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ABSTRACT: Covalent organic frameworks (COFs) emerging as a novel kind of
visible light-responsive organic semiconductor have attracted extensive research
attention in the field of photocatalytic organic transformations. However, the key
parameters affecting their photocatalytic properties are still not clear. In this work,
a series of [3 + 3] COFs with similar two-dimensional hexagonal structure but
different compositions are synthesized and employed as model materials for
investigating the key factors affecting the photocatalytic properties in the visible-
light-driven reductive dehalogenation reaction and the aerobic cross-dehydrogen-
ative coupling reaction. In comparison with −H and −CF3, the −OH substituent
in the aromatic ring could narrow the band gap of the COFs. The COFs with a
triazine skeleton in the framework usually boost the photocatalytic activity,
possibly because of the enhanced charge separation efficiency by the formation of a
donor−acceptor domain. As a combined result of the narrow band gap, efficient charge separation, and high conductivity, the COF
possessing both a −OH group and triazine skeleton shows the highest activity in the photocatalytic reductive dehalogenation
reaction. Notably, COFs could be easily recovered and reused several times without the loss of crystallinity. Our primary results may
shed light on the design of efficient COF-based semiconductors for photocatalytic organic transformations.

KEYWORDS: covalent organic frameworks, photocatalysis, reductive dehalogenation reaction,
aerobic cross-dehydrogenative coupling reaction, structural engineering

■ INTRODUCTION

Environmental pollution and fossil energy crisis have become
the two major problems of human society in the 21st century.
Among numerous renewable energy sources, solar energy is
one of the most abundant and valuable renewable energy.
Thus, solar-light/visible-light-driven photocatalysis, for exam-
ple, H2 production,1−4 CO2 reduction,5,6 organic pollutant
degradation,7 and organic transformations,8−17 has attracted
great research attention. Photocatalytic organic transformation
is among one of the green approaches to synthesize fine
chemicals because it uses sustainable energy for driving the
chemical reaction and may avoid the generation of harmful
byproducts. Up to date, many homogeneous molecular
photoredox catalysts [organic dyes,12 [Ru(bpy)3]

2+,13 Ir-
(ppy)3,

14 etc.] and heterogeneous catalytic systems (TiO2,
15

CdS,16 WO3,
17 etc.) have been developed. However, organic

dyes and metal complexes often suffer from photobleaching,
scarcity, and high cost. Although inorganic semiconductors
have some advantages such as low cost and high stability, the
band structure tuning of inorganic semiconductors is very
difficult. Therefore, it still remains a challenge to develop
efficient photocatalysts with the merits of high activity and
stability, free of precious metals, and so on.
Covalent organic frameworks (COFs) are crystalline porous

materials composed of organic building blocks stitched

together through strong covalent bonds.18−22 Recently, two-
dimensional (2D) COFs have been demonstrated as excellent
organic semiconductors in the field of photocatalysis, such as
photocatalytic water splitting,23−29 CO2 reduction,30−34 and
organic synthesis.35−43 One of the advantages of COFs lies in
their tunable band gap and band edge via simple modification
of the monomers.44 Furthermore, the periodic columnar π−π
stacks of 2D COFs could increase the charge transfer
efficiency. Up to date, several groups reported the application
of COFs in photocatalytic organic synthesis. For example, Liu
et al. reported that a 2D COF (COF-JLU5) could act as an
efficient photocatalyst for oxidative C−H functionalizations.35

Wang and co-workers developed novel benzoxazole-linked
stable COFs for photocatalytic oxidative hydroxylation of
arylboronic acids to phenols under visible light.36 Recently,
Thomas’s group used donor−acceptor COFs as a photo-
initiator for visible-light-driven free radical polymerization.37

Because COFs are constructed by organic building blocks, the
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composition of COFs could be easily tuned by variation of the
monomers.45 As a result, the optical properties and photo-
catalytic performance should be adjusted by simple mod-
ification of the fragments of COFs.46,47 However, the key
factors influencing the optical, electric, and photocatalytic
properties of COFs are still not clear.
Herein, to clarify the key factors affecting the photocatalytic

properties of COFs, [3 + 3] COFs were synthesized by the
polycondensation reaction of 1,3,5-tri(4-formylphenyl)-
benzene with −H, −OH, and −CF3 substituents in the
aromatic ring with 4,4′,4″-(1,3,5-triazine-2,4,6-triyl)trianiline
and 1,3,5-tris(4-aminophenyl)benzene. The resultant COFs
with a similar 2D hexagonal structure but different
composition act as desirable model materials to investigate
the key factors influencing the optical properties, band gaps,
and charge separation efficiency. The studies suggest that the
presence of the −OH substituent in the aromatic ring could
narrow the band gap and enhance both the charge separation
efficiency and conductivity. Among these COFs, OH-TFP−
TTA bearing the triazine framework and −OH functional
group gave the highest photocatalytic activity in the visible-
light-induced reductive dehalogenation reaction.

■ EXPERIMENTAL SECTION
Synthesis. Synthesis of 1,3,5-Tris(4-formyl-3-trifluoromethyl)-

benzene (CF3-TFP). In a 25 mL round flask were added 4-bromo-2-
(trifluoromethyl)benzaldehyde (326 mg, 1.29 mmol), 1,3,5-tris-
(4,4,5,6-tetramethyl-1,3,2-dioxaborolan-2-yl)benene (105 mg, 0.34
mmol), and K2CO3 (330 mg, 2.39 mmol), followed by vacuum and
nitrogen refill three times. Then, a mixture of 1.2 mL of nitrogen-
sparged deionized water and 5 mL of dioxane was added to the flask,
followed by the addition of Pd(PPh3)4 (25 mg, 0.022 mmol). The
mixture was stirred under nitrogen at 100 °C for 36 h. The mixture
was cooled to room temperature and poured into 10 mL of water; the
resultant solid was separated by filtration and washed extensively with
ethanol and water. After that, the resulting product was boiled in 10
mL of ethyl acetate and then allowed to cool to room temperature.
Then, the white solid was collected by filtration and dried in a vacuum
oven at 60 °C for 12 h; the yield of CF3-TFP was about 85%. 1H
NMR (400 MHz, CDCl3): δ 10.47 (s, 3H), 8.30 (d, 3H), 8.07 (s,
3H), 8.03 (d, 3H), 7.92 (s, 3H). 13C NMR (100 MHz, CDCl3): δ
188.32, 145.23, 140.98, 133.3, 132.10, 131.78, 131.03, 130.16, 126.97,
125.09.
Synthesis of the OH-TFP−TTA COF. To a 25 mL Schlenk tube

containing a solid mixture of 1,3,5-tris(4-formyl-3-hydroxyphenyl)-
benzene (87.7 mg, 0.2 mmol) and 4,4′,4″-(1,3,5-triazine-2,4,6-
triyl)trianiline (70.9 mg, 0.2 mmol), were added 6.0 mL of o-
dichlorobenzene, 0.35 mL of 1-butanol, and 0.35 mL of 6 M
CH3COOH. The mixture was carefully degassed and charged with
nitrogen. The mixture was then heated at 120 °C for 72 h. After
cooling the reaction system to room temperature, the precipitate was
collected by filtration and washed with tetrahydrofuran (THF),
CH2Cl2, ethyl acetate, and water. After that, the solid was extracted by
Soxhlet extraction using THF for 1 day. The orange powder was
collected and dried under vacuum at 60 °C for 12 h to produce 125.5
mg of OH-TFP−TTA COF with a yield of 85%.
Synthesis of the CF3-TFP−TTA COF. The preparation of the CF3-

TFP−TTA COF was similar to that of the OH-TFP−TTA COF with
the exception that 1,3,5-tris(4-formyl-3-trifluoromethyl)benzene and
4,4′,4″-(1,3,5-triazine-2,4,6-triyl)trianiline were used as monomers.
The light-yellow powder was collected and dried under vacuum at 60
°C for 12 h to produce the CF3-TFP−TTA COF, with an estimated
yield of 90%.
Synthesis of the CF3-TFP−TAPB COF. The preparation of the CF3-

TFP−TAPB COF was similar to that of the OH-TFP−TTA COF
with the exception that 1,3,5-tris(4-formyl-3-trifluoromethyl)benzene
and 1,3,5-tris(4-aminophenyl)benzene were used as monomers. The

light-yellow powder was collected and dried under vacuum at 60 °C
for 12 h to produce the CF3-TFP−TAPB COF with an estimated
yield of 87%.

Synthesis of the TFP−TTA COF. The preparation of the TFP−
TTA COF was conducted according to the literature procedure.48

After the crude product was extracted by Soxhlet extraction using
THF for 1 day, a supercritical CO2 drying process was used to obtain
the TFP−TTA COF as a light-yellow solid.

Synthesis of the TFP−TAPB COF. A 10 mL scintillation vial was
charged with 1,3,5-tris(4-aminophenyl)benzene (33.8 mg, 0.1 mmol)
and 1,3,5-tri(4-formylphenyl)benzene 1,3,5-tris(p-formylphenyl)-
benzene (37.5 mg, 0.1 mmol). A mixture of 1,2-dichlorobenzene
and n-butyl alcohol (4:1 v/v, 3 mL) was added and the resulting
suspension was carefully sonicated for 5 min at room temperature
until the monomers were fully dispersed. After this, 3 mg of Sc(OTf)3
was added and the resulting suspension was sonicated for 30 s. The
vial was closed with a plastic cap and kept without stirring for about
10 min at room temperature. After the mixture became gelatinous, the
vial was shacked until the mixture became red. Then, the vial was
made to stand for another 30 min at room temperature. The obtained
solid was washed with methanol several times and extracted by
Soxhlet extraction using methanol for 1 day, followed by a
supercritical CO2 drying process to obtain the TFP−TAPB COF as
a light-yellow solid.

Synthesis of the OH-TFP−TTA Amorphous Polymer. To a 25 mL
round flask containing a solid mixture of 1,3,5-tris(4-formyl-3-
hydroxyphenyl)benzene (36.7 mg, 0.09 mmol) and 4,4′,4″-(1,3,5-
triazine-2,4,6-triyl)trianiline (30.0 mg, 0.09 mmol) was added 3.0 mL
of dimethyl sulfoxide (DMSO). The mixture was then heated at 120
°C for 48 h. After cooling to room temperature, the precipitate was
collected by filtration and washed with THF and water. After this, the
solid was extracted by Soxhlet extraction using THF for 1 day. The
orange powder was collected and dried under vacuum at 60 °C for 12
h.

General Procedure for the Photocatalytic Reduction
Dehalogenation of α-Bromoacetophenone Derivatives. Typ-
ically, the OH-TFP−TTA COF (10 mg), α-bromoacetophenone (79
mg, 0.40 mmol), Hantzsch ester (112 mg, 0.44 mmol), N,N-
diisopropylethylamine (DIPEA) (120 mg, 0.88 mmol), and a certain
amount of dodecane as the internal standard were put into a 15 mL
flat-bottomed flask equipped with a piece of quartz glass and magnetic
stirrer. The mixture was degassed three times and charged with
nitrogen and then stirred under irradiation with a green light-emitting
diode (LED) lamp (30 W, 520−530 nm, and distance app. 10.0 cm).
The reaction was monitored by thin layer chromatography (TLC)
and gas chromatography (GC) equipped with an Agilent J&W GC
HP-5 capillary column. A similar procedure was utilized using other
α-bromoacetophenone derivatives as substrates. The yield of
acetophenone and its derivatives was analyzed by GC.

The recycling experiment was performed with OH-TFP−TTA as
the model photocatalyst. After the reaction, the solid catalyst
separated by centrifugation was washed three times using EA and
dried under vacuum at 60 °C for 12 h. Then, the recovered OH-
TFP−TTA COF was used for the next catalytic run.

General Procedure for the Photocatalytic Aerobic Cross-
Dehydrogenative Coupling Reaction of N-Aryltetrahydroiso-
quinolines. Typically, the OH-TFP−TTA COF (10 mg), 2-phenyl-
1,2,3,4-tetrahydroisoquinoline (42 mg, 0.20 mmol), nitromethane
(122 mg, 2.0 mmol), and 4 mL of methanol were put into a 15 mL
flat-bottomed flask equipped with a piece of quartz glass and magnetic
stirrer. The mixture was bumbled with oxygen for 20 min and then
stirred under the irradiation with a blue LED lamp (30 W, 460−470
nm, and distance app. 10.0 cm). The reaction was monitored by TLC.
After reaction, the solvent was removed and the residue was analyzed
by 1H NMR spectroscopy. The yield of the reaction was calculated
using 1,3,5-trimethoxybenzene as the internal standard. A similar
procedure was utilized with other N-aryltetrahydroisoquinolines as
substrates.

For the cross-dehydrogenative coupling (CDC) reactions of
tetrahydroisoquinoline with nitropropane, diethyl malonate, and
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Scheme 1. Schematic Illustration for the Synthesis of [3 + 3] COFs with Different Compositions

Figure 1. (a) FT-IR and (b) 13C CP TOSS NMR spectra of OH-TFP−TTA, CF3-TFP−TTA, and CF3-TFP−TAPB.
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diethyl malonate, a similar procedure was used as described above.
For the Mannich reaction of tetrahydroisoquinoline with acetone,
0.06 mmol of L-proline was added.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of COFs. OH-TFP−
TTA, CF3-TFP−TTA, and CF3-TFP−TAPB are newly
synthesized COFs in this work. As illustrated in Scheme 1,
OH-TFP−TTA was synthesized via condensation reactions
using 1,3,5-tris(4-formyl-3-hydroxyphenyl)benzene (OH-TFP)
and 4,4′,4″-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA). CF3-
TFP−TTA and CF3-TFP−TAPB were synthesized by
condensation of 1,3,5-tris(4-formyl-3-trifluoromethyl)benzene
(CF3-TFP), respectively, with TTA and 1,3,5-tris(4-
aminophenyl)benzene (TAPB). OH-TFP−TTA, CF3-TFP−
TTA, and CF3-TFP−TAPB were synthesized in Schlenk tubes
under N2 at 120 °C for 3 days with o-dichlorobenzene and 1-
butanol as the solvent and 6 M acetic acid as the catalyst
(17:1:1, v/v/v). All the COFs were obtained as a solid product
with high yields (85−90%) and are not dissolved in common
solvents, such as dichloromethane, THF, alcohol, and
dimethylformamide (DMF).
The chemical composition of OH-TFP−TTA, CF3-TFP−

TAPB, and CF3-TFP−TTA were characterized by Fourier
transform infrared (FT-IR) and solid-state 13C NMR spec-
troscopy (Figure 1). The CN stretching vibration for OH-
TFP−TTA, CF3-TFP−TTA, and CF3-TFP−TAPB appeared
respectively at 1624, 1627, and 1625 cm−1, suggesting the
successful formation of imine linkage. Besides, the almost
disappearance of the characteristic CO-stretching vibration
peaks at around 1700 cm−1 indicates the consumption of the
monomers. The characteristic vibration of the CN-
stretching band (1590 cm−1) and C−N-stretching band
(1365 cm−1) for the triazine skeleton could be clearly observed
in the FT-IR spectra of OH-TFP−TTA and CF3-TFP−TTA.
The vibration peak of −CF3 at 1276 cm−1 was found for CF3-
TFP−TAPB and CF3-TFP−TTA, proving the existence of
−CF3 in the COFs.49 More importantly, a new peak at 1658
cm−1 attributed to the CO stretching appeared for OH-
TFP−TTA, which is possibly due to the reversible proton
tautomerism of OH-TFP−TTA from the enol form to keto
form.50

In 13C CP TOSS NMR spectra, the characteristic signal of
CN appeared, respectively, at 161.1, 152.9, and 152.7 ppm
for OH-TFP−TTA, CF3-TFP−TTA, and CF3-TFP−TAPB.
Besides, the strong chemical shift at 168.8 ppm confirms the
presence of the triazine carbon atoms in OH-TFP−TTA and
CF3-TFP−TTA. The rest resonances from 115 to 149 ppm
were assigned to aromatic carbons. The increment of signal
intensity for the carbonyl carbon at 196.5 ppm corresponding
to keto structures further proved the existence of enol−keto
tautomerism of OH-TFP−TTA. The combined results of FT-
IR and 13C CP TOSS NMR analysis confirmed the successful
synthesis of COFs with imine linkage and the partial
transformation of enol to keto form of OH-TFP−TTA.
Scanning electron microscopy (SEM) images revealed that

OH-TFP−TTA and CF3-TFP−TAPB have nanorod-like
morphology with the thickness of 100−150 nm for the former
and ∼100 nm for the latter (Figure 2). CF3-TFP−TTA was
composed of aggregated nanoparticles. Thermogravimetric
analysis (TGA) shows that all the three COFs are stable up to
350−425 °C, with the decomposition temperature following
the order CF3-TFP−TAPB > OH-TFP−TTA > CF3-TFP−

TTA (Figure S1). The chemical stability of OH-TFP−TTA
was also investigated by dispersing the pristine COF in
different solvents (acetonitrile, DMF, and ethanol) and
aqueous HCl (1 M) and NaOH (1 M) solutions at room
temperature for 48 h. After the filtration and drying process, all
the samples showed strong peaks in their powder X-ray
diffraction (PXRD) patterns, confirming OH-TFP−TTA has
good chemical stability even under acid or base conditions
(Figure S2).
The crystalline structures of OH-TFP−TTA, CF3-TFP−

TTA, and CF3-TFP−TAPB were characterized using the
PXRD technique (Figure 3a−c) and combined with computa-
tional structural simulations and Pawley refinement using
Materials Studio software (version 8.0). OH-TFP−TTA
exhibited an intense peak at 2θ of 4.0° and four weak peaks
at 2θ of 7.0, 8.1, 10.8, and 25.2°, which were assigned to the
(100), (110), (200), (210), and (001) reflections, respectively.
CF3-TFP−TTA and CF3-TFP−TAPB also displayed the
diffraction peaks assigned to the (100), (110), (200), (210),
and (001) reflections, similar to OH-TFP−TTA. The XRD
results indicate that all the three COFs have a highly crystalline
structure. Pawley refinement was performed on the powder
pattern obtained against an eclipsed stacking model with a
space group of P3 (Tables S1−S3). The cell parameters are a =
b = 24.719 Å, c = 3.630 Å, α = β = 90°, and γ = 120°, with
good agreement factors Rwp = 5.65% and Rp = 4.40% for OH-
TFP−TTA. For CF3-TFP−TTA, the cell parameters are a = b
= 26.077 Å, c = 4.286 Å, α = β = 90°, and γ = 120° (Rwp =
4.05%, Rp = 3.07%). For CF3-TFP−TAPB, the cell parameters
are a = b = 26.185 Å, c = 4.777 Å, α = β = 90°, and γ = 120°
(Rwp = 5.62%, Rp = 4.49%).
The permanent porosity of OH-TFP−TTA, CF3-TFP−

TAPB, and CF3-TFP−TTA was characterized by N2 sorption
analysis at 77 K (Figure 3d,e), and the results are summarized
in Table 1. All the three COFs showed sharp N2 uptakes at
relative pressure P/P0 ≤ 0.1, indicating their microporous
structures. The Brunauer−Emmett−Teller (BET) specific
surface areas of OH-TFP−TTA, CF3-TFP−TTA, and CF3-
TFP−TAPB were 2122, 1425, and 1748 m2/g, respectively.
The total pore volumes calculated at P/P0 = 0.99 were 1.21,
0.82, and 1.00 cm3 g−1 for OH-TFP−TTA, CF3-TFP−TTA,
and CF3-TFP−TAPB, respectively. Furthermore, the pore size
distributions calculated based on the nonlocal density

Figure 2. (a) SEM pictures of (a) OH-TFP−TTA, (b) CF3-TFP−
TTA, (c) CF3-TFP−TAPB, and (d) OH-TFP−TTA after four
catalytic cycles (scale bar, 500 nm).
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functional theory (NLDFT) method for all COFs are centered
at about 1.3 and 1.9 nm, which matches well with the
theoretical data (1.9 nm) obtained from the eclipsed stacking
models. The discussions above proved that all the three COFs
have excellent ordered reticular structures.
For comparison, OH-TFP−TAPB, TFP−TTA, and TFP−

TAPB were prepared according to a literature method. It
should be mentioned here that for TFP−TAPB and TFP−
TTA COFs, a SCO2 drying procedure was used and the BET
surface area of TFP−TAPB (550 vs 229 m2/g) and TFP−TTA
(455 vs 120 m2/g) was much higher than that reported in the
literature (Table 1, Figure S3).48,51 According to previous
reports, OH-TFP−TAPB, TFP−TTA, and TFP−TAPB all
have 2D hexagonal structures on the basis of the eclipsed
stacking model, similar to the COFs prepared in this work.
Optical and Electric Properties of COFs. The optical

properties of all COFs mentioned above were measured using
UV−vis diffuse reflectance spectra. As shown in Figure 4a, all
COFs showed broad absorption bands in the visible region.

For TFP−TTA, TFP−TAPB, CF3-TFP−TAPB, and CF3-
TFP−TTA, they displayed similar absorption edges at about
470 nm. Encouragingly, UV−vis spectra of OH-TFP−TTA
and OH-TFP−TAPB showed an obvious redshift to ∼570 nm.
Both COFs displayed two major broad signals at 440 and 510
nm, corresponding to the enol and keto form of COFs,
respectively. The extending absorption edges for OH-TFP−
TTA and OH-TFP−TAPB are beneficial for utilizing visible
light for photocatalysis. From the Kubelka−Munk-transformed
reflectance spectra, the band gaps of TFP−TTA, TFP−TAPB,
CF3-TFP−TTA, CF3-TFP−TAPB, OH-TFP−TTA, and OH-
TFP−TAPB were estimated to be 2.74, 2.72, 2.72, 2.74, 2.60,
and 2.60 eV, respectively (Figure S4, Table 1). The energy
levels of the COFs were analyzed by cyclic voltammetry (CV)
methods (Figure S5), and the lowest unoccupied molecular
orbital levels of the COFs were located in the range of −0.97
to −1.08 V versus SCE. Considering the obtained band gaps,
the highest occupied molecular orbital levels of the COFs were
calculated and the results are depicted in Figure 4b. It could be
seen that the presence of the −OH group could narrow the
band gap of the COFs and the −CF3 and triazine skeleton have
little influence on the band gap of the COFs. Also, the COFs
synthesized with the same aldehyde monomer but different
amine monomer have a similar band gap.
The photocurrent response was exploited to investigate the

separation of the photogenerated charge carrier pairs of the
COFs (Figure 4c). All COFs show obvious photocurrent
under visible light irradiation, suggesting the efficiency in the
separation of the photogenerated charges in COFs. OH-TFP−
TTA with the triazine skeleton afforded higher photocurrent
than OH-TFP−TAPB without the triazine skeleton. A similar
tendency was also observed among CF3-TFP−TTA and CF3-
TFP−TAPB and TFP−TTA and TFP−TAPB. Because the
presence of the triazine skeleton has little influence on the

Figure 3. Experimental (red), Pawley-refined (black), and simulated PXRD patterns (dark cyan) and difference plots (blue) of (a) OH-TFP−TTA,
(b) CF3-TFP−TTA, and (c) CF3-TFP−TAPB COFs (top inset: eclipsed structures of corresponding COFs). (d) N2 sorption isotherms
(measured at 77 K) and (e) NLDFT pore size distribution curves of OH-TFP−TTA (black), CF3-TFP−TTA (red), and CF3-TFP−TAPB (blue).

Table 1. Textural Parameters and Band Gap of [3 + 3]
COFs

COF sample
BET surface area

[m2/g]
Vtotal

[cm3 g−1]
pore size
[nm]

band gap
(eV)

OH-TFP−TTA 2122 1.21 1.3, 1.9 2.60
OH-TFP−TAPB 2051 1.20 1.6, 1.9 2.60
CF3-TFP−TTA 1425 0.82 1.3, 1.6,

1.9
2.72

CF3-TFP−TAPB 1748 1.00 1.3, 1.9 2.74
TFP−TTA 455 (120a) 0.32 1.3, 1.5,

2.0
2.74

TFP−TAPB 550 (229b) 0.44 1.3, 1.6,
1.9

2.72

aData obtained from literature ref 48. bData obtained from literature
ref 51.
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band gap of COFs, the higher photocurrent of COFs with the
triazine skeleton may be attributed to the efficient charge
separation due to the formation of donor and acceptor
domains. The electron-poor character of the triazine frame-
work could stabilize the negative charge generated on the
COF.52 OH-TFP−TTA afforded the highest transient photo-
current response among all COFs because of the combined
results of the narrow band gap and efficient charge separation
efficiency. Electrochemical impedance spectroscopy (EIS) was
exploited to evaluate the electrical conductivity of the COFs
(Figure 4d). The EIS Nyquist plot of OH-TFP−TTA and OH-
TFP−TAPB gave a small semicircular radius, while other
COFs afforded a much larger semicircular radius, showing that
COFs with the −OH substituent have high conductivity and
favor the charge transfer in the photocatalytic process. OH-
TFP−TTA has the smallest semicircular diameter of the EIS
Nyquist curve, demonstrating that OH-TFP−TTA may
possess the best separation efficiency of photogenerated
charges during the photocatalytic process. Combining the
results of optical band gap, energy-level alignment, photo-
current response, and EIS for the prepared 2D COFs with the
same topology but different structures, we can conclude that
OH-TFP−TTA bearing the triazine framework and −OH
functional group has the best visible light absorption ability
and charge transfer efficiency.
Photocatalytic Performance of COFs. The photo-

catalytic activity of the above COFs was evaluated using
photoreductive dehalogenation of α-bromoacetophenone
derivatives as a model reaction upon irradiation using a
green LED lamp at room temperature (Table 2). Initially, the
solvent was screened with OH-TFP−TTA as the model
catalyst and α-bromoacetophenone as the substrate (Table
S4). In a polar solvent, for example, acetonitrile, CH2Cl2,
EtOH, DMF, and THF, OH-TFP−TTA gave yields in the
range of 77 to 90%. In toluene, only 35% yield was obtained,

showing that a solvent with low polarity is not suitable for the
reaction. In acetonitrile, OH-TFP−TTA afforded the highest
yield of 90%. Therefore, acetonitrile was chosen as the solvent
for the following experiments. Under similar conditions, all
COFs could catalyze the reaction to afford the desired product

Figure 4. (a) UV−vis spectra, (b) schematic energy band structures (vs SCE, reference with the redox potential of 2-bromoacetophenone), (c)
transient photocurrent responses under visible light irradiation, and (d) EIS Nyquist plots of COFs.

Table 2. Visible Light-Induced Reductive Dehalogenation
Reaction over COFs and Some Inorganic Semiconductorsa

entry photocatalyst
yield
(%) entry photocatalyst

yield
(%)

1 OH-TFP−TTA 90 11 OH-TFP−TTAb 2
2 OH-TFP−TAPB 85 12 no 10
3 CF3-TFP−TTA 47 13 OH-TFP−TTAc <1
4 CF3-TFP−TAPB 19 14 OH-TFP−TTAd 84
5 TFP−TTA 39 15 OH-TFP−TTAe 34
6 TFP−TAPB 19 16 OH-TFP−TTAf 5
7 OH-TFP−TTA

amorphous polymer
18 17 OH-TFP−TTAg 33

8 TiO2 19 18 OH-TFP−TTAh 70
9 CdS 63 19 model

compound A
22

10 WO3 60 20 model
compound B

22

aReaction conditions: 10 mg catalyst, α-bromoacetophenone (0.40
mmol), Hantzsch ester (0.44 mmol), DIPEA (0.88 mmol), a certain
amount of dodecane as the internal standard, anhydrous acetonitrile
(4 mL), irradiation with 30 W green LEDs, 18 h. bUnder dark. cIn the
absence of Hantzsch ester and DIPEA. dNo DIPEA. eNo Hantzsch
ester. fTEMPO (0.4 mmol). gAgNO3 (0.4 mmol). hK2CO3 (0.88
mmol).
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but the yield varied significantly. Generally, the COFs bearing
the −OH group showed much higher yields than other COFs.
Synthesized with the same aldehyde monomer, the COFs with
the triazine skeleton gave higher yields than those without. For
example, OH-TFP−TTA gave a higher yield than OH-TFP−
TAPB (90 vs 85%). The yield over CF3-TFP−TTA was much
higher than that over CF3-TFP−TAPB (49 vs 19%). The same
tendency was observed for TFP−TTA and TFP−TAPB. The
reaction profiles as shown in Figure 5a further confirmed that
OH-TFP−TTA was more active than OH-TFP−TAPB. The
activity of COFs decreased in the order of OH-TFP−TTA >
OH-TFP−TAPB > CF3-TFP−TTA > TFP−TTA > CF3-
TFP−TAPB = TFP−TAPB. The activity sequence is similar to
the sequence of the photocurrent, showing that the reaction is
indeed a light-driven one. OH-TFP−TTA afforded the highest
activity, possibly because of the combined effect of the narrow
band gap, high charge separation efficiency, and high
conductivity.
In addition to the effect of optical and electronic properties,

the effect of the porous structure on the catalytic activity was
also investigated using OH-TFP−TTA as the model. OH-
TFP−TTA with an ordered porous structure gave much higher
yield (90 vs 18%) than the corresponding amorphous polymer,
showing the importance of the pore structure in improving the
catalytic activity.
Under similar conditions, inorganic photocatalysts including

CdS, WO3, and TiO2 could also catalyze the photoreductive
dehalogenation reaction of α-bromoacetophenone. CdS and
WO3 gave moderate product yields of 63 and 60%,
respectively. TiO2 afforded a much lower product yield of
19%. An efficient photocatalyst should be able to absorb visible
light and possess suitable redox properties of electrons and

holes. WO3 and CdS have good visible light absorption abilities
and proper band positions towards the reaction, while TiO2
has rather poor absorption ability for visible light. Con-
sequently, TiO2 showed a low activity. However, the activity of
aforementioned inorganic semiconductors is inferior to that of
OH-TFP−TTA, showing the potential of COFs in photo-
catalytic organic transformations. The photocatalytic activity of
OH-TFP−TTA for the photoreductive dehalogenation reac-
tion of α-bromoacetophenone is comparable to that of the
reported COFs and porous organic polymers (POPs) (Table
S5).
A series of controlled experiments were performed to

investigate the reaction mechanism of the photoreductive
dehalogenation reaction of α-bromoacetophenone. In the
absence of light, only 2% yield of the product could be
detected, confirming that this reaction is indeed driven by
light. Without OH-TFP−TTA, only 10% yield was obtained. It
has been reported that Hantzsch esters could serve as the
photoreductant (both the electron donor and H donor) for the
photocatalytic debromination reaction.53 However, the effi-
ciency of Hantzsch esters is too much less than that of OH-
TFP−TTA. Without Hantzsch esters and DIPEA, only trace
product could be detected, suggesting that OH-TFP−TTA
could not provide H in the reaction (discussed later). To
confirm the origin of the H source, the reactions were
performed in the absence of Hantzsch esters or DIPEA.
Without Hantzsch esters, only 34% yield of the product was
obtained. A high yield of 84% was achieved without DIPEA.
These results proved that both Hantzsch esters and DIPEA are
H donors and the former is the major H donor. DIPEA could
not only be used as the H donor but also the deacid reagent. In
the absence of DIPEA, OH-TFP−TTA could capture the

Figure 5. (a) Kinetic curves for the photoreductive dehalogenation reaction of α-bromoacetophenone catalyzed by OH-TFP−TTA and OH-TFP−
TAPB, (b) recycling ability of OH-TFP−TTA in the photoreductive dehalogenation reaction of α-bromoacetophenone, and (c) PXRD patterns of
recovered OH-TFP−TTA.

Scheme 2. Proposed Mechanism for the Photocatalytic Dehalogenation Reaction of α-Bromoacetophenone in the Presence of
OH-TFP−TTA
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formed HBr because the imine nitrogen atoms of OH-TFP−
TTA could undergo a fast protonation process in the presence
of HBr.54 The FT-IR spectrum of OH-TFP−TTA after
reaction (in the absence of DIPEA) showed a weaken intensity
of −CN vibration compared to the fresh sample, possibly
because of the protonation of the imine linkage (Figure S6).54

When the inorganic base potassium carbonate was added
instead of DIPEA, the yield decreased from 90 to 70%. This is
possibly due to the low solubility of potassium carbonate in
acetonitrile. In the presence of 1 equiv of TEMPO (radical
scavenger) or AgNO3 (electron scavenger), the yield of the
isolated product decreased respectively to 5 and 33%,
suggesting that radical species and reductive electrons both
participated in the photocatalytic process. More importantly,
we successful captured and separated the radical species
produced by 2-bromoacetophenone in the presence of
TEMPO and DIPEA (Figure S7), which proved the formation
of an α-carbonyl radical. By current observations and previous
studies,40,55 the possible mechanism of the dehalogenation
reaction of the α-bromoacetophenone reaction process is
outlined in Scheme 2. Under light irradiation, the photo-
generated electrons transferred from the conduction band of
OH-TFP−TTA to α-bromoacetophenone (E1/2 = −0.49 V)40

to form an α-carbonyl radical and a bromide anion. In the
following step, the α-carbonyl radical abstracts a H+ and
electron from the Hantzsch ester to produce acetophenone.
DIPEA served as a deacid reagent to form the side product. In
the absence of the Hantzsch ester, α-bromoacetophenone
could undergo a similar process as described above, while
DIPEA acts as both the hydrogen source and the deacid
reagent. We also used model compounds for OH-TFP−TTA
and OH-TFP−TAPB as the photocatalysts (structures see
Scheme S1); only 22% yield of the product was detected under
similar conditions, which suggested that not the fragments but
the COFs acted as the photocatalysts.
The substrate scope of OH-TFP−TTA was further

investigated (Figure 6). A series of 2-bromoacetophenone
derivatives with electron donation or electron-withdrawing
substituents and diethyl bromomalonate could be smoothly
converted to the corresponding products in the presence of
OH-TFP−TTA with high yield (54−98%), validating the wide
substrate adaptability scope of OH-TFP−TTA in photo-
reductive dehalogenation reactions.
Apart from the high activity and wide substrate universality,

the recycle stability is also important for a photocatalyst. As

shown in Figure 5b, OH-TFP−TTA could be stably recycled
four times in photoreductive dehalogenation of 2-bromoace-
tophenone and no obvious decrement in product yield was
observed. The crystalline structure of OH-TFP−TTA was
well-maintained after several catalytic cycles (Figure 5c). A
high BET surface area was obtained for the recovered OH-
TFP−TTA (Figure S8). Moreover, the morphology and
characteristic vibrations in the FT-IR spectrum of the reused
OH-TFP−TTA were almost identical to those of the fresh one
(Figures 2 and S9). The above characterization results
confirmed the stability of OH-TFP−TTA during the catalytic
process.
Owing to the high activity and good catalytic reusability in

photoreductive dehalogenation reactions, the aerobic CDC
reaction was chosen to further evaluate the photocatalytic
activity of OH-TFP−TTA. The CDC reaction is a powerful
method to construct the C−C bond directly from two different
C−H bonds under oxidative conditions, which is one of the
fundamental challenges in organic synthesis.56 The reaction
was performed with N-phenyl-1,2,3,4-tetrahydroisoquinoline
and nitromethane using OH-TFP−TTA as the photocatalyst
and excited with a blue LED at room temperature in the
presence of O2 as the oxygen source. To our delight, the
desired product 1-nitromethyl-2-phenyl-1,2,3,4-tetrahydroiso-
quinoline was produced with a high yield of 93% using OH-
TFP−TTA as the photocatalyst for 6 h (Table 3). Indeed,
OH-TFP−TTA is a good photocatalyst for the aerobic CDC
reaction and the activity is comparable or higher than that of
the reported COFs and POPs (Table S6). No product was

Figure 6. Substrate scope of photoreductive dehalogenation reactions over OH-TFP−TTA (P1−P7: 18 h, P8: 36 h).

Table 3. Photocatalytic Aerobic CDC Reaction of N-Phenyl-
1,2,3,4-tetrahydroisoquinoline over OH-TFP−TTAa

entry photocatalyst light atmosphere yield (%)

1 OH-TFP−TTA + O2 93
2 OH-TFP−TTA − O2

3 + O2 trace
4 OH-TFP−TTA + air 54
5 OH-TFP−TTA + N2 10
6 OH-TFP−TTAb + O2 33
7 TFP−TAPB + O2 64

aReaction conditions: 10 mg catalyst, N-phenyl-1,2,3,4-tetrahydroi-
soquinoline (0.20 mmol), nitromethane (2.0 mmol), methanol (4
mL), 1 bar of O2, irradiation with 30 W blue LEDs, 6 h. bDMPO
(0.20 mmol).
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detected in the dark, confirming that the reaction is also a
photodriven reaction. The absence of OH-TFP−TTA resulted
in negligible yield of the product under similar conditions.
When the reaction was performed by replacing oxygen with air,
the yield of the product decreased to 54%. Only 10% yield was
achieved when the reaction was performed under a nitrogen
atmosphere. These results showed that oxygen plays an
important role in the CDC reaction. For comparison, the
activity of TFB−TAPB in the photocatalytic CDC reaction was
investigated; a moderate yield of 64% was obtained under
similar conditions.
Previous studies demonstrated that the superoxide radical

anion is the active intermediate in the visible light-driven CDC
reactions.35,56,57 To confirm the mechanism of the CDC
reaction, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) acting as
the capture agent of the superoxide radical anion was
employed in the reaction. As a result, the product yield
decreased sharply to 33%. Furthermore, the adduct of DMPO
and superoxide radical anion was detected by electron spin
resonance (ESR) spectroscopy, proving the generation of the
superoxide radical anion during the CDC reaction (Figure
S10). The above results indicate that the superoxide radical
anion is the active intermediate in the CDC reaction.
Moreover, the ESR signal of the resultant DMPO−O2

●− in
the presence of TFB-TAPB COF showed a lower intensity
comparing to that of OH-TFP−TTA, confirming the efficiency
of OH-TFP−TTA in the generation of superoxide radical
species. As a combination of our findings and literature results,
a proposed mechanism is shown in Scheme 3. The

photogenerated electron transferred from the conduction
band of OH-TFP−TTA to O2 to generate the superoxide
radical anion. Consequently, the hole in the valence band of
OH-TFP−TTA removed a single electron from the substrate A
to form a radical anion, A+•. The generated superoxide radical
anion further reacted with A+• by hydrogen abstraction to
afford A• radical and HOO•. The A• radical could also be
produced by the reaction of A with HOO• and hydrogen
peroxide was obtained. The formation of hydrogen peroxide in
our system was evidenced by UV−vis spectroscopy (Figure
S11, for details, see the Supporting Information). Next, the A•

radical lost one electron to form an iminium intermediate, B.
Finally, nucleophilic addition of a nucleophile to B occurred to
complete the reaction.
With the understanding of the CDC reaction mechanism, we

further investigated the substrate scope (Figure 7). N-phenyl-
1,2,3,4-tetrahydroisoquinoline derivatives with different elec-
tronic properties could be converted to corresponding
products with high yields (76−91%). Furthermore, other
nucleophiles such as 1-nitropropane, dimethyl malonate, and
diethyl malonate were reacted with N-phenyl-1,2,3,4-tetrahy-
droisoquinoline to give corresponding products with moderate
yields (59−66%). In the presence of L-proline (as the Lewis
base to activate the acetone58), acetone could also react with
N-phenyl-1,2,3,4-tetrahydroisoquinoline to afford a 63% yield
after 12 h. These results proved that OH-TFP−TTA has a
wide substrate universality in the CDC reaction.

Scheme 3. Proposed Mechanism for the Photocatalytic Aerobic CDC Reaction of N-Phenyl-1,2,3,4-tetrahydroisoquinoline (A)
and Nucleophile (Nu) in the Presence of OH-TFP−TTA

Figure 7. Substrate scope of photocatalytic aerobic CDC reactions over OH-TFP−TTA (C1−C3: 6 h, C4−C6: 9 h, C7: 12 h).
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■ CONCLUSIONS
To sum up, we synthesized a series of [3 + 3] COFs with
similar 2D hexagonal structures. The obtained COFs have high
crystallinity, high surface area (up to 2122 m2/g), and uniform
pore size (∼1.3 to 1.9 nm). Among these COFs, OH-TFP−
TTA bearing the triazine framework and −OH functional
group has the best visible-light absorption ability and charge
transfer efficiency. As a result, OH-TFP−TTA exhibited the
highest photocatalytic performance in the visible-light-induced
reductive dehalogenation reaction. Furthermore, OH-TFP−
TTA showed enhanced activity and recycling stability for the
visible-light-induced reductive dehalogenation reaction in
comparison with the amorphous polymer and inorganic
semiconductors (CdS, WO3, and TiO2), which demonstrates
the advantages of 2D COFs with a periodic columnar π−π
stacking structure in photocatalysis. Moreover, OH-TFP−TTA
has shown good activity and wide substrate scope in the
photocatalytic aerobic CDC reaction. Our primary results
provide some valuable indications for the structural engineer-
ing of COFs for photocatalytic organic transformations.
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