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A B S T R A C T   

As a new family of functional porous materials, conjugated porous polymers (CPPs) with tuneable porosities and 
molecular architectures show great potentials in adsorption, light harvesting, and catalysis applications. This 
paper describes the incorporation of strong visible-light absorbing BODIPY molecules into the skeleton of CPPs 
via Sonogashira coupling reactions. The obtained CPPs displayed integrated properties of high surface area, 
hierarchical porous structures and strong visible-light absorption. As a result, the CPPs showed relatively high 
adsorption capacity and high photocatalytic degradation efficiency towards organic dyes. Mechanism studies 
revealed that the CPPs enabled the generation of singlet oxygen species under light irradiation, accounting for 
the main driving force for the dye degradation. This study provides a new route for the development of organic 
adsorbents and photocatalysts for water treatment and purification.   

1. Introduction 

“Clean water and sanitation” is one of the 17 Sustainable Develop-
ment Goals (SDGs), adopted by United Nations Member States in 2015, 
which aims to “ensure availability and sustainable management of water 
and sanitation for all” [1]. However, various industries have been 
generating a large amount of polluted water and some of them are being 
discharged into the waterways without proper treatment due to the high 
operation cost, which makes it very challenging to achieve the 
water-SDG by 2030. For example, dyeing process in textile and fashion 
industry is one of the main polluters of clean water and it generates 
polluted water containing various dyes, heavy metals, salts, organic 
additives, etc. [2,3] Among them, dyes are highly toxic and carcinogenic 
agents while chemically stable and non-biodegradable. Current water 
treatment process usually relies on adsorption technique that removes 
the dye molecules by using conventional porous materials such as 
activated carbon, silica, and natural polymers [4–6]. However, these 
sorbents usually suffer from low adsorption capacity and/or slow 
adsorption kinetic. Recently, photocatalysis technique has been devel-
oped for the treatment of dyestuff wastewater [7,8]. It enables to 
degrade dyes into small molecules in the presence of photocatalysts (e. 

g., TiO2, metal sulphide, graphitic carbon nitride) under light irradia-
tion, offering the advantages of low energy consumption, sustainability 
and high efficiency in comparison to the adsorption technique [9–12]. 
Obviously, it is greatly desired to develop novel materials to achieve the 
dual functions of adsorption and photodegradation that could signifi-
cantly increase the efficiency of treating dyestuff wastewater. 

Conjugated porous polymers (CPPs) is an emerging family of porous 
materials constructed by linking organic monomers via covalent bonds 
[13,14]. Because of the diverse polymerization reactions and the large 
variety of organic building units, various CPPs with high surface areas 
and tuneable pore sizes have been synthesized [15]. The porous struc-
ture allows the development of their potential applications in various 
fields, for instance, as solid sorbents for gas storage and separation [16, 
17], adsorption and encapsulation of chemicals [18,19], and as porous 
substrates for heterogeneous catalysis [20–23]. In addition, the 
extended π-conjugation structure endows the CPPs with semiconducting 
properties that promoted the exploration of their photocatalytic appli-
cations [24–28]. The optical absorption and the band gap of CPPs can be 
finely controlled by varying the structure of the organic monomers, with 
the aim of optimizing their photocatalytic activities [29]. For example, 
Cooper and co-workers have applied a copolymerization method for the 
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design of a range of CPPs with tuneable optical band gaps. The CPPs 
exhibited relatively high photocatalytic activity of hydrogen evolution 
from water splitting, without the need of additional metal catalysts [30]. 
Zhang and co-workers have introduced donor-acceptor compositions in 
the CPPs to promote the charge separation and mobility. The obtained 
CPPs can be employed as visible-light active photocatalysts for various 
transformations, such as hydrogen evaluation, CO2 reduction, and 
organic coupling reactions [31–33]. 

BODIPY and its deviates, a class of widely used organic dyes, with 
rich photophysical properties have been investigated for light harvest-
ing, molecular imaging and photodynamic therapy [34–36]. Recent 
studies showed that linking BODIPY molecules into porous frameworks 
(e.g., CPPs, metal-organic frameworks) via coordination or polymeri-
zation approaches is a powerful method to enrich the properties and 
extend the applications of BODIPY-based materials [37–43]. The BOD-
IPY moieties confined in the porous frameworks could serve as photo-
sensitizers exhibiting long triplet excited state and high efficiency in 
generating singlet oxygen (1O2) upon visible light absorption [44,45]. 
The generated 1O2 species with high oxidation activity could drive 
various chemical reactions [46], rendering the BODIPY-based porous 
materials with promising photocatalytic properties. For example, 
Sánchez and co-workers have designed a new CPP based on BODIPY 
moieties, which displayed high photocatalytic activity and selectivity 
for oxidation of thioanisole to methylphenyl sulfoxide [39]. Hupp and 
co-workers have developed a post-synthetic modification approach for 
synthesizing halogenated BODIPY-based CPPs. The obtained materials 
enabled photocatalytic detoxification of chemical warfare agents [40]. 
Very recently, O’shea and co-workers have demonstrated that the hybrid 
heterojunctions consisting of BODIPY-based CPPs and TiO2 can be used 
as efficient photocatalysts for CO2 reduction and water splitting [41]. 
Other applications such as iodine capture [47], gas adsorption [48], 
detecting organic vapours [49] have also been studied for 
BODIPY-based CPPs. Herein, we incorporate BODIPY molecules with 
conjugated monomers into CPPs via Sonogashira coupling reactions. 
The obtained BODIPY-linked conjugated porous polymers (BDP-CPPs) 
showed a high efficiency for the removal of organic dyes from the 
aqueous solution due to the synergetic effects of adsorption and pho-
tocatalytic degradation. 

2. Experimental section 

2.1. Materials 

2,6-diiodo-1,3,5,7-tetramethyl-8-phenyl-4,4-difluorobor-
adiazaindacene (denoted as BODIPY) was synthesized by the literature 
method [50]. Tris(4-ethynylphenyl)amine (TEPA) and tetrakis 
(4-ethynylphenyl)ethene (TEPE) were purchased from Shanghai Ten-
sus Bio-tech. The rest of the chemicals were purchased from 
Sigma-Aldrich and used without further purification. 

2.2. Synthesis of BDP-CPP-1 

The synthesis was performed under inert atmosphere. BODIPY (350 
mg, 0.52 mmol), TEPA (73 mg, 0.23 mmol), tetrakis 
(triphenylphosphine)-palladium(0) (15 mg), and copper(I) iodide (10 
mg) were dissolved in a mixture of DMF (5.0 mL) and Et3N (5.0 mL). The 
mixture was degassed through three freeze–pump–thaw cycles and then 
purged with N2 and stirred at 100 ◦C for 48 h. The mixture was then 
cooled down to room temperature and the precipitate was filtered and 
washed by water, methanol, chloroform and acetone, respectively. The 
obtained solid was subjected to Soxhlet extraction using methanol for 
48 h. The purified product was dried at 70 ◦C under vacuum for 24 h to 
give dark red powders of BDP-CPP-1 (167 mg, yield: 90%). Elemental 
analysis (%) calcd for (C34H22BF2N2)n: C 80.47, H 4.34, N 5.52; found: C 
75.63, H 4.06, N 4.86. The deviation of the elemental analysis between 
the experimental and the theoretical values can be related to the 

presence of the unreacted end groups and the adsorbed gases and 
moisture in the sample. The residual Pd content in the sample was 
determined to be 1.6 wt% by the inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). 

2.3. Synthesis of BDP-CPP-2 

BDP-CPP-2 was prepared by a similar procedure that used for BDP- 
CPP-1 instead of using monomers of BODIPY (300 mg, 0.52 mmol) 
and TEPE (111 mg, 0.26 mmol). Yield: 85% (237 mg). ICP-AES: Pd, 0.5 
wt%. 

2.4. Dye adsorption and photodegradation 

The dye adsorption and photocatalytic degradation were carried out 
in a 50 mL jacketed-beaker. The beaker was connected to a circulating 
water bath that maintained the reaction system at a constant tempera-
ture of ~25 ◦C during the whole experiment. The BDP-CPP samples were 
grinded into fine powders prior to the use. For the adsorption experi-
ment, 5 mg of the polymer was dispersed within 40 mL aqueous 
rhodamine B (RhB) solution (15 mg mL− 1) and the mixture was stirred 
to form a homogeneous suspension. Aliquots of 2 mL of the mixture was 
withdrawn from the mother suspension at an interval of 5 min and the 
solid was removed from the mixture by centrifugation at a speed of 8000 
rmp. The dye adsorption capacities of the BDP-CPPs and the adsorption 
kinetics were calculated by analysing the UV–vis spectra of the aliquot 
samples. For the photocatalytic dye degradation experiment, 5 mg of the 
polymer was dispersed within 40 mL aqueous rhodamine B (RhB) so-
lution (15 mg mL− 1) and the mixture was stirred and illuminated by a 
Xenon lamp (300 W) equipped with a cut-off filter (λ > 420 nm). 
Similarly, the photocatalytic degradation activity of the BDP-CPPs was 
evaluated by analysing the UV–vis spectra of the aliquot samples. 

In addition, six parallel experiments were carried out to evaluate the 
photocatalytic dye degradation mechanism. Specifically, 5 mg of BDP- 
CPP-2 and 15 mL of the RhB solution were used for each reaction. Iso-
propyl alcohol (the hydroxyl radical ●OH scavenger; 60 μL mL− 1), 
ammonium oxalate (the photogenerated hole h+ scavenger; 10− 3 M), 
benzoquinone (superoxide radical ●O2

− scavenger; 10− 3 M), and so-
dium azide (the 1O2 scavenger; 10− 3 M) were added into the four re-
actions at ambient conditions, respectively. The other two reactions 
were carried out under air and N2 atmosphere, respectively, without 
adding any scavenger. 

2.5. Characterizations 

The infrared (IR) spectra were recorded on a Lambda 950 spec-
trometer. The solid-state 13C nuclear magnetic resonance (NMR) spectra 
were recorded on a Bruker AVIII 600 spectrometer. Thermogravimetric 
analysis (TGA) were carried out on a Netzsch STA 409C thermogravi-
metric analyser under a N2 or air atmosphere. The temperature was 
increased from 25 to 800 ◦C with a heating rate of 5 ◦C min− 1. N2 
sorption isotherms were recorded on a Micromeritics ASAP 2020 surface 
area and pore size analyser at 77 K. The samples were activated at 
100 ◦C under a vacuum for 10 h prior to the analysis. Pore size distri-
bution of the samples were calculated from the adsorption isotherms 
using the density functional theory model. Scanning electron micro-
scope (SEM) images were recorded on a JEOL JSM-7800F instrument. 
Solid-state UV–vis diffuse reflectance spectra were recorded on a Shi-
madzu UV3600 UV/VIS/NIR spectrometer. The band gap was calculated 
from the spectra by using Kubelka-Munk function. Liquid UV–vis spectra 
and luminescence spectra were recorded on a UV-2600 UV-vis spec-
trometer and Jobin–Yvon Horiba Fluoromax-4 spectrofluorometer, 
respectively. 
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3. Results and discussion 

3.1. Synthesis and characterization 

BDP-CPPs were synthesized by the Sonogashira coupling of the 
BODIPY monomer with tris(4-ethynylphenyl)amine (TEPA) or tetrakis 
(4-ethynylphenyl)ethane (TEPE) (Fig. 1). Their molecular structures 
were characterized by both IR and solid-state 13C NMR spectroscopies. 
Fig. 2a shows the IR spectra of BDP-CPPs and the corresponding 
monomers. The BODIPY monomer exhibits a strong band at ~588 cm− 1, 
accounting for the C–I vibrations. The alkyne monomers showed strong 
bands at 3255 cm− 1, representing the C–H vibration of the alkyne 
groups. Obviously, these bands almost disappeared in the obtained BDP- 
CPPs, indicating the terminal reactive groups in the monomers were 
mostly consumed during the polymerizations. Consistently, the band at 
2100 cm− 1 related to the stretching vibration of C–––C bonds in the 
alkyne monomers vanished in the BDP-CPPs since the disubstituted al-
kynes with high symmetric structures usually show very week C–––C 
vibration signals [51]. The characteristic stretching bands for C–N in 
BDP-CPP-1 was found at 1306 cm− 1, while the stretching vibration for 
the central alkene groups in BDP-CPP-2 was overlapped with that of 
C––C in the aromatic rings. Fig. 2b shows the solid-state 13C NMR 
spectra of BDP-CPPs and the detailed assignments of the peaks. The 
spectra displayed peaks of the alkyne carbons at chemical shifts of 84 
and 91 ppm. The intense and broad peaks in the range of 120–160 ppm 
were assigned to the aromatic carbons. The peak at 12 ppm was assigned 
to the methyl carbons in BODIPY, and the weak peak at 98 ppm to the 
terminal carbons in BODIPY linked to the alkyne groups. The signals for 
the rest of the carbons in BODIPY units were mostly overlapped with 
that of the aromatic carbons originated from the TEPA/TEPE monomers. 

The TGA curves indicate that BDP-CPPs are thermally stable up to 
300 ◦C under both N2 and air atmosphere (Fig. S1). There were only 
~25% weight loss when the temperature was increased to 550 ◦C in a N2 
atmosphere. The high thermal stability can be attributed to the rich 
aromatic, highly conjugated and crosslinked structure in the BDP-CPPs. 

It is hoped that the BDP-CPPs can be used as precursors for synthesizing 
functional porous carbon materials via controlled pyrolysis. 

The porosity of the BDP-CPPs was probed by N2 sorption analysis at 
77 K. The Brunauer− Emmett− Teller (BET) specific surface area was 
calculated to be 145 and 450 m2 g− 1 for BDP-CPP-1 and BDP-CPP-2, 
respectively. The isotherms displayed a rapid uptake of N2 at the low 
relative pressures (P/P0 < 0.05), which was characteristic of micropo-
rous structure (Fig. 3a). Meanwhile, the hysteresis between the 
adsorption-desorption loops observed at the high relative pressures 
indicated the presence of mesopores. In addition, the sharp desorption 
step occurred at a fixed relative pressure range of P/P0 = 0.45–0.50 can 
be attributed to the cavitation of N2, which indicated the mesopores had 
an ink-bottle geometry. The mesopores appeared to be generated by the 
aggregation of polymer nanoparticles (Fig. S2). Similar phenomena has 
been observed in various CPPs with irregular mesoporous structures [52, 
53]. The pore size distribution analysis based on the adsorption 
branches revealed that BDP-CPPs had narrow micropores cantered at 
0.7–1.6 nm and mesopores with a broad distribution in the range of 
2–50 nm (Fig. 3b). It is worthy to note that such hierarchical porous 
structure in the polymers play an important role in their application 
processes (e.g., adsorption, catalysis) since the large mesopores could 
significantly speed up the mass transport and thus increase the 
efficiency. 

The obtained BDP-CPPs are insoluble in common organic solvents. 
The diffuse reflectance UV–vis spectra of the polymers were measured in 
a solid-state. The spectra showed that both polymers exhibited a broad 
absorption throughout the whole visible light range (Fig. 4a). Obviously, 
the broadband absorption could significantly facilitate the utilization of 
solar energy and increase the photocatalytic efficiency. Based on the 
reflectance spectra and the Kubelka− Munk equation, the band gaps 
were calculated to be 1.60 and 1.65 eV for BDP-CPP-1 and BDP-CPP-2, 
respectively (Fig. 4b). In addition to the BODIPY moieties, the large 
planar aromatic rings of the TEPE and TEPA monomers could form 
dense π-electronic structure in the CPPs, acting as antennae for light 
harvesting [54]. Therefore, the broad visible light absorption and the 

Fig. 1. Schematic synthesis of BODIPY-linked conjugated porous polymers.  
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narrow band gaps can be attributed to the conjugated structure and the 
presence of the organic components with strong light absorbing ability 
in the polymers. Meanwhile, the suspension of BDP-CPP-1 in ethanol 
showed a strong and broad emission centred at 650 nm, which was 
red-shifted in comparison to those of the organic monomers TEPE and 

BODIPY. The red-shift can probably be explained by the formation of 
donor-acceptor structure and the large conjugated domains in 
BDP-CPP-1 (Fig. S3). 

Fig. 2. (a) Infrared spectra of the monomers and the BODIPY-linked conjugated porous polymers (BDP-CPPs); (b) Solid-state 13C NMR spectra of the BDP-CPPs.  

Fig. 3. (a) N2 adsorption and desorption isotherms of the BODIPY-linked conjugated porous polymers (BDP-CPPs) recorded at 77 K; (b) Pore size distributions of the 
BDP-CPPs calculated from their adsorption isotherms using a density functional theory model. 
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3.2. Dye adsorption and degradation 

The hierarchical porous structure and the strong visible-light ab-
sorption of the BDP-CPPs inspired us to exploit their practical applica-
tions in water treatment. Rhodamine B (RhB), a widely used dye in 
textile and paper industries, was chosen as a pollutant source in the 
proof-of-concept study. Firstly, the BDP-CPPs were employed as solid 
sorbents for the removal of RhB from the wastewater. Specifically, 5 mg 
of the grinded polymer was mixed with an aqueous RhB solution (15 mg 
L− 1, 40 mL) and the mixture was stirred at room temperature. The 
concentration of the dye solution during the adsorption process was 
monitored by measuring the UV–vis spectra at different internals 
(Figs. S4a–b). As displayed in Fig. 5a-b, the concentration of the dye 
solutions decreased during the adsorption process. The use of BDP-CPP- 
1 and BDP-CPP-2 removed 39% and 43% of the dye molecules from the 
solution by adsorption within 60 min, respectively. The adsorption 

kinetic data fitted well with pseudo-second-order kinetic model, indi-
cating that chemisorption could be the rate-limiting step during the dye 
adsorption process (Fig. S5) [55]. The dye adsorption capacity was 
calculated to be 55.3 and 50.6 mg g− 1 for BDP-CPP-1 and BDP-CPP-2, 
respectively. These values are lower than those of reported porous 
polymer based sorbents [26], which can probably be related to the 
moderate surface area and the hydrophobic nature of the BDP-CPPs. In 
contrast, the dye solutions faded very rapidly upon the light illumination 
(Fig. 5c–d, S4c-d). Specifically, the concentration of the dye solution was 
reduced by ~30% at 10 min and by ~90% at 60 min in the presence of 
BDP-CPP-1. In comparison, BDP-CPP-2 showed even higher photo-
catalytic degradation efficiency. It enabled to reduce the dye concen-
tration by ~50% during the initial 10 min. Finally, the dye solution 
turned to colourless and the dye concentration was reduced by ~95% 
after 40 min light illumination. The average photocatalytic degradation 
capacity was calculated to be 2.88 mg g− 1 min− 1 for BDP-CPP-2, which 

Fig. 4. (a) Solid-state diffuse reflectance UV–vis spectra and (b) Kubelka-Munk transformed reflectance spectra of BDP-CPP-1 and BDP-CPP-2.  

Fig. 5. Kinetic data of RhB adsorption on (a) BDP-CPP-1 and (b) BDP-CPP-2 and the fitted results according to the pseudo-second order kinetic model; Comparison of 
the adsorption and photocatalytic degradation kinetics of (c) BDP-CPP-1 and (d) BDP-CPP-2 for the removal of RhB. 
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means 1 g of BDP-CPP-2 could degrade 2.88 mg of RhB per minute from 
the aqueous solution under visible light illumination. In addition, the 
cascade adsorption-photocatalysis experiments showed that the 
degrading rate was significantly accelerated once the solution was 
placed under visible light illumination (Fig. S6). Interestingly, it was 
found that the absorption peak of the dye solution was blue shifted 
during the photocatalysis process, which can be explained by the for-
mation of N-deethylated intermediates by the decomposition of RhB 
molecules (Figs. S4c–d) [56]. While no significant shift was observed 
during the adsorption process (Figs. S4a–b). These results suggest that 
the photocatalytic degradation is the main driving force for the removal 
of RhB from the aqueous solution. More importantly, the BDP-CPPs can 
easily be separated from the solution by centrifugation and the recycled 
sample displayed high photocatalytic efficiency for at least 5 cycles 
(Fig. S7). The good recyclability of the BDP-CPPs can be attributed to 
their conjugated and chemically stable structures. 

It has been widely demonstrated that the 1O2 is one of the main 
active components responsible for several photocatalytic processes [57]. 
The light-driven 1O2 generation ability of the BDP-CPPs was evaluated 
by recording the time-dependence absorption spectra of an O2 saturated 
DMF solution of 1,3-diphenylisobenzofuran (DPBF; a trap of 1O2) [58]. 
The control experiment showed that DPBF was stable under light irra-
diation in the absence of the CPPs. In contrast, DPBF degraded rapidly in 
the presence of BDP-CPPs under the same conditions, indicating the 
generation of 1O2 species during the irradiation (Fig. S8). The average 
decay rate of DPBF reached up to 3.75 and 4.5% min− 1 in the presence of 
BDP-CPP-1 and BDP-CPP-2, respectively, which were comparable with 
those of metallophthalocyanine-based CPPs [58,59]. The high efficiency 
for 1O2 generation can be attributed to synergetic effects of the strong 
light harvesting ability of the BDP-CPPs, the formation long-lived 
excited state, and the efficient intermolecular electron and energy 
transfer [60]. In order to further probe the photocatalysis mechanism 
and illustrate the influence of 1O2 species on the photocatalytic degra-
dation of the dye, we have carried out a series of parallel experiments 
under different conditions in the presence of BDP-CPP-2 (Fig. 6, S9). 
Significantly, the photocatalytic degradation efficiency was decreased 
by 90.1% in the presence of sodium azide (NaN3, the 1O2 scavenger) 
compared to the reaction without adding the scavenger. Similarly, the 
reaction taken place under a N2 atmosphere showed very low degra-
dation activity since no reactive oxygen species can be generated in the 
absence of oxygen. In contrast, the photocatalytic degradation efficiency 
was decreased by 8.8, 21.3 and 59.5% in the presence of isopropyl 
alcohol (IP, the ●OH scavenger), ammonium oxalate (AO, the h+ scav-
enger) and benzoquinone (BQ, ●O2

− scavenger), respectively. These 
results indicated that oxygen played an important role in the photo-
catalytic reactions and the 1O2 generated from oxygen in the presence of 

the photosensitizer BDP-CPPs was the main active species accounting for 
the photodegradation of RhB from the aqueous solution. 

4. Conclusions 

Two new BODIPY-linked CPPs were synthesized and their molecular 
structures and physical properties were fully investigated. The high 
porosity and the hierarchical porous structures enabled the CPPs with 
relatively high adsorption capacity towards RhB dye in aqueous solu-
tions. The presence of the BODIPY moieties and the highly conjugated 
structures in the CPPs resulted in strong light absorbing behaviour and 
the associated high photocatalytic activity for degrading the organic 
dye. It was demonstrated that the CPPs acted as photosensitizers for the 
generation of singlet oxygen species that drove the photocatalytic 
degradation processes. Future studies will focus on the development of 
hydrophilic CPPs that may significantly increase their adsorption ca-
pacities towards a variety of pollutants in water. In addition, studying 
the influence of the donor-acceptor structures in the CPPs on their 
electron-hole separation and energy transfer efficiencies will guide the 
design of highly efficient photosensitizers and/or photocatalysts for 
driving various chemical reactions (e.g., water splitting, CO2 reduction, 
organic transformation). This work demonstrates a new method to 
design multifunctional porous organic materials for environmental 
applications. 
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Fig. 6. (a) Comparison of the kinetic of dye photodegradation processes in the presence of BDP-CPP-2 and (b) the overall degradation efficiency in different 
environments. 
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Supplementary data to this article can be found online at https://doi. 
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