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Interlayer-stacking mode modulation in an imine
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photocatalytic hydrogen productiont
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Two-dimensional conjugated covalent organic frameworks (COFs) have emerged as a new class of
promising photocatalysts for solar-hydrogen energy conversion. The regulation of their interlayer
stacking mode is an important strategy to modulate their properties and photocatalytic performance.
Historically, the staggered AB mode has seldom demonstrated greater photoactivity than the
corresponding eclipsed AA mode. Herein, a contrary example is presented, wherein the AB-stacked
PyDBTSO-AB COF outperforms its AA-stacked isomer, PyDBTSO-AA COF. This pair of isostructured
COFs was synthesized from the same tetraaniline-functionalized pyrene (Py) monomer and
dibenzaldehyde-functionalized dibenzothiophene sulfone (DBTSO) monomer under
in an o-dichlorobenzene/butanol/acetic acid-mixed medium and under

conventional
solvothermal conditions
ionothermal conditions in 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid, respectively.
Structural characterizations revealed that PyDBTSO-AA possesses a larger specific surface area and void
pore volume, whereas PyDBTSO-AB exhibits greater hydrophilicity and a shorter interlayer w—m stacking
distance. Furthermore, electrochemical impedance spectroscopy and photocurrent responsive
experiments revealed that PyDBTSO-AB has a smaller charge transport impedance and a larger
photocurrent
experiments conducted with Pt co-catalyst under full-arc Xe light irradiation, PyDBTSO-AB achieved
a hydrogen evolution rate of 109.6 mmol g~* h™% more than twice that displayed by PyDBTSO-AA.
Consequently, this research emphasizes the equal importance of the AB-stacking mode in comparison
to the AA-stacking mode within the realm of photocatalytic COF design and provides new insights into

responsiveness than PyDBTSO-AA. Finally, in photocatalytic hydrogen production
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Introduction

In order to address the challenges pertaining to the sustain-
ability of human society, such as the exponential surge in
energy demand, the rapid escalation of environmental pollu-
tion, and global climate change, it is imperative to develop
a reliable technology capable of consistently providing green
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the manner in which their interlayer-stacking modes influence the ultimate photocatalytic activities.

and renewable energy as an alternative to conventional fossil
fuels.** As one of the potential solutions, solar hydrogen
production technology, which utilizes solar power to produce
hydrogen from water and converts solar energy into reusable
chemical energy, has been extensively studied since 1972.° To
date, a variety of photocatalysts including inorganic and organic
semiconductors have been designed and investigated;**®
however, the state-of-the-art solar-to-hydrogen conversion (STH)
efficiency remains lower than 2%, which is significantly lower
than the basic requirement (10% as predicted*’) for its practical
use. Therefore, the exploration of efficient photocatalysts
remains a core challenge in the field.

Featuring a two- or three-dimensionally extended rigid
framework, periodically built-in pores, and high crystallinity,
covalent organic frameworks (COFs) have been widely recog-
nized as one of the ideal platforms for designing organic pho-
tocatalysts for solar hydrogen production with high
performance.***> The pioneering work dates back to 2010, when
Miillen, Wang, and coworkers reported the use of A;B,-type

poly(azomethine)  polymers  (imine-based = COFs) as
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photocatalysts.”® Later, in 2014, Lotsch et al found that
hydrazone-linked triazine COFs can deliver a photocatalytic
hydrogen evolution rate (HER) of 1.97 mmol g~ ' h™'.>* Since
then, a huge number of COFs with large structural diversity
have been designed and studied, and significant progress in
photocatalytic performance has been achieved. For example,
Cooper et al. utilized benzobis(benzothiophene sulfone) as
a key building block in the synthesis of a f-ketoenamine-linked
COF and reported a visible-light-photocatalytic HER of
16.3 mmol g~ h™".%" In 2022, a vinylene-linked donor-acceptor
(D-A) fully conjugated COF named BTH-3, bearing electron-
deficient  benzobisthiazole and electron-rich  benzo-
trithiophene as A and D units, respectively, demonstrated
a HER of 15.1 mmol g~ h™" under visible light irradiation.?®
One year later, a similar vinylene-linked fully conjugated COF
named COF-JLU35, composed of benzotrithiophene donor and
triazine acceptor units, demonstrated a significantly higher
HER of 70.8 mmol g~ ' h™" under visible light irradiation.?” The
record HER value was enhanced to 288.8 mmol ¢g~' h™" by
a zwitterionic vinylene-linked COF named ZV-COF-1 in the same
year®® and now further updated to 390.68 mmol g * h™" by
hybridizing a COF with a hydrogen-bonded organic framework
(HOF) to form an S-scheme heterojunction.>

Clearly, the selection and innovation of building blocks as
well as their linkages are of primary importance in the design of
COF materials. This is because they fundamentally determine
chemical composition, framework structure, and the expected
properties and functions of the target COF. Therefore, it is
common to see the adoption of a D-A structure in COF
photocatalysts®**>* since such a structure can bring many
benefits for photocatalysis, including narrowing bandgap,
expanding light-absorption spectrum, promoting exciton
dissociation and charge separation, strengthening interchain
interactions and packing, facilitating charge transport.

Besides the composition, the layer-stacking mode is
another important factor that governs many intrinsic proper-
ties of COF materials, including porosity, crystallinity, inter-
layer charge separation, and transport. In a two-dimensional
(2D) COF with a fixed framework, interlayer stacking can
adopt either an eclipsed AA mode or a staggered mode, such as
AB or ABC. Only AA-stacking enables all the pores in the
framework to form one-dimensional channels with the same
large diameters, which enables the COF scaffolds, even those
are buried deeply inside their bulk, to maintain good accessi-
bility and mass exchange to the outer medium and species. If
the D-A structure is adopted in the framework, AA-stacking
can produce segregated D and A self-packing columns. This
can provide new charge transport pathways in addition to the
framework for the separated hole and electron charge carriers
to migrate away from each other and thus reduce their
recombination risk. Therefore, AA-stacking is generally
thought to be more favorable for heterogeneous photocatalysis
than any of the staggered modes. However, this has not been
fully demonstrated to date. This is because in most reported
works, only the AA-stacking scenario has been investigated. In
a few recent works, COFs with different stacking modes have
been synthesized and compared. For example, Seki et al
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synthesized several pairs of f-ketoenamine-linked COF
isomers adopting either AA- or AB-stacking mode under sol-
vothermal conditions with different temperatures, and found
the AA-stacking COFs display better photocatalytic perfor-
mance than the corresponding AB-stacking ones, with up to 8-
fold improvements.* In another work, benzothiadiazole-based
B-ketoenamine-linked COF isomers were found to show
different preferences in the photosensitized generation of type
I and type II reactive oxygen species, in which the AA-stacking
prefers the latter while the ABC-stacking tends to produce the
former.*® More recently, two imine-linked COFs bearing copper
cyclic trinuclear units as nodes were reported to reversibly
change their stacking mode between AA and ABC modes upon
heat treatment in different solvent media, in which the AA-
stacking framework displayed broader light absorption
spectra, more efficient charge separation, and higher photo-
catalytic O,-sensing performance.”” In another trinuclear
copper organic framework system, AA- and ABC-stacking iso-
structures can be prepared in the presence of different
organic acids in the reaction media.’*® Still, the AA-stacking
proved to be more efficient than the ABC-stacking in photo-
catalytic reduction of U(vi) for removing radioactive pollution.
Although these examples show that AA-stacking facilitates
photocatalysis in most cases, the number of related reports is
limited and thus cannot fully reveal the impact of the inter-
layer stacking mode on photocatalytic performance.

Herein, we report an example of an imine-linked AB-
stacking COF named PyDBTSO-AB that has better photo-
catalytic hydrogen production performance than its AA-
stacked isomer PyDBTSO-AA (Fig. 1a). The COFs adopted
dibenzothiophene sulfone (DBTSO) as a linear arm and
acceptor moiety, while pyrene (Py) was used as a branching
node unit and electron-donating moiety in the scaffold. DBTSO
is a very common building block for the design of hydrogen
production photocatalysts since it can serve as a photocatalytic
reactive center in addition to acting in its acceptor role in the
D-A structure, and has demonstrated good performance in
most reported works.*** In this study, the different interlayer
stacking isomers were obtained by changing solvothermal
conditions, in which the conventional conditions using 1,2-
dichlorobenzene (0DCB) and n-butanol (BuOH)-mixed solvent
as reaction media and together with acetic acid (AcOH) as
a catalyst afforded an AA-stacking product (PyDBTSO-AA),
while the conditions using 1-butyl-3-methylimidazolium tet-
rafluoroborate ([C,mim][BF,]) ionic liquid as reaction medium
gave the AB-stacking product (PyDBTSO-AB). It was found that
the former displayed significantly larger Brunauer-Emmett-
Teller (BET) specific surface area (SSA) and void space, but the
latter inversely exhibited more intense -7 interlayer inter-
actions and efficient charge separation and transportation.
Intriguingly, the AB-stacking COF PyDBTSO-AB finally out-
performed the AA-stacking PyDBTSO-AA, and delivered a HER
of 109.6 mmol g~ ' h™" under full-arc Xe lamp irradiation. This
is more than twice that of PyDBTSO-AA and marks PyDBTSO-
AB as one of the highly efficient COF photocatalysts in the
field.

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) Synthetic route and conditions for PyDBTSO-AA and PyDBTSO-AB. (b) FT-IR spectra of M1, M2, [C4mim][BF,4] ionic liquid, PyDBTSO-

AA and PyDBTSO-AB. (c) Solid-state 1*C NMR of PyDBTSO-AA and PyDBTSO-AB. (d and e) Experimental, Pawley refined, and simulated PXRD
patterns and space-filling models of the crystalline structures of (d) PyDBTSO-AA and (e) PyDBTSO-AB.

Experimental section
Chemicals and materials

Unless otherwise stated, all reagents were obtained from
commercial sources and used as received. 4,4’,4",4"'-(Pyrene-
1,3,6,8-tetrayl)tetraaniline (M1) was purchased from Macklin
Company and Dyotechlife Pvt Ltd. According to the reported
methods,**** 3,7-dibromo dibenzo[b,d]thiophene-5,5-dioxide
was synthesized, then submitted to Suzuki coupling with 4-
formylbenzeneboronic acid pinacol ester to afford 4,4’-(5,5-
dioxidodibenzo[b,d]thiophene-3,7-diyl) dibenzaldehyde (M2).
Experimental details of the synthesis of M2 are provided in the
ESI.f Its chemical structure was unambiguously characterized
and identified by "H NMR spectroscopy (Fig. S11) and mass
spectrometry (Fig. S2+).

Synthesis of covalent organic frameworks

PyDBTSO-AA. Into a 10 mL Pyrex tube, M1 (28.34 mg, 0.05
mmol), M2 (42.4 mg, 0.1 mmol), aniline (72.9 pL, 0.8 mmol),
0.4 mL AcOH, 2 mL oDCB and 2 mL BuOH were added to form
the reaction mixture. The reaction mixture was sonicated for
10 min and degassed through three freeze-pump-thaw cycles.
The Pyrex tube was then sealed under vacuum and heated at
120 °C for 3 days. After cooling to room temperature, the
mixture was filtered to separate the precipitated crude product.
The crude product was purified by repeated washing with water,
dichloromethane, and tetrahydrofuran, and subsequently dried
under vacuum at 120 °C for 8 h. The process yielded 63.97 mg of
pure PyDBTSO-AA as a yellow solid powder, corresponding to
a yield of 90%.

This journal is © The Royal Society of Chemistry 2025

PyDBTSO-AB. In a 25 mL round-bottomed flask, M1 (14.17 mg,
0.025 mmol), M2 (21.2 mg, 0.05 mmol), and 200 pL [C,;mim][BF,]
ionic liquid were added and the mixture was stirred vigorously at
50 °C for 12 h. Subsequently, the reaction mixture was poured into
ethanol to precipitate the product. After filtration, the obtained
crude product was washed three times with ethanol and acetone
to remove residual ionic liquid, unreacted monomers, and low
molecular weight oligomers. The resulting product was then dried
in a vacuum oven, affording 25.6 mg PyDBTSO-AB as a yellow
solid powder corresponding to a yield of 72%.

Results and discussion

As shown in Fig. 1a, the two iso-structured COFs with different
interlayer stacking modes, PyDBTSO-AA and PyDBTSO-AB, were
synthesized by imine-formation polycondensation between
a tetraaniline-functionalized Py monomer, M1, and a dibenzal-
dehyde-functionalized DBTSO monomer, M2, under different
solvothermal conditions. Under conventional solvothermal
conditions using oDCB/BuUOH (v/v: 1/1) as solvent and AcOH as
acid catalyst, the polycondensation afforded PyDBTSO-AA COF
bearing an AA-stacking mode in a yield of 90%. In the reaction,
8 equivalents of aniline were used as a competitive monomer to
slow down the reaction to establish better crystallinity in the
product. When the reaction was conducted with [C,mim][BF,]
ionic liquid as a solvent, the AB-stacking PyDBTSO-AB COF was
finally produced in a yield of 72%. In contrast to the conven-
tional solvothermal conditions, the reaction in ionic liquid
solvent did not require an acid catalyst, and the reaction
temperature could be lowered to 50 °C.

J. Mater. Chem. A, 2025, 13, 27661-27672 | 27663
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Table 1 Structural characterizations, basic properties and photocatalytic performances of PyDBTSO-AA and PyDBTSO-AB COFs

Elemental analysis®

(%) Porosity
COF C H N SSA(m®g™") Py (NM)  Viorar (cm® g7")  E, (€V) Tavg (ns) CB(eV) VB (eV) HER (mmolg 'h™")
PyDBTSO-AA  79.73 4.29 3.92 338 2.7 0.41 2.15 1.01 -0.84 131 46.8
PyDBTSO-AB  75.95 4.23 3.06 20 1.7 0.06 2.19 1.00 —0.73 146 109.6

“ Theoretically calculated: C 80.60%, H 5.61%, N 2.47%.

The chemical structures of the two obtained COFs were
characterized and identified by elemental analysis, Fourier
transform infrared (FT-IR), and solid-state '*C nuclear magnetic
resonance (**C ssNMR) spectroscopies. As shown in Table 1, the
deviations of C, H, and N contents between their experimental
and theoretical values were found to be within the general levels
for a polymer product*** in both PyDBTSO-AA and PyDBTSO-
AB, confirming the correctness in their chemical compositions.
In FT-IR (Fig. 1b), two strong characteristic N-H stretching
vibration peaks for primary amino units were observed at 3458
and 3364 cm ' in the spectrum of the starting monomer
M1.%7*% In the spectrum of the second starting monomer M2,
the stretching vibration peak of aldehyde units was identified at
1698 cm ™. These peaks were found to dramatically attenuate in
the COF products, PyDBTSO-AA and PyDBTSO-AB. In place, the
characteristic stretching vibration peak from the formed C=N
bonds newly appeared at 1607 cm ™', providing solid evidence
for the smooth occurrence of the polycondensation reaction.
However, it is noticeable that the above IR peaks of the primary
amino and aldehyde units did not completely vanish; a certain
amount remained in the final COF products. Judging from their
intensities, PyDBTSO-AA seems to possess larger numbers of
residual aldehyde units, but fewer residual primary amino units
as compared to PyDBTSO-AB. This implies that the different
reaction conditions tend to keep different edge functionalities
in the growing frameworks. Besides these, PyDBTSO-AA and
PyDBTSO-AB displayed both characteristic IR peaks from the Py
unit at 1515, 1494, and 1459 cm ™' and from the DBTSO units at
1307 and 1157 cm ™!, confirming the successful integration of
Py and DBTSO in their scaffolds. Moreover, as compared to that
of [Cymim][BF,], the IR spectrum of PyDBTSO-AB was found to
have no peaks associated with ionic liquid molecules, such as
C-H stretching vibration peaks of imidazole ring at 3162 and
3121 em™ !, C-H stretching peaks of methyl and butyl side
chains at 2964 and 2937 cm™ ', and BF, peak at 1036 cm .
This indicates that almost no [C,mim][BF,] remained in the
final PyDBTSO-AB product. In the ">C NMR spectra shown in
Fig. 1c, a peak at 150.87 ppm was observed in both PyDBTSO-AA
and PyDBTSO-AB spectra. This peak can be assigned to the
carbon in the C=N imine bond, confirming again its genera-
tion in the reaction. Furthermore, the signals from the carbon
adjacent to the sulfone functionality in the DBTSO units and
those from electron-rich pyrene units in both COF spectra were
observed at 138 and 129-118 ppm, respectively, illustrating
again the successful integration of Py and DBTSO units in both
COF scaffolds.

27664 | J. Mater. Chem. A, 2025, 13, 27661-27672

The crystalline and interlayer-packing modes of the synthe-
sized COFs were investigated by powder X-ray diffraction
(PXRD) and theoretical structural simulation with Materials
Studio software. As shown in Fig. 1d, the PyDBTSO-AA powder
exhibited two intense X-ray diffraction peaks at 2¢ values of
2.50° and 5.03°, indicating its crystalline nature. Structural
construction by the Forcite module and Pawley refinement by
the Reflex module in Materials Studio predict that PyDBTSO-AA
COF adopts a 3D triclinic crystal lattice with an AA-stacking
mode. The lattice parameters are a = 36.4 A b=3634c=
4.56 A, a = 8 = 90° and y = 72.0°, while the Pawley refinement
parameters are R, = 6.11% and R, = 7.88%. In the case of
PyDBTSO-AB COF, the PXRD profile (Fig. 1e) displayed a couple
of diffraction peaks in the 26 range of 4°-30°, with the first
appearing at 4.79°. Structural simulation and XRD refinement
suggest a 3D triclinic lattice bearing the unit parameters of a =
39.3A,h=39.1A,c=7.79A, a = 8 =90°, y = 108.1° and an AB-
interlayer stacking mode. The refinement parameters are R, =
6.86% and R,,, = 8.83%. These results confirm that the varia-
tion in solvothermal conditions for imine-formation poly-
condensation afforded different interlayer-stacking modes for
the produced COF isomers, which would have a great impact on
their basic properties and photocatalytic performance. Notably,
in addition to different interlayer-packing modes, PXRD profiles
also reveal another important structural discrepancy between
the two COFs. That is, PyDBTSO-AB displayed two sharp X-ray
diffraction peaks at 26 values of 25.1° and 27.4°, whereas no
peaks were observed in the same region in the PyDBTSO-AA
profile. This illustrates that the strong interlayer - stacking
only exists in PyDBTSO-AB COF and not in PyDBTSO-AA COF,
which would be another important factor that influences their
photocatalytic performance.

The morphology and microstructural details of the COFs
were investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As can be seen from
Fig. 2a, b, e, and f, both COFs appeared to be formed as particles
with a piled sheet morphology. In the TEM images shown in
Fig. 2c and g, such piled sheet structures were further
confirmed. Moreover, from the high-resolution TEM images
displayed in Fig. 2d and h, the embedded pore structures in
both COF sheets can be clearly seen, and the pore size of
PyDBTSO-AA was found to be larger than that of PyDBTSO-AB.
In nitrogen adsorption and desorption experiments (Fig. 2i and
j), both PyDBTSO-AA and PyDBTSO-AB COFs exhibited a type-IV
isothermal behavior. Based on BET theory, the SSAs of
PyDBTSO-AA and PyDBTSO-AB COFs were calculated to be 338

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta01336d

Open Access Article. Published on 15 July 2025. Downloaded on 5/22/2026 12:12:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

PyDBTSO-AA

PYDBTSO-AA
7 A

PyDBTSO-AB -

& 300 £
an PyDBTSO-AA » 40 PyDBTSO-AB
Pi:n —O— Adsorption ::n

T 2007 2 301 .

g —e— Desorption g —O— Adsorption

° ~ 20 —e— Desorption

£ 100 %

a 5 104

=] G g 0

> T T T T o~

Z 00 0204 06 08 10 %

00 02 04 06 08 10

P/P, P/P,

Fig. 2
PyDBTSO-AA and PyDBTSO-AB COFs.

and 20 m* g~ (Table 1). Clearly, PyDBTSO-AA has a much larger
SSA than PyDBTSO-AB. The pore size distributions were esti-
mated using nonlocal density functional theory (NLDFT). As
shown in Fig. 2k and I, PyDBTSO-AA exhibited two peaks at 13.6
and 27.3 A, while PyDBTSO-AB displayed a relatively broad
distribution in the range of 15-800 A. This can be well explained
by considering that the eclipsed AA-stacking allows all the
embedded pores in each 2D framework to form one-
dimensional channels by respectively piling themselves up
one by one. In contrast, the pores are partially blocked by the
skeletons of neighboring layers in the staggered AB-stacking
and thus cannot form the uniform, straight-line-like channels.
In general, this will decrease the accessibility of inner surfaces
toward outside species and thus disfavor photocatalysis.

Light absorption and exciton generation are two important
initial steps in a photocatalysis reaction. In this work, we used
ultraviolet-visible (UV-vis) diffuse reflectance spectroscopy
(DRS), photoluminescence (PL) spectroscopy, and time-
correlated single-photon-counting (TCSPC) fluorescence decay
spectroscopy to assess the behaviors of the two studied COFs in
these two processes. As revealed in Fig. 3a, both PyDBTSO-AA
and PyDBTSO-AB COFs exhibited strong and similar light
absorption in the spectral range from 300-800 nm, covering
from UV to visible and to the near-infrared (NIR) region. By
constructing Tauc plots (Fig. S4t), their optical band gaps were
evaluated to be 2.15 and 2.19 eV, respectively (Table 1). Upon
excitation at 440 nm, the reference compounds, Py-imine (ref.
54) and DBTSO-imine (see the ESIt for details of the synthesis
and "H NMR spectrum) that represent imine-furnished Py and
DBTSO building blocks in the COFs, respectively, displayed
intense fluorescence in the region of 450-600 nm (Fig. 3b). In
comparison, both PyDBTSO-AA and PyDBTSO-AB COFs exhibi-
ted very weak fluorescence. The observed fluorescence quench
phenomena indicate that the combination of Py and DBTSO in

This journal is © The Royal Society of Chemistry 2025
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the COF scaffold forms an effective D-A structure that enables
photogenerated excitons to quickly dissociate into free charge
carriers via efficient intramolecular photoinduced electron
transfer from D to A components. By using the TCSPC tech-
nique, the fluorescence decay profiles of the two COFs were
acquired by monitoring at 420 nm (Fig. 3c) and then dec-
annulated into the two components shown in Table S1.f
Although these components differed in lifetime and amplitude,
the average lifetimes calculated for the two COFs gave similar
values; i.e., 1.01 ns for PyDBTSO-AA and 1.00 ns for PyDBTSO-
AB. From these analyses, we deduce that the different interlayer
packing modes in PyDBTSO-AA and PyDBTSO-AB do not have
a significant influence on the material light absorption, exciton
generation, or exciton dissociation processes.

For an efficient photocatalyst, proper alignment of its elec-
tronic band structure is a primary prerequisite. Here, electro-
chemical Mott-Schottky (M-S) plots were used to determine the
flat bands (FBs) of the two studied COFs and then calculate their
band structures together with optical bandgaps. As shown in
Fig. S5, both COFs displayed M-S curves with positive slopes,
indicating they are n-type semiconductors and have a conduc-
tion band (CB) potential equal to FB potential.>® Thus, based on
the assessed FB potentials (—1.04 and —0.93 V vs. Ag/Ag") by
M-S plots, the CBs of PyDBTSO-AA and PyDBTSO-AB were
calculated to be —3.66 and —3.77 eV, respectively (Fig. 3d).
Subsequently, from their CB and optical bandgap data, the
valence bands (VBs) were derived to be —5.81 eV for PyDBTSO-
AA and —5.96 eV for PyDBTSO-AB. Clearly, as compared to the
AA-stacking mode, the AB-stacking adopted by the COF lowers
the CB and VB energy levels significantly, which would impact
their photocatalytic performances.

Moreover, electrochemical impedance spectroscopy (EIS)
and photocurrent responsive experiments were carried out to
investigate charge transport and photo-triggered charge carrier
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(a) UV-vis diffuse reflectance spectra, (b) photoluminescent spectra upon excitation at 440 nm, (c) fluorescent decay profiles monitored at

420 nm, (d) energy level band diagrams, (e) electrochemical impedance spectra, and (f) photocurrent responsive profiles of PyDBTSO-AA and
PyDBTSO-AB COFs. In (b), the photoluminescent spectra of DBTSO-imine and Py-imine compounds are displayed for comparison. (g and j)
Pseudo colour images of femtosecond transient absorption spectra, (h and k) transient absorption spectra at different decay time, and (i and 1)
decay curves monitored at 480 nm of (g—i) PyDBTSO-AA and (j—l) PyDBTSO-AB COFs.

generation in the photocatalysis system. As shown in Fig. 3e, the
first semicircle arc in the Nyquist plot of PyDBTSO-AB showed
a much smaller radius than that of PyDBTSO-AA, illustrating
that the charge transport in the former is much lower than that
in the latter. Furthermore, as compared with the PyDBTSO-AA
film, the PyDBTSO-AB film can respond to light illumination
with a significantly enhanced photocurrent (Fig. 3f). This indi-
cates that photo-produced excitons in the PyDBTSO-AB film can
dissociate into free charge carriers much more efficiently than
in the PyDBTSO-AA film, which would enable higher photo-
catalytic performance.

27666 | J. Mater. Chem. A, 2025, 13, 27661-27672

To gain insight into the exciton generation and dissociation
processes, femtosecond transient absorption spectroscopy (fs-
TAS) was conducted. As shown in Fig. 3g and h, when pum-
ped with a 440 nm laser, PyDBTSO-AA exhibited positive tran-
sient light absorption from 450 nm to 575 nm, which is
assignable to photoinduced excited state absorption (PIA).
Meanwhile, the negative transient light absorption originating
from the ground-state bleach (GSB) appeared in the range of
575-750 nm. In the case of PyDBTSO-AB (Fig. 3j and k), a similar
PIA band was observed in the region of 460-500 nm, narrower
than that of PyDBTSO-AA. To analyze the electron trapping

This journal is © The Royal Society of Chemistry 2025
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mechanism and photogenerated carrier kinetics, the decay
profiles of transient absorption at 480 nm (Fig. 3i and 1) were
fitted with a bi-exponential function. As compared to PyDBTSO-
AA, PyDBTSO-AB was found to have a shorter lifetime in the first
component (PyDBTSO-AA: 31.54 ps, PyDBTSO-AB: 24.35 ps), but
a longer lifetime in the second component (PyDBTSO-AA: 1.24
ps, PyDBTSO-AA: 473.26 ps). Since the first component corre-
sponds to a shallow electron trapping process, the shorter life-
time means the process is beneficial for PyDBTSO-AB. While the
second component originates from exciton dissociation into
a free charge carrier, the longer lifetime means photogenerated
excitons in PyDBTSO-AB remain alive for a longer time and the
electron-hole recombination process is more strongly inhibi-
ted. All these factors enable PyDBTSO-AB COF to achieve better
photocatalytic activity.

Finally, the two synthesized COFs were applied as photo-
catalysts for light-driven hydrogen production reactions, and
their photocatalytic performances were compared. In a typical
photocatalysis experiment, 1.5 mg of COF photocatalyst was

Y
C

1000
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dispersed in a reaction medium composed of 0.5 mL N,N-
dimethylformamide (DMF), 15 mL deionized water, and
1.5 mmol ascorbic acid (AA). Here, DMF was used as a co-
solvent to assist the dispersion of COF photocatalyst into
water, while AA was used as a sacrificial electron donor.
Subsequently, H,PtCls was added to the system to produce 1%
Pt co-catalyst via photolysis. As shown in Fig. 4a, such systems
can continuously produce hydrogen upon exposure to a 300 W
Xe lamp with hydrogen evolution rates (HERs) of 38.4 mmol
g " h™" for PyDBTSO-AA and 83.4 mmol g~' h™" for PyDBTSO-
AB. It was found that Pt loading has a significant effect on
photocatalysis. In the absence of Pt co-catalyst, the activities of
both PyDBTSO-AA and PyDBTSO-AB were very low (Fig. S6a and
bt). After adding 1% Pt co-catalyst, the photocatalytic activities
were dramatically enhanced. However, further increasing the
Pt loading had the opposite effect, suggesting that 1% Pt
loading was the optimal for both photocatalysis systems.
Besides Pt loading, the photocatalyst dosage was found to
influence HER; its value decreased with increasing
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Fig. 4 (a) Time courses of photocatalytic hydrogen production using PyDBTSO-AA and PyDBTSO-AB as photocatalysts. Other conditions:
1.5 mg of photocatalyst, 1 wt% Pt, and full-arc Xe-light irradiation. (b) Optimized hydrogen evolution rates of PyDBTSO-AA and PyDBTSO-AB
under full-arc Xe light irradiation. (c) Recycling and reusability of PyDBTSO-AB in photocatalytic hydrogen production. Other conditions: 5 mg of
photocatalyst, 2 wt% Pt, and full-arc Xe light irradiation. (d) Comparison of hydrogen evolution rate among reported COF photocatalysts. COF
No. (1) TFPT-COF;?* (2) N3-COF;% (3) OB-POP-3;58 (4) N2-COF;* (5) FS-COF;? (6) TP-BDDA;%° (7) sp®c-COFERDN;! (8) g-C4oN3-COF;2 (9) g-
C1gN3-COF;%* (10) TPDTz COF;** (11) Py-CITP-BT-COF;* (12) PyTz-COF;® (13) g-Cs4Ng-COF;®¢ (14) COF-alkene;®” (15) PyTA-BC;%® (16) Tp-2C/
BPy2+-COF;® (17) TtaTfa;”® (18) PEG@BT-COF;” (19) ZnPor-DETH-COF;”* (20) T-COF@CdS-3;”* (21) BDF-TAPT-COF;”* (22) TFA-COF;” (23)
NKCOF-108;7¢ (24) BTH-3;%¢ (25) COF-OH-3;”7 (26) v-2D-COF-NO1;”® (27) PY-DHBD-COF;” (28) TpPa-Cu-COF;® (29) TTAN-COF;® (30)
NKCOF-113-M;% (31) ODA-COF;® (32) COF-JLU100;* (33) TAPT-TFPA;® (34) ZVCOF-1;2® (35) TP-COF;® (36) TCDA-COF;? (37) TAPFy-Phl
COF;32 (38) TAPT-OMe-alkyne-COF;3* (39) DCNA-1;%¢ (40) COF-935,%” (41) PyAl-TpbAm-COF;®8 (42) S2-TP COF;®® (43) Py-hCOF;®° (44) Macro
TpBpy;*! (45) ZnP-Tt;°2 (46) HKUST-1/TpPa-1,°% (47) COF-954;%¢ (48) Q1DCOF-13;°4 (49) COF/HOF heterojunction;?® and (50) PyDBTSO-AB (this
work).
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photocatalyst dosage from 0.5-3.5 mg (Fig. S6¢c and df). Under
the optimized conditions, the HERs reached 46.8 mmol g~
h™" for PyDBTSO-AA and 109.6 mmol g~ " h™" for PyDBTSO-AB
(Fig. 4b); thus, the latter is more than twice that of the former.
This clearly indicates that the change of interlayer stacking
mode from eclipsed AA to staggered AB greatly improves the
photocatalytic performance of the COFs. More importantly, of
the COF photocatalysts reported to date, only a few COFs (COF-
JUL100,*° ZV-COF-1,"* COF-954,° and COF/HOF hybrid®)
delivered a HER higher than 100 mmol g~* h™" (Fig. 4d).
Clearly, PyDBTSO-AB outperforms most reported COF photo-
catalysts. Even when the comparison is carried out among all-
organic semiconductor photocatalysts (Table S2t), the HER of
109.6 mmol g~* h™" is an impressively high value. Moreover,
the apparent quantum yields (AQYs) of PyDBTSO-AB at
a dosage of 0.5 mg were measured to be 0.41% at 420 nm and
0.27% at 500 nm. In a four-round light on-off photocatalysis
experiment, shown in Fig. 4c, the activity of PyDBTSO-AB was
found to be similar in the first two rounds but decreased from
the third round. Since a certain amount of photocatalyst was
observed to stick to the upper glass wall during the reaction, it
may be reasonable to observe such a decrement in the third
round. In fact, XRD analyses before and after photocatalysis
(Fig. S7t) found almost no change, confirming the robustness
of the photocatalysts.

As aforementioned, AA-stacking generally helps a D-A COF
achieve higher photocatalytic activity than AB-stacking.
However, in this work, we observed the converse. After check-
ing and identifying their structural differences and properties,
we found only one factor that was beneficial for photocatalysis
by PyDBTSO-AA. That is, PyDBTSO-AA has a much larger SSA
and pore volume than PyDBTSO-AB. However, at least two
aspects support the higher photocatalytic performance of
PyDBTSO-AB over PyDBTSO-AA. (1) Hydrophilicity. In the water
contact angle measurements shown in Fig. S8, PyDBTSO-AB
exhibited a smaller water contact angle than PyDBTSO-AA
(127.17 vs. 145.06°), showing that the former is more hydro-
philic than the latter. Moreover, it was difficult to disperse
PyDBTSO-AA in water and in the photocatalysis medium con-
taining AA. This is evidenced by the color change from bright
yellow for a freshly prepared PyDBTSO-AA water dispersion to
grayish yellow with some precipitates at the bottom after
standing for a few hours or upon the addition of AA into the
system (Fig. S9f). In contrast, such phenomena were not
observed for PyDBTSO-AB. As suggested from the IR spectra
shown in Fig. 1b, the edges of PyDBTSO-AB sheets are mostly
furnished with primary amine units, whereas those of
PyDBTSO-AA sheets possess aldehyde functional groups. Thus,
it is reasonable to deduce that the different hydrophilicities
arise from their different edge functionalities. (2) Interlayer
packing distance. The AA-stacking of a D-A COF favors the
formation of spatially segregated D and A one-dimensional
columns. If the interlayer distance is sufficiently short, such
columns can effectively establish additional charge transport
pathways for both holes and electrons, besides their conjugated
framework backbones. However, structural simulations suggest
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that PyDBTSO-AA crystals have an interlayer packing distance of
4.56 A (Fig. 1d), implying that no intense 7— interactions exist
among the sheets. Furthermore, the XRD pattern (Fig. 1d) did
not show any peaks in the 26 range of 20°-25°, confirming no
regular packing along the interlayer stacking direction. There-
fore, the AA-stacking mode in PyDBTSO-AA crystals does not
seem to provide additional hole and electron charge transport
pathways. However, in the case of PyDBTSO-AB crystals, struc-
tural simulations suggest the interlayer stacking through
DBTSO units in the middle of linear arms with a distance of 3.90
A (Fig. 1e), which can be calculated from the ¢ parameter and
the fact that two sheets appear in one crystalline cell. Moreover,
its XRD pattern displayed a sharp peak at 26 of 25.1°, corre-
sponding to a d-spacing of 3.42 A. These observations suggest
intense -7 interactions among PyDBTSO-AB sheets via DBTSO
units and an additional electron transport pathway in the
crystals.

Furthermore, theoretical calculations were conducted to
gain insight into the discrepancies of the band structure and
electronic states triggered by the different interlayer packing
structures. As shown in Fig. 5a, PyDBTSO-AB displays a larger
density of states (DOS) in both CB and VB than PyDBTSO-AA.
Clearly, as compared to PyDBTSO-AA, PyDBTSO-AB has
a greater number of electrons ready to be photo-excited in its
VB, and can accept more excited electrons in its CB. This
illustrates that the change in the interlayer packing from AA to
AB enables more charge separation to take place upon photo-
excitation. Furthermore, the highest occupied molecular
orbital (HOMO)s of both PyDBTSO-AA and PyDBTSO-AB are
contributed mainly from Py moieties (Fig. 5b), while the lowest
unoccupied molecular orbital (LUMO) of PyDBTSO-AB seems
to be more localized in the DBTSO units and its neighbor
phenylene linkers than that of PyDBTSO-AA. In the electro-
static potential (ESP) mappings shown in Fig. 5c, the positive
potentials are widely distributed in Py and phenylene linkers,
while the negative potentials are centered at the sulfone
moieties in DBTSO and the imine units. More importantly, it is
found that such charge separation is more pronounced in
PyDBTSO-AB than in PyDBTSO-AA, suggesting that the change
of layer stacking from AA to AB mode promotes electron
transfer from Py to DBTSO units. These analyses and theoret-
ical studies suggest significant differences in the charge
separation and transportation between the two studied COFs.
As illustrated in Fig. 5d, PyDBTSO-AB is proposed to have an
efficient intralayer charge separation between Py and DBTSO
moieties and an interlayer electron-transport pathway through
the m-packing DBTSO column. Although PyDBTSO-AA seems to
establish segregated Py and DBTSO columns for the trans-
portation of electron and hole charge carriers, respectively, the
large interlayer distance may make these two charge trans-
portation pathways less effective. Thus, it is reasonable to
observe the smaller charge transport impedance and the larger
photocurrent response in the PyDBTSO-AB film rather than in
the PyDBTSO-AA film. These factors ultimately contribute to
a much higher photocatalytic activity for PyDBTSO-AB COF
bearing a special AB-stacking mode.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Density of states, (b) HOMO and LUMO (c) electrostatic potentials, and (d) representative illustrations of intralayer charge separation

and interlayer charge transport pathways of PyDBTSO-AA and PyDBTSO-AB crystals.

Conclusions

In this work, a pair of iso-structured imine COFs, featuring the
same D-A chemical scaffold but distinct interlayer stacking
modes, were synthesized and their photocatalytic activities in
light-driven hydrogen production reaction were compared.
Utilizing the same tetraaniline-functionalized Py monomer and
dibenzaldehyde-functionalized DBTSO monomer, imine poly-
condensation reactions were conducted under conventional
solvothermal conditions in a mixture of oDCB and BuOH in the
presence of AcOH as acid catalyst, resulting in the synthesis of
PyDBTSO-AA COF with an AA-stacking mode. Conversely, when
performed under ionothermal conditions in [C;mim][BF,] ionic
liquid, the same reactions produced PyDBTSO-AB COF with an
AB-stacking mode. Comparative property analyses revealed that
PyDBTSO-AA possesses a larger SSA and higher pore volume,
whereas PyDBTSO-AB exhibits greater hydrophilicity. More
significantly, the interlayer w—m stacking in PyDBTSO-AB crys-
tals was found to be more intense than that in PyDBTSO-AA
crystals. Due to these comprehensive effects, PyDBTSO-AB dis-
played reduced charge transport impedance and enhanced
photo-current responsibility, ultimately resulting in superior
photocatalytic performance. Accordingly, this research provides

This journal is © The Royal Society of Chemistry 2025

an atypical exemplar illustrating that AB-stacking COF can
transcend the performance of AA-stacking COF, thereby high-
lighting the profound impact of interlayer stacking mode
modulation on COF properties and photocatalytic activities.
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