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BODIPY-based conjugated microporous polymers as reusable 

heterogeneous photosensitisers in a photochemical flow reactor  
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 D. Ellis,

a
 V. Arrighi,

a
 Z. Xu,*

,b
 F. Vilela*

,a
 
 

BODIPY-based conjugated microporous polymers (BDP_CMP and PHTT_BDP) have been synthesised via two distinct 

methods of assembly: high-yielding Suzuki-Miyaura cross-coupling of BODIPY-containing building blocks, and post-

synthetic conversion of an aldehyde-equipped CMP host that was synthesised in the absence of metal-based catalysts. 

Both approaches yielded BODIPY-based materials featuring high BET surface area (484-769 m
2
 g

-1
) and a bathochromic 

shift in the maximum light absorbance (520-550 nm). Singlet oxygen production employing the BODIPY-based materials at 

530 nm was carried out heterogeneously in a commercial photochemical flow reactor.

Introduction 

Anthropogenic climate change as a result of our current 

energy demands is of great concern in today’s society. The 

need for new sources of clean and renewable energy alongside 

with improved sustainable chemical processes has been the 

driving force behind the development of many new materials. 

One class of materials that has recently gained a great deal of 

attention from the research community consist of systems 

with inherent porosity.
1
 These materials have the potential to 

provide a means to store and separate chemical entities such 

as gases;
2
 participate in (photo)catalytic processes such as 

hydrogen evolution from water;
3
 and in the storage and 

delivery of energy.
4
 Conjugated microporous polymers (CMPs) 

fall into this class of materials. 

As first described by Cooper et al.,
5,6

 CMPs have been 

investigated as counterparts to zeolites, metal-organic 

frameworks, covalent-organic frameworks and other 

microporous polymers.
7
 Combining high surface areas, 

microporosity and photoactivity, CMPs have also shown 

applications in gas sorption and separation,
8 

light harvesting,
9
 

and heterogeneous (photo)catalysis,
10-13

 amongst others. One 

important application where CMPs have recently gained 

traction is in the heterogeneous photoactivation of singlet 

oxygen (
1
O2).

11,14,15 

Unlike most natural compounds, molecular oxygen has 

triplet multiplicity (
3
O2) in the ground state and two excited 

singlet states.
16

 The most common and widely used generation 

of 
1
O2 is based on homogenous photosensitisers.

17,18
 This 

simple method requires only an oxygen source, light of an 

appropriate wavelength and a photosensitiser possessing an 

energetically suitable excited triplet state. Through the 

absorption of light, the photosensitiser is excited to its singlet 

state and via a subsequent intersystem crossing mechanism it 

populates into a triplet state. The excited sensitiser can then 

transfer energy and spin to the ground state 
3
O2, thus forming 

the excited 
1
O2.

18
 Given its strong electrophilic and oxidising 

character, it has been widely used as a versatile synthetic 

reagent in a range of applications including organic synthesis,
19

 

environmental water treatment
20

 or photodynamic therapy of 

cancer.
21

 

One particular dye that is effective in the production of 

singlet oxygen is BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene), Fig. 1.
22

 Due to its strong absorption–emission and 

fluorescence properties, as well as chemical robustness,
23-25

 

BODIPY derivatives have also been widely employed for 

different applications such as biological tags with visible to 

near-IR emission, molecular rotors, lasing, dye-sensitised solar 

cells, electroluminescence and chemical photosensitisation 

reactions.
25-35

 This strong electron-accepting dye has therefore 

the necessary properties for photosensitisation at higher 

wavelengths of 
1
O2 when incorporated into a CMP. 

As part of our ongoing efforts to develop versatile synthetic 

strategies for functional CMP solids, herein we report the 

chemical synthesis and characterisation of two novel BODIPY-

based CMPs, which exhibits high surface areas and a 

bathochromic shift with their maximum light absorbance at 

520-550 nm. These polymers were tested in a commercial 

photochemical flow reactor
36

 for the production of 
1
O2 in 

multiple solvents, and simply using air as the source of oxygen. 
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Fig. 1 Chemical structure of the BODIPY core. 

The BODIPY-based CMPs prove to be efficient 

photosensitisers under the conditions tested and can be easily 

recovered and isolated via simple filtration and then 

conveniently reused multiple times. Furthermore, in 

photocatalytic reactions, a photosensitiser that absorbs light at 

higher wavelengths is desirable as it mitigates 

photodecomposition of staring materials and/or products 

whilst also avoiding undesirable side reactions when more 

energetic light sources such as UV are employed. 

Experimental 

Instrumentation and Measurements  

All reagents and starting materials employed in this work were 

commercially available and used without further purification 

unless otherwise stated. 
1
H NMR and 

13
C NMR were recorded 

on a 400 MHz Bruker superconducting-magnet high-field NMR 

spectrometer at room temperature with tetramethylsilane as 

the internal standard or a 300 MHz Bruker AV-III300 

spectrometer at room temperature. Solid state 
13

C NMR CP-

MAS measurements were carried out using a Bruker Advance 

400 spectrometer operating at 100.6 MHz for 
13

C using a 

Bruker 4 mm double resonance probe-head operating at a 

spinning rate of 10-12.5 kHz. Solution UV-Vis spectra were 

recorded on a PerkinElmer Lambda 25 system using 10 mm 

quartz cuvettes with CH2Cl2 as the solvent. Solid-state UV-Vis 

spectra were recorded on the same system using a Labsphere 

RSA-PE-20 reflectance spectroscopy integration sphere. 

Fluorescence spectra were recorded on a Perkin Elmer LS 55 

spectrometer using 10 mm quartz fluorescence cell with CH2Cl2 

as the solvent. FT-IR spectra were recorded on a Nicolet Avatar 

360 FT-IR spectrophotometer or an ATR-FTIR spectrometer 

Thermo Scientific Nicolet iS5. Thermogravimetric analysis (TGA) 

of the BDP_CMP sample was carried out in a nitrogen stream 

using TA Instruments Q50 Thermogravimetric Analyser with a 

heating rate of 3 °C min
-1

 and a heating range of 30 °C to 950 

°C. TGA of the PHTT_BDP sample was carried out in a nitrogen 

stream using PerkinElmer Thermal analysis equipment (STA 

6000) with a heating rate of 3 °C min
-1

, with an empty Al2O3 

crucible being used as the reference. BET Surface area was 

carried out using a Quantachrome Autosorb iQ gas sorption 

analyser. Each sample was outgassed at 0.03 torr with a 2 °C 

min
-1

 ramp to 100 °C and held at 100 °C for 12 hours. The 

sample was then held at vacuum until the analysis was run. 

Pore analysis was performed using N2 at 77 K (P/P0 range of 

1×10
-5

 to 0.995) and CO2 at 273 K (P range of 8×10
-3

 to 780 

mmHg). Scanning electron microscopy (SEM) was carried out 

on Philips XL30 Esem-FEG, (FEI Company, The Netherlands) 
equipped with an energy-dispersive x-ray microanalysis (EDX) 

system (EDAX Phoenix system, EDAX Inc., Mahwah NJ, USA). 

Transmission electronic microscopy (TEM) was conducted on a 

Philips Technai 12 Transmission Electron Microscope with an 

accelerating voltage of 120 KV. 

 

Syntheses  

Two distinct synthetic strategies were examined. First, in a 

direct assembly approach, BDP_CMP was obtained using a 

palladium-catalysed Suzuki-Miyaura cross-coupling reaction, 

whereby 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzene was used as the cross-linker reacting with 2,6-

dibromo-1,3,5,7-tetramethyl-8-phenyl-BODIPY monomer 

(Scheme 1). Tetrakis(triphenylphosphine) palladium(0), 1,3,5-

tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene and 

2,6-dibromo-1,3,5,7-tetramethyl-8-phenyl-BODIPY were 

synthesised via literature methods
37-40 

which can be found in 

the ESI. A monomeric version of the repeat unit, 2,6-diphenyl-

1,3,5,7-tetramethyl-8-phenyl-BODIPY (BDP_Ph), was also 

synthesised through a similar cross-coupling reaction and 

compared to results found in literature.
41

 The scheme and 

structure for BDP_Ph is presented in the ESI. Second, in a post-

synthetic functionalisation approach, the aldehyde groups of a 

known polymer system PHTT_CHO, as described in our 

previous work,
13

 were converted into the BODIPY function via 

the classical protocol of condensation with 2,4-

dimethylpyrrole, followed by oxidation via 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ) and boron trifluoride diethyl 

etherate (BF3·O(Et)2) treatment (Scheme 2). Along with the 

synthesis of the known PHTT_CHO polymer, this method also 

employed a metal-free synthetic procedure. The result of 

these methods allowed for the entirety of the target material 

PHTT_BDP to be produced in the absence of metals. The 

scheme and structure of each intermediate is presented in the 

ESI. 
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Scheme 1 Synthesis and proposed structure of BDP_CMP. 

2,6-diphenyl-1,3,5,7-tetramethyl-8-phenyl-BODIPY 

(BDP_Ph). To a dry 100 mL-flask equipped with a magnetic 

stirring bar, a septum inlet, and a reflux condenser was placed 

a mixture of Pd[(C6H5)3P]4 (5 mg, 0.003 mmol), 2,6-dibromo-

1,3,5,7-tetramethyl-8-phenyl-BODIPY (50 mg, 0.10 mmol) and 

phenylboronic acid (24 mg, 0.20 mmol). This flask was 

connected to a Schlenk line, evacuated and back-filled with N2 

three times for purging. In the flask, whilst under N2 dry THF 

(15 mL) was added to dissolve the reagents. An aqueous 

solution was prepared with K2CO3 (55 mg, 0.4 mmol) and 

degassed with nitrogen for 10 minutes. The aqueous solution 

was added through a syringe and the solution was heated to 

70°C and stirred overnight. After 16 h, the bright orange 

reaction mixture was allowed to cool to room temperature 

before adding approximately 40 mL of water and transferring 

to a separating funnel with 50 mL of dichloromethane. The 

organic layer was washed with deionised water (50 mL x 3) and 

dried over MgSO4. The crude mixture was filtered and a short 

column using silica gel was used to remove excess catalyst and 

by-products. Bright orange crystals precipitated from the 

solution which were filtered, washed with small amount of 

cold acetone and allowed to dry in air (30 mg, yield: 63%). 
1
H 

NMR (300 MHz, CDCl3): δ 7.54-7.49 (m, 3H), 7.44-7.36 (m, 8H), 

7.21 (t, 2H), 7.18 (t, 2H), 2.58 (s, 6H), 1.34 (s, 6H). 

BDP_CMP. To a dry 100 mL-flask equipped with a magnetic 

stirring bar, a septum inlet, and a reflux condenser was placed 

a mixture of Pd[(C6H5)3P]4 (30 mg, 0.03 mmol), 2,6-dibromo-

1,3,5,7-tetramethyl-8-phenyl-BODIPY (248 mg, 0.51 mmol) and 

1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene 

(160 mg, 0.34 mmol). This flask was connected to a Schlenk 

line, evacuated and back-filled with N2 three times. In the flask 

whilst under N2 dry THF (40 mL) was added to dissolve the 

solid reagents. An aqueous solution was then prepared with 

K2CO3 (181 mg, 1.03 mmol) and degassed with nitrogen for 10 

minutes. The aqueous solution was added to the organic 

solution, heated to 70°C and stirred overnight. After refluxing 

for 24 h, a precipitate formed and was filtered and washed 

three times with MeOH, THF and H2O. The precipitate was 

purified via soxhlet extraction with THF and CHCl3 for 4 h. The 

solid reddish powder was dried for 24 h in vacuo (176 mg, 

yield: 72.5%). 
13

C NMR CP-MAS (100.6 MHz): δ 155.0, 142.0, 

134.6, 131.3, 128.5, 12.53. 

PHTT_DMP (Step 1). PHTT_CHO (102 mg, 0.17 mmol) and a 

stir bar were loaded into a 5-mL Schlenk tube. The Schlenk 

tube was connected to a Schlenk line, evacuated and back-

filled with N2 three times for purging. 2,4-Dimethylpyrrole 

(1.43 g, 15 mmol, bubbled with N2 for 5 min beforehand) was 

transferred into the tube via cannula. Trifluoroacetic acid (TFA) 

(2 drops) was then added into the reaction mixture under N2. 

After the mixture was stirred at 50 °C for one day, a brown red 

solid was collected on a Buchner funnel after the reaction 

mixture was cooled down to the room temperature, washed 

with Na2CO3/DI water solution, deionised water (10 mL × 4, 

pH~7), MeOH (10 mL × 2), DCM (10 mL) and dried under 

vacuum at room temperature for 3 h to afford the as-made 

product PHTT_DMP as brown-red solid (152 mg). The crude 

product was purified via Soxhlet extraction in refluxing MeOH 

for 48 h, and then  
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Scheme 2 Synthesis and proposed structure of PHTT_BDP. Reactions conditions: (a) 

Dimethylpyrrole, 50 °C, TFA. (b) DDQ, DCM, r.t. (c) Trieyhtleamine, BF3·O(Et)2, DCM, 50 
°
C. 

evacuated by pump at 50 °C for 5 h to provide an activated 

solid product PHTT_DMP (brown-red solid, 145 mg, yield: 

76.9%). 
13

C NMR CP-MAS (100.6 MHz): δ 135.0, 128.6, 110.1, 

11.31. 

 PHTT_DMP_O (Step 2). PHTT_DMP (120 mg, 0.11 mmol), 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (110 mg, 

0.48 mmol) and dry DCM (5 mL) were added into a 7.5 mL 

glass vial. The reaction mixture was stirred at room 

temperature for 24 h. The black-brown solid was then 

collected on a Buchner funnel, washed with DCM (10 mL x 3) 

and dried under vacuum at room temperature for 5 h to afford 

the product PHTT_DMP_O (115 mg) as a black-brown solid. 
13

C 

NMR CP-MAS (100.6 MHz): δ 130.39 (broad 110 – 140), 15.22. 

PHTT_BDP (Step 3). PHTT_DMP_O (110 mg, 0.10 mmol) 

and a stir bar were loaded into a 10 mL Schlenk tube. The 

Schlenk tube was connected to a Schlenk line, 

evacuated and back-filled with N2 three times for purging. 

Triethylamine (320 mg, 3.2 mmol) in dry DCM (2 mL) (bubbled 

with N2 for 2 minutes beforehand) was transferred into the 

flask via cannula. After the reaction mixture was stirred at 

room temperature for 10 minutes, BF3·O(Et)2 (670 mg, 4.72 

mmol) was added into the reaction mixture under nitrogen 

protection. The reaction mixture was then stirred at 50 °C for 

24 h. The black-brown solid was collected on a Buchner funnel, 

washed with DCM (10 mL × 5) and dried under vacuum at 

room temperature for 5 h to afford the product PHTT_BDP 

(116 mg) as black-brown solid. 
13

C NMR CP-MAS (100.6 MHz): 

δ 149.9, 138.4, 129.7, 124.5, 14.20. 

 

Photosensitisation reactions 

General procedure and experimental conditions for 

photosensitisation reactions in flow are exemplified as follows:  

BDP_CMP (5 mg) was dispersed into a solution containing 

CHCl3 (15 mL) and α-terpinene (136 mg, 1 mmol). This 

dispersion (ESI Fig. S1-right) was then pumped using a 

peristaltic pump through the commercial photochemical 

reactor employing 1 mm I.D. PTFE tubing at a flow rate of 1 mL 

min
-1

. Concurrently, air was pumped through a second pump 

at the same flow rate. In order to simplify the experimental 

set-up we chose to use air rather than pure oxygen. The use of 

two peristaltic pumps allowed for (i) a heterogeneous mixture 

to pass easily through the system and (ii) air to be pumped 

through the reactor coil. The dispersion and the air were 

mixed through a T-junction prior entering to the 

photochemical coil reactor (10 mL total volume) equipped with 

a 530 nm LED module. The LED module contains six small 

arrays and sits in the middle of the coil reactor to ensure full 

irradiation of the photochemical reactor.
36

 This mixture was 

cycled through several times until full conversion was 

observed.  

Due to the risk of polymer agglomeration and consequent 

blockage, care was taken to minimise this issue. The polymers 

were ground into a fine powder before dispersal in solvent, 

ensuring that the particles are small enough to travel 

uninhibited through the 1 mm I.D. of the tubing as well as 

aiding in an even dispersion in each of the solvents tested. A 

magnetic stirrer was also used to ensure that the dispersion 

was uniform throughout the experiment. Employing a minimal 

amount of the photoactive polymer to the reaction mixtures 

also ensured an appropriately dilute dispersion and further 

reduced the risk of blockages. It is noted that the dispersion 

did not increase the flow pressure throughout the experiment 

indicating that any viscosity increase was negligible. 

Results and Discussion 

Spectroscopic Properties 
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The solid-state UV-Vis. absorption spectra of BDP_CMP shows 

a maximum at 550 nm (ESI Fig. S9). Interestingly, the 

intermediate steps between PHTT_CHO and PHTT_BDP 

present with increased broadening of the absorption 

wavelength and a more intense absorbance between 500-600 

nm.  The absorbance reaches a peak with the PHTT_BDP 

product developing a pronounced λmax at 520 nm (ESI Fig. S11). 

These materials are slightly red-shifted in comparison with the 

synthesised 1,3,5,7-tetramethyl-8-phenyl-BODIPY monomer, 

which has an absorption maximum at around 500 nm.
39

 This 

red-shift occurs due to the enhanced delocalisation of the 

electrons in the polymer.
9, 42 

Since the BODIPY-based polymers mainly absorb light at a 

lower energetic region of the electromagnetic spectrum 

chances of photodecomposition of the material and/or 

reagents are in principle greatly reduced. The absorption 

edges of both polymers at approximately 700 nm allows for 

the optical band-gap to be approximately calculated according 

to the Planck-Einstein relation as shown in Eq. (1): 

 

������.� = ℎ
�

�
																																										�1� 

where Eg(opt.) (J) is the optical band-gap of the polymer, h 

being the Planck constant (6.63 x 10-34 Js), c the speed of light 

in vacuum (3.00 x 108 m s
-1

), and λ being the wavelength (m) 

at the absorption edge. With an absorption edge at 700 nm, 

the optical band-gap of both polymers thus calculated equates 

to 1.77 eV (1 eV = 1.60 x 10
-19

 J). This is not surprising as 

BODIPY derivatives exhibit variable redox chemistry, and they 

have been used as electron donors and acceptors.
43, 44

 In the 

latter case, BODIPY co-monomers have the potential of 

lowering the band gap of conjugated polymers (and stabilising 

their reduced states), since donor and acceptor units within 

conjugated structures are able to bring the HOMO/LUMO 

energy levels closer together.
45, 46

 

 Absorption and fluorescence spectra of BDP_CMP and its 

monomeric version Ph_BDP can be in Fig. S10. Both materials 

were examined first using UV-Vis absorption measurements to 

determine the maximum absorption wavelengths. BDP_CMP 

and Ph_BDP presented with a λmax at 520 nm and 527 nm, 

respectively. We note that due to the insoluble nature of 

BDP_CMP, it was suspended in CH2Cl2 for both the absorption 

and fluorescence measurements. Excitation at these 

wavelengths presented with sharp emission spectra showing a 

weakly Stokes-shifted band of mirror image shape when 

compared to the absorption spectra. A red shift of both 

BDP_CMP and Ph_BDP absorption and emission spectra 

presented with a maximum at 541 and 551 nm, respectively. 

This can be attributed to the extended π conjugation, 

particularly in BDP_CMP. Similar characterisation was also 

performed on PHTT_BDP but no fluorescence was observed.  

FT-IR measurements of BDP_CMP were compared to that 

of the 1,3,5,7-tetramethyl-8-phenyl-BODIPY small molecule 

(ESI Fig. S12). A characteristic peak at ~1700 cm
-1

 pertaining to 

a C=N stretch can be seen in both spectra, indicating the 

presence of the BODIPY moiety within the polymer. PHTT_BDP 

was also measured via FT-IR and compared against the three 

preceding steps (ESI Fig. S13). The characteristic aldehyde 

stretch at 1700 cm 
-1

 is seen in the initial polymer PHTT_CHO. 

However, the addition of pyrroles to the aldehyde 

functionality was supported by the regression of this peak. 

Solid-state 
13

C NMR CP-MAS was also employed to 

BDP_CMP and PHTT_BDP along with the PHTT_DMP and 

PHTT_DMP_O intermediates (ESI Fig. S5-8). BDP_CMP 

presented primarily with aromatic carbons between 142-128 

ppm with a smaller signal at 155 which was attributed to the 

C=N bonds. A signal at 12.5 ppm was also seen, indicating the 

presence of CH3 groups. Data for PHTT_BDP and the 

intermediates was difficult to differentiate, as much of the 

structures distinctive functional groups are not affected 

throughout the synthesis. Each showed grouping of broad 

signals in the 110 – 150 ppm range which can be attributed to 

large quantity of aromatic carbons in all of these materials. 

However, the appearance of signals at 11.3, 15.22 and 14.2 

ppm for PHTT_DMP, PHTT_DMP_O and PHTT_BDP, 

respectively, indicates the presence of CH3 groups found on 

the dimethylpyrrole groups. The disappearance of the 

aldehyde signal also indicates the pyrrole groups have 

replaced this functional group, thus confirming the addition of 

dimethylpyrrole to PHTT_CHO was successful. 

Physical and Thermal Analysis 

Considerable porosity of the BODIPY-based and intermediate 

polymers was seen in both N2 sorption (at 77 K, ESI Fig. S18-25) 

and CO2 sorption (at 273 K, ESI Fig. S26-33) experiments. 

Typical type-I N2 adsorption isotherms were observed, with 

BET measurements showing relatively high surface areas of 

769 m
2
 g

-1 
for BDP_CMP and 484 m

2
 g

-1 
for PHTT_BDP, which is 

in line with most reported CMPs.
9
 QSDFT analysis on pore size 

distribution and pore volume indicated for BDP_CMP an 

average pore width of 0.545 nm and pore volume of 0.563 cm
3
 

g
-1 

and for PHTT_CMP an average pore width of 1.096 nm and 

pore volume of 0.523 cm
3
 g

-1
. Interestingly, an increase in pore 

volume was observed from 0.374 cm
3
 g

-1
 for PHTT_CHO to 

0.448 cm
3
 g

-1
 for PHTT_DMP_O and finally to 0.523 cm

3
 g

-1
 for 

PHTT_BDP. A summary of surface area and pore size/volume 

values for all synthesised polymers can be found in Table S2. 

Since the BODIPY moiety was grafted onto PHTT_CHO post-

synthetically, it is worth noting the decrease in surface area 

from 686 m
2
 g

-1 
for the aldehyde-equipped precursor to 484 

m
2
 g

-1
.
13

 This is not surprising given that BODIPY is a bulky
 

molecule that contributes to the decrease in surface area and 

as expected is also observed in the intermediate polymers. 

Nevertheless, both materials present high surface areas and 

we have previously demonstrated the importance of surface 

area in photocatalytic processes.
11

 In general as surface area of 

the photocatalyst increases, the interface between the 

polymeric material and the medium also increases, thus 

resulting in greater photocatalytic efficiencies. Both BODIPY-

based CMPs, in this instance, fulfil the requirements for an 

efficient photosensitiser for the production of 
1
O2.  

TGA for all products was also performed. TGA for 

BDP_CMP (ESI Fig. S14) showed good thermal stability up to 
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300 °C and with 40% weight percentage remaining at 950 °C. 

TGA measurements of PHTT_BDP and its intermediates (ESI 

Fig. S15-17) also showed high thermal stability up to 300 °C. 

When compared to the PHTT_CHO starting material,
13

 

decreased thermal stability at higher temperatures is observed 

in the intermediate products while the final PHTT_BDP product 

regains some of this stability. When comparing to BDP_CMP, 

at 950 °C only 20% weight percent of the product remained, 

exhibiting PHTT_BDP as the less stable of the two BODIPY-

based polymers at elevated temperatures.  

SEM and TEM images (ESI Fig. S34-41) established the 

target polymers as highly textured, amorphous surfaces, 

indicating the potential for high surface areas. EDX analysis 

(ESI Fig. S42-45) demonstrates the primary difference between 

the two BODIPY-based polymers and their respective synthetic 

methods. While the Pd catalysed Suzuki cross-coupling 

reaction presents with minute traces of Pd metal (0.94 wt.%) 

remaining within the polymer matrix, the metal-free synthetic 

procedure clearly shows no presence of trace metal species. 

Heterogeneous Photosensitisation at 530 nm 

Using the BODIPY-based CMPs as heterogeneous 

photosensitisers, 
1
O2 production was carried out in a 

commercial photochemical flow reactor equipped with an LED 

module with narrow emission at 530 nm (easy-Photochem 

from Vapourtec, Fig. S2) as described above. The setup used is 

illustrated in the schematic diagram in Fig. 2. 

 The progress of the Alder-ene reaction (Scheme 3) was 

followed by 
1
H NMR spectroscopy, and the conversion 

calculated from the ratio of peaks assigned to the starting 

material (α-terpinene) and the product (ascaridole) (ESI Fig. 

S3). This Alder-ene reaction was chosen as it is well-

established that α-terpinene is extremely susceptible to 

photosensitised 
1
O2 

 

 

Scheme 3 Synthesis of ascaridole from α-terpinene via the photosensitisation of 
1
O2 

under green light irradiation.
 

 

Fig. 2 Schematic representation of the experimental set-up using the easy-Photochem 

flow reactor from Vapourtec. 

oxidation while being rather stable against other oxidants such 

as ozone (O3), hydrogen peroxide (H2O2) and hydroxyl radical 

(OH
•
).

47, 48 

After a 1 h period, both the BDP_CMP and PHTT_BDP 

polymers were able to fully convert (>99%) α-terpinene into 

ascaridole in chloroform. This confirms that both materials can 

act as photosensitisers for the production of 
1
O2. In order to 

further verify the photostability of the BODIPY-based CMPs 

and 

using the same conditions as described above (of light and air), 

we cycled in the absence of α-terpinene a new dispersion for 5 

hours after which α-terpinene (136 mg, 1 mmol) was added. 

The dispersion was then cycled through the photochemical 

reactor for another 60 min. Samples were taken every 10 min 

and the conversions were calculated and plotted (Fig. 3). The 

tabulated values can be found in the ESI Table S1. 

BDP_CMP shows enhanced photostability when compared 

to PHTT_BDP. This may be attributed to the fact that within 

BDP_CMP the BODIPY moiety is an integral part of the 

backbone of the polymer repeat unit whereas PHTT_BDP has 

the BODIPY grafted onto the polymer backbone without 

benzene ring attached to it. This may contribute to an 

enhanced photobleaching of the BODIPY core.  Nevertheless, 

and given that 
1
O2 was produced during the initial 5 hour-

experiment, we also demonstrate that the BDP_CMP polymer 

is not affected by this powerful oxidant whereas for PHTT_BDP 

we observed a loss of 10% in its photoactivity. Slight deviations 

to the initial results can be attributed to experimental error 

associated to 
1
H NMR integrations and/or due to the fact that 

more air was dissolved in the latter experiment since it was 

aerated for 5 consecutive hours. 

The photochemical reaction between 
1
O2

 
and the 

substrate, in this case α-terpinene, is essentially a second-

order reaction, where the rate of the reaction is dependent on 

the concentration of both reactants. However, most studies 

conducting these photochemical reactions do so under batch 

conditions where the concentration of the substrate is much 

greater than the concentration of 
1
O2. Therefore, the kinetics 

of 

530nm

Magnetic Stirrer

Pump A Pump B

10 mL 

coil reactor

1 mL/min

Air

1 mL/min

 BDP_CMP

Dispersion
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Fig. 3 Conversion of α-terpinene to ascaridole via BDP_CMP and PHTT_BDP in 

chloroform after 6h irradiation at 530 nm. Curves represent non-linear regression fits 

to the pseudo-first-order model. Error bars indicate potential error in 
1
H NMR 

integration values. 

reactions between 
1
O2 and the substrate can be simplified by 

the pseudo-first-order model.
49-51

 This model is expressed as 

Eq. (2): 

−
��

��
= ��																																															�2� 

where C is the concentration of substrate (mM or mg/L), t is 

the reaction time (h), and k is the pseudo-first-order rate 

constant (h
-1

). If the initial concentration of substrate is C0, Eq. 

(2) can be integrated as follows: 

ln � − ln �� = −��																																								�3� 

Eq. (3) can be further presented in exponential form as 

follows: 

�

��
= ���� 																																														�4� 

The kinetics of α-terpinene conversion were fitted to the 

pseudo-first-order model by non-linear regression of 

concentration versus time data for the 6 h experiments (Fig. 

3). Results show that the conversion of α-terpinene generally 

followed this model. However, for the BDP_CMP, conversion 

near the 60 min mark was greater than expected based on the 

pseudo-first-order model. This may be explained by the 

continuous addition of air (and therefore oxygen) being 

supplied to the flow reactor, leading to a continuous 

generation of 
1
O2. At this point in the reaction, the 

concentration of 
1
O2 is much greater than that of α-terpinene, 

hereby not fulfilling the pseudo-first-order model any longer. 

Therefore, with actual conversion higher than that of the 

model, a major advantage is highlighted of the continuous flow 

reaction over the batch method. 

Controls and validation of BODIPY 

A control experiment was performed under similar conditions 

using visible light at 420 nm as the source of photons. After 90 

minutes, only 9% conversion of α-terpinene into ascaridole 

was observed, demonstrating the essential need for a light 

source at 530 nm, which is more suitable for application in 

photochemical reactions where reagents and/or products are 

susceptible to photodecomposition at more energetic 

wavelengths. 

Validation of the BODIPY core as the photoactive 

component within these polymers was performed by 

employing the synthesised BDP_Ph monomer and testing 

under the same conditions as the polymeric counterparts. 

After both 1 hour and 6 hours, full conversion of α-terpinene 

into ascaridole was observed with no apparent degradation of 

the monomer, demonstrating the BODIPY core as the essential 

photoactive component. 

To ensure the post modification of PHTT_CHO to 

PHTT_BDP was required to perform as a photosensitiser at 530 

nm, all intermediates of PHTT_BDP were isolated and 

employed under the same experimental conditions. Table 1 

shows the intermediate material conversion values after 1h 

and how they compare to the other BODIPY-containing 

materials synthesised. Only a 77% conversion of α-terpinene 

into ascaridole was observed for the PHTT_DMP and 

PHTT_DMP_O intermediates while PHTT_BDP showed 100% 

conversion. While the addition of pyrrole groups to PHTT_CHO 

demonstrated good photoactivity, this is not surprising as this 

modification resulted in an increased absorbance at 530 nm. 

Despite this, only the PHTT_BDP polymer was able to achieve 

full conversion after 60 minutes thereby validating the 

addition of the BODIPY core to PHTT_CHO. 

Photosensitisation reactions in different solvents 

To verify the versatility of the BODIPY-based CMPs in the 

production of 
1
O2, different solvents were tested with the 

same experimental set-up. Life-time of 
1
O2 varies considerably 

in different solvents and it is not surprising that some solvents 

are in effect better than others to perform 
1
O2 reactions.

47
 

Nevertheless, and due to different solvation requirements for 

given substrates, having a wide range of solvents in which 
1
O2 

can be produced heterogeneously further validates the 

BODIPY-based CMPs as universal 
1
O2 photosensitisers in a 

variety of organic transformations. Commonly used organic 

solvents that were tested in this study, along with the 

corresponding lifetime of 
1
O2 in the respective solvents, are 

tabulated in Table 2. In general, as the lifetime of 
1
O2 in a 

solvent decreases, the percent conversion of α-terpinene to 

ascaridole also declines. Ethanol presents as the one slight 

outlier, showing an enhanced conversion when comparing to 

the 
1
O2 lifetime in this solvent. Water was also tested in the 

same conditions, however, due to the hydrophobicity of both 

CMPs, a uniform dispersion was not achievable and polymer 

aggregates were observed, which  

0 10 20 30 40 50 60
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Table 1 Conversion of α-terpinene into ascaridole in chloroform after 60 min employing 

different photosensitisers using the described photochemical reactor 

Photosensitiser Conversion (%)
a 

PHTT_DMP 77 

PHTT_DMP_O 77 

PHTT_BDP >99 

BDP_Ph >99 

BDP_CMP >99 

a
 Percent conversion calculated from integrated 

1
H NMR signals. 

Table 2 Conversion of α-terpinene into ascaridole in chloroform after 60 min in 

different solvents using the described photochemical reactor 

Solvent 

Conv. w/ 

BDP_CMP (%)
a 

Conv. w/ 

PHT_BDP (%)
a 

Lifetime (s)
52 

Chloroform >99 >99 2.5 · 10
-4 

Acetonitrile 98 99 7.5 · 10
-5

 

Ethanol 88 92 1.2 · 10
-5

 

THF 87 92 3 · 10
-5

 

Toluene 85 81
d 

2.5 · 10
-5

 

Acetone 83 92 1.2 · 10
-5

 

Green Solvents:    

2-Methyl THF 93 81 -
e 

DMC
b 

92 91 -
e 

Water
c 

- - 4.2 · 10
-6

 

a
 Percent conversion calculated from integrated 

1
H NMR signals. 

b
 

Dimethylcarbonate. 
c
 Aggregation of BDP_CMP and PHTT_BDP in water impeded 

the flow process. 
d
 PHTT_BDP dispersed poorly in toluene, impeding flow of the 

photosensitiser and therefore decreasing potential for 
1
O2 generation. 

e
 No 

available data. 

invariably led to the blockage of the flow reactor. Since water 

is a “green” solvent, two other solvents under the same 

classification, dimethylcarbonate (DMC) and 2-

methyltetrahydrofuran (2-MeTHF) were also tested. These 

exhibited comparable results to those of the commonly used 

organic solvents, demonstrating their potential to replace 

more environmentally harmful solvent systems. 

DMC and 2-MeTHF can be classed as green solvents as they 

are derived from renewable resources such as biomass rather 

than petroleum. DMC is attractive as an alternative solvent 

because it can be produced by the catalytic oxidative 

carbonylation of methanol, a method that avoids the use of 

toxic phosgene.
53

 Furthermore, in 2009 DMC was made 

exempt under the definition of volatile organic compounds 

(VOCs) by the United States Environmental Protection 

Agency.
54

 2-MeTHF can be obtained from agricultural by-

products and has been shown to give good results in a variety 

of synthetic process, having already been applied in industry.
55

 

Conclusions 

In conclusion, BODIPY-based conjugated microporous 

polymers with high surface areas (484-769 m
2
 g

-1
) have been 

prepared by two distinct methods:  direct assembly via a 

palladium-catalysed Suzuki-Miyaura cross-coupling reaction 

and a post-synthetic transformation of an aldehyde-equipped 

CMP host that overall was synthesised in the absence of 

metals. Employing a strategy whereby a strong electron 

acceptor (BODIPY) is coupled to weak electron donors 

(benzene), we were able to bathochromically shift the 

maximum absorbance of the CMPs towards a less energetic 

wavelength (530 nm) of the visible spectrum. The polymer 

products were then tested in a commercial photochemical 

flow reactor (Vapourtec Ltd) equipped with an LED module at 

530 nm as the source of photons for the production of 
1
O2 in a 

variety of solvents. 
1
O2 production was monitored via 

1
H NMR 

via the conversion of α-terpinene into ascaridole. Overall, the 

polymers demonstrated high photostability, especially with 

BDP_CMP showing no loss in photoactivity. These materials 

were easily recoverable via simple filtration and reused for 

further 
1
O2 reactions. This work shows that conjugated porous 

polymers represent a new promising family of recyclable 

heterogeneous photocatalysts, with tuneable light absorption 

and which will significantly simplify the handling and 

purification of sensitive reactions, presenting itself as a more 

sustainable class of materials that potentially can be applied to 

different photocatalytic processes. 

Moreover, the successful deployment of the above two 

synthetic schemes points to a number of broad-scope 

advantages. First, the robust aryl-aryl links of the BDP_CMP 

backbone provides outstanding compatibility and stability 

properties (e.g., compared with the more fragile and reactive 

alkyne-based link) for real-world applications. Such stability is 

well illustrated in the above extensive investigations on 

photochemical catalysis properties, wherein highly reactive 

species (e.g., 
1
O2) is constantly being generated, and long-term 

stability of the host backbone is crucial for reusable, 

sustainable applications. Second, the post-synthetic approach 

for preparing PHTT_BDP involves no transition or heavy metal 

reagents at any step, and thus minimises health and 

environmental concerns. Moreover, the post-synthetic 

transformation of the aldehyde groups offers functional 

flexibility. For example and in future work, the dipyrrin 

precursor can chelate to metal centres other than the boron 

unit, and thereby imparting onto the CMP backbone the 

diverse and versatile reactivities of metal-dipyrrin complexes. 
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