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A B S T R A C T   

Photoactive two-dimensional covalent organic frameworks (2D-COFs) have recently emerged as a promising 
platform for efficient solar to chemical energy conversion. The photosynthesis of α-trifluoromethylated ketones, 
which is an important access to various fluorine-containing compounds, is rarely reported in heterogeneous 
photocatalytic systems. Herein, we report two 2D-COFs constructed from the electron-deficient triazine and 
electron-rich benzotrithiophene units with imine and amide linkages for the photosynthesis of α-tri
fluoromethylated ketones. The novel triazine-based COFs showed good activity, broad substrate flexibility and 
recyclability under visible-light irradiation, which is much superior to the classical pyrene-based COFs. Density 
functional theory calculations revealed that the triazine-based COFs have intrinsically lower carrier recombi
nation tendency and can produce more intermediates •CF3, resulting in higher catalytic efficiency. This research 
will contribute to the rational design of photoactive COFs and facilitate the development of fluorine chemistry.   

1. Introduction 

Organic compounds containing trifluoromethyl (CF3) group are 
extensively prevalent in pharmaceuticals, functional materials and ag
rochemicals, because the CF3 group can profoundly affect the physical, 
chemical and biological characters of parent molecules [1]. Over the 
past decades, the preparation of α-trifluoromethylated ketone com
pounds, that are valuable building blocks for the construction of a wide 
variety of fluorinated products [2], has become a preferential research 
topic in synthetic chemistry. Generally, they can be achieved through 
electrophilic or radical trifluoromethylation of enolates and silyl enol 
ethers [3–5]. And the nucleophilic trifluoromethylation process of 
α-haloketones with CuCF3 has also been contributed by Grushin group 
[6]. Since the pioneering work reported by MacMillan et al. [7], 
particularly, the direct radical trifluoromethylation strategy driven by 
photoredox catalysis under visible-light irradiation has attracted 
tremendous interests owing to the green and amenable catalytic process 
[8–10]. However, the high price and strong toxicity of noble photoredox 
catalysts like polypyridyl iridium and ruthenium complexes [9,10] 

hinder their practical applications in scale-up synthesis. Additionally, 
the difficulty associated with the removal of catalyst residue has also led 
to growing concerns in pharmaceuticals and materials. Therefore, the 
development of metal-free, heterogeneous methodology to access 
α-trifluoromethylated ketones under environmentally benign conditions 
is highly imperative. 

Recently, crystalline covalent organic frameworks (COFs) [11–13] 
have appeared as a new kind of porous materials by integrating func
tional organic building blocks into predesignable and periodic network 
architectures using reticular chemistry. Interestingly, the stacked 
two-dimensional (2D) COFs can form conductive columns, which do
nates an ideal channel for rapid diffusion and transport of the photo
generated carriers [14]. The initial explorations have proved that 
2D-COFs can serve as new platforms for photoinduced water splitting 
[15–18] and photocatalytic CO2 reduction [19–21]. Benefiting from the 
combination of porosity, stability and tailor-made photoactive skeleton, 
more importantly, a series of imine-based COFs as metal-free hetero
geneous photocatalysts for organic synthesis have recently been re
ported, and they exhibited remarkable activity and recyclability 
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[22–25]. However, the type of organic reaction driven by COF-based 
photocatalysts has rarely been reported [22–33]. Particularly, COFs 
induced photosynthesis of α-trifluoromethylated ketone compounds has 
not been explored so far, even in heterogeneous semiconductor 
polymers. 

In the context, we have successfully prepared novel COF-based 
photocatalysts for the synthesis of α-trifluoromethylated ketones from 
aromatic alkenes and Langlois reagent, which are rich and inexpensive 
commercial feedstocks. Two electronic donor-acceptor (D-A) type COFs, 
which possess photoactive benzotrithiophene [34] and triphenyltriazine 
[35] as electron-donor and electron-acceptor motifs, were constructed 
based on the imine-linkage and amide linkage, respectively. The D-A 
structure feature can broaden visible-light harvesting and improve the 
charge separation efficiency, thus lead to the increasing photocatalytic 
activity of COFs [24–26]. Because of the stubborn and irreversible 
character of amide bond, furthermore, the amide-linked DA-COF can 
own an outstanding chemical stability even under the light system. 

2. Experimental section 

2.1. Materials 

4-aminobenzonitrile, 1,3,5-trichlorobenzene and p-dithiane-2,5-diol 
were obtained from Chembee Chemical Reagent. Tri
fluoromethanesulfonic acid, sodium chlorite (80% purity) and sodium 
trifluoromethanesulfinate (92% purity) were obtained from J&K Sci
entific. Aluminum chloride and 2-methyl-2-butene were obtained from 
Aladdin Chemical Reagent. All alkenes were obtained from Energy 
Chemical Reagent. Other organic solvents for reactions were distilled 
over appropriate drying reagents under nitrogen. Deuterated solvents 
for NMR measurement were obtained from Aladdin. 

2.2. Synthesis of COF-JLU32 

To a mixture of 1,3,5-tris-(4-aminophenyl)triazine (TAPT, 21.2 mg, 
0.06 mmol) and benzo[1,2-b:3,4-b’:5,6-b’’]trithiophene-2,5,8-tri
carbaldehyde (BTT, 19.8 mg, 0.06 mmol) was added o-dichlorobenzene 
(3 mL) and HOAc (6 M, 0.3 mL), which was degassed three times. After 
flame-sealing, the mixture was heated at 120 ◦C for 72 h. A pale brown 
powder was collected by centrifugation, washed with tetrahydrofuran 
(THF, 3 × 5 mL) and acetone (3 × 5 mL). The solid was gathered and 
dried at 100 ◦C in vacuum to produce COF-JLU32 with 84% isolated 
yield. 

2.3. Synthesis of COF-JLU33 

To a mixture of COF-JLU32 (25.2 mg, 0.12 mmol by imine), 2- 
methyl-2-butene (1.27 mL, 12.0 mmol, 100 equiv) and dioxane (2.0 
mL) was added aqueous NaClO2 solution (0.2 mL, 3.3 M, 0.66 mmol, 5.5 
equiv) and glacial acetic acid (68.8 µL, 0.6 mmol, 10 equiv) in sequence. 
After the suspension was let stand without stirring at room temperature 
in the dark for 24 h, another aqueous NaClO2 solution (0.2 mL, 3.3 M, 
0.66 mmol, 5.5 equiv) was added. After another 24 h, a brown powder 
was collected by filtration, washed with water (20 mL), 10% sodium 
thiosulfate solution (20 mL), water (20 mL) and acetone (40 mL) in 
sequence. The solid was gathered and dried at 100 ◦C in vacuum to 
produce COF-JLU33 with 94% isolated yield. 

2.4. Characterization 

The Fourier transform infrared (FT-IR) spectroscopy were recorded 
on an Avatar FT-IR 360 spectrometer by using KBr pellets within the 
wavenumber range 400–4000 cm− 1. The liquid NMR spectroscopy were 
measured by an Avance III-400 NMR spectrometer, and the chemical 
shift (δ, ppm) is measured with the residual protons of the solvent as the 
standard. The solid-state 13C CP/MAS NMR spectra were recorded on a 

Bruker AVANCE III 400 WB spectrometer with a CP contact time of 2 ms 
and a MAS rate of 5 kHz. The elemental analysis measurement was 
carried out on an Elementar model vario EL cube analyzer. The UV-Vis 
absorption spectrum was recorded from 200 to 800 nm on a Shimadzu 
Corporation U-4100 Spectrophotometer. The field-emission scanning 
electron microscopy (FE-SEM) was carried out on a JSM－7900 F mi
croscope. Transmission electron microscopy (TEM) was performed on a 
JEM-2100 F microscope. The powder X-ray diffraction (PXRD) data 
were carried out on a PANalytical BV Empyrean diffractometer, the 
powder was deposited on glass substrate with 2θ range of 1.5–45◦ at 298 
K. The thermogravimetric analysis (TGA) spectrum was recorded from 
20 ◦C to 800 ◦C on a TA Q500 thermogravimeter at a rate of 10 ◦C min− 1 

under nitrogen. The catalytic products were quantified by GC analysis 
(Shimadzu GC-2014 C) using an SE-54 column (30 m × 0.25 mm × 0.25 
mm). The Brunauer-Emmett-Teller (BET) method was utilized to 
calculate the specific surface areas and pore volume on a 3Flex analyzer 
at 77 K, the polymer was dried in vacuum at 80 ◦C for more than 6 h 
before measurement. The nonlocal density functional theory (NLDFT) 
method was applied for the estimation of pore size distribution. The 
electron paramagnetic resonance (EPR) spectra were measured by a 
JEOL JES-FA200 EPR spectrometer. The date of 5,5-dimethyl-1-pyrro
line-N-oxide (DMPO) and 2,2,6,6-tetramethylpiperiding (TMP) solu
tion with the concentration of 0.1 M were collected on the measurement 
parameters, scanning frequency: 9050 MHz; scanning power, 5 mW; 
central field, 323 mT; scanning width, 100 G; scanning temperature: 
298 K. 

2.5. Photosynthesis of α-trifluoromethylated ketones 

The COF-JLU33 (2.0 mg), alkenes (0.20 mmol), CF3SO2Na (0.4 
mmol) were added into 0.75 mL dry CH3OH and 0.25 mL anhydrous 
acetone. The mixture was stirred in air under irradiation with a green 
LED lamp (520 nm, 30 W, distance app. 12.0 cm) at room temperature. 
After the consumption of alkenes, the mixture was filtrated and dried to 
determine the NMR yield with 1,1,2,2-tetrachloroethane as an internal 
standard or purified to get the isolated yield by column chromatography 
on a silica gel column. 

2.6. Recycle experiment 

In a single recycle experiment, the COF-JLU33 (20 mg), styrene (2.0 
mmol), CF3SO2Na (4.0 mmol) were added into 7.5 mL dry CH3OH and 
2.5 mL anhydrous acetone. The mixture was stirred in air under irra
diation with a green LED lamp (520 nm, 30 W, distance app. 12.0 cm) at 
room temperature for 10 h. After the first run catalysis was completed, 
the photocatalyst COF-JLU33 was recycled by centrifugation, then 
washed with water and THF repeatedly to remove products and 
unreacted substrates. The yield and conversion were determined by gas 
chromatography (diphenyl as internal standard). And the recovered 
COF-JLU33 was dried under vacuum and reused in next cycle in iden
tical conditions. 

3. Results and discussion 

3.1. Synthesis and characterization of COF-JLUs 

An imine-linked DA-COF, named COF-JLU32, was first synthesized 
by the condensation of 2,4,6-tris(4-aminophenyl)− 1,3,5-triazine and 
benzo[1,2-b:3,4-b′:5,6-b′’]trithiophene-2,5,8-tricarbaldehyde in o- 
dichlorobenzene (o-DCB) and acetic acid (HOAc, 6 M) at 120 ◦C for 72 h 
(Scheme 1). The Fourier transform infrared (FT-IR) spectra of COF- 
JLU32 and corresponding monomers revealed almost disappearance of 
C––O vibration band at 1676 cm− 1 and the characteristic absorption of 
amino group (3200–3400 cm− 1) for the co-monomers, and appearance 
of a new signal at 1618 cm− 1 assigning to C––N stretching band, which 
indicated the formation of imine-linkage and the completeness of 
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concentration reaction. For its small molecule model compound, the 
similar changes were still found (Fig. 1a, blue line). Additionally, the 
chemical structure of COF-JLU32 was verified by solid-state 13C cross- 
polarization magic angle spinning (CP/MAS) nuclear magnetic reso
nance (NMR) spectroscopy at molecular level. As showed in Fig. 1b, the 
low-field signal at ~167.1 ppm can be assigned to the carbon of triazine 
ring. The characteristic carbon signal of imine group for COF-JLU32 was 
observed at about 151.4 ppm, and the relatively high peak intensity is 
due to its coincidence with the position of benzene ring carbon bonded 
with nitrogen. Using the imine linked COF-JLU32 as a precursor, an 
amine-linked COF (COF-JLU33) was successfully prepared by the re
ported post-synthetic oxidation strategy (Fig. 1a) [36,37]. Successful 
conversion of the imine-linked COF-JLU32 to the amide-linked 
COF-JLU33 was also proved by FT-IR and solid-state 13C CP/MAS 
NMR methods. FT-IR spectrum of COF-JLU33 showed a new charac
teristic signal of C––O in the amide group at 1656 cm− 1 (Fig. 1a, orange 
line). Compared to COF-JLU32, more importantly, a new peak at about 
157.6 ppm assigning to the carbon of amide carbonyl was still gained in 
the 13C CP/MAS NMR spectrum of COF-JLU33 (Fig. 1b, blue line), at the 
same time the signal strength at about 151.4 decreased significantly, 
which clearly indicated the effective conversion from the imine bond 
into the amide bond. 

The permanent porosity of both COF-JLUs was evaluated by utilizing 
the nitrogen sorption experiment at 77 K. As illustrated in Fig. 2a, the 
sorption patterns of COF-JLU32 and COF-JLU33 showed the type I 
reversible sorption isotherms demonstrated by a speed uptake under a 
low relative pressure, which implying their microporous character. The 
Brunauer-Emmett-Teller (BET) surface area was calculated to be 
1501 m2 g− 1 for COF-JLU32 and 1148 m2 g− 1 for COF-JLU33, respec
tively. And the pore volume was 0.707 and 0.701 cm3 g− 1 at P/P0 
= 0.99, respectively. Additionally, nonlocal density functional theory 
(NLDFT) indicated that they have almost the same pore size distribution 
with a dominant pore width at 1.58 nm, which match well with their 
simulated values (Fig. 2b). 

Furthermore, the crystallinities of both obtained COF-JLUs were 
confirmed by powder X-ray diffraction (PXRD) analysis. As displayed in 
Fig. 2c and d, COF-JLU32 and COF-JLU33 displayed the excellent 
crystallinities. In particular, COF-JLU33 is still highly crystalline after 
the oxidation reaction. The experimental PXRD curve of COF-JLU32 
revealed the obvious diffraction peaks at 4.68◦, 8.10◦, 9.37◦, 12.48◦

and 25.29◦, which assigned to the reflections from (100), (200), (210), 
(220) and (001) planes of the hexagonal lattice, respectively (Fig. 2c). 
Compared with the imine-linked COF-JLU32, no evident move of the 
reflection signals in PXRD pattern of COF-JLU33 was found after the 

Scheme 1. Synthetic route of COF-JLU32 and COF-JLU33.  

Fig. 1. (a) FT-IR spectra of monomers, model compounds and COF-JLUs. (b) Solid state 13C CP/MAS NMR spectra of COF-JLU32 and COF-JLU33.  
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transformation of linkages (Fig. 2d). For example, a high-intensity peak 
at about 4.66◦, as well as four relatively wide signals at 8.09◦, 9.36◦, 
12.46◦ and 25.73◦ corresponding to the (100), (200), (210), (220) and 
(001) planes was distinctly observed, implying the high long-range 
order is remained. The theoretical simulation indicated that two 
frameworks preferably possess the 2D eclipsed stacking model (Fig. 2e- 
h). The Pawley refinement showed a negligible difference between the 
simulated and experimentally observed PXRD pattern (Rwp = 6.22%, Rp 
= 4.07% for COF-JLU32; Rwp = 6.30%, Rp = 4.59% for COF-JLU33). 
Meanwhile, field-emission scanning electron microscopy (FE-SEM) im
ages showed that they are pure solid phase materials with same aggre
gation morphology (Fig. 3a and b). The high-resolution transmission 
electron microscopy (HR-TEM) of COF-JLUs displayed that they were 
prepared as highly ordered particles (Fig. 3c and d). 

Thermogravimetric analysis (TGA) was performed on the dry sam
ples under a N2 atmosphere, which demonstrated that both COFs have a 
highly thermal stability with decomposition temperature up to 640 ◦C 
(Fig. S1). Notably, the weight loss at low temperature for COF-JLU33 
may be attributed to the adsorbed water in the pores. Additionally, we 
still studied the chemical stability of two polymer materials. The cor
responding COF samples were treated with water, HCl (12 M), NaOH 
(14 M) and various organic solvents including tetrahydrofuran (THF), N, 
N-dimethlformamide (DMF), methanol (MeOH) at room temperature for 

3 days. And then samples were separated by centrifugation, washed and 
dried in vacuum at 120 ◦C for 6 h. To our delight, all samples also 
retained the high crystallinity and skeleton connection proved by PXRD 
patterns (Fig. S2) and FT-IR spectra (Fig. S3), indicating the outstanding 
durability of both COF-JLUs. 

The UV-Vis diffuse reflectance spectra (DRS) give broad harvesting 
with maximum peaks at 440 nm for COF-JLU32 and 435 nm for COF- 
JLU33 in the visible region (Fig. 4a), respectively, according with 
their color (Fig. 4a insets). According to the Tauc plot, the optical band 
gap energy (Eg) was calculated to be 2.46 eV for COF-JLU32 and 2.37 eV 
for COF-JLU33, respectively (Fig. 4b). To further evaluate the electronic 
structures of COF-JLUs, Mott-Schottky measurements were performed at 
three diverse frequencies to assess the conduction band (CB) potential of 
materials. The Mott-Schottky plots pointed out the characteristics of n- 
type semiconductors for COF-JLUs, thus their CB positions are approach 
to the corresponding flat band potential [38]. Consequently, the CB 
potential of COF-JLU32 and COF-JLU33 were estimated to be − 1.01 
and − 1.10 V (vs. SCE), respectively (Fig. 4c and d). Furthermore, their 
valence band (VB) potentials can be also calculated to be 1.45 and 
1.27 V versus SCE, respectively, according to equation ECB = EVB - Eg. 
The corresponding band structure alignments of COF-JLU32 and 
COF-JLU33 were schematically showed in Fig. 4e. Compared with the 
redox potentials for Langlois reagent (CF3SO2Na, 1.05 V vs. SCE) [39] 

Fig. 2. (a) Nitrogen adsorption (point) and 
desorption (circle) isotherms of COF-JLUs at 
77 K. (b) Pore size distribution of COF-JLUs on 
the N2 adsorption isotherm. PXRD profiles of (c) 
COF-JLU32 and (d) COF-JLU33: Observed 
PXRD pattern (black line), the Pawley refined 
pattern (orange line), the simulated pattern 
(blue) for the AA-stacking model, and the dif
ference plot (green line). (e) Top views and (f) 
side views of COF-JLU32, (g) Top views and (h) 
side views of COF-JLU33 (yellow, sulfur; blue, 
nitrogen; red, oxygen; gray, carbon; hydrogen is 
omitted for clarity).   
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Fig. 3. FE-SEM images of (a) COF-JLU32 and (b) COF-JLU33. HR-TEM images of (c) COF-JLU32 and (d) COF-JLU33.  

Fig. 4. (a) UV-Vis diffuse reflectance spectra of COF-JLUs. Inset: their optical images. (b) Tauc plots of COF-JLUs. Mott–Schottky plots of (c) COF-JLU32 and (d) COF- 
JLU33 in 0.1 M Na2SO4 aqueous solution at frequency of 1000, 3000 and 5000 Hz. (e) Band structure diagram of COF-JLUs. 
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oxidation and oxygen reduction (− 0.86 V vs. SCE) [40], particularly, the 
energy levels of both COF-JLUs are well matched. 

3.2. Photosynthesis of α-trifluoromethylated ketones by COF-JLUs 

Metal-free photosynthesis of α-trifluoromethylated ketones from al
kenes with inexpensive CF3SO2Na is the most green and sustainable 
avenue because of the price advantage of reactants and the convenient 
system. In this context, the new DA-COFs not only have inherent 
porosity with large surface area, high crystallinity and excellent dura
bility, but also offer broad light response range and appropriate photo
redox properties. Therefore, they should be highly promising 
heterogeneous catalysts for photosynthesis of α-trifluoromethylated 
ketones. The trifluoromethylation of styrene by COF-JLU33 was first 
performed as a model example for optimized the reaction conditions. 
The influences of different solvents on the reaction activity were eval
uated. We can find from Table 1, a relative higher yield was realized in 

acetone (52%) and CH3OH (58%) compared to CH3CN (29%) and DMF 
(26%) (Table 1, entries 1–4). Importantly, the mixed solvent of acetone/ 
CH3OH can significantly improve the reaction yield (Table 1, entries 
5–7). When a mixture of acetone/methanol (v/v = 1/3) as reaction 
solvent, happily, a high yield of 75% was achieved by COF-JLU33 under 
visible-light irradiation with a green LED lamp (Table 1, entry 7). 
Accordingly, an apparent quantum yield (AQY) of 4.91% was obtained, 
which is comparable to the previously reported polymer-based photo
catalysts (Table S1, Entry 1) [41,42]. Further adjusting the amount of 
photocatalyst and the ratio of styrene to CF3SO2Na did not significantly 
improve the yield (Table 1, Entries 8–10). When white or blue LED lamp 
was utilized as the light source, relatively poor yields were acquired 
(Table 1, Entries 11 and 12). In addition, the control experiments 
demonstrated that photocatalyst, excited light and oxygen gas are 
essential for photocatalytic trifluoromethylation of styrene (Table 1, 
Entries 13–15). 

The generality for photocatalytic synthesis of α-trifluoromethylated 
ketone compounds over COF-JLU33 was still estimated. As displayed in  
Table 2, a series of substituted styrenes with electron-withdrawing and 
electron-donating groups including -CH3, -iBu, -OCH3, -F, -Cl, -Br can be 
smoothly converted to the corresponding product with good yield of 
63–76% (2b-2i) under the optimal conditions. For strong electron- 
withdrawing groups such as -NO2 and -CN, however, the yield 
decreased slightly to 59% for 2k and 53% for 2 l, even prolonging the 
reaction time. Significantly, this photocatalytic system was still suitable 
for the reaction of β-substituted styrenes. And the desired α-tri
fluoromethylated ketone products were obtained with 40% for 2 m, 
46% for 2 n and 48% for 2o yield, respectively. It is noteworthy that the 
photocatalytic activity of COF-JLU33 is comparable to that of the clas
sical noble metal-based photocatalysts [8]. 

As a metal-free heterogeneous photocatalyst, more importantly, 
COF-JLU33 still revealed a superior recyclability. And the COF can be 
separated rapidly by filtration and reutilized for at least four cycles 
without noticeable decay of photocatalytic activity (Fig. 5a). Notably, 
the skeleton connectivity and morphology of COF-JLU33 after photo
catalysis were retained (Fig. 5b and d). While its crystallinity and 
porosity were slightly reduced (Fig. 5c and e), owing to an increase of 
the disorder structure in the skeleton or the formation of nanosheets [15, 
43]. In contrast, the imine-linked COF-JLU32 showed a low level of 
recycling, although it has a similar photocatalytic activity (yield: 71%) 
compared with COF-JLU33 (Table 1, Entry 16). This is mainly due to the 
better tolerance of amide-linkages in the skeleton for the catalytic 
environment [37]. 

3.3. Photocatalytic mechanism 

To gain insights into the photocatalytic mechanism, a series of con
trol experiments were conducted. By adding N,N-diisopropylethylamine 
(DIPEA) as a hole scavenger, a reduced yield of 15% was obtained 
(Fig. 6a). In addition, the yield of the target product decreased sharply 
from 75% to 4% in the presence of p-benzoquinone (BQ) as a superoxide 
radical O2

•− scavenger (Fig. 6a). During the photocatalytic process, on 
the contrary, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, a radical 
scavenger) and sodium azide (NaN3, a singlet oxygen 1O2 scavenger) as 
trapping agents were added into the reaction mixture, and almost no 
products were obtained. These results strongly suggest the existence of 
holes, radical, O2

•− and 1O2 intermediates during this photocatalysis. 
The transient photocurrent responses of both COFs indicated efficient 
photoinduced electron-hole pair separation, and their photocurrent 
under oxygen atmosphere is lower than that in nitrogen, which could be 
attributed to the quenching of photogenerated electrons by O2 to form 
O2

•− (Fig. 6b). It is well known that photoactive polymer could availably 
mediate the electron transfer from N,N,N′,N′-tetramethyl-p-phenyl
enediamine (TMPD) to O2, thus leading to the formation of O2

•− and a 
blue-colored cationic radical species [44,45]. As expected, the both 
DA-COFs with high optical activity really provided broad absorption 

Table 1 
Photocatalytic α-trifluoromethylated ketones from styrene by COF-JLUa.  

Entry Catalyst Solvent Time 
(h) 

Conv. 
(%)b 

Yield 
(%)b 

1 COF- 
JLU33 

CH3CN 10 100 29 

2 COF- 
JLU33 

DMF 10 61 26 

3 COF- 
JLU33 

Acetone 10 83 52 

4 COF- 
JLU33 

MeOH 10 100 58 

5 COF- 
JLU33 

Acetone/ MeOH 
(0.75:0.25) 

10 92 69 

6 COF- 
JLU33 

Acetone/ MeOH 
(0.50:0.50) 

10 96 71 

7 COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

10 98 75 

8c COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

10 85 66 

9d COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

8 100 76 

10e COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

10 100 72 

11f COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

10 37 23 

12g COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

10 100 65 

13 ~ Acetone/ MeOH 
(0.25:0.75) 

10 5 0 

14h COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

10 6 0 

15i COF- 
JLU33 

Acetone/ MeOH 
(0.25:0.75) 

10 2 0 

16 COF- 
JLU32 

Acetone/ MeOH 
(0.25:0.75) 

10 97 71  

a Reaction conditions: photocatalyst (2.0 mg), styrene (23.0 µL, 0.20 mmol), 
CF3SO2Na (68 mg, 0.40 mmol), anhydrous solvent (1 mL), air, 30 W green LED 
lamp with 520 nm, 25 ◦C. 

b Conversions and yields determined by GC using diphenyl as an internal 
standard. 

c COF-JLU33 (1.0 mg). 
d COF-JLU33 (3.0 mg). 
e CF3SO2Na (0.6 mmol, 3eq). 
f 8 W white LED lamp. 
g 30 W blue LED lamp with 460 nm. 
h In N2. 
i Dark. 

Z. Li et al.                                                                                                                                                                                                                                        



Applied Catalysis B: Environmental 310 (2022) 121335

7

Table 2 
Photosynthesis of α-trifluoromethylated ketones catalyzed by COF-JLU33a.  

aReaction conditions: COF-JLU33 (2.0 mg), aromatic alkenes (0.20 mmol), CF3SO2Na (0.40 mmol), anhydrous acetone/methanol (0.25/0.75 mL), air, 30 W green 
LED (520 nm), 25 ◦C. The 1H NMR yield (black word). The isolated yields (blue word). 
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Fig. 5. (a) Reusability of COF-JLU33 for photosynthesis of 2a from styrene. (b) Solid state 13C CP/MAS NMR spectra of COFJLU33 before and after four runs. (c) 
PXRD curves of COF-JLU33 before and after four runs. (d) SEM images of COF-JLU33 before and after four runs. (e) Nitrogen adsorption (point) and desorption 
(circle) isotherm of COF-JLU33 after four runs at 77 K. The BET surface area was calculated to be 484.7 m2 g− 1. 

Fig. 6. (a) Influence of scavengers on the photocatalytic yield and conversion of 2a in the control experiments. (b) Photocurrent responses of COF-JLUs in N2 or O2 
atmosphere. (c) UV-Vis absorption spectra of the TMPD cationic radical generated by COF-JLUs in the presence of oxygen and light. Inset: the photographs. (d) ESR 
spectra of COF-JLU32 (2.0 mg mL− 1) and TMP (0.1 M) in methanol in dark (black line) and under light illumination for 5 min (blue line), 10 min (cyan line). (e) ESR 
spectra of COF-JLU33 (2.0 mg mL− 1) and DMPO (0.1 M) in methanol in dark (black line) and under light illumination for 5 min (blue line), 10 min (cyan line). (f) 
Proposed mechanism for photocatalytic α-trifluoromethylated ketones from styrene by COF-JLU33. 
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bands at 566 and 615 nm (Fig. 6c), which demonstrates that the electron 
transfer process has taken place. Besides, we also investigated the active 
oxygen species formed by COF-JLU32 and COF-JLU33 through electron 
paramagnetic resonance (EPR) experiments. Here, 5,5-dimethyl-1-pyr
rolin N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine (TMP) were 
choosed and used as spin-trapping agents for both active oxygen species 
O2

•− and 1O2, respectively. As displayed in Fig. 6d and Fig. S4a, we can 
find that the characteristic signal of the 2,2,6,6-tetramethylpiperidi
ne-1-oxyl (TMPO) nitroxide radical generated from the reaction of 1O2 
and TMP was achieved under irradiation of the air-saturated methanol 
mixture of the COF-JLUs and TMP. When DMPO was used instead of 
TMP under the same conditions, subsequently, the characteristic peaks 
attributed to O2

•− were observed clearly under excited light illumina
tion (Fig. 6e and Fig. S4b). These findings indicated that O2

•− and 1O2 
were involved in the photosynthesis of α-trifluoromethylated ketone. 
Based on the observations from the aforementioned results and litera
ture reports [8,46], the reaction mechanism of photosynthesis α-tri
fluoromethylated ketones was proposed as displayed in Fig. 6 f. Under 
visible light illumination, the photoactive COF is first excited to form the 
COF* and generate photoinduced electrons and holes. Two active oxy
gen species 1O2 and O2

•− were then generated by energy or single 
electron transfer process from the photogenerated electron to molecular 
oxygen O2. The CF3SO2

− that ionized from CF3SO2Na, converted 
simultaneously to CF3SO2• through electron transfer to the holes and 
1O2, then spontaneously producing •CF3, which proved by the trapping 
test (Fig. S5). The intermediate A generated from the radical addition of 
•CF3 to styrene reacted with O2

•− and combined with proton to get the 
intermediate B. Ultimately, the hydroperoxide intermediate lose a 
molecule of H2O and yield the product C. 

3.4. Expansion of COF-based photocatalysts 

Previously, many COF materials were prepared and applied as het
erogeneous photocatalysts, and displayed excellent photocatalytic per
formances [15–31]. Therefore, we choose two types of triazine-based 
COFs including N3-COF [47], COF-JLU5 [22], TTA-TTB COF [48] and 
pyrene-based COFs such as COF-JLU24 [24], COF-JLU25 [24], 
PyTTA-TPhA-COF [49] as photocatalysts to further explore their cata
lytic performances for photosynthesis of α-trifluoromethylated ketones. 
As shown in Table S3, all of the studied triazine-based COFs exhibited 
better catalytic efficiency than these of pyrene-based COFs, even if the 
energy level position completely answers the demand (Fig. S6-S8). 
Consequently, the different photocatalytic activity between the 
triazine-based COFs and pyrene-based COFs was investigated by density 
functional theory (DFT) using COF-JLU32 and COF-JLU25 as model 
materials, respectively. The effective masses of photogenerated elec
trons and holes for both COFs were calculated through parabolic fitting 
to the VB and CB (Table 3). A carrier combination index D is defined as 
the relative effective mass of photogenerated holes to electrons (D =
mh*/me*). It can be clearly found that the D value of COF-JLU32 in these 
K-path is much larger than that of COF-JLU25 (Table 3), indicating that 
the triazine-based COF-JLU32 has the better capability to suppresses 
photogenerated carrier recombination [50,51]. In addition, COF-JLU32 
possesses an indirect bandgap by DFT calculation, that can make the 
recombination of photogenerated carriers more difficult than that of 
COF-JLU25 with a direct bandgap (Fig. S9) [52]. Furthermore, this 
proposal can also be confirmed by the composition of the VB and CB in 
both COFs. The photogenerated electrons generally have lower recom
bination tendency for the materials with more complex orbital compo
sition. It can be found that two different types of element (S and N) 
occupy the CB / VB in COF-JLU32, while only one type of elements (C) 
contributes them for COF-JLU25 in the CB / VB (Fig. S9). In general, the 
photocatalysis is a very complicated process. From the perspective of 
electronic structure of materials, the triazine-based COFs can suppress 
effectively the recombination of photogenerated electron and hole, and 
produce more intermediate •CF3, resulting in higher catalytic efficiency. 

4. Conclusions 

In summary, two novel triazine-based DA-COFs were designed and 
prepared under solvothermal conditions for the photosynthesis of 
α-trifluoromethylated ketones. They possess broad visible-light absorp
tion, rich redox properties and fast carrier separation efficiency. 
Significantly, COF-JLU33 as a metal-free photocatalyst not only showed 
good catalytic activity, which is comparable to the reported homoge
neous photocatalytic systems, but also exhibited satisfactory recycla
bility. DFT results indicated the triazine-based COFs can suppress 
effectively the recombination of photogenerated carriers, resulting in 
higher catalytic efficiency. We still highlight that this contribution is the 
first photosynthesis of α-trifluoromethylated ketones for the heteroge
neous organic polymer system, which further extended the application 
of COFs and promote the development of fluorine chemistry. 
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