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f a phenothiazine-based donor–
acceptor covalent organic framework for enhanced
photocatalytic oxidative coupling of amines and
cyclization of thioamides†

Yang Liu,a Xinyue Jiang,a Likun Chen,b Yan Cui,b Qiu-Yan Li, *a Xinsheng Zhao,a

Xiguang Han, a Yong-Chao Zheng*b and Xiao-Jun Wang *a

Owing to the high structural designability and functional tunability, covalent organic frameworks (COFs)

have emerged as a promising platform for designing excellent photocatalyst candidates. However, their

photocatalytic performances are still hindered by insufficient separation and transfer of photo-generated

charge carriers. The ordered alignment of the electron donor (D) and acceptor (A) in two-dimensional

COFs can promote charge carrier separation upon photoexcitation and provide a favorable pathway for

exciton transport, and thus is advantageous for photocatalysis. In this work, we report a new D–A COF

that was constructed from the electron-rich phenothiazine (PTZ) and electron-deficient triazine (TTA)

subunits, giving rise to a segregated bicontinuous D–A heterostructure within the framework. In

comparison to the triphenylamine (TPA) based analogue COF with smaller D–A contrast, this newly

designed PTZ–TTA-COF exhibited lower exciton binding energy and enhanced charge separation/

transfer. As a consequence, it revealed remarkably enhanced photocatalytic ability in oxidative amine

coupling and cyclization of thioamide to 1,2,4-thiadiazole reactions under visible light and in air. This

study will provide a rational guidance for developing high-performance polymeric photocatalysts based

on D–A structural COFs through the molecular-level design strategy.
Introduction

Covalent organic frameworks (COFs), as a fascinating class of
crystalline porous polymers, are built by covalently linking
organic building blocks in two-/three-dimensional extended
networks through the reticular chemistry.1 On account of their
periodically ordered structures, high stability and porosity,
COFs have emerged as a highly designable and tailorable
material platform for various potential applications,1,2 such as
gas adsorption/separation,3 chemical sensing,4 energy storage5

and heterogeneous catalysis.6 In particular, two-dimensional
COFs with p–p stacking between their layers can promote
exciton migration and charge carrier transport through the
aligned p columnar arrays,7 and thus these materials have
become attractive in photocatalytic applications.8 However,
their photocatalytic performances, to a certain degree, are still
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impeded by insufficient charge separation and transfer as well
as fast charge carrier recombination.

On the other hand, using COFs provides a feasible approach
to precisely assemble various molecular building units into
their rigid network in a highly controllable and predictable
manner. The appropriate combination and ordered alignment
of electron-rich donor (D) and electron-decient acceptor (A)
units in the two-dimensional COF lattice can give rise to the
formation of an intrinsic heterostructure of spatially separated
D–A columns.9 It has been revealed that such D–A dyad struc-
tural design allows for lowering exciton binding energy while
enhancing the charge separation and migration of photoin-
duced carriers,9,10 thereby resulting in a notably improved
photocatalytic activity.11 Along this research line, some D–A
pairs, such as pyrene–thiazole,12 pyrene–benzothiadiazole,13

tetrathiafulvalene–porphyrin,14 anthracene–porphyrin15 and
tetraphenylethylene–triazine,16 have been developed and enco-
ded into COF frameworks.17 Although a range of organic
building blocks have been selected to construct various D–A
COFs as exemplied above, they are still very limited when
considering the huge number of functional moieties in organic
chemistry. Moreover, the band gap and energy levels of COFs
can be nely tuned at the molecular level by tailoring the
organic monomers.18 Thus, it is highly essential to seek more
This journal is © The Royal Society of Chemistry 2023
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novel building units so as to provide abundant possibilities in
designing D–A structural COFs with excellent photocatalytic
performances.

Among the family of heterocyclic moieties, phenothiazine
(PTZ) is a well-known electron-rich building block with distinct
features, such as strong electron-donating characteristics,
tunable redox properties and versatility of functionalization.19

These merits have made it nd extensive application in various
optoelectronics.19,20 More recently, this intriguing PTZ subunit
has been decorated and conjugated into porous organic poly-
mers (POPs) for pursuing higher photocatalytic activities.11d,21

For example, Yu and co-workers reported the rst PTZ based
POP for photocatalytic Ugi-type reaction and selenation of
indoles.21a Our group introduced the PTZ moiety into covalent
triazine frameworks to modulate their band structures and
photo-physical properties, leading to enhanced photocatalytic
aerobic oxidation of suldes.21h Just recently, Gu et al. for the
rst time reported PTZ-based COFs with impressively low
exciton binding energies for photocatalytic polymerization.11d

These studies revealed that the integration of the PTZ center as
a core scaffold into POPs is benecial to their photocatalytic
performances.21 However, most of them are amorphous conju-
gated polymers with randomly bonded networks, thus lacking
long-range order for efficient charge carrier transport. There-
fore, much effort should be put into developingmore PTZ-based
crystalline COF materials and further exploring their structure–
property relationships.

In this work, we report the rational design of a PTZ-based D–
A COF by a Schiff-base [3 + 3] condensation reaction of N-(4-
formylphenyl)-phenothiazine-3,7-dicarbaldehyde (PTZ-CHO)
with 1,3,5-tris(4-aminophenyl)triazine (TTA-NH2) as donor and
acceptor subunits, respectively (Fig. 1a). The resulting PTZ–TTA-
Fig. 1 (a) Synthesis of the donor–acceptor PTZ–TTA-COF. Top (b)
and side views (c) of the AA stackingmode as well as the top view (d) of
the AB stacking mode for the PTZ–TTA-COF (carbon, gray; nitrogen,
blue; sulphur, yellow; hydrogen, white).

This journal is © The Royal Society of Chemistry 2023
COF exhibited good crystallinity and porosity, a broad light
absorption range, and highly effective charge separation and
transport, thanks to the ordered D–A heterostructure within the
framework. Moreover, it exhibited enhanced photo-catalytic
activities for oxidative amine coupling and cyclization of thio-
amide to 1,2,4-thiadiazole reactions under visible light and in
air, in relation to the triphenylamine (TPA) based analogue
TPA–TTA-COF with smaller D–A contrast. Furthermore, this
activity increase can be rationalized by low exciton binding
energy and enhanced charge separation/transfer as observed in
the PTZ–TTA-COF.

Results and discussion

Because of the exible nonplanar buttery structure and vari-
able conformation of the PTZ unit, it is difficult to crystallize it
into the COF lattice.21 Thus, a triazine based trianiline (TTA-
NH2) with amore planar structure was used as a complementary
acceptor building block to assist the crystallization of the PTZ
donor part into the COF skeleton (Fig. S7–S10 in the ESI†). Aer
optimizing synthetic reaction conditions (Table S1 in ESI†), we
successfully obtained the target D–A type PTZ–TTA-COF mate-
rial possessing good crystallinity. Specically, the PTZ–TTA-COF
was prepared by the acid-catalytic Schiff-base condensation of
TTA-NH2 and PTZ-CHO in a mixed o-dichlorobenzene (o-DCB)/
diphenyl ether (DPE) (3/7, v/v) in the presence of aqueous HAc (6
M) at 120 °C for 72 h. It is worth mentioning that the DPE
solvent played an important role in synthesizing crystalline
PTZ–TTA-COF samples or even at room temperature, though
the related mechanism is still unclear at the present stage.
Besides, a control TPA–TTA-COF with a similar hexagonal
reticular structure but small D–A contrast was prepared
according to the previous reports,10b,22 and used as a compara-
tive sample in the following study (Fig. S14–S22 in the ESI†).

The chemical structure of the PTZ–TTA-COF was determined
by FT-IR and solid-state 13C CP-MAS NMR analyses. As shown in
Fig. 2a, a characteristic signal of the CN stretching peak at
∼1620 cm−1 was found in the PTZ–TTA-COF, conrming the
imine-bridged framework structure. A comparative FT-IR anal-
ysis of the COF and its monomers revealed the dramatic
attenuation of N–H (3200–3400 cm−1) and CO (1680 cm−1)
stretching bands aer COF formation, indicative of the high
polycondensation degree of amine and aldehyde precursors. In
the solid-state 13C CP-MAS NMR spectrum of the PTZ–TTA-COF
(Fig. 2b), a peak at around 156 ppm can be assigned to the
carbon atoms of CN bonds, which further veried the formation
of imine linkages in the COF. A signal at 170 ppm is attributed
to the carbon atoms of the triazine ring from the TTA part, while
peaks located at 144 and 118 ppm should belong to PTZ
carbons, which validates the presence of intact PTZ donor and
TTA acceptor moieties in the COF skeleton. Additionally, the
elemental composition of the PTZ–TTA-COF was further
conrmed by X-ray photoelectron spectroscopy (XPS, Fig. S23 in
the ESI†). Its high-resolution N1s XPS spectrum exhibited three
binding energy peaks at 398.4, 399.7 and 400.2 eV, which can be
ascribed to the nitrogen atoms from the triazine core, imine
bond, and PTZ moiety, respectively. These above results proved
J. Mater. Chem. A, 2023, 11, 1208–1215 | 1209
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Fig. 2 (a) FT-IR spectra of PTZ-CHO, TTA-NH2 and the PTZ–TTA-COF. (b) Solid-state 13C CP-MAS NMR of the PTZ–TTA-COF. (c) Experimental
PXRD, Pawley refinement and the difference of the PTZ–TTA-COF, and their simulated PXRD profiles in AA and AB stacking modes. (d) Nitrogen
sorption isotherm of the PTZ–TTA-COF at 77 K; inset: pore size distribution derived from the QSDFT model. (e) SEM and (f) HR-TEM images of
the PTZ–TTA-COF.
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the successful conversion of corresponding monomers (PTZ-
CHO and TTA-NH2) into an imine-linked structure.

Powder X-ray diffraction (PXRD) analysis of the PTZ–TTA-
COF conrmed its ordered structure and good crystallinity. As
shown in Fig. 2c, it revealed three main diffraction peaks with
a predominant peak at 2q= 4.5° corresponding to a d spacing of
2.0 nm, which could be assigned to the reection of the (100)
facet. Besides, a weak and broad diffraction peak at around 24°
corresponds to the two-dimensional COF interlayer distance of
∼0.37 nm. This distance was enlarged relative to the commonly
observed p–p packing distance of 0.33 to 0.35 nm,23 which
could be ascribed to the buttery conguration of the PTZ
subunit. In addition, Pawley renement for the PTZ–TTA-COF
was performed to give rise to optimized unit cell parameters
with negligible prole differences and acceptable low residual
values (Table S2 in the ESI†). Moreover, it can be found that the
COF experimental PXRD data were in good agreement with the
simulated pattern of the eclipsed AA stacking mode, but
exhibited a large offset with the simulated AB stacking mode.
The AA stacking arrangement of the PTZ–TTA-COF can ensure
the formation of ordered donor–acceptor columnar arrays in
the COF framework, which is expected to promote charge
separation and transport, and will be benecial to the subse-
quent photocatalytic applications.

The porosity of the PTZ–TTA-COF was assessed by nitrogen
sorption isothermmeasurements at 77 K. As shown in Fig. 2d, it
exhibited a type I sorption isotherm with a rapid rise in the low
relative pressure range, suggesting the microporous character
of the PTZ–TTA-COF. Its Brunauer–Emmett–Teller (BET) surface
area was calculated to be 740 m2 g−1. The pore size distribution
analysis for the PTZ–TTA-COF based on the quenched solid
density functional theory (QSDFT) showed one main
1210 | J. Mater. Chem. A, 2023, 11, 1208–1215
distribution centered at 1.9 nm, which is in good agreement
with the theoretical value of 2.0 nm in the AA stacking model
(Fig. 1b). In addition, scanning electron microscopy (SEM)
measurements demonstrated that the COF assumed an inter-
esting hexagonal-like morphology with a fairly uniform size of
about 1.5 mm (Fig. 2e). High-resolution transmission electron
microscopy (HR-TEM) images of the PTZ–TTA-COF showed
clear lattice fringes (Fig. 2f and S24 in the ESI†), conrming its
good crystallinity and long-range ordered microstructure. The
interplanar crystal spacing of ∼0.37 nm could be attributed to
the COF interlayer distance (Fig. 2f), which is consistent with
that observed in PXRD.

The electronic structures of the PTZ–TTA-COF was system-
atically investigated by various methods and also compared
with the control TPA–TTA-COF. As shown in Fig. 3a, the
ultraviolet-visible diffuse reectance spectra (UV-vis DRS) of
COFs revealed broad absorption bands with maximum peaks at
550 nm for the PTZ–TTA-COF and 450 nm for the TPA–TTA-
COF, conrming their strong visible-light harvesting abilities.
In comparison to UV-vis absorption spectra of their corre-
sponding monomers (Fig. S25 in the ESI†), a very signicant
red-shi was observed for COF samples, which can be attrib-
uted to the intramolecular charge transfer effect caused by the
formation of the D–A heterostructure in COF backbones.
Besides, the absorption edge of 630 nm for the PTZ–TTA-COF
was red-shied by 60 nm over that of 570 nm for the TPA–
TTA-COF, in line with the color change from yellow to red. The
optical band gaps of both COFs were calculated using the
Kubelka–Munk function (Fig. 3b), revealing a smaller band gap
(Eg) of 2.04 eV for the PTZ–TTA-COF than that of the TPA–TTA-
COF (2.31 eV). Photoluminescence (PL) measurements for solid
COF samples revealed the emission maxima of the PTZ–TTA-
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) UV-vis DRS of the PTZ–TTA-COF and TPA–TTA-COF; inset:
photographs of the COF samples in daylight. (b) Band gaps calculated
using Kubelka–Munk transformed reflectance spectra. (c) PL spectra
of the PTZ–TTA-COF and TPA–TTA-COF measured in the solid state;
inset: photographs of the COF samples under 365 nm UV light. (d) PL
decay profiles of the PTZ–TTA-COF and TPA–TTA-COF upon exci-
tation at 400 nm.

Fig. 4 (a) UPS of the PTZ–TTA-COF. Band structures (b), EIS Nyquist
plots (c) and transient photocurrent response (d) of the PTZ–TTA-COF
and TPA–TTA-COF.
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COF at 635 nm, distinctly red-shied by 87 nm over that of
548 nm for the TPA–TTA-COF (Fig. 3c). Additionally, their PL
decay curves were tted to give the average lifetimes of 11.4 ns
for the PTZ–TTA-COF and 9.8 ns for the TPA–TTA-COF (Fig. 3d).
The longer lifetime of the PTZ–TTA-COF suggests the sup-
pressed radiative recombination of photogenerated excitons.24

The above observations should be ascribed to the enhanced D–A
interaction in the PTZ–TTA-COF, owing to the stronger electron
donating ability of PTZ than TPA moieties.

In addition, the density functional theory (DFT) calculations
were performed to theoretically study the electronic properties
of both COFs. Their electronic structures were calculated using
the HSE06 hybrid functional25 and theoretical band gaps of 2.18
and 2.32 eV were found for the PTZ–TTA-COF and TPA–TTA-
COF, respectively (Fig. S26 in the ESI†), which are consistent
with their experimental values. Furthermore, in order to eluci-
date the difference between the electronic structures of the two
COFs, we plotted their total and partial densities of states (DOS)
as well as the charge density distribution of the valence band
maximum (VBM) and conduction band minimum (CBM)
(Fig. S27 in the ESI†). As for the charge distribution of the VBM
in the PTZ–TTA-COF, it is predominantly distributed in the PTZ
donor part, whereas it is almost delocalized across the whole
conjugated framework in the TPA–TTA-COF. The distinct
distribution of the VBM and their different band gaps should be
mainly attributed to the p orbital of the S atom in the PTZ–TTA-
COF as illustrated by its DOS analysis. On the other hand,
a similar charge distribution of the CBM was observed for both
COFs, which is largely located over the TTA acceptor together
with some minor distribution around donor benzene parts. The
charge distribution proles for the two COFs suggested that
electrons could be readily excited from PTZ or TPA to the TTA
part along the D–A pathway in COF skeletons upon light
This journal is © The Royal Society of Chemistry 2023
irradiation. However, through further comparing their charge
distribution, a better separation from the VBM to the CBM can
be witnessed in the case of the PTZ–TTA-COF on account of its
stronger D–A interaction, which implied more effective elec-
tron–hole separation and dissociation in the photocatalytic
process.

Furthermore, ultraviolet photoelectron spectroscopy (UPS)
was utilized to experimentally analyse the band structure
alignments of the PTZ–TTA-COF and TPA–TTA-COF (Fig. 4a and
S28 in the ESI†). The energy levels of the VBM (EVB vs. the
vacuum level) were determined by subtracting the UPS width
from its excitation energy (He I, 21.22 eV) to be −5.59 eV and
−5.79 eV for the PTZ–TTA-COF and TPA–TTA-COF (Fig. 4b),
respectively. The energy values of the CBM (ECB) were calculated
using the formula (ECB = EVB − Eg) to be −3.55 eV and −3.48 eV
for the PTZ–TTA-COF and TPA–TTA-COF, respectively. The band
structures manifest that both COFs possess sufficient reductive
and oxidative potentials to reduce O2 into its superoxide O2c

−

active species (Ered = −4.16 eV) and oxidize benzylamine
(BnNH2) into its cationic radical form (Eox = −4.96 eV) by using
the photogenerated electrons and holes, respectively.26 In
addition, the electrochemical impedance spectroscopy (EIS)
measurements of two COFs were performed in the dark and
under visible light. As shown in Fig. 4c, the PTZ–TTA-COF pre-
sented amuch smaller arc radius than that of the TPA–TTA-COF
in the Nyquist plot, indicating the lower resistance of charge
transportation in the PTZ–TTA-COF framework. The arc radius
further decreased under visible light, suggesting its increased
charge transfer rate upon irradiation, in line with the efficient
charge separation efficiency. Moreover, the transient photo-
current responses also exhibited a notably higher photocurrent
density on the PTZ–TTA-COF (Fig. 4d), further conrming the
more efficient separation and mobility of photogenerated
charge carriers.

In order to further investigate and compare the kinetics of
photo-generated charge carriers in the two COFs, temperature-
J. Mater. Chem. A, 2023, 11, 1208–1215 | 1211
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Fig. 5 (a) Integrated PL intensity of the PTZ–TTA-COF as a function of
temperature (inset: temperature-dependent PL spectra from 80 to
250 K). (b) EPR spectra of the PTZ–TTA-COF and TPA–TTA-COF in the
dark and under visible light irradiation.

Fig. 6 Comparison of the PTZ–TTA-COF and TPA–TTA-COF in
photocatalytic oxidative coupling of four benzylamines into imines at
room temperature under air. Reaction conditions: amine (0.1 mmol),
COF photocatalyst (2 mg), CD3CN (1 mL), blue LEDs (lmax = 450 nm,
3 W × 4), 1 h. The yields were determined by 1H NMR.
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dependent PL and electron paramagnetic resonance (EPR)
measurements were carried out. The exciton binding energy (Eb)
that is a key parameter for mediating charge separation in
photochemistry, was obtained by tting integrated
temperature-dependent PL intensity to the Arrhenius equation
(Fig. S29 in the ESI†).11b–d As the temperature increased from 80
to 250 K, the integrated PL intensity monotonically decreased
for both COFs. This suggests that excitons will be likely to
dissociate into charge carriers at high temperature and undergo
radiative decay at low temperature. Accordingly, the Eb value of
the PTZ–TTA-COF was estimated to be 48 meV by tting the
experimental data (Fig. 5a), which is much lower than that of
the TPA–TTA-COF with 89 meV. This result manifests that the
excitons in the PTZ–TTA-COF are more prone to dissociate into
free charge carriers upon photoexcitation. Subsequently, EPR
measurements for both COFs were conducted to further
examine the production of free electrons under visible light
irradiation.11c,27 As shown in Fig. 5b, EPR spectra for COFs have
been recorded and compared in the dark and under light
conditions to evaluate their charge separation and transfer
properties. It was found that both of them showed a distinctly
increased EPR signal under visible light, which should be
attributed to photoexcited electrons in the CB band, indicative
of the photo-induced generation of electron–hole pairs in the
COF lattice. In comparison to the TPA–TTA-COF, the PTZ–TTA-
COF showed a much higher increase of signal intensity, indi-
cating its remarkable enhancement of charge separation effi-
ciency. Based on these above photoelectrochemical and
photophysical measurements along with the theoretical calcu-
lation, it can be concluded that the introduction of the PTZ
subunit into the COF skeleton with enhancing the D–A inter-
action is benecial to reduce the exciton binding energy as well
as improve the separation and transfer of charge carriers,
thereby ultimately giving rise to the enhancement of photo-
catalytic activity.

Imines as valuable intermediates have been widely applied
in organic and pharmaceutical synthesis.28 The direct photo-
catalytic oxidative coupling of amines to imines with oxygen as
a green oxidant is emerging as a promising alternative approach
for traditional reductive amination and thus has received
signicant attention in recent years.29 Aer the experimental
and theoretical studies of the photoelectric properties of the
1212 | J. Mater. Chem. A, 2023, 11, 1208–1215
PTZ–TTA-COF and TPA–TTA-COF, their photocatalytic activities
were subsequently examined and compared by using oxidative
amine coupling and cyclization of thioamide to 1,2,4-thiadia-
zole as two model reactions. First, benzylamine (1a) and three
representative 4-substituted ones (1b–1d) with the respective
loading of the two COFs as photocatalysts in acetonitrile were
illuminated with blue LEDs at room temperature in an air
atmosphere. Aer 1 h irradiation, the product yield of resultant
imines (2a–2d) was determined by 1H NMR analysis to be >80%
for the PTZ–TTA-COF and <50% for the TPA–TTA-COF (Fig. 6),
respectively. Besides, such reaction can even go well under
natural sunlight (Fig. S30 in ESI†). Second, the two COFs were
further explored and compared as photocatalysts for oxidative
cyclization of thioamides to 1,2,4-thiadiazoles (Table S3 in the
ESI†). The mixture of thioamide and COFs in acetonitrile was
similarly irradiated for 2 h, which was subsequently subjected
to 1H NMR analysis. The product yield of 1,2,4-thiadiazoles was
in the range of about 60–70% for the PTZ–TTA-COF, whereas
that was only around 30% for the TPA–TTA-COF. These above
results rmly demonstrated that the PTZ–TTA-COF possessed
much higher photo-catalytic activities than its analogue TPA–
TTA-COF, which should be attributed to the prominent photo-
electric properties of the PTZ–TTA-COF, such as the narrower
band gap, lower exciton binding energy, and enhanced charge
separation/transfer.

To gain insights into the photochemical reaction mecha-
nism and the key active species involved in this process, several
control and trapping experiments using different scavengers
were carried out as shown in Table 1. Control experiments
demonstrated that the COF photocatalyst, light and oxygen are
all indispensable for this conversion; otherwise, only little
product can be detected (Table 1, entries 2–4). Aer separately
adding KI, NaN3 and p-benzoquinone into the reaction mixture
as scavenger agents for holes (h+), singlet oxygen (1O2) and
superoxide radical anions (O2c

−), the product yield signicantly
decreased to be 10%, 40% and 23%, respectively (Table 1,
entries 5–7). Thus, these quenching experimental results sug-
gested that all of h+, 1O2, and O2c

− as the key active intermediate
species played a crucial role in this photocatalytic trans-
formation. Additionally, EPR measurements were further
This journal is © The Royal Society of Chemistry 2023
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Table 1 Control experiments for the photocatalytic aerobic oxidative
coupling reaction of benzylamine catalyzed by the PTZ–TTA-COFa

Entry

1 2c 3d 4e 5f 6g 7h

PTZ–TTA-COF + − + + + + +
hn + + − + + + +
Air + + + − + + +
Yieldb (%) 92 Trace Trace Trace 10 40 23

a Reaction conditions: benzylamine (0.1 mmol), PTZ–TTA-COF (2 mg),
solvent acetonitrile (CD3CN, 1 mL), 1 h, blue LEDs (3 W × 4), room
temperature. b Determined by 1H-NMR analysis. c No COF
photocatalyst. d No light. e Under a nitrogen atmosphere. f KI as the
hole scavenger. g NaN3 as a singlet oxygen scavenger. h p-
Benzoquinone as a superoxide scavenger.
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conducted to detect the reactive oxygen species (ROS) of 1O2 and
O2c

− by using 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as radical capturers. As
expected, the characteristic signals for 1O2 and O2c

− adducts
can be witnessed in EPR spectra under the irradiation of PTZ–
TTA-COF with TEMP and DMPO, respectively (Fig. S31 in the
ESI†). These observations evidenced that the phenothiazine
based COF can serve as an effective photocatalyst for the facile
generation of ROS in the presence of oxygen under light irra-
diation, which could be widely used in a variety of photooxi-
dation reactions.

Based on the above control and trapping experimental
results along with related literature reports,13,15 the plausible
mechanism over the PTZ–TTA-COF toward photocatalytic
oxidative coupling and cyclization reactions was tentatively
proposed as illustrated in Fig. 7. Under light irradiation, the
COF was excited to generate excitons of bound electron–hole
pairs, which could be rapidly and spatially separated owing to
the segregated bicontinuous D–A heterostructure in the PTZ–
TTA-COF skeleton. The photogenerated electrons with main
Fig. 7 Plausible mechanisms of PTZ–TTA-COF photocatalytic oxidative

This journal is © The Royal Society of Chemistry 2023
distribution on TTA acceptor parts can activate O2 molecules by
an electron and energy transfer process, leading to the genera-
tion of reactive oxidative species, O2c

− and 1O2. On the other
hand, the photogenerated holes primarily participated in the
oxidization of benzylamine and thioamide into their corre-
sponding cationic radicals. Subsequently, the benzylamine
radical cation reacted with O2c

− and 1O2 gave the imine inter-
mediate. It can further react with the additional benzylamine to
form the desired product along with elimination of ammonia
(Fig. S32 in the ESI†). Similarly, the thioamide radical cation
rst transformed into two radical isomers aer the proton
removal, which were further linked to give a dimer through the
radical cross-coupling. The nal 1,2,4-thiadiazole product was
readily obtained by the intramolecular cyclization of the dimer
and subsequent aromatization under the assistance of reactive
oxidative species.

Next, the substrate scope of aerobic oxidative amine
coupling reactions catalyzed by the PTZ–TTA-COF was explored
for various benzylamines with different substituents (Table S5
in the ESI†). It was found that most of the amine derivatives
bearing electron rich or decient groups can be efficiently
transformed into the corresponding imine products in high
yields (>90%), although the irradiation time for each amine was
some different (1–2 h). Besides, polycyclic aromatic and
heterocyclic amines, including 1-naphthalenemethylamine, 2-
thenylamine and 3-picolylamine, can also be readily converted
into their corresponding imines with high yields (entries 12–14
in Table S5†). Moreover, aer recovery from the reaction
mixture by centrifugation, the PTZ–TTA-COF can still maintain
its high photocatalytic activity for at least three cycles (Fig. S34
in the ESI†). The structure and porosity of the PTZ–TTA-COF
were consistent before and aer photocatalysis, which has
been validated by the PXRD, FT-IR and solid-state 13C NMR
spectra along with nitrogen sorption isotherms (Fig. S21, S22,
S35 and S36 in the ESI†), conrming its high stability during the
catalysis.
amine coupling of benzylamine and cyclization of thioamide.
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Conclusions

In summary, we have constructed a novel phenothiazine based
PTZ–TTA-COF that has a well organized D–A heterostructure
derived from the columnar stacking of electron rich PTZ and
electron decient TTA building blocks. In comparison to the
analogue TPA–TTA-COF with smaller D–A contrast, the PTZ–
TTA-COF exhibited lower exciton binding energy and enhanced
charge separation and migration, which in turn lead to the
remarkable enhancement of photocatalytic performances in
oxidative amine coupling and cyclization of thioamide to 1,2,4-
thiadiazole reactions. Overall, this comparative study not only
revealed the unique advantages of introducing the phenothia-
zine subunit as a strong electron donor into the COF skeleton,
but also could provide a rational guidance for the future
development of high-performance COF photocatalysts through
exploring more suitable donor–acceptor pairs.
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