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Abstract 

Porous conjugated polymers have emerged recently as efficient metal-free and visible light-

active photocatalysts. However, the synthesis of this new class of materials usually requires 

transition metal catalysts such as palladium. A metal-free synthetic route still remains a huge 

challenge for the chemists. Here we report on a metal-free pathway of a porous conjugated 

polymer via simple Knoevenagel polycondensation under mild reaction conditions. The obtained 

polymer exhibited a high surface area and could be applied as a robust and efficient 

heterogeneous photocatalyst for the oxidative hydroxylation of arylboronic acids under visible 

light irradiation with a high functional group tolerance of the substrates. 
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Introduction 

Sunlight is a clean and inexhaustible source of energy. As early as 1912, Ciamician first 

envisioned an environmentally conscious chemical industry that would replace energy-intensive 

synthetic processes with photochemical transformations driven by sunlight.[1] Inspired by the 

nature, numerous transition-metal based homogeneous photocatalysts[2-5] (e.g. Ru2+ or Ir3+ 

complexes) and semiconductor-based heterogeneous photocatalysts[6] (e.g. TiO2 or Nb2O5) 

have been investigated for visible light induced organic transformations. However, due to the 

cost, scarcity and potential toxicity associated with these metal-based photocatalysts, the 

development of organic, heterogeneous, visible light-active photocatalysts has drawn surging 

interests for material chemists in recent years.[7-13] 

Since Cooper’s seminal report in 2007,[14] a variety of porous conjugated polymer (PCPs) have 

been developed for applications such as gas sorption,[15, 16] molecular separation,[17] green 

energy devices,[18] hydrogen production,[8] CO2 conversion[19] and most recently visible light-

promoted heterogeneous photocatalysis.[10, 11, 20-25] Compared to other porous counterparts 

such as hypercross-linked polymers (HCPs) or polymers of intrinsic microporosity (PIMs), the 

most characteristic feature of PCPs is the π-conjugated skeleton which leads to their 

outstanding light-harvesting/emitting properties, charge transfer/separation, electric energy 

storage properties as well as photocatalytic activities.[26]  

From a synthetic perspective, an array of protocols has been reported for the preparation of 

porous conjugated polymers.[27, 28] Some of the most popular synthetic routes include (a) 

metal-mediated cross-coupling reactions (e.g. Suzuki cross-coupling,[22] Sonogashira-

Hagihara-,[14, 29] Yamamoto-,[30] Glaser-,[17] Negishi-,[31] Heck-,[32] Kumada cross-coupling 

reactions[33] and oxidative polymerization[34]) and (b) thermally induced ring fusion reactions 

such as nitrile cyclization[35] and thermal polycondensation.[8] However, significant amount 
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(e.g. 5-20 mol%) of metal catalysts (e.g. Pd, Cu, Mo, Ni, Fe) are often required for the metal 

mediated cross-coupling reactions.[36] Meticulous efforts have to be applied to remove the 

metal catalyst residuals from the resulted polymer to avoid potential interference and 

detrimental contamination for the intended applications. Moreover, traditional metal-free routes, 

such as nitrile cyclization, thermal polycondensation or phenazine ring fusion reaction, demand 

harsh reaction conditions (e.g. molten ZnCl2 at 400 0C or calcination at 550 0C), which greatly 

limit the tenability of the functionalities that can be incorporated into these PCPs. Despite the 

widespread application and promising potentials of PCPs, there have been few reports on the 

metal-free synthetic pathways of PCPs under mild reaction conditions.[37, 38] 

Herein, we report on a metal-free synthetic pathway of porous conjugated polymer (PCP) via 

simple polycondensation method under mild reaction conditions. We also demonstrate that the 

resulted PCP could serve as a reusable and efficient visible light heterogeneous photocatalyst 

for light-induced oxidative hydroxylation of arylboronic acids using molecular oxygen as green 

oxidant.[39, 40]  

Results and discussion  

The PCP was prepared using base-promoted Knoevenagel condensation of 4,7-bis(4,4'-

benzaldehyde)benzo[c][1,2,5]-thiadiazole (BT-BA) and 1,3,5-benzenetriacetonitrile (BAN) in 

THF at 80 °C. The synthetic route of the polymer PCP-MF is displayed in Scheme 1. The 

experimental synthetic details and polymer characterization data are described in the ESI. The 

cross-linked polymer was insoluble in all common organic solvents tested. Solid state 13C/MAS 

NMR spectroscopy showed that quaternary and tertiary aromatic carbons give rise to the broad 

signals between 122 ppm and 148 ppm (Figure S1 in ESI). The signals at δ = 153 ppm can be 

assigned to the carbon of the –C=N- groups in the benzothiadiazole units. In addition, the sp2 

carbon of double bonds in cyanostilbene unit should be at ca. 110 ppm and ca. 141 ppm which 
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was likely molten to the main broad aromatic carbon bands. The carbon signal on cyano group 

appeared at 118.7 ppm. 

The Brunauer-Emmett-Teller (BET) surface area of PCP-MF was found to be 130 m2/g with a 

pore volume of 0.291 cm3/g. The N2 sorption isotherms are shown in Figure S2 in ESI. It can be 

noted that the polymer PCP-MF doses not only possess micropores (<2 nm), but also contains 

a significant amount of mesopores (2-10 nm). This could be attributed to the relatively long strut 

length and the rigidity of the alkenyl groups, which favor a planar configuration than 3-D 

networks. Thermogravimetric analysis (TGA) (Figure S4) showed that PCP-MF is thermally 

stable up to around 350 0C with less than 5% weight loss. The SEM and TEM images illustrated 

a fused particle-like morphology of PCP-MF (Figure 1a and 1b).The FTIR spectra of the starting 

compound and the polymer are displayed in Figure 1c. The signal at 1660 cm-1 was attributed to 

characteristic stretching vibration of –C=C bond in the cyanostilbene unit and signal at ca. 2360 

cm-1 was typical for -C≡N stretching bands. The absence of stretching band at 1695 cm-1, which 

was attributed to the carbonyl group originally from aldehydes indicated the high polymerization 

degree. In addition, the signals at 1348, 1377, 1567, and 1577 cm−1 are characteristic for the -

C=N and -N−S stretching modes of benzothiadiazole unit. The FTIR spectra, consistent with 

solid state NMR, confirmed that photoactive benzothiadiazole moiety and cyanostilbene have 

been successfully combined via knoevenagel polymerization.[41]  

The UV/vis DR spectrum of PCP-MF showed broad absorption of PCP-MF from the visible light 

to near infrared range (Figure 1d). The polymer also showed a yellowish green fluorescence 

with a maximum at 542 nm (Figure 1d). The electron paramagnetic resonance (EPR) displayed 

a remarkable increase in signal intensity under light irradiation compared to the one taken in 

dark, indicating the generation of long-lived photo-induced electron-hole pairs inside the 

polymer (Figure 1e). The results confirmed that the special structural design containing the 

photoactive benzothiadiazole units could enhance the light-induced charge separation and 
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further introduce a potential redox activity of the materials.[42] The highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were determined to be +1.67 

V and -0.75 V vs. SCE via cyclic voltammetry (Figure 1f, S5 and S6). The photoredox potentials 

of PCP-MF are slightly lower compared to the oxidative and reductive potentials of some well-

established homogeneous visible light photocatalysts, for example the Ru(bpy)3
+/Ru(bpy)3

2+ 

couple with -0.86 V and 1.29 V, respectively.[2, 4]  

The photocatalytic oxidative hydroxylation of phenylboronic acid was chosen as the model 

reaction using PCP-MF as the photocatalyst under visible light irradiation. The reaction occurred 

to give the desired phenol as product in 94% yield after 10 hours (entry 1 in Table 1). 

Encouraged by the result, we then conducted a series of screening and control experiments as 

listed in Table 1. It was found that little or only trace conversion was observed if any one of the 

reaction components was absent, indicating that the photocatalyst PCP-MF, amine, oxygen and 

light are all indispensable components for this reaction (entries 2-4). 

Previous studies reported that the two active oxygen species, superoxide (O2
●−) and singlet 

oxygen (1O2) could be generated by using conjugated porous polymers under visible light 

irradiation.[29, 43] Here, spin trap EPR measurements were conducted using 5,5-dimethyl-1-

pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) as superoxide and 

singlet oxygen trapping agents, respectively. Interestingly, as shown in Figure S7 in ESI, only 

one oxygen species, O2
●− could be determined by using PCP-MF as photocatalyst. It indicates 

that O2
●− played a major role for the hydroxylation of boronic acid in this study, similar to 

previous report,[39] To fully understand the specific role of the photogenerated electron-hole 

pairs during the photocatalytic hydroxylation reaction, we then added benzoquinone (BQ) as 

O2
●− scavenger into the reaction mixture, a yield of 45% was determined (entry 6). Both results 

indicate that superoxide radical anion took a vital part in the hydroxylation reaction of 

phenylboronic acid. Fluorescence quenching experiment showed that the fluorescence of PCP-
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MF could be effectively quenched in the presence of O2 and phenylboronic acid, indicating an 

oxidative quenching process (Figure S8 and S9 in ESI). Based on our observations from the 

screening and control experiments, we propose a modified reaction mechanism similar to the 

literature.[40, 43]  

The proposed mechanism of the hydroxylation of arylboronic acids is illustrated in Figure 2. 

Upon light exposure, the photoexcited electron is quenched by oxygen, forming the superoxide 

radical anion O2
●−. As the reduction potential of the O2/O2

●− lies at -0.57 V vs SCE,[44-47] the 

LUMO level of PCP-MF (-0.75 V vs. SCE) was indeed sufficient to activate the molecular 

oxygen species. The superoxide radical anion then reacts with the boronic acid to form the 

peroxide radical A as intermediate. Meanwhile, triethylamine is oxidized by losing an electron to 

the photogenerated hole in the excited state of PCP-MF, which returns to its ground state and 

complete the photoredox cycle. The intermediate A then abstracts one H atom from the cationic 

radical of triethylamine to form intermediate peroxide B, which rearranges to form phenyl 

dihydrogen borate C. The final product is obtained after hydroxylation of C. 

The scope of the visible light-induced oxidative hydroxylation of arylboronic acids is summarized 

in Table 2. With PCP-MF as photocatalyst, various arylboronic acids, bearing either electron-

donating group such as methoxy, biphenyl and naphthalenyl or electron withdrawing groups 

such as cyano, fluoride, bromide, nitro and cyanomethyl, were effectively oxidized to the 

corresponding aryl alcohols in good to excellent yields. Notably, the electron-deficient 

arylboronic acids reacted slightly faster than that of electron-rich ones. A possible explanation is 

that phenylboronic acids with electron-withdrawing substituents had a higher electron affinity 

than the ones with electron-donating substituents. This makes them thermodynamically more 

favorable to complex with superoxide radical, as indicated in the reaction mechanism. 

Hydroquinone could also be obtained from the relevant p-phenylenediboronic acid with a 

moderate yield (table 2, entry 15). Moreover, repeating experiments for hydroxylation of 
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phenylboronic acid showed a slight decrease with a generally high conversion of more than 80 

% during the whole repeating cycles (Figure S10 in ESI). The small decrease of conversion is 

possibly due to the recovery problem because the polymer demonstrated a very fine powder-

like shape, which made some unavoidable loss during the collecting process. Nevertheless, the 

SEM image of PCP-MF after the fifth cycle barely showed any change compared with the 

pristine one (Figure S11 in ESI), indicating the stability of the PCP-MF during the photocatalytic 

reaction. 

Conclusion 

In summary, a porous conjugated polymer was synthesized via a simple metal-free 

Knoevenagel condensation reaction at mild conditions. The photocatalytic activity of the porous 

polymer as heterogeneous photocatalyst was demonstrated by the hydroxylation of a series of 

arylboronic acids to the corresponding phenols under visible light. High functional group 

tolerance of the substrates was demonstrated during the photocatalytic reaction. We hope this 

work can present a new alternative metal-free synthetic route of pure organic and 

heterogeneous photocatalyts based on porous conjugated polymers at mild conditions and 

stimulate further discussions in the field.  
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Scheme 1. Synthetic route of the porous conjugated polymer PCP-MF via a simple metal-free 

Knoevenagel polycondensation reaction. 
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Figure 1.  (a) SEM and (b) TEM images, (c) FT-IR spectra, (d) UV/vis DR and fluorescence 

spectra, (e) EPR spectra in dark and under light irradiation, and (f) HOMO and LUMO band 

positions of PCP-MF. 
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Figure 2. Proposed mechanism of the photocatalytic hydroxylation of arylboronic acids using 

PCP-MF. 

 

 

 

 

 

 

 

Table 1. Screening and control experiments of the photocatalytic hydroxylation of phenylboronic 
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Entry Reaction condition variations Light  Yieldb (%) 

1 - + 94 

2c - - <5 

3 no Et3N + Trace 

4d no O2 + Trace 

5 no photocatalyst + Trace 

6e radical scavenger + 45 

aReaction conditions: phenylboronic acid (0.5 mmol), Et3N (1.5 mmol), 

photocatalyst (10 mg), 3 mL CH3CN, 1 atm O2, 10 hr, white LED lamp 

(1.2 W/cm2). bIsolated yield after chromatography over silica. cIn dark. 

dUnder N2 environment. eBenzoquinone (BQ) used as radical 

scavenger 

 

 

 

 

 

 

 

Table 2. Photocatalytic hydroxylation of various arylboronic acids using PCP-MF as 

photocatalysta 
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Entry Arylboronic acid Product Time (h) Yieldb (%) 

7 
  20 96 

8 
  20 92 

9 
  23 88 

10 
  19 95 

11 
  24 85 

12 
  24 93 

13 
  24 95 

14 
  

20 83 

15 
  24 76 

aStandard reaction conditions: arylboronic acid (0.5 mmol), Et3N (1.5 

mmol), PCP-MF (10 mg), 3 mL CH3CN, 1 atm O2, white LED lamp (1.2 

W/cm2). bIsolated yield after chromatography over silica. 
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