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Abstract 

Mixtures of triphenylamine (TPA) and phenyl phenothiazine (PTH) fragments have been 

incorporated into a series of extended polyimine structures that have been applied in the 

photodegradation of pollutants of different nature under visible light irradiation. Results 

obtained revealed that materials containing PTH as sole photoactive unit resulted the most 

active photocatalytic material in the degradation of polybrominated diphenyl ether-1 (PBDE-

1) and Sudan Red III. In contrast, the COF containing only TPA acted as the best photocatalyst 

for the degradation of Methylene Blue. These different trends are related to the versatility of 

PTH moiety to trigger both photoredox and energy transfer processes, while TPA is only an 

effective energy transfer catalyst. 
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1. Introduction 

Photocatalysis is a highly promising tool for environmental clean-up and organic 

synthesis that can result on accelerating photo-activated reactions.[1] Although the 

photocatalytic scenario is very complex, the two main photocatalytic pathways are 

energy transfer processes [2] and photoredox reactions.[3] Therefore, to be successful in 

a photochemical reaction or in the photodegradation of a pollutant, the selection of a 

photocatalyst able to proceed through an energy transfer or a photoredox pathway is very 

important. For these reasons, there is a panoply of homogeneous systems based on metal 

complexes [4] and several organic dyes,[5,6] which are able to perform a wide range of 

photocatalytic transformations. This variety offers the tool to point towards specific 

photocatalytic activities under visible-light irradiation.  

The difficult recover of homogenous catalysts [7,8] makes heterogeneous systems 

very desirable because they allow easy separation of the catalyst as well as its 

recyclability.[9] In addition, the design of materials through combination of suitable 

building blocks paves the opportunity to tune and direct photocatalytic activity in a 

manner that is unprecedented for homogeneous catalysis. One strategy that has been 

employed in the last years is the incorporation of photocatalytic units, normally used in 

homogeneous catalysis, into porous materials. In particular, reticular materials such as 

Metal-Organic Frameworks (MOFs) and Covalent Organic Frameworks (COFs) offer 

many possibilities for their use in photocatalysis.[10,11] As a consequence, 

photocatalytic applications of reticular materials have been reported in the areas of 

organic chemical synthesis, degradation of pollutants, CO2 reduction and water splitting, 

among others.[12,13] 

In recent years, COFs have attracted much attention.[14,15] This emerging family 

of porous materials are stable laminar or 3D reticular polymeric structures, similar to 
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MOFs, but only composed by organic linkers connected through covalent bonds. Thus, 

they are constituted by earth abundant elements, and show low toxicity, low density and 

adjustable pore size, chemical structure, and functionality. Consequently, applications 

of COFs have been reported in myriad fields, such as storage and separation of gases,[16] 

energy storage,[17] drug delivery,[18] proton conduction,[19] optoelectronics [17] and 

catalysis.[20,21] In the field of catalysis, COFs and their amorphous analogues have also 

shown to be promising candidates as photocatalysts,[22–29] which performances have 

been enhanced by incorporating a pre-designed photocatalytic units to the framework, 

such as benzothiadiazole,[30] benzodifuran,[31] rose Bengal,[32] 

benzobisthiadiazole,[33] thioxanthone,[34] platinum complex,[35] 

benzooxadiazole,[36] BODIPY,[37] and azulene.[38] 

The versatility of COF materials offers an optimal platform to be applied in the 

degradation of organic pollutants of different nature.[28] A particular case of persistent 

organic pollutants (POPs) are polybrominated diphenyl ethers (PBDEs), generally used 

as flame retardants. Tetra-, penta-, hexa- and heptabromo diphenyl ethers are commonly 

considered POPs,[39] and evolve generating less brominated derivatives, which are even 

more toxic and bioaccumulative than the original congeners.[40,41] For this reason, 

mono-brominated PBDE-1 is widely used as a model substrate to study the 

photoreduction of polybrominated pollutants that results in hydrodebrominated final 

products.[42] Synthetic dyes are another class of polluting chemical species commonly 

used in textile, food or cosmetic industries.[43] Among them, azo dyes are one of the 

most detrimental class of pollutants because they are highly persistent in the aquatic 

environment.[44] Sudan dyes, such as Sudan Red III, are common red colored azo dyes 

used in cosmetics.[45,46] Furthermore, ionic heterocyclic aromatic dyes, such as 

Methylene Blue, are a harmful class of pollutants, coming from the manufacture of 



5 
 

 

products related with inkjet printing, photography and xerography, as well as cellulosic 

and textile industries.[47,48] 

The use of different materials attending their preferred catalytic pathways is 

usually required to achieve the degradation of specific pollutants. Therefore, there is a 

need of strategies to systematically tune, direct and modulate the photocatalytic activity 

of predesigned materials. In this work, we targeted this challenge by designing a series 

of extended polyimine COFs with different combinations of two photoactive units 

(Figure 1). We selected triphenylamine (TPA) and phenyl phenothiazine (PTH) as 

photoactive units because they show distinct optical and redox properties. Therefore, 

they can act as photocatalysts capable of degrading pollutants via different 

pathways.[49,50] In addition, they work as typical trigonal building blocks to construct 

COFs via introduction of aldehyde groups at para positions of each phenyl ring. 

Following this strategy, a series of five 2D COFs 4a-e with hcb (honeycomb) topology 

and built up from different proportions of TPA and PTH was synthesized by reacting 

triarylaldehydes TFPA (containing TPA as photoactive unit) and/or 3 (containing PTH 

as photoactive unit) with 1,3,5-tris(4-aminophenyl)benzene (TAPB) (Scheme 2). We 

anticipate that the photocatalytic activity of the resulting COFs, which was essayed for 

the degradation of three different model pollutants (PBDE-1, Sudan Red III and 

Methylene Blue) under visible-light conditions, can be modulated by enriching the 

polyimine structure with one or another photoactive unit (Figure 1). 
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Figure 1. Conceptual idea of this work, modulating the COF isostructural material in 

photocatalysis. 

 

2. Experimental. 

Synthesis of building block 3: 

10-Phenyl-10H-phenothiazine, 1:[51] A solution of the corresponding phenothiazine (1.99 g, 

10 mmol) and aryl bromide (1 mL, 11 mmol) in toluene (10 mL) was added to an oven-dried 

sealed tube equipped with a magnetic stir bar, followed by addition of Pd2(dba)3 (275 mg, 0.3 

mmol), [(tBu)3PH]BF4 (145 mg, 0.5 mmol) and NaOtBu (1.11 g, 11.5 mmol). The reaction was 

refluxed for 48 h under inert atmosphere and monitored by TLC (phosphomolybdic acid stain 

solution). Then, the mixture was cooled to room temperature, diluted with DCM (20 mL), and 

filtered through a plug of celite. The filter cake was washed with DCM (2 x 10 mL), and the 

filtrate was concentrated under reduced pressure. The resulting crude mixture was purified by 

flash column chromatography (c-Hex) to provide 1 (78 % yield). 1H-NMR (300 MHz, CDCl3) 

δ 7.62 (t, J = 7.7 Hz, 2H), 7.52-7.50 (m, 1H), 7.42 (dd, J = 8.3, 1.1 Hz, 2H), 7.05 (dd, J = 6.7, 
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2.4 Hz, 2H), 6.87-6.83 (m, 4H), 6.23 (dd, J = 7.6, 1.6 Hz, 2H) ppm. 13C-NMR (75 MHz, CDCl3) 

δ 144.4, 141.1, 130.9, 130.8, 128.3, 126.9, 126.8, 122.6, 120.3, 116.2 ppm. 

3,7-Dibromo-10-(4-bromophenyl)-10H-phenothiazine, 2: A solution of N-bromo-

succinimide (3.11 g, 1.75 mmol) in THF (40 mL) was added dropwise to a round flask equipped 

with a magnetic stir bar and a solution of 1 (1.38 g, 0.5 mmol) in THF (10 mL). The reaction 

was stirred in an ice bath for 3 h and monitored by TLC. Then, NaOH 3 M (20 mL) was added 

to the reaction mixture, and it was extracted with 3x20 mL of AcOEt. The organic phase was 

separated, dried by MgSO4, filtrated, and evaporated under reduced pressure. The resulting 

crude mixture was purified by flash column chromatography (c-Hex/AcOEt = 99:1 vol/vol) to 

provide 2 (60% yield). 1H-NMR (300 MHz, CDCl3) δ 7.74 (d, J = 8.7 Hz, 2H), 7.23 (d, J = 8.7 

Hz, 2H) 7.12 (d, J = 2.3 Hz, 2H), 6.94 (dd, J = 8.8, 2.3 Hz, 2H), 6.02 (d, J = 8.8 Hz, 2H) ppm. 

13C-NMR (75 MHz, CDCl3) δ 142.9, 139.5, 134.6, 132.3, 130.0, 129.2, 122.8, 122.0, 117.4, 

115.3 ppm. 

10-(4-Formylphenyl)-10H-phenothiazine-3,7-dicarbaldehyde, building block 3: A solution 

of 2 (450 mg, 0.90 mmol) in dry THF (12 mL) was stirred in a round flask with a magnetic stir 

bar under inert atmosphere. Keeping the inert atmosphere at -78°C, n-BuLi 1.6 M (2.2 mL) was 

added dropwise to the reaction mixture for 1 h. After that, still at -78°C, dry DMF (0.27 mL) 

was added, and the reaction was stirred for 3 h. Finally, HCl 1.2 M (6 mL) was added to quench 

the reaction mixture at 0°C, and it was stirred for 30 minutes. The reaction mixture was 

extracted with 5x20 mL of DCM. The organic phase was separated, dried by MgSO4, filtrated, 

and evaporated under reduced pressure. The resulting crude mixture was purified by flash 

column chromatography (c-Hex/AcOEt = 99:1 vol/vol) to provide 3 (96% yield). Orange solid. 

1H-NMR (300 MHz, CDCl3) δ 10.17 (s, 1H), 9.75 (s, 2H) 8.22 (d, J = 8.1 Hz, 2H), 7.60 (d, J = 

7.9 Hz, 2H), 7.51 (s, 2H), 7.33 (dd, J = 8.5, 1.8 Hz, 2H), 6.17 (d, J = 8.5 Hz, 2H) ppm. 13C-
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NMR (75 MHz, CDCl3) δ 190.6, 189.5, 146.8, 144.7, 136.8, 132.7, 132.4, 131.3, 129.9, 127.7, 

120.6, 116.1 ppm. 

Synthesis of COF 4a-e: A solvothermal reactor was charged with 1,3,5-tris(4-

aminophenyl)benzene (TAPB) (50.0 mg, 0.14 mmol), and different proportions of the 

synthesized building block 3 or/and tris(4-formylphenyl)amine (TFPA), 0.6 mL of anhydrous 

dioxane, 5.4 mL of mesitylene and 0.6 mL of 6 M acetic acid in water. The reactor was heated 

at 120 ˚C for 72 h, yielding a solid which was isolated by filtration and washed with DMF, 

MeOH and THF. The resulting powder was immersed in anhydrous THF for 24 h and dried 

first at room temperature under vacuum for 12 h, and then at 100 ˚C for 2 h to afford an orange-

yellow powder. For the characterization, see Supporting Information. 

General procedure for the photodegradation of PBDE-1: An oven-dried 10 mL vial 

equipped with a magnetic stir bar was charged with photocatalyst COF 4a-e (1 mg) and 

polybrominated diphenyl ether 1 (PBDE-1) (8.3 mg, 0.033 mmol). Then, acetonitrile (1 mL) 

and DIPEA (14.2 µL, 0.08 mmol) were added. The vial was closed with a rubber septum and 

the reaction mixture was degassed by three cycles vacuum / argon of “freeze-pump-thaw”. The 

vial was placed on the blue light LED photoreactor (420 nm) and the reaction mixture was 

stirred at 25 ˚C. The reaction was checked by 1H-NMR after 24 hours. The crude was filtered 

through membrane filter and purified by flash chromatography. 

Leaching test: An oven-dried 10 mL vial equipped with a magnetic stir bar was charged with 

photocatalyst 4e (1 mg) and PBDE-1 (8.3 mg, 0.033 mmol). Then, acetonitrile (1 mL) and 

DIPEA (14.2 µL, 0.08 mmol) were added. The vial was closed with a rubber septum and the 

reaction mixture was degassed by three cycles vacuum / argon of “freeze-pump-thaw”. Then 

the vial was placed on the blue light LED photoreactor (420 nm) and the reaction mixture was 

stirred at 25 ˚C for 24 h. The conversion was determined by 1H-NMR analysis of the crude 

mixture. Then, the vial was opened, and the crude mixture was filtered through membrane filter. 
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PBDE-1 (8.3 mg, 0.033 mmol) and DIPEA (14.2 µL, 0.08 mmol) were added again for a next 

run without photocatalyst COF. The previous conversion was determined by 1H-NMR analysis 

of the crude mixture. The vial was closed, and the reaction mixture was degassed following the 

same procedure than before. After 24 h, the conversion of the crude mixture was determined by 

1H-NMR analysis, and it was shown that there was no photodegradation (see Supporting 

Information). 

Recyclability test: An oven-dried 10 mL vial equipped with a magnetic stir bar was charged 

with photocatalyst 4e (1 mg) and PBDE-1 (8.3 mg, 0.033 mmol). Then, acetonitrile (1 mL) and 

DIPEA (14.2 µL, 0.08 mmol) were added. The vial was closed with a rubber septum and the 

reaction mixture was degassed by three cycles vacuum / argon of “freeze-pump-thaw”. Then 

the vial was placed on the blue light LED photoreactor (420 nm) and the reaction mixture was 

stirred at 25 ˚C for 24 h. The conversion was determined by 1H-NMR analysis of the crude 

mixture. Then, the vial was opened and PBDE-1 (8.3 mg, 0.033 mmol) and DIPEA (14.2 µL, 

0.08 mmol) were added again for a next run. After that, the vial was closed, and the reaction 

mixture was degassed following the same procedure than before. Seven consecutive cycles have 

been carried out. 

General procedure for the photodegradation of Sudan Red III: A 30 mL screw vial 

equipped with a magnetic stir bar was charged with photocatalyst COF 4a-e (2 mg) and the dye 

Sudan Red III (1.25 x 10-2 mM) in toluene (10 mL). Then, the mixture was sonicated to disperse 

the COF. The closed vial was placed under the blue spotlight and the reaction mixture was 

stirred at room temperature. The photodegradation was determined by UV-Vis 

spectrophotometer after 34 hours. 

General procedure for the photodegradation of Methylene Blue: A 30 mL screw vial 

equipped with a magnetic stir bar was charged with photocatalyst COF 4a-e (2 mg) and the dye 

Methylene Blue (2.25 x 10-2 mM) in acetonitrile (20 mL). Then, the mixture was sonicated to 
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disperse the COF. The closed vial was placed under the blue spotlight and the reaction mixture 

was stirred at room temperature. The photodegradation was determined by UV-Vis 

spectrophotometer after 4 hours. 

Mechanistic experiments: A 30 mL screw vial equipped with a magnetic stir bar was charged 

with photocatalyst 4e (2 mg) and the dye Sudan Red III (1.25 x 10-2 mM) in toluene (10 mL) 

or with photocatalyst COF 4a (2 mg) and the dye Methylene Blue (2.25 x 10-2 mM) in 

acetonitrile (20 mL). DABCO or benzoquinone were added (5 equiv.) to the reaction mixture. 

Then, the mixture was sonicated to disperse the COF. Another vial was closed with a rubber 

septum and the reaction mixture was degassed by three cycles vacuum / argon of “freeze-pump-

thaw”. Then, all closed vials were placed under the blue spotlight. The reaction mixture was 

stirred at room temperature. The photodegradation was determined by UV-Vis 

spectrophotometer after 20 hours for Sudan Red III and after 3 hours in the case of Methylene 

Blue. 

 

3. Results and Discussion 

3.1. Synthesis and characterization. 

The synthetic strategy followed in this work is presented in Scheme 2. We initially 

started with the synthesis of a new building block, 10-(4-formylphenyl)-10H-

phenothiazine-3,7-dicarbaldehyde (3), containing the phenyl phenothiazine (PTH) unit. 

This unit is a known homogeneous photocatalyst with excellent redox properties 

(oxidation potential at the excited state: -2.1 V vs SCE),[52] and it is able to catalyze 

different photochemical processes, such as hydrodehalogenation,[52] halogenation,[53] 

oxidative coupling of primary amines [54] and photopolymerization processes.[55] The 

building block 3 was synthesized in three steps (Scheme 1), starting from phenothiazine 

and aryl bromide. 
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Then, the resulting intermediate was brominated with N-bromo-succinimide. 

Finally, 3 was generated by the reaction of brominated intermediate in the presence of 

n-butyllithium 1.6 M with dry DMF at -78 °C, followed by treatment with HCl 1.2 M at 

0 °C. Thus, 3 was obtained as an orange solid after flash-column chromatography 

purification. 
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Br BrS
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Pd2(dba)3, HP(tBu)3BF4

NaOtBu

Toluene, N2, ∆, 48 h
1 (78% Yield)

NBS, THF
0 ºC, 3h

2 (60% Yield)

THF

1) n-BuLi/DMF
2) HCl 1.2 M

3 (96% Yield)
 

Scheme 1. Synthesis of the new building block 3 based on PTH. 

 

We then synthesized the five COFs 4a-e by solvothermal reaction of mixtures of 

variable relative amounts of 3 and tris(4-formylphenyl)amine (TFPA) with the trianiline 

precursor TAPB (Scheme 2). The feasibility of this design lays on the fact that both 

building blocks (3 and TFPA) impose very similar geometric constraints, being possible 

to substitute one by the other without major distortion of the laminar COF structure. In 

this series, we synthesized COF 4a using only TFPA,[56,57] and material 4e using 3, to 

compare the photocatalytic activity of TPA and PTH units embedded into the polyimine 
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frameworks. In addition, we isolated three more mixed-photoactive-linker COFs 4b-d 

containing mixtures of 3 and TFPA (ratio TPA/PTH: 7, 3 and 1, see Table 1). 

 

Scheme 2. Synthesis of the series of COFs 4a-e, which were obtained by variating the TFPA/3 

molar ratio. 

 

Table 1. Proportion of 3 and TFPA used in the synthesis of COFs 4a-e.a 

Material mol % of 
3 

mol % of 
TFPA Ratio 3/TFPA Elemental Analysisb (S %)c 

4a 0 100 0/1 0.03 (0.00) 
4b 12.5 87.5 1/7 0.42 (0.59) 
4c 25 75 1/3 1.21 (1.17) 
4d 50 50 1/1 2.20 (2.31) 
4e 100 0 1/0 4.67 (4.51) 

a All materials were prepared in solvothermal reactors charged with TAPB (0.14 mmol), the 

corresponding proportion (0.14 mmol) of the synthesized 3 or/and TFPA, 2.7 mL of anhydrous 
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dioxane and 0.6 mL of 3 M acetic acid in water, at 120 ˚C for 72 h. b Experimental value. c 

Expected values are included in brackets. 

The formation and quality of synthesized COFs 4a-e were studied by powder X-

ray diffraction (PXRD; Figure 2) and Brunauer-Emmett-Teller surface area (SBET) 

measured by N2 sorption analysis performed at 77 K (Figure 3). PXRD of COFs 4a-d 

showed similar patterns indicating that comparable structures can be proposed for all of 

them. Using Materials Studio 8.0 program, we compared these experimental PXRD data 

with the pattern simulated from the model structure of 4a proposed by Jiang [56] and 

Verduzco.[57] Based on this structure, we applied a geometrical energy minimization 

using the universal force field. The unit cell parameters found for the eclipsed structure 

was a = 23.47 Å, b = 23.47 Å and c = 3.89 Å in a P3 (nº 143) symmetry group. However, 

applying this model structure did not fit well with all our experimental PXRD peaks.[56] 

The major inconsistency consisted in an additional strong peak at 5.5 °. To this respect, 

Lukose et al. proposed in different COFs that inclined stacking of the layers can originate 

this peak.[58] Based on this hypothesis, we applied a geometrical energy minimization 

in a model that considered this inclined stacking. We found unit cell parameters for the 

inclined eclipsed structure of a = 40.84 Å, b = 23.96 Å and c = 4.63 Å in a P1 (nº 1) 

symmetry group. Consistently, the experimental PXRD for 4b-d corresponded to the 

pattern simulated from inclined COF model (see Supporting Information, Tables S6 and 

S7). However, we observed a slight gradual decrease of all peaks when the proportion 

of 3 was increased in the COF formation, indicating the introduction of disorder in these 

structures. In fact, this evolution was clearly seen for 4e, in which an amorphous material 

was obtained.  
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Figure 2. X-Ray diffractograms of 4a (red data), 4b (pink), 4c (blue), 4d (green) and 

4e (black) and the simulated X-Ray diffractogram of the model of 4a considering an 

inclined stacking (purple). 

 

These changes on the structural order were also consistent with the adsorption 

properties of the synthesized COFs (Figure 3). COF 4a showed a SBET of 522 m2·g-1 and 

a pore size distribution (calculated  using a density functional theory (DFT) model (N2 

–cylindrical pores–oxide surface) with a main peak at 1.6 nm (see Supporting 

Information, Figure S35), which are in good agreement with the reported values.[56] 

However, when the proportion of 3 increased to 12.5 % in 4b, 25 % in 4c, 50 % in 4d 

and 100 % in 4e, the SBET decreased to 386 m2·g-1, 382 m2·g-1, 126 m2·g-1 and 10 m2·g-

1, respectively.  

 



15 
 

 

 

Figure 3. N2 adsorption isotherm of 4a (red data), 4b (pink), 4c (blue), 4d (green) and 

4e (black). 

 

The relative content of PTH in COFs 4a-e was determined by elemental analysis 

(Table 1). The sulfur percentage detected was in good agreement with the expected 

values considering the proportions of 3 and TFPA used in each reaction. This result 

confirmed that there is not a preference for one or another building block, being both 

completely exchangeable. Analysis of the chemical structure was completed by IR and 

13C-CP-MAS-NMR (see Supporting Information, Figures S10 to S14 and S24 to S28). 

IR showed the typical vibration bands associated to imine groups, and NMR showed the 

expected signals in the aromatic region together with the iminic carbons. Therefore, 

altogether these characterization results were fully consistent with the formation of the 

pre-designed 2D hexagonally-ordered polyimine structures (Scheme 2). In addition, 

their microstructure was examined by Scanning Electron Microscopy (SEM), in which 

the hexagonal symmetry of the 2D structures was readily observed as hexagonal platelets 
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in all synthesized COFs (Figure 4). Finally, thermogravimetric analysis (TGA) revealed 

an excellent thermal stability of the 5 materials synthesized. In the case of COF 4a, a 

slight decrease on its thermal stability (up to 430 oC) was observed in comparison with 

materials containing PTH unit 4b-4e (up to 495 oC) (see Supporting Information, Figures 

S51 to S55). 

 

Figure 4. SEM images of COFs 4a (red), 4b (pink), 4c (blue), 4d (green) and 4e 

(black). 

 

Study of the optical properties of 4a-e was carried out by means of diffuse 

reflectance and solid-state luminescence experiments. Figure 5a shows the absorption 

spectra normalized with the most intense peak in the region of 400-700 nm. Interestingly, 

the maximum absorption was dependent on the PTH/TPA content, being at 456 nm for 

the TFPA-based COF 4a and at 504 nm for the material 4e that only contains the tritopic 

aldehyde 3. 

Mixed-photoactive-linker COFs 4b-d also showed mixed spectroscopic features. 

In normalized spectra, the absorption value of both signals appeared equally intense. 
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However, in non-normalized data (see inset in Figure 5a), it is clear that the absorption 

at 504 nm observed for 4e is significantly more intense than the signal at 456 nm 

measured for 4a. From these data, we have obtained the bandgap values of 4a-e through 

Kubelka-Munk theory (2.33-2.25 eV, see supporting information for details).  

 
Figure 5. a) Absorption spectra of materials 4a (red), 4b (pink), 4c (blue), 4d (green) and 4e 

(black). b) Non-normalized emission spectra. c) Normalized emission spectra. d) Comparison 

of normalized emission of materials 4a, 4d and 4e with an equimolecular mixture of material 

4a+4e. 

Emission experiments were fully consistent with the absorption data (Figure 5b-

c). While the COF 4a emitted with a maximum at 555 nm, the gradual enrichment of 

COFs 4b-d with PTH induced a progressive redshift in the emission peak, which reached 

590 nm for the PTH-based material 4e (Figure 5c). Although an evident effect on the 

nature of the photoactive unit was found in the optical properties of the synthesized 

COFs, it is worth to mention that the data obtained are not uniquely due to PTH and TPA 
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units. In fact, molecular PTH and TPA building blocks (3 and TFPA, respectively) 

absorb at significantly higher energies. Furthermore, emission is only observed for PTH 

containing building block 3 (at 530 nm), while TFPA does not emit at all (see Supporting 

Information, page S8). Therefore, the observed photophysical properties are the result 

of the electronic structure of the overall imine-based material, which is modulated by 

the distinct nature of TPA and PTH moieties. Taken together, optical data suggest that, 

by irradiating, TPA-based COF 4a produces a more energetic excited state than PTH-

containing COFs 4b-e. These differences can be crucial to determine what type of 

photocatalytic process can be mediated by one or another COF. 

In addition, we have compared the emission of materials 4a, 4d and 4e with an 

equimolecular mixture of material 4a+4e. As it can be seen in Figure 5d, the mixture of 

materials 4a+4e shows an identical signal than pure 4e. This is because the emission of 

4a is much less intense (see non-normalized emission, Figure 5b), and therefore, only 

the emission of 4e was detected. These experiments and the emission of 4d at lower 

wavelength demonstrated that this material (4d) is not composed from a mixture from 

4a and 4e and it is just a hybrid material containing both building blocks 3 and TFPA. 

Furthermore, we measured the energy of the Valence Band (VB) of 4a and 4e 

from the first oxidation signal of the cyclic voltammetry (see Supporting Information, 

Figures S43 and S44). Thus, we found that the VB energy level of 4a is 4.90 eV and for 

4e is 4.54 eV. This indicates the easier tendency of material 4e for triggering photoredox 

processes, which is in agreement with the observed catalytic activity (see below).  

 

 

3.2. Determination of specific activity of each COF towards degradation of PBDE-

1, Sudan Red III and Methylene Blue. 



19 
 

 

Prompted by the distinctive optical properties of COFs 4a-e, we decided to compare 

their photocatalytic activity towards three processes of different nature. In particular, we 

studied the photodegradation of three pollutants: PBDE-1, Sudan Red III and Methylene 

Blue (Figure 1). The initial conditions used for the photocatalytic degradation of these 

pollutants were based on some precedents using other photoactive materials. [59–61] 

Moreover, we determined the optimal reaction times by an initial assessment of the 

kinetics of each reaction. For this purpose, we chose 4e as the initial model 

photocatalytic material (see Supporting Information). 

A first experiment was carried out adding 1 mg of 4e in 1 mL of acetonitrile 

containing PBDE-1 (8.3 mg, 0.033 mmol) and N,N-diisopropylethylamine (DIPEA; 14.2 

µL, 0.08 mmol), and irradiating the resulting mixture under blue light irradiation (450 

nm LED) in an inert atmosphere for 24 h (see Supporting Information). To our delight, 

we observed that the use of 4e resulted in the hydrodebrominated product in good yield 

(85%) after this reaction time. The degradation did not proceed in the absence of the 

photocatalytic material 4e or without irradiation. In order to compare the photocatalytic 

activity of the remaining COFs (4a-d), they were also tested for 24 h under identical 

conditions. The results of these experiments are presented in Figure 6. As can be seen 

for the black trace in Figure 6, the best catalytic material for the hydrodebromination of 

PBDE-1 was 4e, which only contains PTH as photoactive unit. We also found that COFs 

with lower proportion of PTH showed worst catalytic activities. 
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Figure 6. Conversion (%) of PBDE-1 to the debrominated product (black trace), and 

degradation (%) of Sudan Red III (red trace) and Methylene Blue (blue trace), using the five 

COFs 4a-e (see Supporting Information for further details). 

 

A similar set of experiments was carried out using 2 mg of 4e under blue light 

irradiation for 34 h in 10 mL of toluene containing 1.25 x 10-2 mM of Sudan Red III. 

This substrate was almost completely degraded by 4e after this reaction time. We also 

checked that the degradation barely progressed in the absence of the photocatalytic 

material 4e, and it did not proceed at all in the absence of visible light. We also performed 

the comparative study of the different photoactivity depending on the proportion of 3 

and TFPA employed in the synthesis of COFs 4a-d. Under identical conditions, 

photodegradation of Sudan Red III using this series of COFs revealed that the catalytic 
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performance is also better when contain of PTH fragment is higher in the COF structure 

(red trace in Figure 6).  

Finally, Methylene Blue photodegradation was studied using 2 mg of 4e under 

blue light irradiation for 4 h in 20 mL of acetonitrile containing 2.25 x 10-2 mM of 

Methylene Blue (see Supporting Information). This pollutant was partially degraded by 

4e after this time (46 % degradation). In the absence of the photocatalytic material, the 

reaction also proceeded but with a much slower kinetics (12 % degradation after 4 h). In 

contrast, it did not progress at all in the absence of visible light (see Supporting 

Information). When we tested all COFs 4a-e in the photodegradation of Methylene Blue 

under identical conditions, we observed the opposite trend than for PBDE-1 and Sudan 

Red III. In this case, the best result obtained was observed with COF 4a that only 

contains TPA as the photoactive unit (80 % degradation after 4 h). These results suggest 

that, when the amount of TPA units increases in the structure of COFs, the degradation 

of Methylene Blue is more effective (blue trace in Figure 6). The high solubility of 

Methylene Blue in water allowed us to test the catalytic activity of 4a and 4e, founding 

a very similar behavior to the one observed in the organic solvent (see Supporting 

Information for kinetics).  

Overall, a main observation of this work is that PTH and TPA units showed 

different preferences as photocatalyst in the studied systems. While activation of PBDE-

1 and Sudan Red III are better performed by the PTH-containing material 4e, 

photodegradation of Methylene Blue is better achieved by the TPA-based COF 4a. 

Mixed-photoactive-linker COFs 4b-d always showed intermediate catalytic results, 

indicating that no cooperative/synergistic effects are observed. 
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3.3. Mechanistic considerations 

Photocatalytic hydrodebromination is a well-studied process [35,62] initiated by the 

electron transfer from the photocatalyst in its excited state to the organo-brominated 

substrate (Scheme 3a) and under inert atmosphere. Then, it readily evolves through the 

C-Br bond cleavage, producing the bromide anion and the corresponding organic radical 

species. Tertiary amines, such as DIPEA, act as the final reducing agent that ultimately 

closes the catalytic cycle, regenerating the starting photocatalytic material, and 

producing the corresponding amine radical cation. Finally, the radical organic 

intermediate evolves through a hydrogen atom transfer from the oxidized amine radical 

cation to finally generate the hydrodebrominated product and the iminium cation. In this 

process, the optimal performance of a photocatalyst is the result of the balance between 

the ability to perform two key steps: i) electron transfer from the photocatalyst in its 

excited state to the organo-brominated substrate; and ii) the reduction of oxidized 

photocatalyst by the sacrificial electron donor (DIPEA). While TPA-containing COF 4a 

showed almost a negligible activity towards hydrodebromination of PBDE-1, PTH-

based material 4e was very active.  

In the case of Sudan Red III degradation, the presence of oxygen was required. 

Thus, when this process was carried out under argon atmosphere, Sudan Red III did not 

react (Table 2, entries 1 and 2). Therefore, PTH-based material 4e in its excited state 

must be able to activate O2, resulting in the Sudan Red III oxidative degradation. Two 

different mechanisms are possible for this reaction: i) an energy transfer process, where 

singlet oxygen is the reactive species;[63] or ii) a photoredox process, where the 

transformation is mediated by superoxide radical anion.[64] Differentiation between 

these two mechanisms can be achieved by using additives that can act as selective 

scavengers, regardless the nature of the degraded substrate. In particular, quenching by 
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benzoquinone is indicative of a photoredox mechanism.[64,65] DABCO is another 

scavenger that can be used, which reacts with singlet oxygen, inhibiting the energy 

transfer pathway.[63,66] 

Photodegradation of Sudan Red III was uniquely inhibited by addition of DABCO, 

indicating the involvement of singlet oxygen (Table 2, entries 3 and 4). 

The degradation of Methylene Blue proceeds without the need of oxygen (Table 2, 

entries 5 and 6). Consistently, no specific quenching was found for this process when the 

reaction was carried out under open atmosphere in the presence of DABCO or benzoquinone 

(Table 2, entries 7 and 8). Considering that photodegradation of Methylene Blue works without 

any final oxidizing agent (such as oxygen) or reducing agent (such as DIPEA), the role of COFs 

should consist of transferring energy from its excited state to the Methylene Blue molecule. 

Such pathway implies that activated Methylene Blue molecule is able to spontaneously 

decompose after excitation. Consistently, Methylene Blue showed some level of degradation in 

the absence of photocatalytic material,[67] albeit slower than in the presence of photocatalytic 

COFs. In fact, Methylene Blue degradation reached 12 % value after 4 h under blue light 

irradiation in the absence of photocatalyst. Overall, the role of photocatalytic COFs is as 

photosensitizer acting as mediator in the excitation of Methylene Blue.  
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Scheme 3. Mechanistic proposals for the degradation of pollutants: a) PBDE-1, b) Sudan Red 

III, and c) Methylene Blue. 
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Table 2. Photodegradation of Sudan Red IIIa and Methylene Blueb under blue light irradiation 

with different reaction conditions. 

Entry Pollutant Material O2/Ar Additivec  (%) Degradationd 

1 SR III 4e O2 - 48 

2 SR III 4e Ar - 9 

3 SR III 4e O2 DABCO 4 

4 SR III 4e O2 BQ 45 

5 MB  4a O2 - 60 
6 MB 4a Ar - 59 
7 MB 4a O2 DABCO 67 
8 MB 4a O2 BQ 63 

a All reactions were carried out using Sudan Red III (SR III) (1.25 x 10-2 mM) and 2 mg of 4e 

as photocatalyst in 10 mL of toluene under blue light irradiation for 30 h. b All reactions were 

carried out using Methylene Blue (MB) (2.25 x 10-2 mM) and 2 mg of COF 4a as photocatalyst 

in 20 mL of acetonitrile under blue light irradiation for 3 h. c 5 equivalents of DABCO and 

benzoquinone (BQ) additives were added. d Determined by UV-Vis spectrophotometer. 

 
As conclusion, gradual replacement of PTH by TPA in the COFs resulted on a 

progressive inhibition of the photoredox process. According to spectroscopic data shown 

above (Figure 5), TPA-based COF 4a absorbs and emits at higher energies than PTH-

based material 4e, indicating that more energetic excited states are generated. As a 

consequence, TPA units in this series of COFs enhances the efficiency on transferring 

energy to Methylene Blue, which has a singlet-triplet gap (1.36 eV) [68] higher than the 

3Σg-1Σg energy difference for oxygen molecule (0.98 eV approx.),[69] which is 

effectively activated by 4e.  

 

4. Recyclability 
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The durability and recyclability of the photocatalytic materials were analyzed by 

considering as a model system the photodegradation of PDBE-1 catalyzed by 4e. In order 

to discard leaching of active molecular fragments into the reaction medium, the crude 

mixture was filtered through membrane filter after a photocatalytic run of 24 h for the 

degradation of PBDE-1. Thereafter, PBDE-1 (0.033 mmol) and DIPEA (0.08 mmol) 

were added again to the filtered solution for a new run in the absence the photocatalytic 

material. In this case, NMR analysis showed that degradation did not progress after being 

irradiated in the absence of 4e (see ESI). 

COF 4e
Ar, blue-LED

DIPEA, MeCN OO
Br

PBDE-1 5
 

 

Figure 7. Photocatalytic runs in the photodegradation of PBDE-1 with 4e. 

 

With the aim of evaluating the recyclability of 4e, we performed seven 

consecutive 24 h catalytic runs (total 168 h, Figure 7). Remarkably, only 1 mg of 4e was 

able to degrade 0.178 mmol (44.3 mg) of PBDE-1. After one catalytic run, we analyzed 

the chemical integrity of 4e by means of IR spectroscopy, observing that no degradation 
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was found after the catalytic reaction. In addition, SEM images confirmed that no 

structural erosion was found after one photocatalytic run. Moreover, the emission 

properties of 4e were also totally conserved (see Supporting Information, Figures S4 and 

S5). 

 

5. Conclusions 

Two structurally analogous COFs with different properties were isolated by using 

two different building blocks 3 and TFPA containing PTH and TPA photoactive units, 

respectively. In addition, combination of both building blocks results on three additional 

mixed-photoactive-linker COFs with similar structures and intermediate physical and 

chemical characteristics. This synthetic strategy opens new avenues for developing a 

diverse variety of photoactive COFs showing good performances in different 

photodegradation processes, depending on the content of one or another photoactive 

unit. The COFs synthesized work under visible-light conditions without leaching of 

molecular fragments into the reaction media and show a high degree of recyclability and 

stability under the reaction conditions. In particular, they were able to efficiently perform 

the photodegradation of three pollutants of distinct nature: PBDE-1, Sudan Red III and 

Methylene Blue. PTH-based material 4e was the best catalyst for the photoredox 

degradation of PBDE-1. However, efficiency of processes triggered by energy transfer 

to different chemical species are highly dependent on the PTH/TPA relative content. 

Thus, energy transfer to Methylene Blue was better achieved by TPA-based COF 4a, 

whereas singlet oxygen generation works better using PTH-based material 4e, resulting 

in the degradation of Sudan Red III. Overall, this work expands the use of COFs in a 

wide range of photocatalytic transformations and contributes to the design of innovative 

strategies to modulate and direct the activity of photocatalytic porous materials. 
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