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ased covalent organic frameworks
with low exciton binding energies for
photocatalysis†

Weitao Wang,‡a Haotian Wang,‡a Xiaohui Tang,a Jinlei Huo,a Yan Su,a Chuangye Lu,a

Yujian Zhang, *c Hong Xu *b and Cheng Gu *ad

Designing delocalized excitons with low binding energy (Eb) in organic semiconductors is urgently required

for efficient photochemistry because the excitons in most organic materials are localized with a high Eb of

>300meV. In this work, we report the achievement of a low Eb of�50meV by constructing phenothiazine-

based covalent organic frameworks (COFs) with inherent crystallinity, porosity, chemical robustness, and

feasibility of bandgap engineering. The low Eb facilitates effective exciton dissociation and thus promotes

photocatalysis by using these COFs. As a demonstration, we subject these COFs to photocatalytic

polymerization to synthesize polymers with remarkably high molecular weight without any requirement

of the metal catalyst. Our results can facilitate the rational design of porous materials with low Eb for

efficient photocatalysis.
Introduction

Photocatalysis is a kind of multi-step redox reaction triggered/
promoted by light energy, in which the dissociation of light-
induced excitons plays a key role in forming free electrons
and holes that react with substrates to achieve various catalytic
reactions, such as water splitting,1 CO2 reduction,2 organic
synthesis,3 and polymerization.4 Recent advances have exten-
sive achievements in materials design, bandgap engineering,
and catalytic optimization. However, there are rare reports on
manipulating the exciton dissociation process. The exciton
binding energy (Eb) has been regarded as a crucial parameter for
mediating charge separation in photochemistry. Generally, in
inorganic semiconductors such as GaN, perovskite, and MoS2,
the excitons are delocalized Wannier excitons with an ultralow
Eb of <25 meV,5–9 which means that the excitons spontaneously
dissociate into free electrons and holes at room temperature,
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facilitating their photochemistry by promoted exciton utiliza-
tion. By contrast, in organic small-molecule and polymer
materials, the excitons are localized Frank excitons, with an Eb
as high as >300 meV.10,11 It is quite difficult to achieve efficient
exciton dissociation and long-range migration, which has
become the bottleneck issue for photocatalysis by using organic
materials.12–14 There are several examples for reducing the Eb to
<100 meV in organic single crystals15 and polymers.16,17

However, neither rational design nor function-led syntheses
that enable such low Eb systems, in which the relationship of
the structures, the Eb, and the photofunctions are required to be
predesigned with molecular-level precision, have been
proposed so far. Therefore, manipulating the Eb of organic
semiconductors to a substantially low value for promoted
photochemistry is highly desired in this eld but remains
a challenge.

An established strategy to reduce the Eb is incorporating
a strong donor (D) and strong acceptor (A) into one molecule to
promote charge separation, which was demonstrated to be
effective in polymer solar cell systems.18 On the other hand,
assembling D–A molecules into crystalline solids can amplify
the charge separation and long-range charge transport via the
through-space interactions in the well-dened crystalline
lattice.19,20 Particularly, covalent organic frameworks (COFs) are
an emerging class of crystalline porous polymers that allow the
atomically precise integration of desirable p units to create
predesigned skeletons and nanopores,21 and their unique
features of well-dened crystalline porous structure, and high
stability together with tailored functionality make them prom-
ising materials for photocatalysis.22 However, the construction
of low-Eb COFs is still very difficult. This is because, compared
Chem. Sci., 2022, 13, 8679–8685 | 8679
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to linear organic polymers that could be readily synthesized by
various synthetic reactions, crystallizing the p units into the
COF lattice is still challenging,23,24 although several building
blocks including perylene bisimide,25 porphyrin,26 dibenzo-
chrysene,27 and isoindigo28 have been encoded into frameworks
while maintaining their crystallinity.29 For instance, phenothi-
azine is a S, N atom-fused polycyclic aromatic molecule with
a buttery-shaped conguration. The dihedral angle of the two
benzene rings could vary from 120� to 180� in response to the
stimuli of the external environment.30 On the other hand,
phenothiazine possesses a considerably high highest occupied
molecular orbital (HOMO) energy level of about �5.0 eV, which
reveals a strong donor feature and thus allows phenothiazine in
various applications such as light emission,30 dye-sensitized
solar cells,31 and photocatalysis.32 However, such a useful
donor unit has not yet been reported to construct COFs because
the buttery shape and variable conguration impede the
crystallization of phenothiazine-based COFs.

In this report, we for the rst time constructed
phenothiazine-based, crystalline, and porous two-dimensional
(2D) and one-dimensional (1D) COFs with a 10-methyl-
phenothiazine-3,7-dicarbaldehyde (MPTz) building block
reacting with diverse amino or acetonitrile monomers by imine-
or acrylonitrile-bond formation under acidic or basic condi-
tions. The resulting COFs offer a platform for intensive inves-
tigation of Eb manipulation by changing the acceptor building
blocks, yielding low Eb values of 50 meV in COFs. We demon-
strated the utility of these photoactive COFs by subjecting them
Fig. 1 (a) Synthesis of phenothiazine-based COFs. (b) FT-IR spectra of
Solid-state 13C NMR spectra of PTz-TPB-COF, PTz-BTA-COF, PTz-Py-C

8680 | Chem. Sci., 2022, 13, 8679–8685
to photocatalytic polymerization to synthesize polymers with
remarkably highmolecular weight without any additional metal
catalyst, thus providing a new prospect for developing low-Eb
photocatalytic crystalline organic materials.
Results and discussion

The phenothiazine-based COFs were synthesized by linking
electron-donor unit MPTz to different acceptor units, 1,3,5-
tris(4-aminophenyl)benzene (TAPB), benzene-1,3,5-
triyltriacetonitrile (BTTA), and 1,3,6,8-tetra(4-aminophenyl)
pyrene (TAPP), respectively (Fig. 1a). Note that TAPB and TAPP
are commonly recognized as electron-donor moieties;33,34

however, because of the sufficiently strong electron-donating
property and much higher HOMO energy level of phenothia-
zine, TAPB and TAPP become electron acceptors when linking
with the MPTz unit. We screened various synthetic conditions
including solvent, temperature, and reaction time (Table S1†),
and obtained three crystalline frameworks, termed PTz-TPB-
COF, PTz-BTA-COF, and PTz-Py-COF, in the presence of acid
or base at 120 �C for 3 d (Fig. 1a). Remarkably, the crystallinity of
these COFs (Fig. 2a–c) was achieved both in imine-bond
formation and Knoevenagel condensation reactions, demon-
strating the adaptation of the phenothiazine building block in
reaction versatility. The chemical structures were characterized
by various analytical methods. PTz-TPB-COF showed the
absence of amino stretching vibration peaks at 3434 cm�1 and
3355 cm�1, absence of the carbonyl stretching vibration peak at
PTz-TPB-COF, PTz-BTA-COF, PTz-Py-COF, and OPTz-BTA-COF. (c)
OF, and OPTz-BTA-COF.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a), (b) and (c) Experimental and simulated PXRD patterns of PTz-TPB-COF, PTz-BTA-COF, and PTz-Py-COF, respectively. (d), (e) and (f)
Top and side views of the unit cells in eclipsed stackingmode. The dihedral angles of the two benzene rings in phenothiazinemoieties and thep–
p distance of the two layers are also provided. Color code: H, white; C, gray; N; blue; S, yellow. (g), (h) and (i) Graphic views of eclipsed AA stacking
structures of the three COFs.
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1679 cm�1, and occurrence of the C]N stretching vibration
peak at 1682 cm�1 in the infrared spectrum (Fig. 1b, S1 and
Table S2†). Solid-state 13C NMR of PTz-TPB-COF revealed the
presence of peaks at 35 and 143 ppm, which were attributed to
the carbons onmethyl and phenothiazine (9a and 10a position),
respectively (Fig. 1c and Table S3†). Elemental analysis per-
formed on the guest-free PTz-TPB-COF was in good agreement
with the expected formula (Table S4†). Similarly, the structure
and components of PTz-BTA-COF and PTz-Py-COF could also be
fully assigned (Fig. 1b, c, S2, S3 and Tables S2–S4†). Because the
S atom in the phenothiazine unit could be readily oxidized and
yield the phenothiazine 5,5-dioxide moiety,35 we treated PTz-
BTA-COF with H2O2 and acetic acid and obtained a new
framework, termed OPTz-BTA-COF. IR spectra revealed two
newly generated peaks at 1148 and 1290 cm�1, which were
attributed to the stretching vibration of the S]O bond, whereas
© 2022 The Author(s). Published by the Royal Society of Chemistry
the other parts of COFs remained unchanged (Fig. 1b, Tables S2
and S4†). Solid-state 13C NMR spectra showed that the oxidation
apparently changed the chemical shis of the carbon atoms at
the a, b, and e positions (Fig. 1c, Tables S3 and S4†), whereas the
positions of the other carbon atoms kept unchanged. On the
other hand, the imine bonds in PTz-TPB-COF and PTz-Py-COF
underwent oxidation and decomposition when treated with
H2O2 and acetic acid (Fig. S4 and S5†).

Scanning electron microscopy (SEM) conrmed only one
morphology for each COF, indicating their phase purity
(Fig. S6†). Transmission electron microscopy (TEM) of synthe-
sized COFs showed thin layer structures, and high-resolution
TEM and selected-area electron diffraction (SAED) further
showed the presence of porous textures that produced clear
diffraction patterns (Fig. S7†). The crystallinity was conrmed
by powder X-ray diffraction (PXRD), with no diffraction peaks
Chem. Sci., 2022, 13, 8679–8685 | 8681
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attributable to the starting materials (Fig. S8†). The PXRD
pattern of the PTz-TPB-COF revealed several obvious peaks at 2q
¼ 2.29�, 3.98�, 4.55�, and 25.05�, corresponding to (100), (21�0),
(200), and (001) reection planes (Fig. 2a). To determine the
crystal structures, crystal models were generated based on the
geometry of the building blocks. The optimal cell length was a¼
b ¼ 44.6434�A, c ¼ 3.7300�A, a ¼ b ¼ 90�, g ¼ 120� (Fig. 2d and
Table S5†). Likewise, the unit cell parameters of PTz-BTA-COF
can also be obtained by simulations (Fig. 2b and e, Tables S7
and S9†). Using the structures of the monolayers, two stacked
congurations for each COF, that is, eclipsed AA and staggered
AB modes, were generated and optimized (Fig. 2a–c, S9 and
Tables S5–S10†). It is noteworthy that due to the limited number
of peaks, it is not possible to unambiguously assign the
framework to either the eclipsed or staggered stacking mode.36

However, the porosity data facilitate the differentiation of these
two modes (vide infra). Interestingly, PTz-Py-COF adopted
a dense stacking of the 1D framework, which is different from
other pyrene-based COFs with 2D frameworks. This could be
distinguished from their experimental and simulated PXRD
patterns (Fig. 2c, f, i, S9, Tables S9 and S10†). The simulated
PXRD pattern of the eclipsed AA model was in good agreement
with the experimental pattern, which conrmed that PTz-Py-
COF adopted an eclipsed AA stacking arrangement (Fig. 2c).
Notably, the phenothiazine moieties in all three COFs adopted
the buttery conguration, with dihedral angles from 159� to
163� for the two benzene rings, while the p–p distances of the
two layers were 3.56, 3.60, and 3.63 �A for PTz-TPB-COF, PTz-
BTA-COF, and PTz-Py-COF, respectively (Fig. 2d–f). These were
enlarged compared to the common COFs with a layer distance
of 3.3 to 3.4 �A (ref. 37) thus indicating weak interlayer interac-
tions and resulting in wavy frameworks (Fig. 2d–f) with loose
stacking. On the other hand, OPTz-BTA-COF retained the crys-
tallinity upon oxidation (Fig. S10†).

The porosity of PTz-TPB-COF, PTz-BTA-COF, PTz-Py-COF,
and OPTz-BTA-COF was characterized by N2 adsorption at 77
K by using activated samples. The isotherm of PTz-TPB-COF
showed a type IV shape, and the isotherm of PTz-Py-COF
revealed a type I shape, whereas isotherms of PTz-BTA-COF
and OPTz-BTA-COF exhibited the combination of two uptake
trends in the relative pressures of P/P0 < 0.01 and 0.01 < P/P0 <
0.1 (Fig. S11†), indicating the mesoporosity of PTz-TPB-COF,
PTz-BTA-COF, and OPTz-BTA-COF, and the microporosity of
PTz-Py-COF. Brunauer–Emmett–Teller (BET) surface areas were
calculated to be 236.6, 535.8, 540.9, and 529.5 m2 g�1 for PTz-
TPB-COF, PTz-BTA-COF, PTz-Py-COF, and OPTz-BTA-COF,
respectively (Fig. S12†). The pore-size distributions were esti-
mated to be 4.52, 2.37, 1.20, and 2.32 nm (Fig. S13†), which were
in good agreement with the eclipsed AA models and further
conrmed that the four COFs adopted eclipsed AA stacking
arrangements. These results demonstrated that all four COFs
are highly porous with large surface areas.

The thermal stability of PTz-TPB-COF, PTz-BTA-COF, and
PTz-Py-COF was evaluated using thermogravimetric analysis
(TGA). The three COFs were thermally stable up to 200 �C under
a N2 atmosphere (Fig. S14†), whereas from 200 to 300 �C, they
lost the –CH3 moieties on the phenothiazine groups. For PTz-
8682 | Chem. Sci., 2022, 13, 8679–8685
BTA-COF, the continuous weight loss from 300 to 500 �C was
because of the removal of the –CN groups from its skeleton. The
chemical stability of PTz-TPB-COF, PTz-BTA-COF, and PTz-Py-
COF was checked by immersing the COFs into concentrated
HCl or NaOH solutions at room temperature. PXRD patterns
and N2 adsorption analysis before and aer immersion for 3
d revealed almost no change in crystallinity and porosity
(Fig. S15 and S16†), demonstrating the long-term integrity of
the frameworks.

The bandgaps of the COFs were initially evaluated by the UV-
vis diffuse reectance spectra measurements, which revealed
that the absorption edges were at 578, 621, 562, and 505 nm for
PTz-TPB-COF, PTz-BTA-COF, PTz-Py-COF, and OPTz-BTA-COF,
respectively (Fig. S17a†), corresponding to the optical bandg-
aps of 2.29, 2.09, 2.28, and 2.55 eV (Fig. S17b†). Notably, PTz-
BTA-COF exhibited a substantially narrowed bandgap
compared to PTz-TPB-COF and PTz-Py-COF, which originates
from the enhanced p-conjugated D–A structures by
acrylonitrile-bond formation where BTTA acts as a strong elec-
tron acceptor. On the other hand, the bandgap of OPTz-BTA-
COF was obviously enlarged compared to that of PTz-BTA-
COF, indicating that manipulating S oxidation states effec-
tively regulated the bandgap of the COFs. We further assessed
the HOMO/LUMO energy levels by differential pulse voltam-
metry (DPV) tests (Fig. S18†), which showed a characteristically
oxidative wave at a very low potential of 0.3 V at the positive
position for PTz-TPB-COF, PTz-BTA-COF, and PTz-Py-COF,
revealing the strong electron-donating ability and high HOMO
position of the phenothiazine moiety. The HOMO/LUMO
energy levels for PTz-TPB-COF, PTz-BTA-COF, PTz-Py-COF, and
OPTz-BTA-COF were �5.05/�2.75, �5.20/�3.04, �5.04/�2.86,
and �5.27/�2.68 eV, calculated from the onset of the rst redox
peaks (Fig. S19†). Thus, the electrochemical bandgaps were
2.30, 2.16, 2.18, and 2.59 eV, respectively, which matched well
with the optical bandgaps. Notably, OPTz-BTA-COF possessed
an obviously decreased HOMO level and increased LUMO level
compared to that of PTz-BTA-COF, showing that phenothiazine
5,5-dioxide became a weak electron donor.

All these COFs exhibited photoluminescence properties;
orange (lmax ¼ 582 nm, photoluminescence quantum yield
(PLQY)¼ 1.1%), red (lmax¼ 660 nm, PLQY¼ 6.7%), yellow (lmax

¼ 566 nm, PLQY ¼ 1.4%) and yellow (lmax ¼ 526 nm, PLQY ¼
1.2%) emissions were observed for PTz-TPB-COF, PTz-BTA-COF,
PTz-Py-COF and OPTz-BTA-COF powders in air, respectively
(Fig. S20 and Table S11†). The photoluminescence lifetimes
were 1.81, 2.13, 1.57, and 0.83 ns (Fig. S21 and Table S11†). We
found that the luminescence properties including the emission
color, PLQY, and lifetime of PTz-TPB-COF and PTz-Py-COF were
variable in solvent environments (Fig. S22, S24 and Table S12†):
low-polar solvents such as hexane yielded blue-shied spectra
and suppressed PLQY, whereas medium-polar solvents such as
dichloromethane yielded the highest PLQY of 17.6% for PTz-
TPB-COF. On the other hand, PTz-BTA-COF and OPTz-BTA-
COF showed luminescence properties independent of solvents
(Fig. S23, S25 and Table S12†), indicating that the n–p conju-
gated imine bonds inuence the luminescence properties of
PTz-TPB-COF and PTz-Py-COF. All four COFs exhibited
© 2022 The Author(s). Published by the Royal Society of Chemistry
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outstanding photostability; aer irradiation with a white-light
Xe lamp (300 W) for 3 h in air, the photoluminescence spectra
and PLQY of the COFs remained unchanged (Fig. S26†). High
photostability is a prerequisite for efficient photocatalysis.

We further measured the temperature-dependent photo-
luminescence (TD-PL) spectra to estimate their Eb and elucidate
their charge recombination and separation kinetics (Fig. 3).38 The
photoluminescence intensity increased monotonically in all the
COF samples as the temperature decreased, which is consistent
with other organic semiconductors,15–17 indicating that the exci-
tons tend to dissociate into charge carriers at high temperature
and more readily undergo radiative decay at low temperature
because of the freezing of the structural conguration that
minimizes the traps and defects.39 The Eb can be obtained by
tting the temperature dependence of integrated photo-
luminescence intensity according to the Arrhenius equation, I(T)
¼ I0/[1 + Aexp(�Eb/kBT)], where I0 is the intensity at 0 K, kB is the
Boltzmann constant, and T is the temperature.38–40 Accordingly,
the Eb values for PTz-TPB-COF, PTz-BTA-COF, PTz-Py-COF, and
OPTz-BTA-COF were calculated to be 50.4 � 1.8, 56.8 � 3.1, 70.6
� 2.6, and 53.9 � 3.2 meV, respectively (Fig. 3). To our knowl-
edge, such low Eb values were even comparable with those in
strong D–A linear polymers and inorganic materials.5–9,16,17,41,42

These results clearly demonstrated an effective charge separation
process in these phenothiazine-based COFs. The phenothiazine
moiety is crucial to reducing the Eb values by constructing the
D–A structure and promoting charge separation, even when the
acceptor unit is pyrene, commonly recognized as a medium-
strong electron donor. On the other hand, OPTz-BTA-COF also
exhibited low Eb; this is attributed to the strong cyano groups as
Fig. 3 Integrated photoluminescence intensity as a function of
temperature from 80 to 300 K of (a) PTz-TPB-COF, (b) PTz-BTA-COF,
(c) PTz-Py-COF, and (d) OPTz-BTA-COF. The red curves represent the
fitting by using the Arrhenius equation. The inset is the temperature-
dependent photoluminescence spectra for each COF.

© 2022 The Author(s). Published by the Royal Society of Chemistry
strong electron acceptors that also constructed efficient D–A
charge-separation systems in the COF lattice.

As a control experiment, we synthesized three TPB and Py-
based COFs, namely, TPB-1P-COF, Py-BTA-COF, and Py-1P-
COF according to the literature reports (Fig. S27†).33,34 Unfor-
tunately, TPB-1P-COF did not show any photoluminescence,
and we were not able to record its photoluminescence spectra.
We measured the TD-PL spectra of Py-BTA-COF and Py-1P-COF
and calculated their Eb according to the Arrhenius equation.
The Eb values of Py-BTA-COF and Py-1P-COF were 121.9 � 2.0
and 156.8 � 1.9 meV (Fig. S28†), which were clearly larger than
those of the phenothiazine-based COFs. Therefore, strong D–A
structures were essential for constructing low-Eb COFs. Another
control experiment was realized by synthesizing amorphous
conjugated microporous polymers (CMPs) with the same
monomer components as the phenothiazine-based COFs. The
three polymers, namely, PTz-TPB-CMP, PTz-BTA-CMP, and PTz-
Py-CMP, were subjected to the TD-PL measurements for Eb
evaluation. The Eb values of PTz-TPB-CMP, PTz-BTA-CMP, and
PTz-Py-CMP were 77.3 � 3.0, 79.7 � 1.3, and 85.8 � 3.5 meV
(Fig. S29†), which were larger than those of the corresponding
COFs. Therefore, the ordered packing structure of COFs is also
helpful for decreasing the Eb values. All the results demon-
strated that both strong D–A structures and ordered packing
were key to achieving low-Eb COFs.

To demonstrate the utility of such photoactive, stable, and
porous COFs,43,44 we tested them as photocatalysts in the poly-
merization reaction, where polymethyl methacrylate (PMMA)
was synthesized from methyl methacrylate (MMA) by using
ethyl a-bromophenylacetate (EBP) as the initiator and a white-
light Xe lamp (300 W) for irradiation in N,N-dimethylaceta-
mide (DMA) solvent (Table 1). The proposedmechanism of such
polymerization is recognized as follows.45,46 Upon light irradia-
tion, the photocatalyst harvests incident photons and forms
excitons, which migrate and dissociate into electrons and holes
that react with the initiator. Consequently, the initiator reaches
a new electronic state, which decomposes to form a propagating
radical and a halide ion Br�, with the former becoming poly-
meric and increasing its chain length aer MMA monomer
addition. Aer a certain number of monomer additions to the
propagating radical, the photocatalyst with positive ions
encounters the propagating radical to oxidize it and afford
a dormant polymer chain. Based on this mechanism, we rst
optimized the polymerization conditions, including the ratio of
MMA, EBP, and the catalyst, and the reaction time. We xed
a condition in which the ratio of MMA, EBP, and the catalyst
was 1000 : 10 : 1 (mol%) and the reaction time was 9 h (Table 1,
entries 2–6, Fig. S31–S35†). The weight-average molecular
weights (Mw) of PMMA produced by PTz-TPB-COF and PTz-Py-
COF were 37.4 and 23.9 kDa (Table 1, entries 2 and 8, Fig. S31
and S37†), respectively, suggesting that the Mw was related to
the Eb values and the D–A strength in COFs. However, the
partial p–p conjugation in the imine linkage impedes the
carrier migration process, resulting in inferior photocatalytic
performance. By contrast, the cyanovinylene-linked PTz-BTA-
COF showed much-improved performance with a Mw of 176.0
kDa (Table 1, entry 5 and Fig. S34†), whereas OPTz-BTA-COF
Chem. Sci., 2022, 13, 8679–8685 | 8683
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Table 1 Results for the photocatalyzed polymerization of MMA catalyzed using a Xe lamp

Entry Photocatalyst [MMA] : [EBP] : [catalyst] (mol%) Time (hour) Conversion (%) Mn (kDa) Mw (kDa) Đ (Mw/Mn)

1 MPTz [1000] : [10] : [1] 9 19.8 13.6 18.2 1.34
2 PTz-TPB-COF [1000] : [10] : [1] 9 17.4 21.5 37.4 1.74
3 PTz-TPB-COF [1000] : [10] : [10] 21 16.8 25.2 61.5 2.44
4 PTz-BTA-COF [1000] : [20] : [1] 21 18.8 39.2 96.4 2.46
5 PTz-BTA-COF [1000] : [10] : [1] 9 22.5 100.4 176.0 1.75
6 PTz-BTA-COF [1000] : [5] : [1] 9 19.5 184.9 357.7 1.93
7 OPTz-BTA-COF [1000] : [10] : [1] 9 29.0 301.4 471.1 1.56
8 PTz-Py-COF [1000] : [10] : [1] 9 21.8 13.9 23.9 1.72
9 Py-BTA-COF [1000] : [10] : [1] 9 26.0 87.9 188.0 2.14
10 Py-1P-COF [1000] : [10] : [1] 9 4.6 19.7 42.6 2.16
11 PTz-TPB-CMP [1000] : [10] : [1] 9 31.0 34.9 62.9 1.80
12 PTz-BTA-CMP [1000] : [10] : [1] 9 32.5 113.6 223.9 1.97
13 PTz-Py-CMP [1000] : [10] : [1] 9 20.2 73.7 177.6 2.41
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exhibited the best performance in producing PMMA with the
highest Mw of 471.1 kDa (Table 1, entry 7 and Fig. S36†). OPTz-
BTA-COF possessed decreased HOMO and increased LUMO
positions and an enlarged bandgap, which were equally critical
in the light-induced charge-transfer process to form a strong
driving force. To our knowledge, this Mw is remarkably high
among the photocatalytic polymerizations (Table S13†). Unlike
many photocatalyzed polymerizations that need metal cocata-
lysts, our catalytic reaction is free of the need for any additional
metal catalyst, thus providing new insight for developing
a strong D–A structure with low Eb in COFs that substantially
promoted the photocatalytic performance. By contrast, the
monomer MPTz-based catalyst showed inferior performance
with a Mw of only 18.2 kDa (Table 1, entry 1, and Fig. S30†). IR
spectra conrmed the structural intactness aer the reaction
(Fig. S38–S41†), although a few residual PMMA remained in the
pores. The COFs remained crystalline aer the polymerization
(Fig. S42†). The conversion related to the contact of the photo-
catalyst and the reactant was not high, but it could be improved
by decreasing the COF particle size or developing well-dispersed
COF materials. Additionally, both applying very low amounts of
COF photocatalyst and using light of lower energy are critically
important for low-cost and energy-saving production of poly-
mers under mild conditions.

As a control experiment, we performed photocatalytic poly-
merization by using traditional COF photocatalysts which did not
contain phenothiazine. Py-BTA-COF and Py-1P-COF showed aMw

of 188.0 and 42.6 kDa (Table 1, entries 9 and 10, Fig. S43 and
S44†), similar to those of PTz-BTA-COF and PTz-Py-COF; however,
their Đ values were much increased. Another control experiment
by employing amorphous CMPs as photocatalysts was also con-
ducted (Table 1, entries 11–13, and Fig. S45–S47†). Although
amorphous CMPs also exhibited photocatalytic polymerization
performance with acceptable Mw, they yielded considerably
higher Đ compared to the crystalline COFs, indicating that the
8684 | Chem. Sci., 2022, 13, 8679–8685
crystallinity and phenothiazine linkage are keys to achieving
polymers with highMw and low Đ. Our results indicated that the
rational control of Eb by tailoring the local structure could regu-
late the charge-transfer process, thereby improving the photo-
catalytic performance of D–A COF photocatalysts.

Conclusions

In summary, we have constructed four crystalline, porous, and
robust phenothiazine-based COFs as a platform for investigating
their Eb and photocatalysis. For the rst time, phenothiazine as
a strong electron donor was incorporated into COF synthesis,
which exhibited diverse structures and dimensionalities, the
feasibility of bandgap engineering, and low Eb values of 50meV in
COFs. As a demonstration, the polymerization reaction catalyzed
by these low-Eb COFs exhibited a remarkably high Mw of 471.1
kDa. We expect that our strategy of D–A type and low Eb COFs
could arouse interest in constructing COFs with other strong D/A
building blocks for various photochemical applications.

Author contributions

C. G. conceived the project and directed the research. W. W.
conducted the synthesis and characterization experiments. H.
W. explored the synthetic condition of the COFs. X. T. measured
photoluminescence spectra and analyzed the data. J. H. con-
ducted GPC measurements. Y. S. measured N2 sorption and
PXRD. C. L. performed CV measurements. Y. Z. directed pho-
tocatalytic experiments. H. X. performed structural modeling.
All authors contributed to the writing and editing of the
manuscript. W. W. and H. W. contributed equally to this work.

Conflicts of interest

There are no conicts to declare.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc02503e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:3

8:
44

 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
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (no. 21975078, 52073161, and 52073089),
the Guangdong Basic and Applied Basic Research Founda-
tiongs1: (2021A1515010311), the Natural Science Foundation of
Guangdong Province (2019B030301003), the 111 Project
(BP0618009), and the Thousand Youth Talents Plan. Y. Su
acknowledges the scholarship support from the China Schol-
arship Council (202006150059). Y. Zhang acknowledges the
funding support by the Natural Science Foundation of Zhejiang
Province (LZ20E030001). Hong Xu acknowledges the support
from the Tsinghua University-Zhangjiagang Joint Institute for
Hydrogen Energy and Lithium-Ion Battery Technology.

Notes and references

1 A. Fujishima and K. Honda, Nature, 1972, 238, 37.
2 Z. Jiang, X. Xu, Y. Ma, H. S. Cho, D. Ding, C. Wang, J. Wu,
P. Oleynikov, M. Jia, J. Cheng, Y. Zhou, O. Terasak,
T. Peng, L. Zan and H. Deng, Nature, 2020, 586, 549.

3 Y.Meng, Y. Luo, J.-L. Shi, H. Ding, X. Lang,W. Chen, A. Zheng,
J. Sun and C. Wang, Angew. Chem., Int. Ed., 2020, 59, 3624.

4 K. Wang, X. Kang, C. Yuan, X. Han, Y. Liu and Y. Cui, Angew.
Chem., Int. Ed., 2021, 60, 19466.

5 A. Alemu, B. Gil and M. Julier, Phys. Rev. B: Condens. Matter
Mater. Phys., 1998, 57, 3761.

6 S. Sun, T. Salim, N. Mathews, M. Duchamp, C. Boothroyd,
G. Xing, T. C. Sum and Y. M. Lam, Energy Environ. Sci.,
2014, 7, 399.

7 A. Miyata, A. Mitioglu, P. Plochocka, O. Portugall,
J. T.-W. Wang, S. D. Stranks, H. J. Snaith and
R. J. Nicholas, Nat. Phys., 2015, 11, 582.

8 R. Kaupmees, H.-P. Komsa and J. Krustok, Phys. Status Solidi
B, 2019, 256, 1800384.

9 M. Baranowski and P. Plochocka, Adv. Energy Mater., 2020,
10, 1903659.
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