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Conjugated covalent organic frameworks (COFs) integrating different aromatic building units into extended
T-conjugated backbones through imine linkages exhibit great potential in photocatalysis but suffer from
lower efficiency of intramolecular electron transfer. Herein, we present a new strategy for the reversible
activation of imine-linked COFs by triethanolamine (TEOA) under light irradiation. The activated COFs
exhibit expanded solar light absorption, elevated reduction potential, decreased chemical impedance,
suppressed recombination of charges, and significantly enhanced photocatalytic performance in the
generation of nicotinamide adenine dinucleotide (NADH) without any metal cocatalysts. Experimental

and theoretical results indicate that the fascinating photocatalytic performance originates from the
Recei 13th F 202 . . . . . . . . .
Aigzgti% 83tth Mi?ér‘azr)ézg 6 protonation of imine bonds in the COFs, in which TEOA provides protons in addition to electrons, while
light irradiation provides the driving force to overcome the energy barriers. This breaks through the

DOI: 10.1039/d6sc01309k traditional views that imine bonds can only be protonated under acidic conditions and provides new
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Introduction

Photocatalysis utilizing solar light irradiation to generate
electric/chemical energy or synthesize value-added compounds
from harmful pollutants provides a viable strategy for miti-
gating the escalating energy and environmental problems.
Organic, inorganic and metal materials have been used to
catalyze such conversions.’® By contrast, covalent organic
frameworks (COFs) composed of photosensitive ligands show
great advantages in photocatalysis due to their structural
regularity and stability, large surface area, tunable electronic
structure, and tailorable functionality.”® In addition to light
responsive organic ligands such as porphyrin,® phthalocyanin,*®
trazine," and other polycyclic compounds*** being used to
absorb light and generate charges, the introduction of borate,
triazine or imine linkages in such photosensitive COFs extends
T-conjugations and allows charge transfer between the linked
building units.>** Notably, imine linkages outperform alterna-
tive dynamic bonds in photocatalysis by functioning as sp’-
hybridized building blocks that seamlessly integrate into -
extended frameworks, thereby interlinking conjugation path-
ways.'® However, highly polarized imine bonds are less favour-
able for charge transfer across them and limit their
photocatalytic performance.*®"”
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perspectives for the design of metal-free photocatalysts for highly efficient energy conversion.

Many efforts have been devoted to tackling this challenge.*®
One effective method is used to improve the efficiency of charge
separation by introducing electron donor-acceptor (D-A) pairs
and an internal electric field into photosensitive COFs.*'*>*
Another method is used to optimize the charge transfer pathway
by shortening the charge transfer distance or constructing
individual transfer channels for electrons and holes within -
stacked columnar arrays.””>** Additionally, post-synthesis
modification of imine linkages provides a flexible strategy to
address the poor efficiency of charge transfer and integrates
certain novel functionalities into imine-linked COFs.'>**2¢
Particularly, protonation of imine bonds demonstrates signifi-
cant advantages in expanding light absorption, improving
charge transfer efficiency, enhancing photocatalytic activity,
and altering reaction pathways.'>*?*** However, such proton-
ation only occurred under acidic conditions restricted to the pK,
values of imine bonds (pH 5-7).2* How to activate the imine-
linked COFs in non-acidic environments emerges as a scientif-
ically imperative yet challenging task.

Porphyrin- and triazine-based COFs with D-A structures
have been reported, and their conjugated structures and wide
application in photocatalysis attract great attention.”****°
Herein, we present a novel approach to obtain high-
performance photocatalysts by activating imine-linked COFs
under non-acidic conditions. Porphyrin- (TAPP-TPAL-COF) and
triazine-based (TTA-TFB-COF) COFs with electron donor-
acceptor structures were synthesized by a Schiff base reaction
(Scheme 1). As a photocatalyst, TTA-TFB-COF was activated and
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exhibited expanded light absorption, elevated reduction
potential, improved efficiency in charge transfer and superior
photocatalytic capability in NADH generation, although TAPP-
TPAL-COF showed higher light absorption capacity. Experi-
mental and theoretical evidence demonstrated the activation
mechanism. The imine bonds in TTA-TFB-COF are protonated
by TEOA under light irradiation. TEOA not only functions as
a sacrificial electron donor but also as a proton donor, while
light irradiation provides the driving force to overcome the
energy barriers. This work presents a novel method to activate
imine-linked COFs under non-acidic conditions, and demon-
strates the protonation mechanism of imine bonds by the
cooperation of TEOA and light irradiation.

Results and discussion

Synthesis and characterization of D-A COFs

Triazine- (TTA-TFB-COF) and porphyrin-based (TAPP-TPAL-
COF) COFs were fabricated using Schiff base reactions
(Scheme 1). Molecular orbital positions in imine-linked COFs
were determined using density functional theory (Fig. S1). The
highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) were occupied by TTA
and TFB in TTA-TFB-COF, respectively. As for TAPP-TPAL-COF,
the HOMO and LUMO were occupied by TAPP and TPAL,
respectively. This suggests that both triazine- and porphyrin-
based COFs are typical D-A systems, in which TTA or TAPP
function as electron donors, while TFB or TPAL act as electron
acceptors, respectively.®* Spatial isolation between the HOMO
and LUMO would facilitate charge separation and transfer in D-
A COFs. SEM images (Fig. 1A and B) show hollow spheres with
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TAPP-TPAL-COF
Scheme 1 Schematic illustration of the building units and synthetic process of TTA-TFB-COF and TAPP-TPAL-COF.

diameters of ~300 nm for TTA-TFB-COF, while stacked flakes
with a thickness of ~5 nm for TAPP-TPAL-COF. As shown in the
FTIR spectra of the synthesized materials (Fig. 1C and D), the
disappearance of peaks at 3300-3400 cm™ ' (amino groups),
remarkable decrease in peak intensity at 1690-1695 cm '
(aldehyde groups), and appearance of new peaks at 1620-
1630 cm ™' (imine linkages) demonstrated the formation of
imine-linked COFs by the condensation of amino and aldehyde
groups.”***® Moreover, the appearance of the peak at 399.2 eV in
the N 1s and 286.1 eV in the C 1s X-ray photoelectric spectra
(XPS) of TTA-TFB-COF, and 399.0 €V in the N 1s spectrum and
285.7 eV in the C 1s spectrum of TAPP-TPAL-COF further
confirmed the formation of imine bonds (Fig. S2 and S3).

Powder X-ray diffraction (PXRD) measurements confirmed
the excellent crystallinity of the synthesized COFs (Fig. 1E and
F). The PXRD data for TTA-TFB-COF showed sharp diffraction
peaks at 5.6°,9.8°,11.4°,14.9° and 25.7°, which originated from
the diffraction of (100), (210), (230), (340) and (001) planes,
respectively, consistent with the simulated result.>® The density-
functional tight-binding (DFTB) method, including Lenard-
Jones (LJ) dispersion, was used to optimize the sheet confor-
mation stacking structure.*> A hexagonal structure with an AA
stacking model was proposed for TTA-TFB-COF (Fig. 1G). In
comparison, the PXRD spectrum of TAPP-TPAL-COF also shows
a sharp peak in the low-angle region (3.2° (100)), consistent with
the simulated data, but fitting a square lattice model (Fig. 1H).
HR-TEM images (the inset images in Fig. 1E, F and S4) further
verified the hexagonal structure for TTA-TFB-COF and square
morphology for TAPP-TPAL-COF, respectively. The variations in
topological structure may affect the charge transfer and pho-
tocatalytic performance of the COFs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEMimages (A and B), FT-IR spectra (C and D), and PXRD patterns (E and F) of TTA-TFB-COF (A, C, and E) and TAPP-TPAL-COF (B, D and
F). The insetinimage (A) shows hollow spheres for TTA-TFB-COF. The insets in images (E) and (F) show the HRTEM images of TTA-TFB-COF and
TAPP-TPAL-COF. Top and side views of the simulated packing structure of TTA-TFB-COF (G) and TAPP-TPAL-COF (H).

Band structure of D-A COFs

TAPP-TPAL-COF displayed strong absorption across 200-
800 nm in UV-DRS spectra, whereas TTA-TFB-COF mainly
exhibited light responsiveness in the ultraviolet region
(Fig. S5A). Accordingly, their Tauc plots indicated that TAPP-
TPAL-COF possessed a narrower band gap (Fig. S5B and C).
Their flat band potentials (Eg,) were obtained from the inter-
cepts of the Mott-Schottky plots (Fig. S5D and E). For n-type
semiconductors, their conduction band edge (Ecg) is generally
close to the Eg,.**** Therefore, the conduction band potential
(Ecg) could be replaced by the Eg, and the band structures of the

COFs were obtained according to E, = Ecg + Evg (Fig. S5F). The
results indicated that the two D-A COFs had similar reduction
potentials, but TAPP-TPAL-COF showed a narrower band gap.

Photocatalytic production of NADH

The photocatalytic ability of the prepared D-A COFs was evaluated
by the generation of NADH. As a coenzyme, NADH is critical for
numerous biochemical reactions and artificial photosynthesis.
However, its high cost and photocatalytic generation relying
heavily on noble-metal co-catalysts (e.g., Pt nanoclusters or Rh
complexes) elevate regeneration expenses and complicate
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Fig.2 Schematic illustrating the production of NADH from NAD™" by capturing one proton and two electrons (A). UV-vis spectra of the reaction
system for NADH production under light irradiation using TTA-TFB-COF as the photocatalyst and TEOA as the sacrificial electron donor (B). Plots
showing increases in the yield of NADH with time over TTA-TFB-COF and TAPP-TPAL-COF photocatalysts (C). Photocatalytic kinetic constants
for NADH production over different photocatalysts (D). Cycling experiments for photocatalytic generation of NADH over TTA-TFB-COF (E).
PXRD patterns over the TTA-TFB-COF photocatalyst before and after five-cycle photocatalytic experiments (F).
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subsequent purification.**?* Consequently, noble-metal-free pho-
tocatalysts for NADH production are critically needed. The fabri-
cated COFs drive the reduction of NAD' to NADH through
capturing one proton and two electrons from TEOA in the absence
of metal co-catalysts (Fig. 2A). The production of NADH was
tracked via the absorbance at 340 nm in the UV-vis spectra (Fig. 2B,
S6 and S7). The products were further confirmed by high-
performance liquid chromatography (HPLC) with the detection
wavelength at 340 nm (Fig. S8). The peak at 0.88 min belonging to
the NADH increased with the reaction time, in line with the results
shown in the UV-vis spectra.

The TTA-TFB-COF exhibited high efficiency with a NADH yield
of 56.9% (Fig. 2C), higher than that of TAPP-TPAL-COF (33.4%)
and most of the reported metal-free photocatalysts (Table S1). In
addition, the photocatalytic turnover frequency (TOF) of TTA-TFB-
COF reached 2.85 mmol ¢~ * h™", which is also greater than that of
TAPP-TPAL-COF (1.67 mmol g ' h™"). The production rate of
NADH over the TTA-TFB-COF photocatalyst was 9.8 uM min ™', 2.1
times that over TAPP-TPAL-COF (Fig. 2D). Cycling experiments
show that the yield of NADH has a slight decrease after ten cycles
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(Fig. 2E and S9A), indicating that the D-A COFs have excellent
cycle stability and reusability. Additionally, unchanged crystal
structures of the recycled photocatalysts (Fig. 2F and S9B) further
demonstrated their excellent stability. The results indicate prom-
ising scalability of the method, such as high stability and repro-
ducibility in short-term tests, which are encouraging. As for
industrial applications, COF materials still face certain challenges
in controlling the crystallinity and complex synthesis processes,
which currently hinder their large-scale production and practical
implementation.

Significantly, TTA-TFB-COF exhibited astonishing photo-
catalytic performance, although it possessed a narrower light
absorption spectrum and relatively larger size compared to
TAPP-TAPL-COF. The intrinsic mechanism for the remarkable
photocatalytic activity of TTA-TFB-COF deserves intensive
study.

Mechanism analysis

An interesting phenomenon was observed during the photo-
catalytic generation of NADH, in which the color of the TTA-

——— TTA-TFB-COF
—— TTA-TFB-COF-A

~——— TTA-TFB-COF B
—— TTA-TFB-COF-A

Absorbance (a.u.) >

2.62eV

/| C 1000 Hz
+ 2000 Hz
+ 3000 Hz 4
— 4 (4
L4 /
‘O_ 7 /#
4
& /,,”
'S ’, (4
w "o
o v
3
] © //,/
/ v
4 1.06v 7
/ -
/f’/, 2.80 eV ’

T T T T T T
200 300 400 500 600 700 800 1.5 20

310 35

2'.5 -1.5 -1.0 -0.5 0.0
Wavelength (nm) Energy (eV) Potential (V vs. SCE)
D _io] 0.82 H [aTFB-COFA N1s
.0.54 Imine N
_0.54 CB -0.46 i ¢ Enlarged AE
S 0.0 4 : ! | NAD'/NADH 3
< TAPP-TPAL-COF : ! (-0.33) <
Ww o5 4 176 : TTA-TFB-COF-A >
I ' TTA-TFB-COF 2.62 ‘% |TTA-TFB-COF
Z 104 _____ === 280 = sswmel B e g o c
@ ——s | : TEOATEOA,, &
S 1.5 A 122 ' - (1.07) =
w VB |
2.0 A I 1.80
¥ " -
2.5 4 2.34 404 402 400 398 396
Binding energy (eV)
F
E o TarreaLcor . ot —mermaccor | G + TAPP-TPAL-COF =112 ns
604 @ TTA-TFB-COF 2.4 = =TTA-TFB-COF =
s £ on off TTATRE. CORA oo |\ - TTA-TFB-COFt,=1.56ns
% TIASTPR-COE-N \ & = $%. TTA-TFB-COF-AT,72.21ns
_ S e z ; 1
E 40 4 2 ; 100 - {
o @, £ :
~ c n
5 s 5 !
N 20 4 = £ 1l -
g 2] = - k Salesns
5 —
0 O L/ 1 o .
0 50 100 150 200 100 200 300 400 500 0 10 20 20 40 50
Z' (ohm) Time (s) Time (ns)

Fig. 3 UV-DRS spectra ((A), insets: optical photographs), Tauc plots (B),

Mott—-Schottky plots (C), energy band structures (D), electrochemical

impedance patterns (E), photocurrent curves (F), transient photoluminescence spectra (G), and high-resolution N 1s XPS spectra (H) of TTA-TFB-
COF solution before and after light irradiation (labeled as TTA-TFB-COF-A). For comparison, the energy band structure, electrochemical
impedance, photocurrent, and transient photoluminescence spectrum of TAPP-TPAL-COF were also involved in panels (D)-(G).
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TFB-COF photocatalyst changed from yellow to orange (Fig. 3A
and $10) under light irradiation (it reverted to the original color
when the photocatalyst was kept in the dark for ~2 hours),
while no detectable color change was found for the TAPP-TPAL-
COF system. Accompanied by the color change of TTA-TFB-
COF, its absorbance spectrum extended to the long wave-
length direction (Fig. 3A). The Tauc plots (Fig. 3B) and Mott-
Schottky patterns (Fig. 3C) confirmed the change in the energy
band structure of TTA-TFB-COF during the reaction process. As
shown in Fig. 3D, the band gap of the photocatalyst decreased,
but the conduction band position shifted upward, confirming
its improved solar light utilization efficiency and enhanced
reduction potential compared to the pristine TTA-TFB-COF.
This indicated that the TTA-TFB-COF was activated during
the reaction process. For convenience of expression, the acti-
vated photocatalyst was denoted as TTA-TFB-COF-A in the
following section.

To unveil the intrinsic mechanism for the remarkably
improved photocatalytic performance of TTA-TFB-COF-A, the
photoelectric properties of the synthesized COFs were system-
atically investigated. The electrochemical impedance spectros-
copy results revealed the smallest radius of TTA-TFB-COF-A,
indicating that charge transfer within the electrode and elec-
trolyte was accelerated (Fig. 3E).*® The increased photocurrent
density for TTA-TFB-COF-A further demonstrated its superior
charge separation performance (Fig. 3F).>*° Additionally, time-
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resolved photoluminescence spectroscopy probed the charge
carrier dynamics (Fig. 3G). The average lifetimes of TAPP-TPAL-
COF, TTA-TFB-COF, and TTA-TFB-COF-A were 1.12 ns, 1.56 ns,
and 2.21 ns, respectively. A longer lifetime for an active species
means a slower recombination rate and a higher probability to
participate in the photocatalytic reaction.*** This may be
another important factor to guarantee the fascinating photo-
catalytic properties of TTA-TFB-COF-A.

The changes in color, photoelectric properties, and photo-
catalytic performance of TTA-TFB-COF-A conform to proton-
ated imine-linked COFs, which are usually generated under
acidic conditions.”>****** However, in the present work, the
activation occurred at pH ~10.0, greater than the pK, of imine
bonds (pH 5-7)"* and depended on TEOA and light irradiation,
suggesting that a novel activation mechanism should be
involved. The color of the TTA-TFB-COF photocatalyst became
black (Fig. S11) when ascorbic acid (CA) was used as the electron
donor, similar to previous reports,** but no NADH generation
occurred. Neither color change nor NADH generation could be
observed when TEOA was replaced by triethylamine (TEA), di-
ethanolamine (DEOA), and ethanolamine (EOA) (Fig. $10),
suggesting the specific function of the terminal hydroxyl groups
and tertiary structure of TEOA in the activation process.

The activation process was monitored by the XPS spectra
(Fig. 3H). Compared to the N 1s XPS spectra of the pristine TTA-
TFB-COF, the binding energy of the imine N atoms of TTA-TFB-
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COF-A showed a redshift of ~0.4 eV, while the triazine N atoms
showed no change. This indicated that the electron density
around the imine N atoms decreased during the activation
process, consistent with the protonation of imine bonds where
the electrons of imine N atoms migrated to the electron-
deficient protons.”**®* The protons for the protonation of
imine bonds may come from the sacrificial electron donor
(TEOA) since the conversion occurred under alkaline condi-
tions, and the protonation is driven by light irradiation to
overcome the dynamics barrier. Fourier transform infrared (FT-
IR) spectroscopy provided further confirmation of imine bond
protonation. A comparison of FT-IR spectra before and after
light irradiation revealed the emergence of a new peak at
1660 cm~ ' (Fig. 4A), which is attributed to the stretching
vibration of protonated imine bonds (C=NH").2* It was found
that the intensity of the peak at 1660 cm ™" gradually increased
with prolonged irradiation time (Fig. 4B and C) by monitoring
the spectral changes over different light irradiation times,
indicating that light irradiation promotes the protonation of
imine bonds. The peak intensity at 1660 cm ' decreased
significantly when the sample was subsequently treated under
dark conditions (Fig. 4B and D), suggesting deprotonation of
the protonated imine bonds. These results demonstrate that the
protonation process is driven by light irradiation and is
reversibly suppressed under dark conditions, exhibiting clear
photo-responsive reversible characteristics. Undoubtedly, this
would shorten the charge transfer distance from the sacrificial
electron donor to the photocatalyst and contribute to the pho-
tocatalytic efficiency.

-60 0.0

p > OSlg”(/v)p decreases p ~ 0 sign(4,)p increasesp < 0

1< 0 270 J2<0
p»0
«-=== \ \

van der Waals
interaction

prominent attractive
weak interaction
(H-bond, halogen-bond...)

prominent repulsive ineraction
(steric effect in ring and cage...)

and purely ionic bond Vnmccccccccccccccca-

6.0 120 180 240 30.0
Length unit: Bohr

View Article Online

Edge Article

Considering the above evidence, the TEOA-activated process
of TTA-TFB-COF could be summarized in Fig. 4E. (I) TEOA
molecules adsorb on the surface of the TTA-TFB-COF photo-
catalyst via hydrogen bonding when they are mixed. (II) Elec-
trons transfer from TTA to TFB under light irradiation, and
positive holes are left in TTA. (III) The positive holes are
neutralized by the photoinduced electrons from TEOA, and at
the same time, TEOA is oxidized. (IV) Imine bonds are proton-
ated by capturing the hydrogen of hydroxyl groups in TEOA
under light irradiation. (V) The protonated imine bonds are
thermodynamically unstable and slowly neutralized by the
hydroxyl ions in solution once the photocatalysts are isolated
from light irradiation.

Moreover, D-A configurations in the fabricated COFs
generate internal electric fields, which promote charge separa-
tion via propelling photoinduced electrons and holes toward
opposite directions.**® A series of density functional theory
(DFT) computations probed its influence on charge transfer
kinetics, as the internal electric field correlates with surface
charge density and dipole moments. Given the internal electric
field's linkage to surface charge density and molecular
dipole,**8 TAPP-TPAL-COF, TTA-TFB-COF, and TTA-TFB-COF-
A underwent DFT simulation of electron distribution along with
molecular dipole moments. Fig. 4F reveals that positive charges
were localized at the protonated imine linkages, as determined
from the surface electrostatic potential calculated using the
monomeric model. Based on rigorous analysis, we also calcu-
lated the surface electrostatic potential using a periodic struc-
ture model (Fig. S12). The results obtained from the periodic
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structure and those from the monomeric model are nearly
identical and largely consistent. The mutual validation of the
two approaches confirms that the derived surface electrostatic
potential is reliable. TTA-TFB-COF-A showed the largest
molecular dipole moment, indicating that its protonation
promotes the special separation of charges and facilitates the
establishment of a larger internal electric field, consistent with
the experimental results.

To simulate the interaction of the COF with TEOA, a periodic
structural model containing TEOA was constructed. Differential
charge density analysis (Fig. 5A) reveals an increase in electron
density in the protonated imine bond regions of the COF,
accompanied by a decrease around the hydroxyl hydrogen atoms
of TEOA, confirming interfacial charge transfer. To quantify the
adsorption strength, the adsorption energy (AE) was subsequently
evaluated using the TZV2P-MOLOPT-PBE-GTH basis set and GTH
pseudopotentials. The adsorption energy is defined as AE = Eoc —
Ecor — Emol, Where Eg, is the total energy of the adsorbate-
substrate complex, and Ecor and Ey, are the energies of the iso-
lated substrate and isolated adsorbate, respectively. The calculated
AE values are —33.1383 k] mol * for COF-TEOA and —30.5182 k]
mol ' for COF-H,O (Fig. 5A and S13). More negative AE values
correspond to greater adsorption stability, confirming that TEOA
forms a more stable complex with the COF than water does.
Furthermore, -7 interactions were examined using the Localized
Orbital Locator (LOL-t) method (Fig. S14), and the m-electron
conjugation strength was visualized (Fig. 5B). Independent
gradient model based on Hirshfeld partition (IGMH) analysis
further identifies hydrogen bonding as the predominant interac-
tion between TEOA and the COF, which is characterized by
a distinct peak in the region corresponding to sign(4,)p < 0 in the
two-dimensional scatter plot (Fig. 5C and D).* Based on the above
computational results, it can be concluded that TEOA binds to the
imine linkage site of TTA-TFB-COF via hydrogen bonding,
accompanied by notable charge transfer. The ability of TEOA to
form a more stable complex with the COF suggests that the
hydrogen used in the protonation of the imine bond is likely
provided by TEOA.

The marked difference demonstrates the capability of TTA-
TFB-COF-A in enhancing electron transfer and charge separa-
tion, thereby accounting for the high photocatalytic efficiency of
TTA-TFB-COF in NADH production (Fig. 5E). (1) The proton-
ation of imine-linked COF occurs in the presence of TEOA
under light irradiation, which reduces the polarity of the
linkage and endows the COFs with a narrowed band gap,
elevated conduction band, and enlarged internal electric field;
(2) TEOA functions not only as a sacrificial electron donator, but
also as a proton donor; (3) the protonation is reversible,
depending on light irradiation or not.

Conclusions

In summary, we synthesized triazine- and porphyrin-based
COFs with D-A structures to tackle the challenge of imine-
linked COFs in charge transfer. The triazine-based COFs can
be activated by TEOA under light irradiation and show an
extraordinary photocatalytic activity and cycle stability. A yield

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of 56.9% for NADH generation was obtained with a reaction rate
of 9.8 umol min~" in the absence of any noble metals, greater
than that of most metal-free photocatalysts. The activation
mechanism of the imine-linked COFs was disclosed from
experimental and theoretical evidence. Imine bonds in TTA-
TFB-COF accept protons from TEOA in addition to electrons
under light irradiation and result in its protonation, which
brings a wide light absorption range, high reduction potential,
longer lifetimes of active species, enhanced charge transfer
efficiency, and fascinating photocatalytic performance. This
work elucidates the activation mechanism of imine-linked
COFs under non-acidic environments, offering novel perspec-
tives for their photocatalytic design and applications.
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