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ABSTRACT: The selective photoisomerization or photocycliza-
tion of stilbene to achieve value upgrade is of great significance in
industry applications, yet it remains a challenge to accomplish both
of them through a one-pot photocatalysis strategy under mild
conditions. Here, a sevenfold interpenetrating 3D covalent organic
framework (TPDT-COF) has been synthesized through covalent
coupling between N,N,N,N-tetrakis(4-aminophenyl)-1,4-benzene-
diamine (light absorption and free radical generation) and 5,5′-
(2,1,3-benzothiadiazole-4,7-diyl)bis[2-thiophenecarboxaldehyde]
(catalytic center). The thus-obtained sevenfold interpenetrating
structure presents a functional pore channel with a tunable
photocatalytic ability and specific pore confinement effect that
can be applied for selective stilbene photoisomerization and photocyclization. Noteworthily, it enables photogeneration of cis-
stilbene or phenanthrene with >99% selectivity by simply changing the gas atmosphere under mild conditions (Ar, SeleCis. > 99%,
SelePhen. < 1% and O2, SeleCis. < 1%, and SelePhen. > 99%). Theoretical calculations prove that different gas atmospheres possess
varying influences on the energy barriers of reaction intermediates, and the pore confinement effect plays a synergistically catalytic
role, thus inducing different product generation. This study might facilitate the exploration of porous crystalline materials in selective
photoisomerization and photocyclization.

■ INTRODUCTION
Stilbene and its derivatives, possessing unique chemical
scaffolds in biologically active entities, are versatile starting
materials for numerous chemical transformations, yet the
stereoselective construction of value-added products remains a
conspicuous and challenging task in industrial fields.1−4 During
the past years, much effort has been made to develop strategies
that enable the stereoselective transformation of stilbene for
potential applications in scintillators, chromatic lasers,
industrial dyes, anticancer drugs, and so forth.5−7 Especially
in the biomedicine field, precise control of the stereochemistry
regarding E/Z isomers personates a crucial status.8,9 Notably,
trans-stilbene as a kind of typical stilbene-derived compound
can be used as an important precursor for the photo-
isomerization generation of cis-stilbene or further undergoing
established conrotatory 6π electrocyclization to produce
phenanthrene.10,11 During this process, cis-stilbene with
∼40,000 USD/kg (based on the real-time market price of
September 2022 in China) market value is commonly
presented in natural plants with very low contents, and its
extraction or separation from natural products is expensive in
cost, which is much necessary to selectively synthesize cis-
stilbene through more efficient and practical methods. In
general, there are some commonly applied methods for the

production of cis-stilbene in the industry including Wittig
reactions, Peterson olefination, cross-coupling of alkenyl
halides, Shapiro reactions, Z-isomer metathesis, and so
forth.12−16 However, these reaction methods still suffer from
problems like poor product selectivity, complex post-treat-
ment, environmental pollution, and so forth.17,18 Meanwhile,
another value-added product, phenanthrene, has a higher
market value (∼70,000 UDS/kg). However, its production
from coal tar usually contains multistep distillation processes
that require large amounts of solvent, the use of interferents,
and inevitable safety concerns (e.g., internal pressure arising
from the product attachment), resulting in high cost and
difficulty in purification.19,20 In addition to the commonly
applied complex distillation process, other methods (e.g.,
Scholl/Mallory reactions, Bardhan-Sengupta, etc.)21−24 have
also been explored for phenanthrene production, yet they still
have bottlenecks like the utilization of excess acids (e.g., TfOH,
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AlCl3, FeCl3, MoCl5, etc.) or strong oxidants [e.g., KI, I2, 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), etc.], bringing
about a host of waste byproducts and low efficiency.25−28 At
present, despite the intensive investigation, the exploration of
suitable catalysis systems to accomplish the selective isomer-
ization or cyclization of trans-stilbene through one-pot reaction
methods, especially those that can be conducted under green
and economic conditions, remains a daunting challenge.

The photocatalysis reaction, a kind of novel and environ-
mentally benign technique that can combine light energy with
typical organic synthesis, has arisen to be a promising strategy
for selective isomerization or cyclization of trans-stilbene.29−31

At present, various photocatalysts have been explored to
promote photocatalytic trans-stilbene isomerization, such as
metal photocatalysts (e.g., Ir- or Pd-based catalysts),30,32

(−)-riboflavin,33 alkaline catalysts (e.g., NaOH, NaHCO3,
etc.),3,4 ketones (e.g., para-benzoquinone, 2-iodo-9-fluorenone,
etc.),35,36 or condensed nucleus compounds (e.g., SiO2@(−)-
riboflavin).37 Nevertheless, there are some unsolved issues: (i)
most strategies rely on isomeric kinetic control of the
reactions38 with commonly applied high-energy reagents
(e.g., TMSCH2Li, etc.),

39−41 (ii) trans-stilbene photoisomeri-
zation reactions are generally based on noble metal catalysts
and often require harsh conditions (e.g., strongly alkaline, low
temperature, etc.),34,35 and (iii) it is usually accompanied by
the generation of byproducts (e.g., 1,2,3,4-tetraphenylcyclobu-
tane) that are difficult to be removed under light
illumination.42,43 In addition, the photoderivatization reaction
based on E-to-Z photoisomerization of trans-stilbene, such as
the formation of phenanthrene, has been rarely studied.
Henceforth, the exploration of cost-effective, stable, visible-
light responsive, and efficient photocatalysts is highly pursued
for selective trans-stilbene photoisomerization and photo-
cyclization to achieve value upgrades.

Covalent organic frameworks (COFs) are a rising class of
porous crystalline materials based on covalent linking
interactions, showing the properties of designable structures,
large surface area, well-defined crystalline structures, tunable
functionality, low density, and so forth.44−47 Due to the

tunability of the COF structures, it is noted that the required
functions can be easily designed, thus enabling them to be
promising platforms for potential applications in gas sorption
and separation, energy transformation, and heterogeneous
catalysis.48,64 Specifically, these characteristics can render
interesting structural characteristic research platforms as
photocatalysts for photoisomerization or photocyclization of
trans-stilbene owing to the following reasons: (i) compared
with other materials with higher density, COFs with a similar
quality might provide more exposed surface area and active
sites; (ii) the pore structures (e.g., pore size, inner pore
environments, or interpenetration degree) can be specially
designed with possible pore confinement effects;48 and (iii)
specifically selected functional groups can confer the COF
structures with light adsorption, suitable band gap, and photo-
oxidation ability that are conducive to generating free radicals
for selective trans-stilbene photoisomerization or photocycliza-
tion.49 Prior to this, although some examples like TpTt COF
have been reported that can be applied for E-to-Z photo-
isomerization of trans-stilbene,50 the exploration of selective
trans-stilbene photoisomerization and even photocyclization
remains at an early stage. Therefore, it would be much
necessary to develop powerful COF-based photocatalysts that
can accurately regulate the porosity, functionality, or light-
absorption ability to meet the stringent requirements for highly
selective trans-stilbene photoisomerization and photocycliza-
tion.

Herein, we have prepared a kind of sevenfold inter-
penetrating 3D-COF (denoted as TPDT-COF) based on the
covalent connection of N,N,N,N-tetrakis(4-aminophenyl)-1,4-
benzenediamine (TAPB) and 5,5′-(2,1,3-benzothiadiazole-4,7-
diyl) bis[2-thiophenecarboxaldehyde] (DTBT) and success-
fully applied it in highly selective trans-stilbene photo-
isomerization and photocyclization (Scheme 1). TAPB is a
small molecule with a Wurster-type structure, which can be
readily transferred into a triple-excited state with double radical
properties under photo- or thermal conditions.51−53 DTBT is a
strong redox molecule, which can act as an excellent O2
activation and photo-oxidation group.54 Its combination with

Scheme 1. Schematic Diagram of the Interpenetrating COF Structure for Selective trans-Stilbene Photoisomerization and
Photocyclization; (a) Schematic Diagram of the Possible Factors in COFs for trans-Stilbene Value Upgrade; (b) Pore
Confinement Effect and Possible Functions of Struts for trans-Stilbene Value Upgrade
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a specially designed sevenfold interpenetrating structure can
endow it with a pore confinement effect, visible-light-
adsorption ability, and suitable functions that enable selective
trans-stilbene photoisomerization and photocyclization. Note-
worthily, it can achieve the photogeneration of cis-stilbene or
phenanthrene with >99% selectivity by simply changing the gas
atmosphere under mild photocatalysis conditions (Ar, SeleCis.
> 99%, SelePhen. < 1% and O2, SeleCis. < 1%, and SelePhen. >
99%), during which the market value of trans-stilbene (∼2,000
USD/kg) can be ∼20 and ∼35 times upgraded for cis-stilbene
(∼40,000 USD/kg) and phenanthrene (∼70,000 USD/kg),
respectively. Based on the experimental results and density
functional theory (DFT) calculations, we illustrate the vital
roles of the pore confinement effect and functional struts in
TPDT-COF that contribute to the unique and superior
photocatalytic performance. This work would pave a new way
in exploring porous crystalline catalysts for highly selective
trans-stilbene photoisomerization and photocyclization.

■ RESULTS AND DISCUSSION
Synthesis and Structure of TPDT-COF. The synthesis of

TPDT-COF was carried out through the Schiff-base
condensation reaction of TAPB and DTBT, and a kind of
black powder was obtained after 72 h at 120 °C (Figure 1a, for
details, see the Supporting Information). To define the
crystalline structure of TPDT-COF, powder X-ray diffraction
(PXRD) of the as-synthesized TPDT-COF was first assessed
by theoretical structural simulations. In general, the 1,4-
bis(diphenylamino)benzene (DAB) unit can adopt two
configurations: one is square with C2h symmetry, and the
other is tetrahedral with D2d symmetry (Figure S1). Both
configurations of DAB have been seen in single-crystal X-ray
structures of metal−organic frameworks assembled from the
tetracarboxylate linkers containing the DAB unit.55,56 The
structure of TPDT-COF was modeled as a sevenfold diamond
(dia) topology based on the geometrical connectivity of the
two individual units. The experimental PXRD pattern showed
good agreement with the calculated one based on the
structural model (Figure 1b). Pawley refinements revealed

Figure 1. Characterizations of TPDT-COF. (a) Synthesis and structure of TPDT-COF. (b) Experimental, Pawley-refined, and simulated PXRD
patterns of TPDT-COF. (c) Experimental and simulated PXRD patterns of TPDT-COF with different interpenetrating structures (i.e., sixfold,
sevenfold, eightfold, and ninefold). (d) N2 sorption curve of TPDT-COF at 77 K (inset is the pore size distribution profile). (e) TEM and lattice
fringe images of TPDT-COF (inset is the Fourier transform image of the circled place).
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the unit-cell parameters (P2 space group, a = 38.351 Å, b =
11.995 Å, and c = 43.678 Å, α = γ = 90°, and β = 71.544°),
which matched well with the modeled structure (Rp = 3.7%
and Rwp = 4.6%). Meanwhile, except for dia topology, we have
also considered other possible structures like kgm or sql
topology (Figures S2 and S3). However, the PXRD patterns
for these structures did not match the experimental ones
(Figures S2 and S3). To further prove the sevenfold model and
get rid of other possible interpenetrating ones, the inter-
penetrating models from sixfold to ninefold of TPDT-COF
have also been analyzed by theoretical structural simulation
and we found that it was indeed a kind of sevenfold
interpenetrating structure based on the matching degree of
experimental PXRD patterns and simulated ones (Figure 1c).

In the PXRD pattern of TPDT-COF, it has intense peaks at
4.58, 5.44, 8.47, and 9.24°, which can be assigned to the (2, 0,
0), (2, 0, 2), (0, 1, 2), and (4, 0, 0) facets of TPDT-COF,
respectively (Table S1). Based on the above results, TPDT-
COF was proposed to have the expected architectures with a
sevenfold interpenetrating diamond (dia) topology. In the
onefold structure, its porous cavity has a diameter of ∼21 Å
(Figure 1a). Interestingly, the interpenetrating effect largely
restricts the pore channel and a kind of irregular inner surface
can be viewed from the b axis with an aperture of ∼13 Å in the
sevenfold structure. Specifically, the functional groups of
DTBT protruded diagonally and pointed to the pore center,
thus creating a complex and diversified pore environment.
From the a or c axis, it was interpenetrated with limited or
inaccessible porosity, thus creating a kind of perfect pore
environment that might possess a pore confinement effect for

the possible application in highly selective photocatalysis
(Figure S4).

The structure of TPDT-COF was further investigated by
various characterizations. Solid-state 13C cross-polarization
magic-angle spinning nuclear magnetic resonance (13C CP/
MAS NMR) spectra revealed that the peak at 151 ppm was
ascribed to the carbon atom of the imine bond, implying the
successful formation of the covalent bond (Figure S5).57 In
Fourier transform infrared (FT-IR) spectra, the C�N
stretching vibration band was detected at 1625 cm−1 in
TPDT-COF (Figure S6).58 Meanwhile, the C�O stretching
vibration band (1700 cm−1) and −NH2 vibration band (3200−
3500 cm−1) belonging to the comparative reactant monomers
decreased obviously for TPDT-COF in the spectra, implying
the successful generation of covalent bonds. In comparison,
TPTA-COF was also synthesized and characterized as
supported by the PXRD and FT-IR tests (Figures S7 and
S8).59 For TPTA-COF, it was assembled by the same TAPB
linker, while DTBT was replaced by terephthalaldehyde (TA),
which could serve as a desired contrast sample to reflect the
importance of DTBT in TPTA-COF (Figure S7a). Besides,
the porosity of TPDT-COF was also tested by N2 sorption
measurements at 77 K (Figure 1d). The Brunauer−Emmett−
Teller surface area (SBET) and total pore volume of TPDT-
COF were calculated to be 498 m2 g−1 and 0.417 cm3 g−1,
proving the porous nature of the structure.60 Moreover, the
pore size distribution of TPDT-COF showed that it mainly
centered at ∼1.5 nm, which was basically in conformity with
the calculated results as mentioned above (Figure 1d, insert
image).61 Thus, we have obtained a kind of interpenetrating
structure that possesses accessible and limited pore channels,

Figure 2. Optical property of TPDT-COF and TPTA-COF. (a) Solid-state UV/vis spectra of TPDT-COF and TPTA-COF. (b) Tauc plot for
band gap calculation of TPDT-COF and TPTA-COF. (c) Mott−Schottky plots of TPDT-COF with an inset energy diagram of the LUMO and
HOMO levels. (d) Transient photocurrent response of TPDT-COF and TPTA-COF.
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which might serve as an excellent platform with a pore
confinement effect to study relative structure−function
relationships.

Generally, stability is a vital factor to evaluate the basic
property of TPDT-COF as it determines the durability of
photocatalysts. The thermal stability of TPDT-COF and
TPTA-COF was evaluated by thermogravimetric analyses, and
no obvious weight changes were detected up to ∼350 °C
(Figure S9). To test the chemical stability, TPDT-COF was
selected as the example and tested by immersing it in different
solvents [e.g., N,N-dimethylformamide (DMF), tetrahydrofur-
an, acetone, acetonitrile, methanol, and H2O] for more than 7
days and the obtained samples were characterized by the
PXRD and FT-IR tests62 (Figures S10 and S11). The results
indicated that it could retain its structural integrity after
treatment with these solvents when compared with the initial
states, suggesting the high chemical stability of the covalent-
bonding structure. Furthermore, scanning electron microscopy
and transmission electron microscopy (TEM) were further
utilized to characterize the morphology of TPDT-COF and
TPTA-COF. Interestingly, TPDT-COF displayed a nanorod
morphology (length, ∼500 nm) (Figures 1e and S12), which
was different from that of TPTA-COF (nanosheet stacking
morphology, ∼1.5 μm) (Figure S13). We further studied the
crystallinity of the COFs by high-resolution TEM (HR-TEM)
tests.63 Taking TPDT-COF, for instance, the oriented lattice
fringes of TPDT-COF could be clearly observed in the HR-
TEM image, indicating the high crystallinity of TPDT-COF
(Figure 1e, insert image).

Characterizations of the Optical Properties of TPDT-
COF. UV/vis diffuse reflectance spectroscopy (DRS) and
ultraviolet photoelectron spectroscopy (UPS) tests were
conducted to determine the basic optical property of TPDT-
COF and TPTA-COF. DRS spectra showed that TPDT-COF
had an absorption range from ∼400 to ∼800 nm, which was
much wider than that of TPTA-COF (∼400 to ∼650 nm).
This result indicated that the DTBT unit in TPDT-COF was
more favorable in enhancing the light-adsorption ability than
that of the TA unit in TPTA-COF (Figures 2a and S14).
Besides, their relative band gaps were studied based on the
UPS results. The corresponding band gaps (Eg) were
calculated to be 1.79 eV for TPDT-COF and 1.61 eV for
TPTA-COF by the Tauc plots, respectively (Figure 2b),
suggesting their characteristics of semiconductor-like materi-
als.64 In addition, Mott−Schottky measurements were further
performed to determine the band positions of TPDT-COF
and TPTA-COF; the results were consistent with those from
the UPS tests (Figures 2c and S15−S17).

Additionally, transient photocurrent tests were also carried
out. Interestingly, the intensity of the transient photocurrent
response of TPDT-COF was much higher than that of TPTA-
COF, implying that the assembly of TAPB and DTBT in
TPDT-COF could result in higher photoinduced electron
separation and transport efficiency (Figure 2d). In addition,
electrochemical impedance spectroscopy was performed to
investigate the charge transfer resistance (Figure S18). The
Nyquist plots demonstrated that TPDT-COF had much
smaller charge transfer resistance than TPTA-COF as
supported by its smaller semicircle in the high-frequency
region. The results indicated that the covalent connection
between TAPB and DTBT in TPDT-COF might effectively
facilitate the electron−hole separation and prevent its
recombination. Thus, we have obtained a kind of sevenfold

interpenetrating 3D TPDT-COF that possessed excellent
photochemical properties, which might hold much promise
for selective trans-stilbene photoisomerization and photo-
cyclization.

Photocatalytic Performances of Samples. To evaluate
the photocatalytic property, the reactions were conducted at
room temperature and normal pressure under xenon lamp
irradiation with the full spectrum (Figure 3a,b, for details, see
the Supporting Information). First, an O2 atmosphere was
applied to study the basic photocatalytic property with
different reaction times. At 4 h, a 51% ConvTrans. with a
SeleCis. of 96% was detected, and the remaining product was
phenanthrene (selectivity, 4%) (Figure 3c). From 4 to 12 h,
the ConvTrans. and SelePhen. gradually increased along with the
reaction time. Interestingly, the maximum conversion
efficiency (100%) with SelePhen. 99% could be achieved at 16
h and the results remained almost intact with a longer reaction
time (e.g., 18 or 24 h) (Table S2). Therefore, we selected 16 h
as the desired reaction time to further evaluate other
properties. Moreover, the performances using various solvent
types [i.e. DMF, N,N-dimethylacetamide (DMA), toluene, 1,4-
dioxane (DOA), and acetonitrile (MeCN)] have also been
characterized (Table S3). The results show that DMF was the
optimal solvent for this transformation, and the achieved
performance (ConvTrans. 100%, SelePhen. 99%, and SeleCis. 1%)
was superior to that of other solvents like DMA (ConvTrans.
90%, SelePhen. 27%, and SeleCis. 63%), toluene (ConvTrans. 81%,
SeleCis. 75%, and SelePhen. 25%), DOA (ConvTrans. 88%, SeleCis.
45%, and SelePhen. 55%) or MeCN (ConvTrans. 72%, SeleCis.
84%, and SelePhen. 16%). In addition, we further explored the
influence of the DMF amount (i.e., 0−3 mL) on the
performance and the result showed that 1 mL was the optimal
one for this transformation. Based on the optimization of the
basic conditions, we have also tested the performances of
various contrast samples (Figure 3d and Table S2).
Specifically, the SelePhen. of TPTA-COF was detected to be
10%, which was lower than that of TPDT-COF. This result
was compiled with the better photoproperty as mentioned
above and proved the superiority of the sevenfold 3D structure
that was constructed from TAPB and DTBT linkers in efficient
photocatalysis. Moreover, the performances of the relative
monomers (i.e., TAPB, DTBT, and their mixture) were also
characterized. In detail, TAPB (ConvTrans. 86%, SelePhen. 20%,
and SeleCis. 80%), DTBT (ConvTrans. 95%, SeleCis. 58%, and
SeleByproduct. 42%), and the mixture of TAPB and DTBT
(ConvTrans. 73%, SelePhen. 36%, and SeleCis. 64%) all showed
much lower performances than that of TPDT-COF, indicating
the advantages of sevenfold interpenetrating 3D structure.

Moreover, we have proved the effect of pore confinement by
preparing an amorphous material using similar raw materials
by reducing the maturation period and changing the solvent
from benzyl alcohol to DMF. The PXRD pattern with broad
peak and FI-IR spectra prove the successful synthesis of a kind
of amorphous material (Figure S19). Based on the amorphous
material, we have explored its performance in selective
photoisomerization and photocyclization. The results show
that it displays poorer properties under an Ar atmosphere
(ConvTrans. 67%, SeleCis. 99%, and SelePhen. 1%), O2
atmosphere (ConvTrans. 97%, SeleCis. 44%, SeleByproduct. 20%,
and SelePhen. 36%), and air atmosphere (ConvTrans. 79%,
SeleCis. 99%, and SelePhen. 1%) than that of TPDT-COF, which
verifies the advantages of sevenfold interpenetrating 3D
structure in photocatalysis. Besides, we have carefully searched
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related literature and selected some typical COFs to be
compared with TPDT-COF. In detail, typical Wurster-motif
COFs like TAPD-(Me)2-COF, TAPD-(OMe)2-COF, and
TAPP-TATA-COF have been successfully synthesized refer-
ring to the reported literature and proved by PXRD tests, yet
their performances were much inferior to that of TPDT-COF
under different gas atmospheres (Figures S20 and S21).51,65 In
addition, 4,4′-(2,1,3-benzothiadiazole-4,7-diyl) bis-
[benzaldehyde] (BTE), another chemical molecular that was
similar to DTBT except that the benzothiadiazole group was
absent, was also utilized as the contrast sample. As predicted, it
displayed poorer properties (ConvTrans. 88% and SelePhen. 24%)
than those of DTBT and TPDT-COF, further proving the vital
role of the benzothiadiazole group in the photocatalytic
process. Based on the above-mentioned experimental results, it
could be inferred that the covalent connection of TAPB and
DTBT would generate efficient light-driven ligand-to-ligand
charge transfer (LLCT effect) to facilitate the electron−hole
separation/transfer to improve the photocatalysis for the
improvement of photo-oxidation performance. Subsequently,

the contrast test conditions (e.g., without light illumination
and without both catalyst and light illumination) have been
further evaluated, and they showed no reaction activity,
demonstrating the vital role of light energy in photocatalytic
reaction.

Based on the basic evaluation of performance for TPDT-
COF under an O2 atmosphere, we further set out to explore
the potential effect of diverse gas atmospheres on photo-
catalytic properties. Under similar conditions, we further
changed the gas atmosphere from O2 to Ar and air (Figure 3e
and Table S4). Under an Ar atmosphere, cis-stilbene could be
hardly transformed into phenanthrene and most of the product
was cis-stilbene (ConvTrans. 88%, SeleCis. 99%, and SelePhen.
1%), which was completely different from that under an O2
atmosphere (ConvTrans. 100%, SelePhen. 99%, and SeleCis. 1%).
Under an air atmosphere, it displayed the existence of both
phenanthrene and cis-stilbene in the product (ConvTrans. 91%,
SelePhen. 56%, and SeleCis. 44%). Furthermore, we find that the
low selectivity under the air atmosphere might be attributed to
the low concentration of O2 in the photocatalytic trans-stilbene

Figure 3. Photocatalytic performances of TPDT-COF and contrast samples in the photoisomerization and photocyclization of trans-stilbene. (a)
Structural diagram in the different b axis of TPDT-COF. (b) Schematic diagram of the one-pot photoisomerization and photocyclization by
TPDT-COF. (c) Time-dependent selectivity efficiency of cis-stilbene and phenanthrene for TPDT-COF under an O2 atmosphere. (d)
Photocatalytic performances of TPDT-COF and contrast samples. (e) Photocatalytic performances of TPDT-COF under different atmospheres.
(f) Selectivity of products during the cycling tests for TPDT-COF under O2 and Ar atmospheres.
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photoisomerization and photocyclization. In general, the
content of N2 in air is higher (78%) than that of O2 (21%).
To eliminate the influence of N2, we conducted selective trans-
stilbene photoisomerization and photocyclization under a N2
atmosphere. The result showed a similar performance trend
(ConvTrans. 73%, SeleCis. 99%, and SelePhen. 1%) as that under
an Ar atmosphere (Table S2). Moreover, TPTA-COF showed
lower photoactivity than TPDT-COF under different atmos-
pheres (i.e., O2, Air, and Ar atmospheres) (Table S2),
indicating that the DTBT unit and sevenfold interpenetrating
structure played vital roles in photoisomerization or photo-
cyclization. Based on the above results, we could conclude that
the selective conversion of trans-stilbene to cis-stilbene or
phenanthrene largely relied on the gas atmospheres and O2
played a vital role in regulating the performance.

Cycling stability played a crucial role in assessing the
durability of TPDT-COF during the photocatalytic process.
To further investigate the cycling stability of TPDT-COF, we
carried out recycling experiments under two different
atmospheres (i.e., O2 and Ar atmospheres). Remarkably,
TPDT-COF could endure multiple cycling tests and both
the conversion and selectivity remained almost unchanged at
>4 cycles (Figure 3f). We also performed PXRD and FT-IR
characterizations, and they proved the stability of the COF
structure during the cycling tests (Figures S22 and S23). For
the long-term recycling tests, we took the condition under an
Ar atmosphere for instance and found that TPDT-COF could
still exhibit >96% SeleCis. with intact structure after more than
15 cycles (Figure S24).

To gain insight into the possible reaction process and reveal
the reaction mechanism of the intermediate state, we
performed controlled photocatalytic reactions using 4 equiv
of a radical scavenger (2,2,6,6-tetramethyl-1-piperidinyloxy,
TEMPO) to detect the specific effects of ROS (e.g., •O2

−)
produced in the photocatalytic process (Figure S25). When
the gas atmosphere was O2, the conversion and selectivity of
phenanthrene significantly reduced under the optimal sit-
uations (ConvTrans. 80%, SelePhen. 35%, and SeleCis. 65%) in the
reaction medium, indicating that the photoreaction under the
O2 atmosphere was a ROS-mediated process. It was noted that
no distinctive EPR signals were detected under ROS
experimental conditions without illumination, demonstrating
that •O2

− was generated under light illumination conditions.
Moreover, the formation of superoxide •O2

− has also been
confirmed, in which a characteristic EPR signal of •O2

− has
also been detected in the EPR tests under the O2 atmosphere
(Figure S26). Similarly, •O2

− could also be detected with
relative characteristic EPR signals under air atmospheres
(Figure S27). However, the intensity was weaker than that
under an O2 atmosphere, indicating the vital role of O2
concentration in adjusting the reaction efficiency. Interestingly,
we found that a minor change in performance was detected
with the same trapping agent (i.e., TEMPO) under the Ar
atmosphere, suggesting that the reaction might not be
mediated by •O2

− under argon. These results showed that
the addition of O2 was a crucial factor for product tuning from
cis-stilbene to phenanthrene.

Based on the above results, we found that TPDT-COF had
specific catalytic properties under different atmospheric
conditions, which has been rarely reported to date. To
investigate it, the effects of different gas atmospheres on
product selectivity and catalytic mechanism were studied by
DFT calculations under light illumination. The catalytic

reaction mechanisms of TPDT-COF in highly selective
trans-stilbene photoisomerization and photocyclization were
studied by the free energy calculation (Figure 4a). The
adsorption energy of trans-stilbene under O2 (−0.65 eV) was
much higher than those of vacuum (−0.44 eV) and the Ar
atmosphere (−0.48 eV), indicating the stronger interaction of
TPDT-COF with the substrate under the O2 atmosphere.
Besides, we found that DHP was the key intermediate in the
process of selective trans-stilbene photoisomerization and
photocyclization, in which the formation of DHP was the
rate-determining step (RDS). First, we evaluated the effect of
the catalyst on the RDS of DHP under vacuum and light
conditions. We found that the energy barrier for DHP
production under vacuum without a catalyst (1.44 eV) was
much larger than the energy barrier in the presence of a
catalyst (1.28 eV), showing the importance of TPDT-COF
(Figure S28). In addition, we further set out to explore the
effect of the gas atmosphere on photocatalytic performances by
simulating three different gas atmospheres (i.e., vacuum, Ar,
and O2 atmospheres) in the possible photocatalytic pathways
through DFT calculations (Figure 4a). It was noted that the
energy barrier for the conversion of cis-stilbene to DHP
followed the order of 1.38 eV (Ar) > 1.28 eV (vacuum) > 0.98
eV (O2). Among them, the high-energy barrier for the
conversion of cis-stilbene to DHP under the Ar atmosphere
would set obstacles for further transformation from cis-stilbene
to DHP, and thus, the trans-stilbene conversion was limited to
cis-stilbene. For the condition under the O2 atmosphere, the
low energy barrier would make the cis-stilbene intermediate
further transformed into the product phenanthrene. Therefore,
the various gas atmospheres had a huge impact on the energy
barrier of the RDS that could inherently determine the obvious
performance change under different gas atmospheres during
the photocatalytic processes. Besides, we also calculated the
reaction mechanism of TPTA-COF under different gas
atmospheres (Figure S29). The results showed that the
reaction energy barriers of TPTA-COF were higher than
that of TPDT-COF with lower adsorption capacity of the
substrates, which complied with the poorer performance of
TPTA-COF (Figure S29).

To reveal the vital role of the interpenetrating structure in
photocatalysis, we further set out to study the possible pore
confinement effect. In this work, the theoretical pore aperture
of TPDT-COF was 12.31 Å × 17.99 Å. Based on our
calculations, we found that the molecule size of trans-stilbene
(7.04 Å × 14.76 Å) was slightly larger than the pore size if
entered in one direction, while it could be accessible if it was
vertical. In comparison, cis-stilbene (8.37 Å × 12.48 Å), the
intermediate (DHP, 8.65 Å × 12.1 Å), and phenanthrene (8.39
Å × 12.38 Å) were all smaller in size than the pore aperture of
TPTA-COF. Interestingly, due to the interpenetrating nature,
the inner pore environment was irregular with the functional
groups of DTBT protruding diagonally and pointed to the
pore center, thus creating a complex and diversified environ-
ment with possible pore confinement effect for photocatalysis
(Figure 1a). During the photocatalysis process, if the substrates
interacted with the pore structures, the reaction might be
largely restricted by the pore environment. To assess the
importance of the interpenetrating structure in selective
photoisomerization and photocyclization, we further studied
the effect of molecular conformation on the photocatalytic
reaction. 4,4′-Dimethyl-trans-stilbene, a derivative molecule
with a larger molecule size (7.04 Å × 16.61 Å) than that of

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c12313
J. Am. Chem. Soc. 2023, 145, 8860−8870

8866

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12313/suppl_file/ja2c12313_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c12313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


trans-stilbene (7.04 Å × 14.76 Å), was selected and
investigated under different gas atmospheres. Interestingly, it
showed poorer performance under both Ar (ConvTrans. 81%
and SeleCis. 96%) and O2 (ConvTrans. 87% and SelePhen. 86%)
atmospheres than trans-stilbene (Table S2). Based on the
limited catalytic performance, we could conclude that the
selective conversion of trans-stilbene to cis-stilbene or
phenanthrene might be influenced by the steric hindrance
caused by the pore confinement effect.

Furthermore, to confirm the catalytic effect of the sevenfold
interpenetrating structure, we investigated it by combining
Bader charge and differential charge density analyses to study
the possible interactions between substrates and the pore
structure. As shown in the Bader charge analysis of TPDT-
COF, the positive value indicates gaining electrons, while the
negative value means losing electrons. After calculations, the
construction units (i.e., TAPB and DTBT) of TPDT-COF
possessed varying interactions with the substrates or products.
For the TAPB group, it was found that the N sites of TAPB
had almost similar values for these compounds (i.e., trans-
stilbene, 0.808 e; cis-stilbene, 0.803 e; DHP, 0.808 e, and
phenanthrene, 0.808 e), implying that the TAPB unit might

not be the active sites. As presented above, the TAPB unit with
a Wurster-type structure could be transferred into a triple-
excited state with double radical properties; thus, it would
serve as the assisting group for photocatalysis. Notably, DTBT,
another construction unit, possessed different interactions with
these substrates, especially for the S sites (i.e., trans-stilbene,
−0.715 e; cis-stilbene, −0.734 e; DHP, −0.699 e; and
phenanthrene, −0.733 e) (Figure S30). Specifically, its
interaction with trans-stilbene was much lower than those of
cis-stilbene and phenanthrene, proving the more favorable and
stable architectures of the products in the pore structure of
TPDT-COF.

Then, we further performed the Bader charge analysis under
different gas atmospheres to study the interaction at the
molecular level using the interpenetrating structure fragment of
TPDT-COF as the calculation model owing to the similar
repeated unit in the interpenetrating COF structure (Figure 4b
and S31). Under the O2 atmosphere, the result shows that the
−C�C− bond of trans-stilbene can get 0.242 e, which is
higher than that under the Ar atmosphere (0.057 e).
Meanwhile, under the O2 atmosphere, the bond length of
−C�C− was stretched longer (1.456 Å) than that under the

Figure 4. DFT calculations and the proposed reaction mechanism. (a) Free energy diagrams of the selective photoisomerization and
photocyclization of TPDT-COF under different gas atmospheres (i.e., Ar, vacuum, and O2). (b) Bader charge analysis of electron gained for trans-
stilbene in TPDT-COF under Ar or O2 atmospheres. (c) Schematic diagram of the possible mechanisms for selective photoisomerization and
photocyclization.
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Ar atmosphere (1.358 Å). Therefore, the −C�C− bond of
stilbene can easily enrich more electrons under the O2
atmosphere than that under the Ar atmosphere, resulting in
more easier isomerization and photocyclization for trans-
stilbene. Based on the analysis results of differential charge
density and Bader charge analysis, the gas atmospheres have a
strong effect on interactions in the reaction, thus resulting in
formation of different products. Similarly, to study the effect of
gas change on the adsorbed substrates in TPDT-COF, we
further conducted differential charge density analysis to analyze
the possible interactions among the gas and −C�C− bond of
stilbene and TPDT-COF. Initially, we calculated the differ-
ential charge density to analyze the possible interaction
between the ligands in the interpenetrating TPDT-COF
structure (Figure S32). It can be seen that electrons aggregate
at the position of the interpenetrating junction of TPDT-COF,
in which the red electron cloud indicates electron aggregation
and the blue electron cloud indicates electron consumption.
The difference in electron distribution will result in efficient
charge transfer from the interpenetrating junction to other
positions and possess an LLCT effect, which can accomplish
selective trans-stilbene photoisomerization and photocycliza-
tion.

Based on the above experiments and analysis, a possible
mechanism was proposed to illustrate the selective photo-
isomerization and photocyclization by TPDT-COF (Figure
4c) and is presented as follows. Driven by visible-light
irradiation, the LLCT process takes place after absorbing
photons. If it was under Ar conditions, TPDT-COF
constructed by TAPB (light-absorption free radical generation)
and the DTBT unit (catalytic unit) could induce the breakage
of the π-bond to generate a biradical intermediate, which
eventually rotated the C−C bond to generate cis-stilbene
(Figure 4c). In contrast, if it was under O2 conditions, the
initial transformation from trans-stilbene to cis-stilbene might
follow similar pathways.32 Then, the generated •O2

− from O2
would further induce the 6π electrocyclization of cis-stilbene to
form the usually unstable and short-lived intermediate (DHP),
which was finally oxidized with the assistance of •O2

− to
generate phenanthrene.11 During the processes, the sevenfold
interpenetrating structure of TPDT-COF with pore confine-
ment would also contribute to the successful transformation of
trans-stilbene to cis-stilbene or phenanthrene, thus resulting in
the unique and varying photocatalytic performances under
different gas atmospheres.

■ CONCLUSIONS
In summary, a kind of sevenfold interpenetrating 3D COF
(TPDT-COF) has been synthesized through the covalent
coupling between TAPB and DTBT. Their synergistic
integration endowed the interpenetrating porous structure
with a pore confinement effect, visible-light-adsorption region,
photoisomerization, and oxidative photocyclization ability.
Noteworthily, it can achieve the photogeneration of cis-stilbene
or phenanthrene with >99% selectivity by simply changing the
gas atmosphere under mild photocatalysis conditions (Ar,
SeleCis. > 99%, SelePhen. < 1% and O2, SeleCis. < 1%, and
SelePhen. > 99%). In this simple one-pot transformation
process, the market value of trans-stilbene (∼2,000 USD/kg)
can be ∼20 and ∼35 times upgraded for cis-stilbene (∼40,000
USD/kg) and phenanthrene (∼70,000 USD/kg), respectively.
Theoretical calculations prove the vital roles of the pore
confinement effect and functional struts in TPDT-COF that

joined together to achieve such unique photocatalytic
performance. This work extends the considerable potential of
COFs for selective stilbene photoisomerization and photo-
cyclization, which might provide new insight into the design of
efficient porous crystalline photocatalysts.
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