
poor stability and high cost. Most of perylenediimide, por-
phyrin and Y6 derivatives show low performance [25-32.35],
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for example the real activity of Y6CO is only 15 pmol h-1 [35],

Recently, Zhu et al. developed a hydrophilic perylenetetra-
carboxylic acid nanosheets based photocatalyst, which
showed a high HER activity of 118.9 mmol g-! h-1, but this
experiment was carried out under a very strong light
source with intensity of 530 mW cm~2, which is about two
times stronger than that used in the common reports [3],
and can directly influence the HER performance. Photo-
catalyst stability is also highly desired and is essential in
future scalable applications. However, there is still no long-
term (more than 100 hours) stability test for HER by mo-
lecular materials, which may be because of their relativity
low photocatalytic stability. For instance, Cooper et al. ob-
served a gradual and simultaneous decrease of crystallini-
ty and activity for pyrene based TBAP photocatalyst in just
6 hours 23], The high cost is another barrier that limits the
development of molecular photocatalysts, for example, the
synthesis procedures of carbazole 34 and Y6’s [ deriva-
tives are too complicated and expensive. In summary, alt-
hough there is some progress in molecular photocatalysis
for HER, there is still a plenty of room for improvement,
especially in terms of activity, stability and low-cost syn-
thesis. More importantly, there is still a lack of a general
and scalable strategy for the design and synthesis of highly
crystalline, low-cost, stable and highly active molecular
photocatalysts.

SOCA
a
()o O‘é'p o HQ
(b)

FSOCA

2 g scale

J A i

JL_I lh 50 g scale

S|mu. frc]r MicroED data

L] l l.ll 1] L] 1]
10 20 30 40 50
2 Theta (Degree)

(d)

Recently, LCPs [3¢], CMPs [1°] and COFs ['2] containing Ben-
zothiophene sulfone groups have shown excellent perfor-
mance in photocatalytic hydrogen production for the spe-
cial merits of sulfone unit, which show good interaction
with water molecule and acts as the electron transfer site
out of the polymer. Inspired by these, herein, a sulfone
functionalized single crystal of benzo[1,2-b:4,5-
b']bis[1]benzothiophene-3,9-dicarboxylic acid, 5,5,11,11-
tetraoxide (FSOCA) was developed as photocatalyst for
HER. The rigid and planar aromatic structure significantly
enhance the delocalized range and the interlayer m-m in-
teraction. Strong m-Tt interactions assist hydrogen bonding
between carboxyl groups making it easier to get highly
crystalline and stable structure. The resulting FSOCA
shows a highly crystalline structure with good hydrophilic-
ity and low exciton binding energy. FSOCA molecular crys-
tal showed enhanced photocatalytic HER activity up to 76
mmol g-! h-1. Which is far higher than structurally related
carboxylic acids, including [p-Terphenyl]-4,4"-dicarboxylic
acid (TPCA), and 5,5-dioxo-5H-dibenzo[b,d]thiophene-3,7-
dicarboxylic acid (SOCA). More importantly, FSOCA is easy
to synthesize at the scale of tens of grams with high crys-
tallinity, and remain stable even in long-term photocataly-
sis process (400 hours). High HER performance, good sta-
bility and easy-to-synthesize attributes of FSOCA affirm a
great potential for their large-scale applications for HER.

FSOCA

W/

Figure 1. (a) Molecule structures of three aromatic carboxylic acid; (b) Experimental PXRD data for FSOCA from different synthe-
sis scales and simulated PXRD data based on the crystal structure solved via cryo-electron diffraction tomography; (c) EDT data
projected along the [100], [001] direction for the FSOCA with routine holder and with cryo-holder. (d) supercell structure of FSO-

CA view via b axis; (e) supercell structure of FSOCA view via a axis.
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Results and discussion

FSOCA was synthesized via sulfonation reaction of TPCA
on tens of gram-scale (Fig. 1b, Supplementary materials,
synthetic procedures and Supplementary table 1 - 2). FSO-
CA is insoluble in most of common organic solvents and
water, and slightly soluble in DMSO, while moderately sol-
uble in N-methylpyrrolidone (NMP), an alkaline organic
solvent. The 'H NMR spectrum of FSOCA showed three
types of chemical environments of hydrogen at 8.94 ppm,
8.31 ppm and 8.23 ppm (Supplementary Fig. 1). Addition-
ally, as shown in Fourier transform infrared (FT-IR) spec-
trum (Supplementary Fig. 5), a strong peak at about 1700
cm-! can be assigned to the carbonyl group (-C=0), and
peaks at 2500 ~ 3100 cm! can be assigned to the carboxyl
group in hydrogen bond mode (-COO---H---0=C(OH)-). To
gain more structural information, large crystals (FSO-
CA-NMP) were obtained from NMP solution, and its struc-
ture was determined by single-crystal X-ray crystallog-
raphy (SCXRD, Supplementary Fig. 3) and powder X-ray
diffraction (Supplementary Fig. 9).

The control molecule TPCA was synthesized by a report-
ed method (Supplementary materials, synthetic proce-
dures), and its structure was confirmed by HNMR (Sup-
plementary Fig. 2) and FTIR (Supplementary Fig. 7). The
control molecule SOCA is commercially available and can
be easily crystallized in a variety of solvents. To confirm its
structure, large crystals (SOCA-DMF) were obtained from
DMF solution, and its structure was also confirmed via
SCXRD (Supplementary Fig. 4). TGA curves showed that
there was no significant weight loss below 300 ‘C, and SO-
CA and FSOCA showed much better thermal stability than
that of TPCA, which may be because of their rigid structure
(Supplementary Fig. 8).

Crystal structure of FSOCA and SOCA.

After confirming the chemical structure of these carbox-
yl acids, we explored the crystal structures of these acid in
their condensed state. Firstly, PXRD patterns show that
FSOCA (Fig. 1b) and SOCA (Supplementary Fig. 10) are
easily crystallized. However, there is no long-range or-
dered structure in TPCA (Supplementary Fig. 11), only
three peaks in PXRD, which are likely originating from self-
assembly structure. Then, their morphology was also ob-
served by Scanning Electron Microscope (SEM) and
Transmission Electron Microscope (TEM). FSOCA tends to
form the rod-shaped, layered structure (Supplementary
Fig. 12-13), and the length of rods ranges from 500 nm to
tens of micrometers. SOCA is also nanorod-type structure
with about 20 um long rods (Supplementary Fig. 14). TPCA,
however, is in the form of irregular nanosheet (Supple-
mentary Fig. 15). Interestingly, FSOCA’s morphology was
solvent-dependent (Supplementary Fig. 16-18), possibly
due to the exfoliation of the layered structure in organic
solvents followed by the reassembling process. The Atomic
Force Microscope (AFM) images of FSOCA in acetone
showed nanosheets-like morphology with thickness of
about 4 nm, while it shows nanorod-like structure in water
with size about 100 nm (Supplementary Fig. 19).

Crystal size of FSOCA and SOCA was too small to investi-
gate their structure via SCXRD, so microcrystal electron
diffraction (MicroED) was used to analyse their structure.
The lattice constants of FSOCA (Fig. 1c-1e) were deter-
mined tobea=5.064,b=7.634,¢c=12.97 A, a=89.07°, B
=100.93°,v=101.94°V =480.9 A3 from the reconstructed
3D lattice in reciprocal space. Crystal structure of FSOCA
was found to belong to the space group P 1 (No.2). Fig. 1d-
le are stacking model of FSOCA along different axes. In a
unit cell, FSOCA molecules were connected via the hydro-
gen bonding between carboxylic acid group (Fig. 1e), the
distance between the two oxygen atoms is 2.64 A, which is
consistent with the typical hydrogen bond length. Then,
one-dimensional carboxylic acid chains are connected via
hydrogen bonding are further stacked together via the m-1t
interaction to form the 3D structure (Fig. 1d and Supple-
mentary Fig. 20). Lattice constants of SOCA were deter-
mined to bea=19.27 4, b =14314, ¢ =5.03 4, a=90.00°,
B =92.48° y = 90.00° V = 1385.7 A3 (Supplementary Fig.
21). The crystal structure of SOCA was found to belong to
the space group P 2; (No.4). In a unit cell (Supplementary
Fig. 22), nine SOCA molecules were connected via the hy-
drogen bond of two carboxyl group. Then 3d crystals were
constructed via the stack of one-dimensional carboxylic
acid chains (Supplementary Fig. 22 - 23).

Photoelectrochemical characterization

The introduction of sulfone groups was expected to en-
hance the hydrophilicity of developed organic photocata-
lysts that was confirmed by contact angle measurement.
Water contact angles (Fig. 2a-2c¢) show that both FSOCA
and SOCA are hydrophilic (the water contact is about
36~39°), while TPCA is relatively hydrophobic (the water
contact angle is 92°) in nature. Dynamic light scattering
(Supplementary Fig. 24) shows relative narrow distribu-
tion size of SOCA (the peak: 460~610nm) and FSOCA (the
peak: 450~600nm) in water, while TPCA shows a broad
size distribution (the peak: 710~1280nm). These results
confirmed that both SOCA and FSOCA possess much better
hydrophilicity and dispersibility in water than that of TPCA.
Eb has been regarded as a crucial parameter for mediating
charge separation in organic photocatalysts. Minimizing
the Eb of organic photocatalyst can increase the yield of
charge-carrier generation and thus improve the photocata-
lytic activities. So, the Eb of these compounds were esti-
mated from the temperature-dependent photolumines-
cence (PL) spectra (Fig. 2d-f). Upon a decrease in tempera-
ture, the integrated PL peak intensity increased gradually,
and the corresponding Eb was calculated by fitting these
data using the Arrhenius equation, I(T) =10 / (1 + A exp (-
Eb/ kexT)). Accordingly, the Eb of FSOCA, SOCA and TPCA
was calculated to be 44 meV, 14 meV and 210 meV, respec-
tively. These results confirm that locking the benzene ring
by the sulfone group can effectively reduce the exciton
binding energy. The smaller Eb of FSOCA and SOCA means
the weaker interaction of electron-hole pairs, while the
excitons are much easier separated as carries34.
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Figure 2. Water contact angle of (a) FSOCA. (b) SOCA. (c) TPCA. (d-f) The integrated PL emission intensity as a function of temper-
ature of FSOCA, SOCA and TPCA in solid state. (g) The photocurrent curves. (h) The UV-vis absorption spectra for FSOCA, SOCA

and TPCA. (h) The energy level of FSOCA, SOCA and TPCA.

Next, we explored photoelectric properties of three de-
veloped organic photocatalysts by spectroscopic analysis.
UV-vis reflectance spectra of these photocatalysts were
measured in the solid state, and the absorption onset was
found to be about 370 nm (SOCA), 450 nm (FSOCA) and
460 nm (TPCA) (Fig. 2h). Photoelectrochemical measure-
ments provide evidence for the modulation of charge mo-
bility in these photocatalysts (Fig. 2g). The photocurrent
displays stable photogenerated charges reaching the sur-
face of FSOCA. However, the photocurrent of TPCA de-
creased significantly with time, and SOCA showed very low
photocurrent which may be because of its limited absorp-
tion in UV-Vis light range. Steady state fluorescence spec-
tra of FSOCA, SOCA and TPCA in solid state (298 K) showed
the maximum emission wavelength of at 478 nm, 380 nm
and 572 nm, respectively. The corresponded average life-
time was calculated as 2.08 ns, 0.56 ns and 6.68 ns for
FSOCA, SOCA and TPCA, respectively (Supplementary Fig.
25). The conduction band (CB) and valence band (VB) po-
sitions of three developed photocatalysts were estimated
by electrochemical Mott-Schottky plots and their optical
band gaps were found suitable for both proton reduction
and water oxidation reaction (Fig. 2i and Supplementary
Fig. 1). The positive slope of Mott-Schottky plots indicates
a typical n-type semiconductor feature. The VB and CB

energy of FSOCA was slightly lower than TPCA, which may
be due to the electron withdrawing nature of the sulfone
groups.

Photocatalytic experiment

Better wettability and low exciton binding energy indi-
cated that these organic photocatalysts could possess good
photocatalytic ability. Therefore, we set out to explore
their utilization as light-absorbing units to photocatalytic
water reduction using ascorbic acid (AA) as a sacrificial
electron donor (SED) and Pt as a co-catalyst. All materials
evolved hydrogen under UV-Vis light (A > 320 nm, 250 mW
cm~2, Fig. 3a) and the average HERs were determined to be
570 pmol h~* (57 mmol g1 h-1) for FSOCA (Supplementary
Fig. 2). When the photon flux was ~330 mW cm~2 provided
by Xe light of A = 320 nm, the performance of FSOCA can be
as high as 760 pmol h-1 (76 mmol g-! h-1). This is almost
one of the best organic photocatalysts reported thus far,
and its photocatalytic activity is comparable with most of
metal-containing inorganic photocatalysts (Supplementary
table 4).
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Figure 3. (a) Photocatalytic HER under full spectrum (A = 320 nm) of FSOCA, SOCA and TPCA (the inset is the performance com-
parison of TPCA, SOCA and FSOCA, the units are umol h-1). (b) The cycle photocatalytic HER performance of FSOCA under full spec-
trum. Reaction conditions: 10.0 mg photocatalyst, 1.0 wt% Pt as a cocatalyst, 100 mL of a 1.0 M ascorbic acid solution, pH 2.4. (c)
The wavelength-dependent AQY for photocatalytic HER over FSOCA. (d) The accumulated Hz amount in a long term (400 h) photo-
catalytic experiment of FSOCA (10.0 mg photocatalyst, 1.0 wt% Pt as a cocatalyst, A =2 320 nm, light intensity: ~250 mW cm-2). (e)
The FTIR spectra of FSOCA before and after 400 hours of photocatalysis experiment. (f) The PXRD pattern of FSOCA before and

after 400 hours of photocatalysis experiment.

The Hz evolution of the original TPCA was only 1/500 of
FSOCA (1.1 umol h-1; 110 pmol g-* h-1), which highlights a
significant influence of the sulfone groups on the molecular
photocatalytic performance. Otherwise, Hz evolution of the
SOCA was also very low (2.4 pmol h-1; 240 pmol gt h-1),
which may be due to the limited light absorption (Supple-
mentary Fig. 3). Furthermore, the optimized Pt loading
amount for FSOCA was about 0.43 wt%, as tested by ICP-
MS (Supplementary Fig. 29, Supplementary table 5). FSO-
CA could retain its HER activity to over five cycles (Fig. 3b),
and continuous hydrogen production over 24 h (Supple-
mentary Fig. 30) without a significant decrease in its activ-
ity displaying its good stability. The apparent quantum
yield (AQY) was measured at different light wavelengths
by monochromatic light (Supplementary Table 3). The AQY
value at 405 nm (+10 nm) was calculated to be 14.7% (Fig.
3c).

Long term photocatalytic experiments (400 h) were
conducted to verify the performance and structural stabil-
ity of FSOCA (Fig. 3d-3f, Supplementary Fig. 31). FSOCA
exhibits continuous hydrogen evolution without significant
attenuation in the photocatalytic activity during the cycling
photocatalytic experiment lasting for 400 hours (Fig. 3d
and Supplementary Fig. 31). Furthermore, FSOCA retained
its chemical structure, crystalline structure and morpholo-
gy of after recycling (Fig. 3e-3f, and Supplementary Figs.

32-33). The FTIR (Fig. 3e) and PXRD pattern (Fig. 3f) of
FSOCA are similar before and after 400 hours of photoca-
talysis experiment, which confirms that its structure re-
mains intact in the photocatalytic process. The TEM images
of FSOCA after photocatalysis experiment show abundant
Pt nanoparticles (size from 2.0 nm to 5.0 nm) on the edges
and surface of FSOCA (Supplementary Fig. 33).

Transient spectroscopy.

As light absorption and charge separation process are
the key initial steps to photocatalysis, we used ultrafast
transient absorption spectroscopy (uf-TAS) to study the
dynamics of charge photogeneration in FSOCA on the pico-
second timescale. First, a typical colloidal FSOCA sample
was excited using a 360 nm pump pulse, and the TA spec-
trum was acquired with a broadband probe pulse (Fig. 4a).
The spectrum exhibited a broad negative bleaching signal
in the range of 450-520 nm assigned to the ground state
bleach (GSB). In addition, the spectrum showed a broad
positive signal from 540 to 700 nm (Fig. 4a). This positive
signal could be attributed to trapped carriers (so-called
“polarons” in FSOCA), because its formation was comple-
mentary to the decay of the GSB signal (Fig. 4a) (4373,
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Figure 4. Transient absorption spectra obtained from suspensions of (a) FSOCA; (b) FSOCA + AA; (c) FSOCA + AA + Pt; (d) Compar-
ison of transient absorption decay kinetics for FSOCA, FSOCA+AA and FSOCA+AA+Pt excited at 360 nm and probed at 650 nm.

The trapped carriers could be further assigned specifi-
cally as trapped holes on the basis of their rapid decay in
the presence of the hole scavenger AA and AA + Pt. As
shown in Supplementary Fig. 35, these trapped holes were
transferred to AA for the significant decrease in signal in-
tensity at 650 nm with the presence of AA and AA + Pt. The
lifetime of charge carriers was studied by TA kinetics. As
shown in Fig. 4d, the decay curves for the trapped hole of
FSOCA, FSOCA + AA, and FSOCA + AA + Pt revealed quite dif-
ferent lifetimes (Supplementary Table 6). The lifetime of FSO-
CA + AA (13.2 ps) and FSOCA + AA + Pt (14.3 ps) were shorter
than that of FSOCA (19.6 ps). These results further confirmed
that the trapped holes were transferred to AA. Thus, it is
clear that the introduction of AA captures the holes of
FSOCA in several ps time scale, which decreases the prob-
ability of electron-hole recombination endow FSOCA a high
activity for HER.

The interaction between FSOCA and AA

The interaction between sacrificial agents and catalysts
in HER is also important for the overall electron transfer
process. To get a better understanding of the impact of
sulfone group on the interaction between FSOCA and AA,
in situ attenuated total reflection surface-enhanced infra-

red absorption spectroscopy (ATR-SEIRAS) was utilized to
monitor the adsorbed species near the electrochemical
interface (Fig. 5a-5b). Using FSOCA and support as the
electrochemical interfaces, background correction were
carried out to avoid the interference of the signal of FSOCA
and substrate before testing. The positive peak at 1758 cm-
1 is attributed to the C—O0 stretching mode in the ester
group of AA (Fig. 5a). In contrast, the C=0 stretching mode
in ester group of AA using TPCA as the electrochemical
interfaces was observed at 1753 cm~ (Fig. 5b). Further-
more, it was noted that the position of the C—0 stretching
mode did not shift with the change of applied potential for
FSOCA and TPCA (Fig. 5c inset). While, the intensity of the
band increases with decreasing potential for FSOCA, the
intensity of the C—O0 stretching mode changes little with
decreasing potential for TPCA (Fig. 5c) indicating that AA
is specifically adsorbed to the FSOCA, but not on the TPCA
%, Taken together, the ATR-SEIRAS results reveal that the
interaction between FSOCA and AA is much stronger than
that between TPCA and AA, which is likely due to hydrogen
bond between the sulfone group and AA.
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Figure 5. The SEIRA spectra and the DFT calculation. SEIRA spectra of (a) FSOCA; (b) TPCA; (c) The C=0 peak area of AA on FSOCA
and TPCA with the change of potential; the inset is the C=0 peak of AA on FSOCA and TPCA. (d) Computation of the bond length
(black), NACs (blue) and bond orders (purple) of AA adsorbed on FSOCA and (e) TPDA. Atoms are colored by element: H (white), C
(gray), O (red), S (yellow). (f) Difference 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 01-H10 and C3-

H10 of ELF for AA adsorbed on FSOCA and (i) TPCA.

The interaction between AA and carboxyl acids (FSOCA
and TPCA) were estimated by the theoretical calculation
for quantification. The computed bond lengths of 01-H1
and 02-H1 were 1.829 and 2.949 A of AA adsorbed on
FSOCA, suggesting that AA tends to adsorb on the side of O
atom, rather than between two O atoms (Fig.5d). The
shortest bond lengths of C3-H1 and C2-H1 were 2.494 and
2.540 A of AA adsorbed on TPCA (Fig.5e). It indicates that
hydrogen bonds are formed between the hydroxyl groups
in AA and the sulfonyl groups in FSOCA. The adsorption
energies of AA on FSOCA and TPCA were found to be -0.40
and -0.19 eV, respectively. This means that the interaction
of AA and FSOCA is stronger than that of AA and TPCA.

The charge density difference diagram clearly shows
that the charge depletion regions on H1 atom of AA-FSOCA
(Fig.5f) are larger than that of AA-TPCA (Fig.5g). Moreover,
the blue regions between O1 and H1 atoms of AA-FSOCA
are fewer than those of C3 and H1 atoms in AA-TPCA, as a
whole, electron localization function (ELF) value is rela-
tively small (Fig.5h, 5i). The density derived electrostatic
and chemical (DDEC6) method is well-suited for studying

materials containing hydrogen bonds. A quantitative atom-
ic population analysis reveals that the hydrogen bond or-
ders of the adsorption position in two materials are 0.1279
(Fig.5d, 01-H1) and 0.0241-0.0311 (Fig.5e, C2-H1, C3-H1),
and the larger the 01-H1 (C3-H1) bond order, the higher
AA molecule desorption energy becomes. The net atomic
charges (NACs) of H atom are 0.3529 and 0.3293 |e|. The
bond orders and NACs provide evidence for the difference
in charge density and electron localization function dia-
gram. These results show the hydrogen bonds have a sig-
nificant electrostatic character and a smaller covalent
character. To sum up, AA is more easily adsorbed and
more stable on FSOCA rather than TPCA.

Conclusions

A rational design of a carboxyl acid groups bearing or-
ganic photocatalysts functionalized with sulfonyl groups
(FSOCA) is reported that offers the necessary chemistry for
photocatalytic hydrogen evolution reaction. The introduc-
tion of sulfonyl group can help to enhance the planarity
and the hydrophilicity of FSOCA. The resulting materials
FSOCA show efficient hydrogen evolution with a rate of 76

https://doi.org/10.26434/chemrxiv-2023-k2hst ORCID: https://orcid.org/0000-0003-1876-532X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-k2hst
https://orcid.org/0000-0003-1876-532X
https://creativecommons.org/licenses/by-nc-nd/4.0/

mmol g-! h-! (A>320 nm), which can stably produce hy-
drogen for at least 400 hours. The in situ attenuated total
reflection surface-enhanced infrared absorption spectros-
copy and computational calculation were utilized to ex-
plore the interaction between FSOCA and sacrificial agent,
which suggests that AA is more easily adsorbed and more
stable on FSOCA rather than unfunctionalized TPCA. These
concepts may also be feasible for the design and synthesis
of other organic photocatalysts. More importantly, because
of the merits of FSOCA, such as its high activity, photocata-
lytic stability, solvent processibility and low-cost, make it a
promising candidate to develop an efficient photocatalytic
or photoelectrocatalytic system to achieve more compli-
cated and challenging reactions, for example overall water
splitting.
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SYNOPSIS TOC

We report here a sulfone-functionalized molecular single crystal that integrates the necessary chemistry (low exciton
binding energy, hydrophilic, high crystalline) for efficient photocatalytic hydrogen evolution.
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