
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 7
:4

9:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Directing robust
aKey Laboratory of Preparation and Applicat

Jilin Normal University, Changchun, China.
bEngineering Research Center of Advanced

Chemistry, Tsinghua University, Beijing,

cchen@mail.tsinghua.edu.cn

† These authors contributed equally to th

Cite this: Chem. Sci., 2026, 17, 3075

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 27th October 2025
Accepted 10th December 2025

DOI: 10.1039/d5sc08299d

rsc.li/chemical-science

© 2026 The Author(s). Published by
built-in electric fields via imine
linkage orientation in COFs for efficient
dehydrogenative organic transformation coupled
with H2O2 photosynthesis

Chang He,†ab Weixu Liu,†b Enwei Zhu,*a Yongfa Zhu*b and Chen Chen *b

The built-in electric field (IEF) can be improved via developing donor–acceptor (D–A) type COF

photocatalysts, yet available modulation strategies remain limited and poor. Here, we design a series of

D–A COFs with isomeric imine linkages to promote the IEF and redox activity. The orientation of imine

linkages on D/A centers can effectively adjust the dipole moment of COFs, which is increased by ∼50%,

thereby enhancing the IEF. The charge separation efficiency is also elevated through the enhancement

of the IEF, leading to exciton binding energy being reduced by ∼30% and charge-separated state lifetime

prolonged 7-fold. Accordingly, the optimal COF exhibits impressive photocatalytic redox activities (5-fold

promoted), achieving a remarkable tetrahydroquinoline dehydrogenation rate of 10.02 mmol g−1 h−1, far

exceeding reported metal-free photocatalysts and even comparative with metal photocatalysts, along

with a H2O2 production rate over 20.01 mmol g−1 h−1. Our findings establish a universal strategy to

modulate the IEF, which contributes to designing high-performance COF photocatalysts.
Introduction

To address the energy and environmental crises, directly con-
verting solar energy into chemical energy through photo-
catalysis is a promising strategy for achieving sustainable
development.1–3 However, efficient and stable semiconductor
photocatalysts are still lacking.4–6 In recent years, two-dimen-
sional (2D) COFs, featuring porous crystalline structures
formed through various types of reversible dynamic covalent
bonds linking organic functional units, have attracted much
attention.7–9 This resultant architecture in COFs is unique, with
p-functional units in-plane periodically linked into 2D poly-
meric conjugated backbones, and the layer frameworks further
noncovalently stacked to form separated columnar p-arrays.
Such ordered crystalline structures with channels are ideal
semiconductor photocatalysts, particularly in overcoming the
limitations of light absorption and active sites found in inor-
ganic semiconductors, which show great potential in
photocatalysis.8,10–15 Nevertheless, inefficient photogenerated
charge separation severely limits their practical application.16–18

Rational design of 2D COFs via molecular engineering is still
a major challenge.
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Although researchers have explored a diverse array of
molecular engineering strategies to enhance the photocatalytic
performance of imine-based COFs—such as ne-tuning the
dipole moment and creating active sites through the introduc-
tion of functional groups,19–21 controlling the interlayer dihedral
angle via steric hindrance groups to optimize charge carrier
dynamics22–24 and so on, the donor–acceptor (D–A) design
strategy has been widely demonstrated as one of the most
effective and universal approaches, primarily due to its unpar-
alleled ability to generate a robust IEF that dramatically
enhances charge separation efficiency.15–31 2D D–A COFs feature
D and A units alternately arranged in-plane and spatially
stacked into dual-continuous p-structures with ordered layer
arrays.32 This unique alternating D–A conjugation architecture
contributes to numerous super-heterojunctions, which are
helpful in promoting the IEF to generate long-lived charge-
separated states for photocatalysis.33,34 However, strategies for
modulating the IEF in 2D D–A COFs are predominantly
conned to molecular-level optimization of donor and acceptor
units, while the repertoire of available modulation approaches
remains substantially constrained. The linkages in 2D D–A
COFs play a crucial role in optical absorption and electronic
properties, yet the orientation of the D and A groups relative to
the COF linkage has been rarely investigated. It can be predicted
that the aforementioned orientation is crucial, given that both
the D–A system and the linkage are oriented. The proper
orientation, as has been recently demonstrated in
Chem. Sci., 2026, 17, 3075–3083 | 3075
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electrochemiluminescence,35 will effectively superimpose the
effects of both components.

Based on the above consideration, a series of 2D D–A COFs
featuring spatially separated D/A centers with isomeric imine
linkages is rationally designed and successfully synthesized
(Scheme 1). The inuence of the imine linkage on photo-
catalytic activity was explored by varying the spatial arrange-
ment of the D/A centers relative to the imine linkage. We reveal
that, within the same D–A center frameworks, COFs with the
imine-linkage nitrogen adjacent to the A center (DCNA)
exhibited better activity on the dehydrogenation oxidation of
tetrahydroquinoline and the production of hydrogen peroxide
(H2O2) compared to COFs with the imine-linkage nitrogen
adjacent to the D center (DNCA). The structure–activity rela-
tionship was further investigated using a range of in situ/quasi-
in situ tests and DFT calculations. The results indicate that
COFs with DCNA orientation exhibit enhanced charge separa-
tion efficiency. This can be attributed to a larger overall dipole
moment generated from the alignment between the inherent
dipole moments of the D–A centers and the polar imine linkage,
which is increased by ∼50%, further establishing a more robust
IEF with more prolonged charge-separated state lifetimes and
lower Eb (reduced by ∼30%). This work highlights the signi-
cance of linkage orientation on photocatalytic activity and
provides a general strategy for designing high-performance COF
photocatalysts.
Results and discussion
Structure conrmation of D–A COFs with isomeric imine
linkages

Herein, a series of COFs with the D/A centers spatially arranged
opposite to the imine linkage were constructed through an acid-
catalyzed Schiff base reaction. Specically, SA-DCNA and DA-
Scheme 1 The as-synthesized D–A COFs with isomeric imine
linkages.

3076 | Chem. Sci., 2026, 17, 3075–3083
DCNA were synthesized by the condensation of acetylenic
aldehyde D units and triazine amine A units to form COFs with
the DCNA structure. In contrast, SA-DNCA and DA-DNCA with
the DNCA structure were synthesized by the condensation of
acetylenic amine D units and triazine aldehyde A units. The
structures of SA-DCNA, SA-DNCA, DA-DCNA, and DA-DNCA
were conrmed through 13C solid-state nuclear magnetic reso-
nance (13C-ssNMR) spectroscopy, Fourier-transform infrared
(FT-IR) spectroscopy, element analysis (EA), thermogravimetric
analysis (TGA), powder X-ray diffraction (PXRD), transmission
electron microscopy (TEM), BET surface area measurements
and structural simulations. The 13C-ssNMR spectra (Fig. 1a and
b) show that the carbon atoms of the imine linkage in SA-DCNA
and DA-DCNA exhibit broad peaks at 153 ppm, whereas in SA-
DNCA and DA-DNCA, they appear at 155 ppm and 160 ppm,
indicating the formation of the imine linkage. Meanwhile, the
variation in chemical shi is consistent with the change
induced by the orientation of the imine linkage. The appear-
ance of a FT-IR signal at ∼1623 cm−1 for –C]N– and the
disappearance of the –CH]O stretching signal at ∼1670 cm−1

also conrm the condensation of aldehyde and amine groups of
organic units (Fig. S1).36,37 Additionally, the EA results (Table S1)
for C, N, and H in COFs are in good agreement with the theo-
retical predictions, further verifying the successful synthesis of
the four COFs.

The crystal structures of COFs are determined by PXRD and
structural simulations (Fig. S2–S5). Pawley renement indicates
that the differences between the simulated and experimental
PXRD patterns are negligible, and all COFs adopt an eclipsed
AA-stacking mode. As shown in Fig. 1c, SA-DCNA and SA-DNCA
exhibit identical 2q peaks at 2.1°, 3.4°, 4.2°, and 6.2°, corre-
sponding to the (100), (110), (200), and (210) planes, respec-
tively, due to the same D–A periodic frameworks. Similarly, DA-
DCNA and DA-DNCA also present the same 2q peaks at 1.9°,
3.4°, 4.0° and 5.2°, which are assigned to the (100), (110), (200)
and (210) planes, respectively (Fig. 1d). Therefore, the as-
synthesized COFs display 2D hexagonal structures with conju-
gation backbones extended over the x–y plane, as well as
forming organized columnar p arrays stacked along the z
direction. From the TEM images (Fig. 1e–h, and S6–S9), the
periodically ordered channels in the four COFs are observable,
further proving the formation of the 2D topology. The porosities
of COFs were also evaluated by nitrogen adsorption experi-
ments at 77 K, with the pore diameter ranging from 3.6 nm to
4.1 nm (Fig. S10 and S11). As shown in Fig. S12, scanning
electron microscopy (SEM) images reveal a nanocrystalline
block morphology. The structural stability of COFs was inves-
tigated with TGA (Fig. S13), exhibiting decomposition temper-
atures above 400 °C under a N2 atmosphere.

The D–A system was conrmed by in situ X-ray absorption
near edge structure (XANES) spectra, stimulated and measured
diffuse reectance spectra (DRS), and the DFT calculation. The
peak around ∼289.0 eV, associated with the 1s to p* excitation
of C atoms in the triazine rings, shows enhanced absorption
aer irradiation (Fig. S14). Meanwhile, a signicant increase is
also observed in the N K-edge absorption spectrum at ∼399.0
eV, which is attributed to the 1s to p* excitation of triazine rings
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) 13C ssNMR spectra of SA-DCNA and SA-DNCA, and DA-DCNA and DA-DNCA. (c and d) Experimental and simulated PXRD
patterns of SA-DCNA and SA-DNCA, and DA-DCNA and DA-DNCA. (e–h) TEM images of SA-DCNA, SA-DNCA, DA-DCNA, and DA-DNCA. Left
inset: enlarged image of the region within the red dotted box. Right inset: corresponding SAED pattern of the region within the red dotted box.
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(Fig. 2a and b).38 This phenomenon is due to the transfer of
photogenerated electrons to the triazine-containing structure.
Accordingly, the absorption peak corresponding to the 1s to p*

excitation of the ChC bond at ∼286.0 eV slightly decreases. It
reveals that photogenerated electrons tend to concentrate in the
triazine-containing acceptor moieties, whereas the holes stay at
alkyne-containing donor moieties, thus conrming the
Fig. 2 (a and b) In situ irradiated (405 nm) N K-edge XANES spectra of SA-
of theoretical and experimental DRS spectra for SA-DCNA, SA-DNCA, D

© 2026 The Author(s). Published by the Royal Society of Chemistry
formation of the D–A system within COFs. Meanwhile, charge
transfer absorption peaks are observed in the DRS spectra
(Fig. S15), further demonstrating the internal charge transfer
processes.39 The DRS spectra of four COFs were also simulated
(Fig. 2c–f), showing that the excitation of S0 / S1 was domi-
nated by charge transfer excitation (CTE) of p–p* from the SA/
DA-based unit to the triazine-based unit. Additionally, the
DCNA and SA-DNCA, and DA-DCNA and DA-DNCA. (c–f) Comparison
A-DCNA, and DA-DNCA.

Chem. Sci., 2026, 17, 3075–3083 | 3077
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HOMO and LUMO distribution of COFs features D–A charac-
teristics (inset of Fig. 2c–f and S16), where the HOMO is
distributed mainly on the SA/DA-based unit, and the LUMO is
distributed mainly on the triazine-based unit. These ndings
validate the D–A system of as-prepared COFs, allowing the COFs
to generate charge-separated states, where the holes remain on
the D centers, while the electrons migrate to the A centers.

Manipulating imine linkage orientation to direct robust IEFs

The distribution of localized charge density can signicantly
affect the dipole moment of the molecule.27,40–43 Likewise,
polarity alterations arising from the orientation of imine link-
ages may remarkably modulate the overall dipole moment of
COFs. Thus, surface electrostatic potential distribution and
molecular dipole moment of four COFs were investigated. It was
found that SA-DCNA and DA-DCNA can produce larger dipoles
than SA-DNCA and DA-DNCA, respectively. As shown in Fig. 3a
and c, the dipole moment of SA-DCNA is 1.64 debye, out-
performing that of SA-DNCA with 1.01 debye. Similarly, DA-
DCNA also exceeds DA-DNCA (1.44 debye > 1.08 debye, Fig. 3b
and d). Given that the only difference between SA-DCNA & SA-
DNCA and between DA-DCNA & DA-DNCA is the orientation of
the imine linkage, we quantitatively determined the inuence
of the imine linkage orientation on the overall molecular dipole
via fragment dipole analysis. Specically, the dipole moments
of the D–A segment and the imine linkage within COFs were
calculated. It was found that the dipole of the D–A segment is
directed from D to A units, while that of the imine linkage is
pointed from the carbon atom to the nitrogen atom, consistent
with the classical denition of the dipole moment. According to
Fig. 3 (a–d) Surface electrostatic potential distribution and fragment
repeating parts. (e) Comparison of the dipole moment over COFs. (f) Su

3078 | Chem. Sci., 2026, 17, 3075–3083
DFT calculations, the dipole moment of the D–A segment is 0.45
debye for both SA-DCNA and SA-DNCA, and the dipole moment
of the imine linkage is 1.15 debye and 1.35 debye, respectively.
When the dipole of the D–A segment in SA-DCNA aligns with the
dipole direction of the imine linkage, a larger cumulative
molecular dipole moment of 1.64 debye is generated. In
contrast, the opposite direction in SA-DNCA produces a dipole
moment of only 1.01 debye. The modulation of dipoles in DA-
DCNA and DA-DNCA by imine linkages is in good agreement
with the regulation observed in SA-DCNA and DA-DNCA.

The above analysis indicates that the orientation of the
imine linkage can signicantly change the polarity of COFs
(Fig. 3e). With the intrinsic orientation of the imine linkage
(C]N) aligning with the D–A system, the COF would possess
a larger overall molecular dipole, which further induces
a robust IEF in semiconductors.44 Kelvin Probe Force Micros-
copy (KPFM) and zeta potential tests were conducted to
compare the IEF of the COFs (Fig. 3f and S17). It is reported that
higher surface potential and zeta potential suggest a more
robust IEF.45–47 We found that the surface potential of SA-DCNA
and DA-DCNA is nearly twice as high as that of SA-DNCA and
DA-DNCA, with slightly higher zeta potentials. This indicates
that the enhancement of molecular polarity caused by the imine
linkage orientation could enable DCNA-type COFs to feature
a more robust IEF.

More robust IEFs would facilitate carrier separation more,48

which is also conrmed by TAS, TRPL, EPR, XPS and tempera-
ture-dependent PL. TAS was performed on four COFs to study
their photophysical properties in acetonitrile, as shown in
Fig. 4a–d. Under 400 nm excitation, all four COFs showed short-
dipole analysis of SA-DCNA, SA-DNCA, DA-DCNA, and DA-DNCA
rface potential and zeta potential of COFs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lived stimulated emission (SE) signals at the corresponding
wavelengths, accompanied by excited-state absorption (ESA)
signals in the range of 550–780 nm. Subsequently, the SE
signals decayed rapidly, whereas the ESA signals exhibited
different decay rates for four COFs, following the trends of SA-
DCNA > SA-DNCA and DA-DCNA > DA-DNCA. The TAS spectra
are dominated by the ground state bleaching (GSB) absorption
band over a longtime scale. It is well known that the long-time-
scale GSB signal was observed not only in 2D COFs,49,50 but also
in 2D carbon materials, which is commonly regarded as charge
delocalization in p–p stacking units.51–53 Thus, we attribute this
GSB to the delocalization of charge carriers within the COFs,
indirectly suggesting that the ESA signals in COFs are from
charge-separated states. Based on previous studies and the
existed D–A systems within these COFs, this ESA signal is
ascribed to triazine radical anions.49,50 The spectral broadening
features of EAS peaks are likely associated with the extended p-
conjugation systems of 2D COFs, which is in good agreement
with previous reports.49 By carrying out kinetic tting at 650 nm
for these COFs, two kinetic components were resolved, as
shown in Fig. 4e and Table S6. The shorter lifetime component
(s1) is related to the process of the rapid recombination between
Fig. 4 (a–d) Femtosecond-transient absorption spectroscopy (fs-TAS) 2
absorption profiles of fs-TAS at a selected wavelength (650 nm) and the c
the transient species obtained from global analysis of fs-TAS for SA-DN

© 2026 The Author(s). Published by the Royal Society of Chemistry
holes and triazine radical anions generated initially from the
separated exciton via the D–A system. The prolonged lifetime
component (s2) is attributed to the slow relaxation and recom-
bination process of holes and triazine radical anions aer
transport and migration. It was found that both s1 and s2 for
four COFs exhibit the trends of SA-DCNA > SA-DNCA and DA-
DCNA > DA-DNCA. This indicates that SA-DCNA and DA-DCNA
manifest relatively slower electron–hole recombination
kinetics, resulting in the formation of prolonged charge-sepa-
rated species and achieving more effective charge separation.

A more detailed investigation into the photophysical
processes within the COFs was conducted using global tting,
as illustrated in Fig. 4f–i. These fs-TAS datasets were best t by
an A/ B/ C/D/ GS (SA-DCNA and DA-DCNA) and A/ B
/ C / GS (SA-DNCA and DA-DNCA) rst-order sequential
kinetic model, which could also be validated by the good
agreement between the tting curves and the original fs-TAS
data at various wavelengths (Fig. S18).

For the EAS spectra resolved from the COFs, due to the rapid
dissociation of excitons into charge-separated (CS) states in D–A
type 2D polymers, typically within the instrument response
function (IRF) of fs-TAS,49 we attribute the ultrafast ESA1 to the
D plots of SA-DCNA, SA-DNCA, DA-DCNA, and DA-DNCA. (e) Time–
orresponding fitting curves. (f–i) Evolution-associated spectra (EAS) of
CA, SA-DCNA, DA-DNCA, and DA-DCNA.

Chem. Sci., 2026, 17, 3075–3083 | 3079
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Fig. 5 (a) Time-dependent photoluminescence (TRPL) spectra and
the fitted lifetime of COFs. (b) Solid-state electron paramagnetic
resonance (EPR) spectra of COF powders. (c–f) Temperature-
dependent PL spectra from 140 to 300 K under excitation at 420 nm
and the fitted exciton binding energy (Eb) of SA-DCNA, SA-DNCA, DA-
DCNA, and DA-DNCA.
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exciton state. It is easily seen that these exciton state spectral
features are very similar, especially at <500 nm, which is due to
the fact that their major light-absorbing functional groups are
identical. For SA-DCNA and DA-DCNA (Fig. 4g and i), the ob-
tained ESA2 and ESA3 resemble each other, both containing
characteristic absorption peaks (∼650 nm) of triazine radical
anions.49,50 We assigned them respectively to the CT and CS1
states. The CT state represents the unrelaxed hot CS1 state,54–57

which undergoes 5.0 ps and 4.3 ps relaxation to the CS1 state,
respectively. The ESA4 state is the long-time-scale GSB signal
mentioned above, and we attribute the ESA4 state to the delo-
calization of triazine radical anions within SA-DCNA and DA-
DCNA. Thus the 957.3 ps and 827.7 ps for SA-DCNA and DA-
DCNA, respectively, correspond to the processes in which the
CS1 state undergoes interlayer charge migration. As for the nal
evolution, it involves the formation of superoxide radical
anions, as well as the recombination or return to the GS of
triazine radical anions and holes. Due to the limited time
detection range of fs-TAS, accurate time constants for the GSB to
GS process cannot be obtained here through kinetic tting.

For the EAS resolved from SA-DNCA and DA-DNCA (Fig. 4f
and h), the results are slightly different. We did not observe CS
states and long-lived GSB signals, where the ESA3 showed
almost no features. Therefore, the CT states generated from
exciton dissociation directly relax to the GS within 1.2 ps and 0.5
ps, respectively. These short-lived and hot CS states, which are
not fully dissociated, are unfavorable for photocatalysis and
difficult to participate in the redox reaction, further indicating
the role of imine linkage orientation in stabilizing and forming
long-lived triazine radical anions.

TRPL measurements were employed to further evaluate the
excited-state lifetime of COFs in acetonitrile under 440 nm
irradiation. As shown in Fig. 5a and Table S7, the PL kinetics for
COFs were determined through bi-exponential tting, which is
consistent with the TAS kinetics. The process with a shorter
lifetime (∼1 ns) is ascribed to the rapid recombination and
radiative luminescence of charge carriers, which do not
contribute to the overall photocatalytic process. The process
with prolonged lifetime is associated with the slow recombi-
nation of charge-separated states, and a larger proportion of the
slow process is more benecial for enhancing photocatalytic
activity. It is observed that SA-DCNA and DA-DCNA have
a higher proportion of the slow process relative to SA-DNCA and
DA-DNCA, giving rise to longer average lifetimes for SA-DCNA
and DA-DCNA. This illustrates that SA-DCNA and DA-DCNA
have more robust IEFs, resulting in more effective charge
separation, which is also conrmed by TDDFT. The electron,
hole, and overlap integral distributions with a series of indexes
(Fig. S19 and Table S8) indicate that SA-DCNA and DA-DCNA
feature less overlap of electrons and holes in excited states
compared to those of SA-DNCA and DA-DNCA.

Furthermore, EPR and X-ray photoelectron spectroscopy
(XPS) reveal that the orientation of the imine linkage in COFs
signicantly affects the charge separation within the same D–A
system, and COFs with the DCNA structure exhibit enhanced
charge separation efficiency. As shown in Fig. 5b, under visible
light irradiation, all four COFs exhibit a signal at g = 2.004,
3080 | Chem. Sci., 2026, 17, 3075–3083
indicating the presence of unpaired electrons in the conduction
band.58 However, there is a notable difference in EPR intensity,
with SA-DCNA and DA-DCNA exhibiting higher intensity
compared to SA-DNCA and DA-DNCA, respectively. As for XPS,
the peak around ∼285.7 eV, corresponding to carbon atoms in
triazine rings, exhibits a shi toward lower binding energy aer
irradiation (Fig. S20), which is due to the transfer of photog-
enerated electrons to the triazine-containing structure. And the
shi magnitude trends for these four COFs remain consistent
with those observed in EPR, TAS, and TRPL.

To quantitatively assess the charge separation efficiency of
COFs, temperature-dependent PL measurements were per-
formed to calculate Eb, as shown in Fig. 5c–f. In temperature-
dependent PL spectra, the uorescence intensity of exciton
transitions diminishes as the temperature increases. This
occurs because excitons are more prone to dissipate energy
through non-radiative processes at elevated temperatures, such
as vibrational relaxation, instead of uorescence. The PL
intensity of four COFs decreases with the rising temperature,
indicating that excitons undergo thermally activated non-radi-
ative recombination processes. The Eb values of SA-DCNA, SA-
DNCA, DA-DCNA, and DA-DNCA are determined to be 61.7 meV,
118.0 meV, 107.3 meV and 121.0 meV, respectively. This illus-
trates that the alignment of the imine linkage with the D–A
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Production of quinoline and hydrogen peroxide over COFs. Conditions: 1 atm oxygen, 298 K, 0.1 mmol tetrahydroquinoline, 3 mg
catalyst, 5 h, LED light (420 nm). It should be noted that the selectivity is over 99.9% unless otherwise stated. (b and c) Quenching experiments for
holes and superoxide radicals. (d) EPR detection for $O2

− under irradiation. (e) Dehydrogenation rate comparison over DA-DCNA and DA-DNCA.
(f) Schematic energy band diagrams of COFs. (g) Mechanism diagram of photocatalytic oxidative dehydrogenation coupled with H2O2

photosynthesis over COFs.
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direction in COFs reduces Eb and enhances charge separation,
which are consistent with the trend obtained in calculated Eb
using TDDFT for the repeating units (Table S8). Therefore, COFs
with aligned dipole directions of the D–A segment and imine
linkage generate a larger molecular dipole, resulting in a more
robust IEF, which reduces Eb and enhances carrier separation.
Enhancement of photocatalytic redox activity via imine
linkage orientation

The photocatalytic activity over these COFs needs to be evalu-
ated to conrm the above results. The dehydrogenation reaction
of N-heterocycles could be driven by photogenerated holes and
activated oxygen species, such as superoxide radicals and
singlet oxygen, resulting in high-value products. This sustain-
able and mild transformation route not only produces valuable
organic compounds but also generates H2O2 simultaneously.
Hence, the dehydrogenation of tetrahydroquinoline was
employed as a model reaction for COFs, which provides
a comprehensive assessment of the oxidative and reductive
activities of COFs. It is noteworthy that SA-DCNA and DA-DCNA
exhibit better activity compared to SA-DNCA and DA-DNCA in
different types of solvent (Fig. 6a and S21), which is in accor-
dance with the charge separation analysis. In particular, DA-
DCNA with alternated diyne-based D centers exhibited the best
photocatalytic activity, achieving a remarkable photocatalytic
dehydrogenation rate for tetrahydroquinoline of 10.02 mmol
g−1 h−1, along with a hydrogen peroxide production rate of
20.01 mmol g−1 h−1, which represents a top level performance
of metal-free catalytic systems, even surpassing many metal
photocatalysts (Fig. 6e and Table S10). Comparative experi-
ments as well as quenching experiments (Fig. 6b, c and Table
© 2026 The Author(s). Published by the Royal Society of Chemistry
S9) and in situ EPR (Fig. 6d) indicate that $O2− and holes
function as the crucial active species to participate in oxygen
and tetrahydroquinoline activation. The energy band structure
(Fig. 6f) is determined via UV-vis-NIR DRS (for optical band gap,
Fig. S15) and ultraviolet photo-electron spectroscopy (UPS, for
Fermi level and valence band positions, Fig. S22), indicating
that COFs can thermodynamically activate oxygen to superoxide
radicals. Thus, the mechanism for the photocatalytic reaction is
as follows (Fig. 6g). The separation of excitons is due to the D–A
system aer irradiation. Nearby tetrahydroquinoline molecules
are rapidly oxidized by holes on the D centers, resulting in the
formation of tetrahydroquinoline radical cations. Meanwhile,
electrons at the A centers react with dissolved O2 to generate
superoxide radicals, participating in the dehydrogenation of
tetrahydroquinoline radical cations, simultaneously producing
H2O2.

Conclusions

In summary, a universal strategy has been developed showing
that COFs with a DCNA conguration exhibit a more robust IEF,
resulting in a signicant enhancement in photocatalytic
performance relative to COFs with a DNCA conguration. The
underlying cause is that the polar imine linkage orientation
induces a dramatic change in overall polarity of COFs. With the
intrinsic orientation of the imine linkage aligning with the D–A
system, it results in a larger dipole and forms a more robust IEF,
signicantly improving the carrier separation efficiency of
COFs. Consequently, DCNA COFs exhibit more prolonged
charge-separated state lifetimes and much lower Eb, obtaining
over 5-fold enhancement in photocatalytic oxygen activation
compared to DNCA type COFs. This work demonstrates that the
Chem. Sci., 2026, 17, 3075–3083 | 3081
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linkage orientation has a remarkable impact on the charge
separation and provides a general and transformative guidance
for designing high-performance COF photocatalysts.
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