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Abstract 

 Photopolymerization is the focus of intense research efforts due to the recent need to 

develop visible light photoinitiating systems activable under low light intensity and in the 

visible range. This effort is notably supported by the recent development of 3D/4D printing 

and light cured dental composite resins requiring new polymerization approaches. With aim 

at developing new formulations combining fast polymerization kinetics, high final monomer 

conversions, low energy consumption and activation in the visible range, pyrrole has been 

identified as an interesting scaffold for the design of various dyes. Indeed, numerous 

derivatives such as porphyrins, diketopyrrolopyrroles, chalcones, push-pull dyes can be 

prepared with pyrrole and related derivatives. As the main advantages, pyrrole is a five-

membered ring heterocycle characterized by an easiness of chemical modification, low 

oxidation potential, high thermal and chemical stability that make pyrrole an interesting 

scaffold for the design of photoinitiators. More precisely, pyrrole has been used for the design 

of numerous Type II photoinitiators. In this review, an overview of the different dyes based 

on pyrrole and related derivatives, and reported to date is presented. Comparisons with 

benchmark photoinitiators will be established to evidence the interest of these new structures.  
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 1. Introduction 

 Photopolymerization is a polymerization technique which is facing a profound 

transformation, resulting from the progressive replacement of the historical UV technology by 

the more environmentally friendly visible light approach.[1–19] This intense research effort is 

supported by the wide range of applications using photopolymerization. Notably, 

photopolymerization is now commonly used in microelectronics, adhesives, coatings, 

dentistry, 3D and 4D printing.[20–29] Interest for developing visible light photoinitiating 

systems is supported by the numerous drawbacks related to the use of UV light. Notably, 

safety concerns can be mentioned as the primary cause of eviction of UV photopolymerization. 

Indeed, UV light can cause eye damages and skin cancers.[30–32] Ozone is also produced 
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during polymerization what constitutes another major drawback of the UV approach.[33] 

Parallel to this, expensive irradiation setups consuming a lot of energy have also to be used, 

entailing high running costs. In the present context of an improved control of the energy usage, 

energy saving has become increasingly important considering that the polymer industry is an 

energy-intensive industry. Interest for photopolymerization is also supported by the 

specificities of photopolymerization compared to the traditional thermal and solution phase 

polymerization. Notably, a spatial and a temporal control of the polymerization process can 

be obtained, meaning the polymerization occurs only for the surface exposed to light and 

during the light is switched on (See Figure 1). 

 

Figure 1. The different advantages of photopolymerization compared to the solution-phase 

polymerization. 

Polymerization can also be carried out without solvent, avoiding the release of volatile 

organic compounds (VOCs).[33] Photopolymerization can also be carried out under low light 

intensity, enabling to use cheap, lightweight and compact light sources such as light-emitting 

diodes (LEDs).[34] Interestingly, these devices don’t release heat during light irradiation so 

that heat-sensitive monomers can be photopolymerized under visible light. Interest for visible 

light is also supported by the higher light penetration that can be achieved in the visible range 

within the photocurable resin (from a few millimetres to a few centimetres), compared to that 

obtained in the UV range (only a few hundreds of micrometres) (See Figure 2).[35] 
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Figure 2. Light penetration in a polystyrene latex with an average diameter of 112 nm. 

Reprinted with permission from Bonardi et al.[35] 

 If, from a theoretical viewpoint, visible light photopolymerization is more appealing 

than UV photopolymerization, several drawbacks have to be mentioned and can’t be denied. 

Notably, visible light photoinitiators are colored compounds, what can constitute a severe 

limitation for numerous applications. Indeed, due to their high molar extinction coefficients of 

these dyes, a color is often imposed to the final coating. Even if a few examples of 

photoinitiators capable to bleach have been reported in the literature, these examples remain 

scarce. Parallel to this, visible light photoinitiators are often less reactive than the UV ones. 

This is directly related to the less energetic irradiation wavelengths that are used in the visible 

range. Considering that a great deal of efforts remains to be done in order to develop 

photopolymerization systems with photobleaching properties,  a wide range of structures 

have been examined ranging from pyrenes,[36–43] to 2,3-diphenylquinoxaline 

derivatives,[44,45] iodonium salts,[46–53] helicenes,[54,55] iridium complexes,[56–63] 

squaraines,[64–67] porphyrins,[68,69] metal organic framework (MOFs),[70–72] 

camphorquinones,[73,74] zinc complexes,[75] coumarins,[76–87] benzophenones,[88–95] 

diketopyrrolopyrroles,[96–98] phenothiazines,[99] curcumin,[100–103] carbazoles,[104–114] 

dithienophospholes,[115,116] acridones,[117,118] anthracene,[119]  phenazines,[120] dihydro-

anthraquinones,[121] iron complexes,[71,122–128] cyanines [129–134] 

polyoxometalates,[135,136] copper complexes,[137–152] conjugated polymers,[153] 

chromones and flavones,[154–156] perylenes,[157–160] chalcones,[28,161–173] Schiff 

bases,[174] cyclohexanones[175–178] naphthalimides,[46,179–194] truxene derivatives,[195] 

perovskites,[196,197] push-pull dyes,[122,198–211] thiophene derivatives,[212] 

triphenylamines,[213] thioxanthones,[214–226] and acridine-1,8-diones.[227–229] Even if only 

few of these photoinitiators exhibited photobleaching properties, besides, 

photopolymerization processes could be initiated from the near UV/visible range until the 

infrared region. With aim at developing new dyes with high photoinitiating ability, pyrrole-

derived dyes are one of those. Pyrrole is a heterocyclic five-membered ring compound in 

which the involvement of the lone pair electrons of nitrogen to the aromaticity of pyrrole 

makes this heterocycle an excellent electron donating group when combined with the 

appropriate group. Pyrrole  is extensively used in Organic Electronics for the design of 

semiconductors for organic field effect transistors,[230,231] as active layers for organic 

photovoltaics,[232–234], for the design of dyes with solvatochromic properties,[235] the design 



of dyes with non-linear optical properties[236–239] or electrochromes.[240] Recently, pyrrole 

was investigated in the photopolymerization field and used as an elemental building block for 

the design of dyes of various structures. Notably, dyes absorbing from the near UV/visible 

range until the near infrared region could be prepared. As specificities, pyrrole is a five-

membered heterocycle that is a relatively cheap building block. Pyrrole can also easily be 

oxidized so that pyrrole was extensively used as monomer for electropolymerization.[241,242] 

Easiness of oxidation is of crucial interest in order pyrrole-based photoinitiators to efficiently 

interact with additives.  Pyrrole is also an excellent electron donor so that push-pull dyes could 

be designed with this heterocycle. [234,235,243–246] Overall, even if numerous families of dyes 

have been tested as photoinitiators, easiness of synthesis, easy oxidation of pyrrole and the 

facile tunability of the absorption properties of the pyrrole-based dyes could make pyrrole-

based photoinitiators, dyes of higher reactivity than the aforementioned families. Difference 

of rate constant of interaction with the different additives, more appropriate excited state 

lifetimes could enable pyrrole-based dyes to outperform to the other dyes. However, potential 

toxicity of photoinitiators can also govern their future uses. Concerning pyrrole, an acute 

toxicity has notably been evidenced for numerous derivatives, what can constitute a severe 

limitation.[247–250] Besides, the search for new dyes exhibiting a high reactivity upon 

irradiation in the visible range is still very active, justifying that the toxicity issue is still 

considered as the primary factor to select a family of dyes. Face to these considerations, 

numerous pyrrole-based dyes were examined over the years. In this review, an overview of 

the different pyrrole-derived dyes is presented. In order to evidence the interest of these 

structures, comparisons with benchmark photoinitiators will be provided. 

 

2. Pyrrole-derived dyes 

 2.1. Chalcones 

Chalcones belong to the flavonoid family and these dyes can be abundantly found in 

edible plants, fruits, leaves, tea, spice, cereal grains and vegetables.[251–254] The first report 

mentioning the use of pyrrole-based photoinitiators in visible light photopolymerization was 

reported in 2020 by Nie and coworkers.[162] In this work, pyrrole was selected as a phenyl-

free electron-donating group enabling to design a dye exhibiting a strong absorption in the 

325-450 nm range with a maximum absorption located at 379 nm (ε = 26 335 M−1.cm−1). Based 

on the absorption of 1,3-bis(1-methyl-1H-pyrrol-2-yl)prop-2-en-1-one (BMO), polymerization 

processes could be initiated at 365, 385, 405 and 465 nm (See Figure 3). The design of phenyl-

free constitutes an interesting approach, considering that aromatic compounds are facing 

numerous health and safety concerns. This point is of crucial importance, especially if 

photoinitiators are used for elaborating polymers used in food packaging or for biomedical 

applications.[255] 



 
Figure 3. UV-visible absorption spectrum of BMO in acetonitrile. Reproduced from [162] 

with permission from The Royal Society of Chemistry. 

 

To evidence the photoinitiating ability of BMO, comparisons were established with 2-

isopropylthioxanthone (ITX) which is a benchmark photoinitiator (See Figure 4).[243–250] 

 
Figure 4. Chemical structures of BMO, the different monomers and additives. 

 Interestingly, when tested as sensitizer for the cationic polymerization (CP) of (3,4-

epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX) at 365 and 405 nm, similar 

monomer conversions were obtained with the two-component ITX/Iod (1%/3%, w/w) and 

BMO/Iod (1%/3%, w/w) systems (where Iod stands for diphenyliodonium 

hexafluorophosphate). Thus, upon irradiation at 365 nm for 600 s, a final monomer conversion 

of 60% could be obtained with the two systems. Only a slight improvement of the monomer 

conversion was detected at 405 nm. However, upon irradiation at longer wavelengths such as 

385 or 465 nm, the two-component BMO/Iod (1%/3%, w/w) system could greatly outperform 

the reference system. The most significant enhancement was detected at 465 nm, an increase 

of 25% of the monomer conversion being evidenced for the BMO/Iod (1%/3%, w/w) system 

compared to the reference ITX/Iod system (See Figure 5).  



 
Figure 5. EPOX conversions obtained upon irradiation with a LED at a) 365 nm b) 385 nm c) 

405 nm and d) 465 nm by using the two-component BMO/Iod (1%/3%, w/w) system and the 

reference system ITX/Iod (1%/3%, w/w). Reproduced from [162] with permission from The 

Royal Society of Chemistry. 

 Cationic polymerization of epoxides was not limited to EPOX and the 

copolymerization of two different monomers was also examined, as exemplified with the 

mixture of EPOX/ 3-benzyloxymethyl-3-ethyl-oxetane (MOX-104) (30%/70%, w/w). More 

interesting results were obtained during the free radical polymerization of acrylates. Notably, 

BMO proved to be an efficient hydrogen donor so that the FRP of 1,6-hexanediol diacrylate 

(HDDA) could be initiated simply using BMO. This ability to initiate a polymerization alone 

was assigned to the presence of tertiary amine groups in its structures.[256–259] Thus, during 

the FRP of HDDA and by using 1 wt% of BMO, a final monomer conversion of 68% could be 

obtained after 600 s of irradiation at 405 nm. Upon addition of an amine, namely N-

methyldiethanolamine (MDEA), a final monomer conversion of 74% could be obtained with 

the two-component BMO/MDEA (1%/1% w/w) system after 300 s of irradiation at 405 nm. 

Conversely, when combined with Iod, the two-component BMO/Iod (1%/3% w/w) system 

could furnish a monomer conversion of 80%, outperforming that obtained with the two-

component BMO/MDEA (1%/1% w/w) system. Finally, considering that BMO can both initiate 

the CP of epoxides and the FRP of acrylates, the preparation of interpenetrated polymer 

networks (IPN) was examined. This strategy is of crucial interest for addressing the oxygen 

inhibition issue. Indeed, the FRP of acrylates is highly sensitive to oxygen inhibition, resulting 

in low to moderate monomer conversion. By mean of a hybrid polymerization process, a 

synergetic effect can occur, enabling to advantageously combine fast polymerization speeds, 

low oxygen inhibition and high conversion rates. Thus, by increasing the EPOX content in the 

tripropylene glycol diacrylate (TPGDA)/EPOX monomer blend, the TPGDA conversion could 

increase up to 90% in the TPGDA/EPOX 10/90 blend while using the two-component BMO/Iod 

(1%/3%, w/w) system whereas the TPGDA conversion was limited to only 20% with the same 

photoinitiating system when TPGDA was polymerized alone in the same conditions (See 

Figure 6).  



 
Figure 6. Hybrid polymerization of the TPGDA/EPOX blend, using the two-component 

BMO/Iod (1%/3%, w/w) photoinitiating system and upon irradiation at 405 nm. Reproduced 

from [162] with permission from The Royal Society of Chemistry. 

To support the enhancement of the TPGDA conversion upon increase of the EPOX 

content, a rapid increase of the viscosity resulting from the photopolymerization of EPOX was 

proposed, reducing the oxygen permeation. As a result of this, oxygen inhibition adversely 

affecting the FRP of TPGDA could be efficiently overcome. Parallel to this, polymerization of 

acrylates is also well-known to be an exothermic reaction, what can be helpful for the CP of 

EPOX. Thus, an increase of the temperature up to 125°C during the concomitant 

polymerization of the TPGDA/EPOX 20/80 blend was observed. Logically, increase of the 

TPGDA content resulted in a decrease of the reaction temperature due to a pronounced oxygen 

inhibition. A temperature of only 74°C was obtained during the hybrid polymerization of the 

TPGDA/EPOX 80/20 blend. 

In 2021, the same authors designed bis-chalcones, still using N-methylpyrrole as the 

electron donating group.[260] Three chalcones varying by the central cyclohexanones were 

designed, namely, 2,6-bis((1-methyl-1H-pyrrol-2-yl)methylene)cyclohexan-1-one (C6PY), 1-

methyl-3,5-bis((1-methyl-1H-pyrrol-2-yl)methylene)piperidin-4-one (C6NPY) and 3,5-bis((1-

methyl-1H-pyrrol-2-yl)methylene)tetrahydro-4H-thiopyran-4-one (C6SPY) (See Figure 7). 

Interestingly, modification of the substitution pattern of the central cyclohexanone did not 

significantly modify the optical properties of the three dyes, and absorption maxima located 

at 413, 415 and 412 nm for C6PY, C6NPY and C6SPY could be respectively determined in 

acetonitrile. Photolysis experiments also revealed the three dyes to rapidly photoisomerize in 

acetonitrile upon irradiation at 405 nm. Thus, after two seconds of irradiation at 405 nm, an 

equilibrium between Z/Z and Z/E isomers could be obtained. This behavior is not usual for 

chalcones and this phenomenon was previously reported by the same authors for another dye 

based on the bis-chalcone scaffold.[175] Monitoring of the photolysis experiments upon 

irradiation at 405 nm until 60 s revealed that almost no modification of the absorption spectra 

occurred, subsequent to the severe and initial decrease of the absorption intensity (See Figure 

8). 



 
Figure 7. Chemical structures of C6PY, C6NPY C6SPY and different additives.  

 
Figure 8. UV-visible absorption spectra of C6PY, C6NPY and C6SPY, top: alone; middle: 

dye/TEOA; bottom: dye/Iod2 in acetonitrile upon irradiation at 405 nm with a LED. 

Reproduced from [260] with permission from Elsevier. 

Interestingly, a weak interaction of the three dyes with TEOA was demonstrated. 

Indeed, as shown in the Figure 8, the hydrogen donor had little effect on the photolysis rate of 

the different dyes. An almost similar behaviour was found for all dyes when combined with 

bis(4-methylphenyl)iodonium hexafluorophosphate (Iod2). It was thus concluded that TEOA 

and Iod2 were mostly interacting with the dyes, subsequent to their photoisomerizations. In 

the case of the dye/Iod2 combination, appearance of the new absorption band in the 500-600 

nm range was observed, resulting from the reaction of the dyes with Bronsted acid released 

by the two-component dye/Iod2 system.[261] Examination of their photoinitiating ability 

during the FRP of TPGDA revealed the three dyes C6NPY, C6PY and C6SPY to be poor radical 

initiators alone, final monomer conversions of 14, 6 and 3% being determined after 600 s of 

C6PY C6PY/TEOA

C6NPY/TEOAC6NPY

C6PY/Iod2

C6NPY/Iod2

C6SPY/Iod2C6SPY/TEOAC6SPY



irradiation at 405 nm. When combined with Iod2, a significant enhancement of the monomer 

conversion was obtained, since conversions of 89, 75 and 55% were obtained with C6NPY, 

C6PY and C6SPY respectively after 600 s of irradiation with the two-component dye/Iod2 

(0.1%/2% w/w) systems. By investigating the excited states of the three dyes, the authors 

revealed that the low photoinitiating ability of C6SPY could be assigned to its fast intersystem 

crossing (ISC) rate, which was determined as being 13 times faster than that of the fluorescence 

emission rate. Conversely, for C6PY and C6NPY, this difference was only reduced to 7 and 8 

times for C6PY and C6NPY respectively. Therefore, the low photoinitiating ability of C6SPY 

was assigned to its fast intersystem crossing competing with the interaction of the dye with 

additives in the excited state.  

Capitalizing on the ability of bis-chalcones to isomerize, the same group went a step 

further by developing 2,6-bis((1H-pyrrol-2-yl)methylene)cyclohexan-1-one (BPC), a dye 

unable to initiate any free radical polymerization in its Z,E-form but which is an efficient 

photoinitiator when thermally isomerized in its E,E-form (See Figure 9).[262] Using this 

approach, a thermally activable photoinitiator was proposed. More interestingly, the E,Z-form 

was determined as being thermodynamically stable at room temperature, even in the presence 

of TEOA and upon sunlight exposure due to the formation of intramolecular hydrogen bonds 

(N–H⋯O = C bonds), efficiently stabilizing the E,Z-form and preventing the E,Z-form to 

isomerize back to the E,E-form. Notably, after 14 days of sunlight exposure, almost no 

modification of the UV-visible absorption spectrum of E,Z-BPC in acetonitrile was detected. 

By mean of hydrogen bonds, the ability of the E,Z-form to abstract hydrogen of carbonyl was 

drastically reduced. Thermal analysis of the photoisomerization process revealed the E,Z → 

E,E isomerization to be extrememy slow at 40°C in acetonitrile. Conversely, at 60°C, a 

significant improvement of the isomerization kinetic was demonstrated in solution. 

Polymerization experiments carried out at 465 nm revealed the two-component E,E-

BPC/TEOA (0.0625%/3% w/w) system to initiate the FRP of PEGDA even at room temperature 

whereas its E,Z-BPC/TEOA (0.0625%/3% w/w) analogue was totally inactive (See Figure 10a). 

Polymerization tests carried out by heating the resins at 40, 60, 80, 100 and 120°C for 15 min. 

prior to irradiation at 465 nm. Experiments revealed the E,Z-BPC/TEOA (0.0625%/3% w/w) 

system to furnish PEGDA conversions of 7, 29, 52, 60 and 70% respectively after 300 s of 

irradiation (See Figure 10b).   



 
Figure 9. Chemical structures of BPC and different monomers. 

 
Figure 10. Polymerization profiles obtained upon irradiation at 465 nm. a) using E,Z-

BPC/TEOA and E,E-BPC/TEOA for the FRP of PEGDA; b) using E,Z-BPC/TEOA/PEGDA for 

the FRP of PEGDA at different temperatures; c) using E,Z-BPC/TEOA heated for 5, 10, 15 and 

20 min at 100℃ for the FRP of PEGDA; d) using E,Z-BPC/TEOA  for the FRP of various 

monomers with/without heating the resin for 15 min. at 100°C prior to irradiation. Reproduced 

from [260] with permission from Elsevier. 

Investigation of the heating time at 100°C revealed an improvement of the PEGDA 

conversion upon elongation of the heating time. Thus, by using the two-component E,Z-

BPC/TEOA (0.0625%/3% w/w) system and by heating the resins at 100°C for 5, 10, 15 and 20 

min. prior to irradiation furnished 30, 40, 58 and 62% monomer conversions after 300 s of 

irradiation at 465 nm. It was thus concluded, based on the similarity of the monomer 

conversion obtained after 15 and 20 min. of heating (58 and 62% respectively), that the best 



heating time was thus 15 min (See Figure 10c). Applicability of this process was expended to 

other monomers such as hydroxyethyl acrylate (HEA), tripropyleneglycol diacrylate (TPGDA) 

or trimethylolpropane triacrylate (TMPTA). Final monomer conversions of 43, 60 and 78% 

could be obtained using TMPTA, TPGDA or HEA as the monomers and E,Z-BPC/TEOA 

(0.0625%/3% w/w) as the photoinitiating system. Here again, the resins were heated at 100°C 

for 15 min. prior to polymerization at 465 nm. 

It has to be noticed that BPC was also examined by the group of Lalevée and coworkers 

as photoinitiator for the CP of EPOX and the FRP of di(trimethylolpropane) tetraacrylates 

(TA).[164] Its photoinitiating ablity was notably compared to that of ketone 2, differing from 

BPC by the substitution of the central core (See Figure 11). Notably, in the case of ketone 2, N-

ethyl-piperidinone was used as the central group. From the absorption viewpoint, if only a 

minor variation of the absorption maxima was found (416 nm for BPC vs. 405 nm for ketone 

2), a two-fold enhancement of the molar extinction coefficient was found for ketone 2 

compared to that of BPC (36 200 M-1.cm-1 vs. 18 800 M-1.cm-1). Considering the high molar 

extinction coefficients at 405 nm, polymerization tests could be carried out at this wavelength. 

 

Figure 11. Chemical structure of BPC, ketone 2, EDB, Ebecryl 40 and Iod3. 

As observed for the previous chalcones, photoinitiating ability of BPC and ketone 2 

alone (0.1 % w) remained low, the conversion of Ebecryl 40 being lower than 20% upon 

irradiation at 405 nm. Polymerization tests done with the two-component BPC/Iod3 (0.1%/2%, 

w/w) (where Iod3 stands for bis(4-(tert-butyl)phenyl)iodonium hexafluorophosphate) and 

BPC/EDB (0.1%/2%, w/w) systems in thin films (25 μm) revealed the conversions of Ebecryl 40 

to be low, peaking respectively at 55 and 40%. Finally, use of the three-component 

dye/EDB/Iod3 (0.1%/2%/2%, w/w/w) system enabled to get higher monomer conversions, 

reaching 85 and 64% using BPC and ketone 2 as the sensitizers, evidencing the necessity to use 

three-component photoinitiating systems. Here again, BPC proved to be an excellent dye for 

photoinitiation, outperforming ketone 2. This difference of monomer conversions could be 

rationalized by mean of steady state photolysis experiments. Thus, the photolysis done upon 



irradiation at 405 nm in acetonitrile revealed for the two-component BPC/Iod3 (0.1%/2%, w/w) 

system a consumption of the dye of 78% after 10 min. whereas this value decreased to only 

32% for the ketone 2/Iod3 system. The same analyses done for the two-component dye/EDB 

systems revealed a less favourable rate constant of interaction, the consumption of the dyes 

being reduced to 11 and 12% respectively after 10 min. of irradiation at 405 nm. The higher 

monomer conversion obtained with BPC is thus directly related to the higher photochemical 

reactivity of BPC with the iodonium salt compared to the amine. Fast interaction of BPC with 

Iod3 was confirmed by fluorescence quenching experiments. Determination of the electron 

transfer quantum yields revealed the BPC/Iod3 system to have a higher value (0.923) than that 

determined for the ketone 2/Iod3 system (0.899). Finally, high reactivity of the BPC/Iod3 

combination was confirmed during the CP of EPOX. Thus, a conversion of 70% could be 

obtained with the BPC/Iod3 (0.1%/2%, w/w) system whereas a conversion of only 30% could 

be determined with the ketone 2-based photoinitiating system. Considering the high reactivity 

of the BPC-based three-component system, the access to composites was thus examined and 

polymers containing 20% weight percent of silica fillers were prepared. It has to be noticed 

that in these conditions, light penetration within the photocurable resins at 405 nm was only 

of 1.2 mm. Indeed, at present, photopolymerization of composites in the near UV/visible range 

is still a challenge, notably due to inner filter effects and the limited light penetration.[12,263] 

Besides, by laser write experiments, 3D patterns displaying an excellent spatial resolution 

could be obtained, upon irradiation at 405 nm. By optical microscopy, an excellent dispersion 

of the silica fillers within the polymer film could be demonstrated (See Figure 12).  

 

 
Figure 12. Top: SEM images of Ebecryl 40-based polymer with and without silica fillers. 

Bottom: images obtained by numerical optical microscopy of 3D patterns obtained by laser 

write experiments for resins containing 20% fillers, BPC/EDB/Iod3 (0.1%/2%/2%, w/w/w), 405 

nm, 110 mW/cm². Reprinted by permission of John Wiley & Sons, Inc. Copyright © Ref. [164] 

2.2. Penta-1,4-dien-3-ones 



Bis-chalcones have been extensively studied as photoinitiators of polymerization.[167] 

From a structural viewpoint, bis-chalcones are extremely similar to penta-1,4-dien-3-ones 

(enones) so that this second family of dyes was logically examined in photopolymerization 

and the performances compared to that of bis-chalcones. Interest for penta-1,4-dien-3-ones as 

photoinitiators is recent, since the first reports mentioning their uses in photopolymerization 

have been reported in 2021. In this field, (1E,4E)-1,5-bis(1-methyl-1H-pyrrol-2-yl)penta-1,4-

dien-3-one (C3PY) has been the most widely studied structure and different works have 

notably been reported by the group of Nie and coworkers (See Figure 13).[260]  

 
Figure 13. Chemical structure of C3PY and C3ID. 

This dye is of crucial interest since a dramatic colour change of the final polymer was 

demonstrated, depending on the polymerization conditions. Due to its absorption maximum 

located at 414 nm, polymerization experiments were carried out at 405 nm. Noticeably, when 

used as a mono-component system or in combination with TEOA, colourless polymers could 

be obtained during the FRP of TPGDA or TMPTA. Conversely, when combined with Iod2, a 

deeply coloured polymer was obtained. Ability of C3PY to initiate alone a polymerization 

process was notably assigned to the coexistence of a ketone and two tertiary amines within 

this scaffold. Optimization of the polymerization conditions for TPGDA revealed 0.1 wt% to 

be the optimum concentration and a monomer conversion of 65% could be obtained after 600 

s of irradiation at 405 nm with a LED. When combined with Iod2 or TEOA in two-component 

systems, conversions of 91 and 76% could be respectively obtained in the same conditions. 

This order of reactivity was confirmed during the FRP of TMPTA and final monomer 

conversions of 30, 39 and 50% could be obtained for C3PY (0.1% w), C3PY/TEOA (0.1%/3% 

w/w) and C3PY/Iod2 (0.1%/2% w/w) systems. To support the appearance of a red-violet colour 

for TPGDA-based polymers and a red-blue color for TMPTA-based polymers, appearance of 

two absorption bands at 513 and 637 nm were identified while using C3PY/Iod2 (0.1%/2% 

w/w) system. To support the appearance of an absorption band at 637 nm, the release of 

Bronsted acid during irradiation and the protonation of C3PY was proposed by the 

authors.[264] This hypothesis was verified in solution by addition of para-toluenesulfonic acid 

(PTSA) to an acetonitrile solution of C3PY. In that case, appearance of an absorption band at 

600 nm could be clearly evidenced. By mean of nuclear magnetic resonance (NMR) studies, 

protonation on the ketone side and not formation of pyrrolium cation was clearly 

demonstrated. Finally, appearance of the absorption peak at 513 nm was assigned to the 

dimerization of C3PY●+, formation of the C3PY●+ radical cations resulting from the 

photoinduced electron transfer between C3PY and Iod2 in first step. 

Considering the similarity of structures between C3PY, C6PY, C6NPY and C6SPY, 

comparisons of photoinitiating ability could be established.[260] Thus, during the FRP of 



TPGDA, C3PY clearly outperformed the three other dyes, irrespective of the photoinitiating 

system used. Thus, a TPGDA conversion of 65% could be determined after 600 s of irradiation 

at 405 nm with C3PY alone whereas the best conversions obtained with bis-chalcones was 

limited to 14% for C6NPY in the same conditions. Similarly, C3PY could outperform C6NPY 

in two-component dye/TEOA (0.1%/3% w/w) systems, the conversion obtained with C3PY 

exceeding that of C6NPY by ca 23% (56% vs 33% after 600 s of irradiation). Finally, close 

monomer conversions could only be obtained using the two-component dye/Iod2 system. In 

that case, conversions of 92 and 89% could be respectively determined with C3PY and C6NPY. 

To support the higher monomer conversions obtained with C3PY compared to C6PY, C6NPY 

and C6SPY, the higher flexibility of the C3PY scaffold enabling a possible Z/E isomerization 

of one of the two double bonds and enabling to reduce the S1-T1 energy gap was suggested by 

the authors as a possible explanation. 

Following these works, Nie and coworkers examined the possibility to replace the 

pyrrole moieties of C3PY by indole groups in C3ID (See Figure 13).[265] From the absorption 

viewpoint, the absorption spectrum of C3ID was slightly redshifted compared to that of C3PY 

(422 nm for C3ID vs. 414 nm for C3PY). For the two dyes, the absorption band was broad, 

extending from 300 until 500 nm. Under 405 nm LED irradiation, 65% and 80% TPGDA 

conversions could be obtained with C3PY and C3ID used alone. Upon addition of TEOA, only 

a minor improvement was obtained since monomer conversions of 77 and 84% could be 

obtained after 600 s of irradiation. Interestingly, photolysis experiments revealed C3PY and 

C3ID to give a fast photobleaching in solution, resulting from an efficient intramolecular 

hydrogen atom transfer (HAT) reaction due to the close co-existence of the ketone and the 

tertiary amine moieties. Addition of TEOA in acetonitrile solutions containing the dyes had 

only little influences on the photolysis rates, consistent the polymeriation results. Further 

investigation also revealed that an isomerization reaction was certainly occurring, the distance 

between the ketone group and the hydrogen donor being too important in the E,E-isomer in 

order the two groups to interact.[266] It was thus postulated the HAT reaction in the two dyes 

could only take place after isomerization. As shown in the Figure 14, the ketone and the N-

methyl groups are highly adjacent only for the E,Z-conformations. Overall, the photochemical 

mechanism depicted in the Figure 15 was proposed. Thus, upon irradiation, a 

photoisomerization reaction occurs, enabling a HAT reaction to proceed. An unstable 1,6-

biradical is thus formed, certainly undergoing a rapid radical recombination.[267] Considering 

that the intramolecular HAT reaction is faster for C3PY than for C3ID, higher monomer 

conversions could be obtained with C3ID compared to C3PY. Parallel to this, intermolecular 

HAT reactions of dyes with TEOA is faster than the intramolecular ones so that the 

polymerization rates were enhanced upon addition of TEOA. 



 

Figure 14. Optimized geometries of C3PY and C3ID for different conformations. Reproduced 

from Ref. [265] with permission from Elsevier. 

 

Figure 15. Photochemical transformations occurring for C3PY and C3ID with/without TEOA. 

Reproduced from Ref. [265] with permission from Elsevier. 

2.3. Diketopyrrolopyrroles and 1,4-dihydropyrrolo[3,2‑b]pyrroles 

Pyrrole is an aromatic five-membered ring widely used for the design of dyes. In this 

field, diketopyrrolopyrrole (DKPP) corresponds to a dilactam form of pyrrole and this scaffold 

is at the origin of numerous organic dyes and pigments.[268–270] Among them, the most 

famous one is undoubtedly the well-known 'Ferrari Pigment'.[271,272] Diketopyrrolopyrrole 

has also been extensively used for the design of semi-conducting polymers used in organic 

field-effect transistors (OFETs) or as light-absorbing materials for organic solar cells.[273–277] 

Interestingly, DKPPs are characterized by a broad absorption so that these dyes were logically 

investigated as visible light photoinitiators of polymerization. The first report mentioning the 

use of diketopyrrolopyrroles as photosensitizers was reported in 2014 by the group of Lalevée 

and coworkers.[98] In this work, a comparison was established between 2,5-bis(2-



octyldodecyl)-3,6-di(thiophen-2-yl)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPPDT), a 

monomer used for the synthesis of a polymer, namely PDQT (See Figure 16). 

 

Figure 16. Chemical structures of DPPDT, PDQT, different monomers and additives. 

 From the absorption viewpoint, incorporation of DPPDT into a polymer drastically 

impacted the absorption properties (See Figure 17). Thus, the absorption maximum of DPPDT 

shifted from 548 nm for the monomer up to 781 nm when incorporated into PDQT, consistent 

with an elongation of the π-conjugation inside the polymer. Especially, the absorption 

spectrum of PDQT was broad, extending from 300 up to 1050 nm, making PDQT a 

panchromatic photoinitiator. 

 
Figure 17.  UV-visible absorption spectra of DPPDT and PDQT in tetrahydrofuran 

(THF). Reprinted with permission of Xiao et al. [98] 
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Based on their respective absorptions, polymerization tests were carried out for DPPDT 

at 473 and 532 nm with laser diodes or with a halogen lamp. Parallel to this, considering the 

strongly red-shifted absorption of PDQT, polymerization tests were also carried out at 808 nm.  

Examination of the cationic polymerization of EPOX upon irradiation at 532 nm 

revealed the monomer conversion to be higher than that obtained at 473 nm (31% vs 21%) 

using the three-component DPPDT/Iod/NVK (0.5%/2%/3%, w/w/w) system. This is directly 

related to the higher molar extinction coefficient of DPPDT at 532 nm than 473 nm. 

Introduction of NVK into the photoinitiating system did not significantly improve the 

conversion since a value of 29% could already be obtained with the two-component 

DPPDT/Iod (0.5%/2%, w/w) system (See Table 1). Noticeably, the same conversion was 

obtained upon irradiation with a halogen lamp. 

Table 1. EPOX conversions obtained under air upon exposure to different visible light sources 

for 800 s in the presence of DPPDT/Iod (0.5%/2%, w/w), DPPDT/Iod/NVK (0.5%/2%/3%, 

w/w/w), PDQT/Iod (0.5%/2%, w/w) or PDQT/Iod/NVK (0.5%/2%/3%, w/w/w). 

 Halogen lamp 
Laser diode 

at 473 nm 

Laser diode 

at 532 nm 

Laser diode 

at 808 nm 

DPPDT/Iod 29%  29%  

DPPDT/Iod/NVK  21% 31%  

PDQT/Iod np*   np 

PDQT/Iod/NVK np  np np 

* np: no photopolymerization. 

While using tri(ethylene glycol)divinyl ether (DVE-3) as the monomer, a conversion as 

high as 96% could be obtained within 400 s in laminate with the two-component DPPDT/Iod 

(0.5%/2%, w/w) system upon irradiation at 532 nm. If a remarkable conversion was obtained 

in laminate, no conversion could be detected anymore under air, Ph-DVE-3● radicals entirely 

reacting with oxygen and impeding the formation of Ph-DVE-3+. Additionally, it also 

demonstrates the minor contribution of DPPDT+● in the overall polymerization process. If 

DPPDT proved to be relatively performant, another situation was found for PDQT. Indeed, 

irrespective of the photoinitiating system or the irradiation wavelengths, no cationic 

polymerization could be initiated. This counter-performance was assigned to the low 

solubility of PDQT in resins, adversely affecting its photoinitiating ability. This issue was also 

evidenced for another DKPP derivative, namely DKPP2, in which no solubilizing chains have 

been introduced in its scaffold.[96] Using the three-component DKPP2/Iod/NVK system, a 

conversion of EPOX lower than 10% was obtained upon irradiation at 532 nm, whereas a 3-

fold enhanced conversion could be obtained with the more soluble DPPDT (29% conversion) 

in the same conditions. 

 Surprisingly, low monomer conversions were obtained with DPPDT during the FRP of 

TMPTA upon irradiation with a halogen lamp in laminate. Thus, conversions of only 18% and 

19% were respectively obtained using the two-component DPPDT/Iod (0.5%/2%, w/w) and 

PPDT/MDEA (0.5%/2%, w/w) systems during the FRP of this trifunctional monomer (See 

Table 2). While introducing R’-Cl in the two-component DPPDT/MDEA (0.5%/2%, w/w) 

system, the conversion increased up to 37%, corresponding to a two-fold enhancement of the 



monomer conversion upon irradiation with a halogen lamp. Conversely, upon introduction of 

NVK in the two-component DPPDT/Iod (0.5%/2%, w/w) system, a lower monomer conversion 

was obtained (12% vs. 19%), whereas the highly reactive Ph-NVK● radicals are formed in these 

conditions. Noticeably, upon irradiation with a halogen lamp, only the three-component 

DPPDT/MDEA/R’-Cl (0.5%/2%/3%, w/w/w) system could furnish a TMPTA conversion 

comparable to that of the reference CQ/MDEA system (37% vs. 35% for the reference system) 

(See Table 2). Due to the lack of solubility of PDQT in TMPTA, no polymerization could be 

initiated, irrespective of the polymerization conditions. 

 

 

Table 2. TMPTA conversions obtained in laminate upon exposure to different visible light 

sources for 800 s in the presence of DPPDT/MDEA (0.5%/2%, w/w), DPPDT/MDEA/R’-Cl 

(0.5%/2%/3%, w/w/w), DPPDT/Iod (0.5%/2%, w/w), DPPDT/Iod/NVK (0.5%/2%/3%, w/w/w), 

and PDQT/MDEA/R’-Cl (0.5%/2%/3%, w/w/w). 

 Halogen lamp 
Laser diode 

at 532 nm 

Laser diode 

at 808 nm 

DPPDT/MDEA 18%   

DPPDT/MDEA/R’-Cl 37% 38%  

DPPDT/Iod 19%   

DPPDT/Iod/NVK 12% 13%  

PDQT/MDEA/R’-Cl np np np 

CQ/MDEA 35%   

np: no photopolymerization 

Finally, considering that DPPDT could initiate both the FRP of TMPTA and the CP of 

EPOX upon irradiation at 532 nm, interpenetrated polymer networks (IPN) could be obtained 

by the concomitant polymerization of EPOX and TMPTA. Noticeably, upon irradiation at 532 

nm under air, a higher EPOX conversion than that obtained for TMPTA could be determined 

for a TMPTA/EPOX blend (50%/50% w/w). This is directly related to oxygen inhibition, 

adversely affecting the FRP of TMPTA under air (See Figure 18).   

 
Figure 18. Photopolymerization profiles of a TMPTA/EPOX blend (50%/50%, w/w) in the 

presence of DPPDT/Iod/NVK (0.5%/2%/3%, w/w/w) under air upon the laser diode at 532 

nm exposure. Reprinted with permission of Xiao et al. [98] 
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During the thiol–ene photopolymerization of a trithiol/DVE-3 blend (50%/ 50%, w/w) 

in laminate, a conversion of DVE-3 (around 99% after 400 s of irradiation) greatly higher than 

that determined for the thiol functions (around 42%) could be determined with the DPPDT/Iod 

(0.5%/2%, w/w) initiating system, attributable to the CP of DVE-3 competing with the thiol-

ene polymerization process. Noticeably, the exceptional reactivity of the two-component 

DPPDT/Iod (0.5%/2%, w/w) initiating system could be demonstrated during the thiol-ene 

photopolymerization, ambient light being sufficient to initiate the polymerization process. By 

combining cyclic voltammetry, fluorescence quenching experiments, photolysis experiments 

in solution, and electron spin resonance spin trapping (ESR-ST) experiments, a full picture of 

the different species involved in the polymerization process could be determined (see 

equations r1-r10). Thus, DPPDT●+, Ph–NVK+ and Ph–DVE-3+ formed in equations r2, r8 and r5 

were identified as the initiating species for the CP. On the opposite, Ph●, Ph–NVK●, MDEA(-H)● 

formed in equations (r3, r4, r6 and 10) can initiated the FRP of acrylates. Finally, thiyl radicals 

RS• formed in r11-r13 can initiate the thiol-ene polymerization (See Scheme 1). 

 

DPPDT → 1DPPDT (hν)   and   1DPPDT → 3DPPDT    (r1)  

1,3DPPDT + Ph2I+ → DPPDT●+ + Ph2I●      (r2) 

Ph2I● →   Ph● + Ph-I               (r3) 

Ph● + NVK (or DVE-3) → Ph-NVK● (or Ph-DVE-3●)     (r4) 

Ph-NVK● (Ph-DVE-3●) + Ph2I+ → Ph-NVK+ (Ph-DVE-3+) + Ph● + Ph-I  (r5) 

1,3DPPDT + MDEA → DPPDT●- + MDEA●+  → DPPDT-H● + MDEA(-H)●      (r6) 

DPPDT●-  +  R’-Cl  →   DPPDT +  (R’-Cl)●-      (r7) 

1,3DPPDT  +  R’-Cl  →   DPPDT●+ + (R’-Cl)●-      (r8) 

DPPDT-H●  + R’-Cl  →   DPPDT + H+ + (R’-Cl)●-     (r9) 

(R’-Cl)●- →  R’● + Cl-         (r10) 

Ph● + RS-H → Ph-H + RS●        (r11) 

RS•  + R’-CH=CH2 → R’-CH•-CH2SR       (r12) 

R’-CH•-CH2SR + RSH → R’-CH2-CH2SR + RS•     (r13)  

Scheme 1. Chemical mechanisms occurring with the DPPDT/Iod; DPPDT/Iod/NVK; 

DPPDT/MDEA/R’-Cl photoinitiating systems, during FRP, CP and thiol-ene polymerizations. 

Following this work, other diketopyrrolopyrroles were tested as photoinitiators, 

namely 2,5-bis(2-octyldodecyl)-3,6-di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 

(FuDPP) and 3,7-bis(4-bromophenyl)-1,5-bis(2-decyltetradecyl)pyrrolo[2,3-f]indole-

2,6(1H,5H)-dione (M2), and their corresponding polymers i.e. PDBFBT and P2 (See Figure 

19).[97]  



 
Figure 19. Chemical structures of FuDPP, M2 and the corresponding polymers PDBFBT and 

P2. 

Examination of their UV-visible absorption spectra revealed the absorption of DPPDT 

to be redshifted compared to that of FuDPP (548 nm vs 537 nm). However, a higher molar 

extinction coefficient could be determined in an acetonitrile/toluene 50/50 mixture for FuDPP 

(42 800 M-1.cm-1 vs. 28 800 M-1.cm-1 for DPPDT) (See Figure 20). Conversely, for M2 whose 

structure strongly differs from that of FuDPP by the presence of an additional aromatic ring 

in the DKPP structure, a blueshift of the absorption of M2 could be determined compared to 

FuDPP, the absorption maximum peaking at 466 nm (ε = 41800 M-1.cm-1). As anticipated, 

absorption spectra of PDBFBT[278] and P2[279] which correspond respectively to the 

polymers of FuDPP and M2 were redshifted to 770 and 605 nm, consistent with a reduction of 

the HOMO-LUMO gaps upon polymerization (where HOMO stands for the highest Occupied 

Molecular Orbital and LUMO for the Lowest Unoccupied Molecular Orbital).  

 
Figure 20. UV-visible absorption spectra of FuDPP, M2 and DPPDT in acetonitrile/toluene 

(50%/50%, V/V). Reprinted with permission of Xiao et al. [97] 
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The four dyes, namely FuDPP, PDBTFBT, M2 and P2 were examined as 

photosensitizers for the cationic polymerization of EPOX under air, using two-component 

dye/Iod or three-component dye/Iod/NVK photoinitiating systems. Considering their broad 

absorptions, different visible lights sources were used, namely laser diodes emitting at 457, 

473, 532, 635 and 808 nm. A halogen was also used. Monomer conversions obtained at the 

different irradiation wavelengths are given in Table 3. Compared to the previous DPPDT/Iod 

(0.5%/2%, w/w) system which furnished only a monomer conversion of 29% upon irradiation 

with a halogen lamp, this value increased up to 49% with the two-component FuDPP/Iod 

(0.5%/2%, w/w) system. A further improvement of the monomer conversion could even be 

obtained upon addition of NVK to the photoinitiating system. By using the three-component 

FuDPP/Iod/NVK (0.5%/2%/3%, w/w/w) system, a conversion of 55% could be obtained within 

800 s of irradiation, still using a halogen lamp. The three-component FuDPP/Iod/NVK system 

also worked efficiently at 473 or 532 nm, furnishing conversions of 62% and 50% respectively. 

Surprisingly, M2 proved to be a poor candidate for photoinitiation, the efficiency of the three-

component M2/Iod2/NVK (0.5%/2%/3%, w/w/w) remaining low (7% conversion). Finally, as 

previously observed for PDQT, no polymerization could be detected with the two DKKP-

based polymers PDBFBT and P2 due to their low solubilities in resins. The different DKKP 

(FuDPP or M2) are of crucial interest for photoinitiation considering that the reference 

compound i.e. camphorquinone (CQ) is ineffective at the different wavelengths investigated.  

Table 3. EPOX conversions obtained in air upon exposure to different visible light sources for 

800 s in the presence of : FuDPP/Iod (0.5%/2%, w/w), FuDPP/Iod/NVK (0.5%/2%/3%, w/w/w), 

M2/Iod (0.5%/2%, w/w), M2/Iod/NVK (0.5%/2%/3%, w/w/w), related polymeric dyes based 

PISs; previously studied DPPDT/Iod2 (0.5%/2%, w/w) and DPPDT/Iod/NVK (0.5%/2%/3%, 

w/w/w).   

PISs 
Halogen 

lamp 

Laser diode 

457 nm 

Laser diode 

473 nm 

Laser diode 

532 nm 

Laser diode 

635 nm or 808 nm 

FuDPP/Iod 49%     

FuDPP/Iod/NVK 55%  62% 50%  

M2/Iod np*     

M2/Iod/NVK 7% np np   

DPPDT/Iod 29%   29%  

DPPDT/Iod/NVK   21% 31%  

PDBFBT (or P2, 

PDQT)/Iod/NVK 
np    np 

*np: no photopolymerization 

Finally, photoinitiating ability of FuDPP was also examined during the FRP of TMPTA 

(See Table 4). Using the three-component FuDPP/Iod/NVK (0.5%/2%/3%, w/w/w), a 

conversion of 23% could be obtained at 532 nm, higher than that obtained with DPPDT (13%) 

in the same conditions. Noticeably, the three-component FuDPP/Iod/NVK (0.5%/2%/3%, 

w/w/w) system outperformed the reference CQ/Iod system, the reference system only 

furnishing a monomer conversion of 10% at 532 nm. Ability of FuDDP to react in reductive 

cycle was also investigated and for this purpose, the three-component FuDPP/MDEA/R-Br 

(0.5%/2%/3%, w/w/w) system (where R-Br stands for phenacyl bromide) was investigated. 



Even if radicals could be still produced with this system, a lower efficiency could be however 

evidenced (5% conversion upon irradiation with a halogen lamp vs. 12% for the three-

component FuDPP/Iod/NVK (0.5%/2%/3%, w/w/w) system., It was thus concluded that DKPP 

could react more efficiently in a photooxidative than in a photoreductive pathway. 

Table 4. TMPTA conversions obtained in laminate upon exposure to different visible light 

sources for 400 s in the presence of FuDPP/Iod (0.5%/2%, w/w), FuDPP/Iod/NVK (0.5%/2%/3%, 

w/w/w), FuDPP/MDEA (0.5%/2%, w/w), FuDPP/MDEA/R-Br (0.5%/2%/3%, w/w/w) 

PISs Halogen lamp Laser diode (473 nm) Laser diode (532 nm) 

FuDPP/Iod 12%   

FuDPP/Iod/NVK 13% 16% 23% 

FuDPP/MDEA 15%   

FuDPP/MDEA/R-Br 5% 15% 15% 

DPPDT/Iod 19%   

DPPDT/Iod/NVK 12%  13% 

CQ/Iod   <10% 

 

In 2017, a series of eleven diketopyrrolopyrroles was investigated, exhibiting unusual 

photobleaching properties (See Figure 21).[280] In this series, DKPP1-DKPP3 were designed 

with different dimethylamino co-initiators and different lengths of alkyl chains were used to 

connect co-initiators to the dye. For control experiments, DKPP4 was synthesized, only bearing 

an alkyl chain. To evidence the contribution of the thiophene unit in DKPP1-DKPP3, a second 

series of dyes i.e. DKPP5-DKPP7 substituted with peripheral aromatic rings was synthesized. 

Finally, a Type I photoinitiator i.e. DKPP11 derived from the well-known  diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO) was also designed, DKPP8-DKPP10 corresponding 

to intermediates giving access to DKPP11.[2,281–283] Examination of the UV-visible 

absorption spectra of DKPP1-DKPP4 revealed their absorptions to be strongly red-shifted 

compared to that DKPP5-DKPP7 (540 nm vs. 460 nm). This redshift was assigned to the higher 

electron-donating ability of the peripheral thiophene units in DKPP1-DKPP4 compared to the 

phenyl ring n DKPP5-DKPP7 (See Figure 22 and Table 5). The most redshifted absorption was 

found for DKPP11, peaking at 585 nm and exhibiting the longest π-conjugated system of the 

series. Noticeably, surprising results were obtained with these dyes. Thus, if DKKP1-DPP3, 

DKPP5-DKPP8 were designed to act as monocomponent systems, only a slow photobleaching 

of the acetonitrile solutions were detected during the photolysis experiments done upon 

irradiation at 520 nm, evidencing the inability of these dyes to act as monocomponent systems. 

Similarly, almost no photolysis was detected for DKPP11 in acetonitrile solutions, despites its 

specific design to react as a Type I photoinitiator. In fact, consumption of the eight dyes 

(DKPP1-DKPP3, DKPP5-DKPP8, DKPP11) was only observed in the presence of an iodonium 

salt. Within a few minutes, a complete bleaching of the different solutions could be evidenced. 

By decomposition of the iodonium salt, aryl radicals are formed, enabling to initiate the FRP 

of (meth)acrylates. 



 
Figure 21. Chemical structures of DKKP1-DKPP11. 



   
Figure 22. UV-visible spectra of the different diketopyrrolopyrrole in acetonitrile. Reprinted 

with permission of Bouzrati-Zerelli et al. [280]  

Table 5. Light absorption properties of the investigated DKPP derivatives in acetonitrile and 

molar extinction coefficients of the different PIs at the investigated wavelengths. 

 

 

 

 

 

 

 

 

The different dyes were thus examined as photoinitiators for the FRP of methacrylates 

such as (2,2-bis-4-methacryloxy-2-hydroxy-propoxy-phenyl-propane (BisGMA), triethylene 

glycol dimethacrylate (TEGDMA), urethane dimethacrylate (UDMA) and 2-hydroxyethyl 

acrylate (HEA). Polymerization tests were carried out upon irradiation at 470 and 532 nm in 

thin and thick films while using three different photoinitiating systems, namely DKPP/Iod, 

DKPP/EDB and DKPP/R-Cl (where R-Cl stands for (4-methoxystyryl)-4,6-bis(trichloromethyl)-

1,3,5-triazine. As anticipated, only low monomer conversions could be obtained with using 

DKPP1–DKPP3, DKPP5–DKPP8 and DKPP11 as monocomponent system, consistent with the 

photolysis experiments. Conversely, when combined with additives, good monomer 

conversions could be obtained both at 470 and 532 nm, but not with all dyes. 
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ε455nm 

(M-1.cm-1) 

ε470nm 

(M-1.cm-1) 

ε520nm 

(M-1.cm-1) 

DKPP1 540 19400 5100 8200 15900 

DKPP2 540 30400 9100 14800 26500 

DKPP3 540 26000 6700 10900 20400 

DKPP4 550 29600 5700 9900 21000 

DKPP5 460 17800 17400 17200 1000 

DKPP6 460 18300 18200 17200 580 

DKPP7 460 24300 23900 23600 1400 

DKPP8 475 11200 9900 4200 3200 

DKPP9 560 7300 1500 2060 5500 

DKPP10 570 44600 5700 8200 14100 

DKPP11 585 32100 3700 4500 29100 



 Thus, the monomer conversion determined during the FRP of BisGMA/TEGDMA 

blend (70/30 w/w) upon irradiation at 520 nm for 400 s in laminate increased from 18 to 30 and 

50% while using DKPP1 as a monocomponent system (0.5 wt%), in the two-component 

DKPP1/Iod (0.5/2% w/w) system and the three-component DKPP1/Iod/EDB (0.5/2/2% w/w/w) 

system (See Table 6). Comparison with a reference system Eosin-Y/EDB (0.5/2% w/w) revealed 

the monomer conversion to be low, around 6%, demonstrating the remarkable efficiency of 

DKPP1 at 520 nm. Finally, monomer conversions of 50, 45, 45, 30 and 8% could be obtained 

upon irradiation at 470, 520, 532, 565 and 635 nm using the three-component DKPP1/Iod2/EDB 

(0.5%/2%/2% w/w/w) system. The low monomer conversion obtained at 635 nm is directly 

related to the low absorption of DKPP1 at this wavelength. Here again, the crucial role of the 

substitution was evidenced by comparing the monomer conversions obtained with DKPP2-

DKPP8 and DKPP9-DKPP11 in three-component systems upon irradiation at 470 and 520 nm. 

Indeed, if monomer conversions varying from 46% for DKPP8 to 60% for DKPP5 and DKPP7, 

no polymerization could be detected for DKPP9-DKPP11. DKPP1 proved to be an exceptional 

photoinitiator since a BisGMA/TEGDMA conversion comparable to that obtained with 

camphorquinone (0.5 wt%) could be determined while using a photoinitiator content as low 

as 0.016 wt% in the three-component DKPP/Iod/EDB system. Interestingly, replacement of Iod 

by R-Cl in the three-component photoinitiating system enabled to greatly improve the 

monomer conversion. Thus, upon irradiation at 470 nm, the DKPP1/EDB/R-Cl (0.5%/2%/2% 

w/w/w) system furnished a conversion of 50% after 400 s of irradiation whereas the conversion 

achieved with the DKPP1/EDB/Iod2 (0.5%/2%/2% w/w/w) was limited to 40%. 

 

 Table 6. Final methacrylate function conversions (FC) (for a BisGMA/TEGDMA blend) 

obtained in laminate upon irradiation with two visible light sources and using different three-

component DKPP/Iod/EDB (0.5/2/2% w/w/w) photoinitiating systems.  

PIS LED@470 nm LED@520 nm 

DKPP1/Iod/EDB 47 % 50 % 

DKPP2/Iod/EDB  30 % 

DKPP3/Iod/EDB  40 % 

DKPP4/Iod/EDB  10 % 

DKPP5/Iod/EDB 60 %  

DKPP6/Iod/EDB 57 %  

DKPP7/Iod/EDB 60 %  

DKPP8/Iod/EDB 46 % n.p. 

DKPP9/Iod/EDB n.p. n.p. 

DKPP10/Iod/EDB   n.p. 

DKPP11/Iod/EDB   n.p. 

n.p. no polymerization. 

 

 



 Finally, good photobleaching properties could be evidenced with the different dyes, 

enabling to prepare colorless coatings (See Figure 23). This property is actively researched, 

especially for visible-light photoinitiating systems since the photosensitizer is often a strongly 

colored molecule that can impose the color to the final coating.  

 
Figure 23. Photographs before and after irradiation of a 100 µm BisGMA/TEGDMA thick film. 

polymerized by using the three-component DKPP1/Iod/EDB (0.016%/2%/2% w/w/w) system 

upon irradiation with a LED at 477 nm. Reprinted with permission of Bouzrati-Zerelli et al. 

[280]  

To support the polymerization reaction, a mechanism comparable to that proposed for 

the previous DKPP was established, based on the combination of different experiments 

(photolysis experiments, EPR, …) (See equations r19-r28 in Scheme 2). 

 

DKPP → 1DKPP (hν)                                                                                  (r19) 

1DKPP + Ph2I+ → DKPP●+ + Ph2I●                                                          (r20) 

Ph2I● → Ph● + Ph-I                                                                               (r21) 

1DKPP + R-Cl →   DKPP●+ + (R-Cl)●-                                                         (r22) 

1DKPP+ EDB → DKPP●- + EDB●+ →   DKPP-H● + EDB(-H)●                    (r23)  

DKPP●+ + EDB → DKPP + EDB●+ → DKPP + EDB(-H)● + H+                  (r24) 

DKPP●- + R-Cl →   DKPP + (R-Cl)●-                                                           (r25) 

DKPP-H● + R-Cl →   DKPP + H+ + (R-Cl)●-                                              (r26) 

(R-Cl)●- → R● + Cl-                                                                                      (r27) 

DKPP-H● + Ph2I+ → DKPP + H+  + Ph● + Ph-I                                          (r28) 

Scheme 2. Chemical mechanisms occurring in the DKPP/Iod (r19-r21); DKPP/amine/R-Cl (r22-

r27) DKPP/Iod/amine (r20-r21, r23-r24, r28) photoinitiating systems. 

 

Recently, another family of pyrrolopyrrole derivatives was examined as 

photoinitiators of polymerization, namely 1,4-dihydropyrrolo[3,2‑b]pyrroles.[284] 

Interestingly, this structure comprising two fused pyrrole units could be prepared in one step, 

400 500 600 700

0,0

0,2

0,4

0,6

0,8

O
.D

 (nm)

 0 s

 20 s

 40 s

 60 s
T = 0s

T = 60s

(a) (b) (c)

T = 0s

T = 30s

400 500 600 700

0,0

0,2

0,4

0,6

0,8

O
.D

 (nm)

 0 s

 20 s

 40 s

 60 s
T = 0s

T = 60s

(a) (b) (c)

T = 0s

T = 30s

400 500 600 700

0,0

0,2

0,4

0,6

0,8

O
.D

 (nm)

 0 s

 20 s

 40 s

 60 s
T = 0s

T = 60s

(a) (b) (c)

T = 0s

T = 30s

400 500 600 700

0,0

0,2

0,4

0,6

0,8

O
.D

 (nm)

 0 s

 20 s

 40 s

 60 s
T = 0s

T = 60s

(a) (b) (c)

T = 0s

T = 30s



by condensation of 4-bromoaniline, 4-nitrobenzaldehyde and butane-2,3-dione in acetic acid, 

in the presence of a catalytic amount of para-toluenesulfonic acid.  1,4-Bis(4-bromophenyl)-2,5-

bis(4-nitrophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (PyBN) could be obtained in pure form in 

30% yield (See Scheme 3). It has to be noticed that if these structures have been synthesized 

for the first time in 1972, 1,4-dihydropyrrolo[3,2-b]pyrroles have never been examined as 

visible light photoinitiators prior to this work.[285–289] Based on its broad absorption 

extending from 350 up to 550 nm and its absorption maximum located at 462 nm, 

polymerization tests were carried out at 365, 395 and 470 nm. Noticeably, PyBN could even 

initiate the FRP of TMPTA alone, evidencing its ability to act as a monocomponent system. 

Thus, a conversion as high as 90% could be obtained upon irradiation at 365 and 395 nm after 

250 s. Conversely, upon irradiation at 470 nm, no polymerization of TMPTA was detected. 

These results were confirmed with 1,4-bis(4-bromophenyl)-2,5-di-p-tolyl-1,4-

dihydropyrrolo[3,2-b]pyrrole (PyBC) for which no polymerization was also detected at 470 

nm.  

 

Scheme 3. Synthetic routes to PyBN and PyBC. 

 By combining nuclear magnetic resonance (NMR), electron paramagnetic resonance 

(EPR) and mass spectroscopy experiments, the conversion of the nitro groups of PyBN as 

carbonyl groups could be clearly evidenced. Thus, upon irradiation, nitro groups are 

converted as nitrite groups, enabling the generation of phenoxy radicals that can undergo a 

rearrangement to form carbonyl radicals (See Scheme 4).[290–293] Interestingly, comparisons 

of the photoinitiating ability of the two component PyBN/camphorquinone (CQ) (0.5%/1% 

w/w) and EDB/CQ (0.5%/1% w/w) system revealed the two systems to furnish similar 

monomer conversions at 470 nm for TMPTA, whereas no polymerization was detected for 

PyBN alone at this wavelength. PyBN can thus constitute an interesting substitute to EDB, 

enabling to generate efficient amine-free photoinitiating systems. 



 

Scheme 4. photochemical mechanism involved in the polymerization of TMPTA with PyBN. 

 

2.4. Porphyrins 

Porphyrins are a class of aromatic heterocyclic compounds based on tetrapyrrole 

structures in which the four pyrrole rings are linked together by mean of methine carbon 

atoms.[294–296] As specificity, porphyrins strongly absorb in the visible range, making this 

family of dyes suitable candidates for photoinitiation. In this field, metal-based 

tetraphenylporphyrins are characterized by excellent light absorption properties for λ > 400 

nm. The first report mentioning the use of porphyrins as photoinitiators was reported in 

1994.[297] In this work, a living radical polymerization of methyl acrylate could be mediated 

by mean of a cobalt porphyrin i.e. cobalt(II) tetramesityl porphyrin (TMP)CoII. Tetramesityl 

porphyrin (TMP)CoII has been a popular porphyrin used for living radical polymerizations, as 

demonstrated by the numerous reports concerning this topic.[298–305] With aim at 

performing polymerization in water, water-soluble versions of (TMP)CoII were developed, 

such as cobalt tetra(3,5-disulfonatomesityl)porphyrin (TMPS)CoII or cobalt tetra(4-

disulfonatomesityl)porphyrin (TMPS)CoII (See Figure 24).[306] Another popular porphyrin is 

5,10,15,20-tetraphenyl-21H,23H-porphyrin zinc (Zn(TPP)) which has been as a sensitizer for 

the photodecomposition of iodonium salts[307], or as a hydrophobic photoredox catalyst for 

the photoinduced electron/energy transfer-reversible addition-fragmentation chain transfer 



(PET-RAFT) enabling to encapsulate the photocatalyst within hydrophobic nanoparticles.[308] 

The resulting nanoparticles soluble in water and containing Zn(TPP) showed promising 

properties in photodynamic therapy owing to their ability to generate singlet oxygen upon 

irradiation with visible light. More recently, Boyer and coworkers demonstrated that Zn(TPP) 

could activate the PET-RAFT polymerization of trithiocarbonates advantageously used for the 

polymerization of styrene, (meth)acrylates and (meth)acrylamides over a wide range of 

wavelengths (between 435 and 655 nm).[309] Following this work, boyer and coworkers used 

Chlorophyll a as an efficient photoredox catalyst to initiate an efficient photoinduced living 

radical polymerization process that could initiate a reversible addition-fragmentation chain 

transfer (RAFT) polymerization upon irradiation with blue or red LEDs.[310] Indeed, as 

shown in the Figure 25, Chlorophyll a exhibits two intense absorption bands at 461 nm and 

635 nm, corresponding to the Soret and the Q-bands. Chlorophyll a is not the only biosourced 

porphyrin. Other examples of natural porphyrins such as hemoglobins, myoglobins and 

cytochromes can be cited as relevant examples.[311] 

 
Figure 24. Chemical structures of various porphyrins. 



 
Figure 25. UV-visible absorption spectrum of Chlorophyll a in chloroform. Reproduced with 

permission from Shanmugam et al.[310] Copyright 2015 The Royal Society of Chemistry.  

However, if the approach seems to be appealing, availability of Chlorophyll a remained 

limited since only 24 mg could be isolated in pure form from 100 g of spinach leaves. 

Additionnally, in order to be usable, Chlorophyll a has to be extracted for spinach leaves with 

the appropriate solvent and purified by column chromatography before use. Besides, the proof 

of concept that biosourced dyes could be used as photosensitizers was clearly demonstrated. 

If porphyrins were extensively used for the FRP of (meth)acrylates, the first investigations 

concerning the cationic polymerization of epoxides were only reported in 2017 by Lalevée and 

coworkers.[68] In this work, Zn(TPP) was jointly examined with 5,15-bis(2,6-dimethylphenyl)-

10,20-bis(3,5-dimethylphenyl)porphyrin (H2TPMP). As shown in the Figure 26, Zn(TPP) and 

H2TPMP exhibited a broad absorption extending over the visible range. Interestingly, the two 

dyes had an intense absorption at 420 nm ε = 400 000 M−1.cm−1, corresponding to the Soret 

band. 

 
Figure 26. Absorption spectra of the investigated compounds in DCM: (1) Zn(TPP); (2) 

H2TPMP. Reproduced with permission from Al Mousawi.[68] Copyright 2018 American 

Chemical Society 
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Based on the broad absorption of the two dyes, irradiations could be carried out at 405, 

455, 477, and 530 nm. Interestingly, due to the presence of eight methyl groups, H2TPMP 

exhibited a good solubility in EPOX. Examination of the CP of EPOX at 405 nm revealed the 

two-component Zn(TPP)/Iod (0.5%/1% w/w) system to furnish an EPOX conversion of 53% 

after 800 s. Reduction of the photoinitiator content to 0.3% gave almost similar monomer 

conversion (47%). Interestingly, reasonable monomer conversions were obtained at 455 and 

530 nm (39 and 33% conversions respectively).  An opposite situation was found for H2TPMP. 

Indeed, irrespective of the irradiation wavelengths, no polymerization could be detected (See 

Table 7). Considering that Zn(TPP) and H2TPMP exhibit similar absorption properties, it 

therefore evidences the crucial role of the metal center in Zn(TPP). Examination of the 

photochemical mechanism by ESR experiments revealed Zn(TPP)●+ to be the initiating species 

during the CP of EPOX. Indeed, ESR spectrum of Zn(TPP)•+ consisted in a broad line pattern 

at g = 2.0027 in full accordance with results previously reported in the literature. Overall, the 

mechanism depicted in equations r29 and r30 was proposed (See Scheme 5).[312] 

 

Zn(TPP)→ *Zn(TPP)     (h)   (r29) 

*Zn(TPP)  + Ph2I+ → Zn(TPP)●+  +  Ph2I●   →  Zn(TPP)●+ + Ph● + PhI     (r30) 

Scheme 5. Photochemical mechanism involving Zn(TPP) 

 

Table 7. Final epoxy function conversion (FC) for the EPOX after 800s of irradiation at 

different irradiation wavelengths. 

 Epoxy function conversion (FC) %  

 Zn(TPP)/Iod  

(thickness=25 m) under air  

H2TPMP/Iod  

(thickness=25 m) under air 

LED@405nm 53%  (0.5%/1% w/w);  

47%  (0.3%/1% w/w) 

n.p. (0.5%/1% w/w) 

 

LED@455nm  39% (0.3%/1% w/w)   n.p. (0.5%/1% w/w) 

LED@530nm  33% (0.3%/1% w/w)   n.p. (0.5%/1% w/w) 

n.p.: no polymerization 

In 2020, the possibility to initiate polymerization processes by mean of a dual 

photochemical/photothermal approach was examined upon excitation in the near-infrared 

(NIR) region.[69] Indeed, near infrared (NIR) dyes are well-known to release heat upon 

photoexcitation, what can be advantageously used to initiate the decomposition of a thermal 

photoinitiator. It can thus provide a second and additional source of radicals that can be 

generated in situ, in complement to those formed by the photochemical mechanism, 

improving the overall monomer conversion. Light-triggered heat release of NIR dyes is well-

established in the literature and used for numerous biomedical applications such as 

phototherapy or drug delivery.[313–315] In the context of photopolymerization, a series of six 

metalloporphyrins, namely Fe-Porph_1, Cu-Porph_2, Zn-Porph_2, Pd-Porph_2, Fe-Porph_2 



and Zn-Porph_4 varying by the central metal cations was examined (See Figure 27). Besides, 

if six porphyrins were prepared, only three of them could be examined during the 

polymerization experiments, namely Fe-Porph_1, Zn-Porph_2 and Zn-Porph_4, the other 

porphyrins being not soluble in resins. Interestingly, if the different dyes exhibited a low 

absorption at 785 nm (Q band), polymerization experiments could however be carried out at 

this wavelength (See Figure 28).   

 
Figure 27. Chemical structures of porphyrins examined as heaters for photothermal effects. 
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Figure 28. UV-visible absorption spectra of Fe-Porph_1, Cu-Porph_2, Zn-Porph_2, Pd-

Porph_2, Fe-Porph_2 and Zn-Porph_4 in chloroform (top) expansion of the UV-visible 

absorption spectra of the same porphyrins in the 500-800 nm region. Reproduced with 

permission of Ref. [69]. 



Indeed, molar extinction coefficients higher than 1000 L.mol−1.cm−1 could be 

determined for Fe-Porph_1, Zn-Porph_2 and Zn-Porph_4, sufficient to initiate polymerization 

processes. As thermal initiator, a thermosensitive alkoxyamine i.e. 2-((tert-butyl(1-

(diethoxyphosphoryl)-2,2-dimethylpropyl)amino)oxy)-2-methylpropanoic acid (blocbuilder® 

MA) was selected. This molecule is notably characterized by a low decomposition temperature 

ranging between 50 and 70 °C.[316] When tested in four-component dye/Iod3/2-

dppba/blockbuilder® MA (0.1%/3%/2%/2% w/w/w/w) systems (where 4-dppba stands for 4-

(diphenylphosphino)benzoic acid), long inhibition times could be determined during the FRP 

of a mixture of Mix-MA (Mix-Ma is a resin composed of three different monomers in a 33/33/33 

(wt%/wt%/wt%) ratio, composed of HPMA (2-hydroxypropyl) methacrylate, 1,4-BDDMA 

(1,4-butanediol dimethacrylate) and UDMA (a urethane dimethacrylate)) upon irradiation at 

785 nm, evidencing a strong oxygen inhibition despite the presence of 4-dppba (See Figure 29). 

 

Figure 29. Photopolymerization profiles for Mix-MA in air (methacrylate function conversion 

vs. irradiation time) upon irradiation at 785 nm using four-component photoinitiating 

dye/Iod3/2-dppba/blockbuilder® MA (0.1%/3%/2%/2% w/w/w/w) systems using (1) Fe-

Porph_1, (2) Zn-Porph_2 and (3) Zn-Porph_4, thickness = 1.4 mm. Reproduced with 

permission of Ref. [69]. 

 Indeed, 2-dppba is a phosphine extensively used in photopolymerization due to its 

ability to reduce oxygen inhibition.[317,318] In the present case, an inhibition time of ca 200 s 

was however determined. After 1000 s of irradiation, a final monomer conversion of 55% could 

be obtained with Fe-Porph_1, higher than that obtained with Zn-Porph_4 (50%). Comparison 

of the monomer conversions obtained with/without blockbuilder® MA revealed a significant 

enhancement of the monomer conversion in the presence of the thermal initiator, increasing 

from 30% up to 50%. It thus clearly shows the contribution of the photothermal effect in the 

overall conversion. To support the enhancement of the monomer conversion in the presence 

of the thermal initiator, the mechanism depicted in equations r31-r37 was proposed. In fact, 

initiating radicals can be formed due to the concomitant presence of two mechanisms. First, 

the purely photochemical pathway enabled by photodecomposition of the iodonium salt to 
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generate aryl radicals (r32). Parallel to this, excitation of the NIR dye resulted in the release of 

heat (conversion of the NIR light into heat) within the photocurable resin, promoting the 

thermal decomposition of blockbuilder® MA. In fact, control experiments done with the NIR 

light source alone revealed the irradiation source to be unable to initiate the decomposition of 

blockbuilder® MA, demonstrating that the presence of the NIR dye was compulsory in order 

to convert light into heat. Owing to the non-radiative deactivation channels, the energy 

absorbed by dyes upon photoexcitation with the appropriate wavelength of light is released 

as heat. Parallel to this, polymerization of acrylates is also well-known to be exothermic, 

facilitating the elevation of temperature.  Consequently, when the temperature is sufficient, 

the thermal initiator can decompose, furnishing an additional source of radicals (See equations 

r33-r34). Contribution of blockbuilder® MA in the polymerization process can notably be 

clearly detected at ca. 300 s of irradiation, a significant modification of the slopes being 

detected on the polymerization profile (See Figure 29). If 4-dppba enabled to reduce the 

oxidized photosensitizer, it also contributed to reduce oxygen inhibition by converting the 

non-initiating peroxy radicals (ROO●) as reactive alkoxy radicals (RO●) (see equations r35-r37, 

see Scheme 6).[319]   

 

dye → *dye (hν)    (r31) 

*dye + Ar2I+ → dye●+ + Ar● + ArI  (r32) 

*dye → dye + Δ    (r33) 

Blocbuilder + Δ → free radicals  (r34) 

ROO● + PAr3 → ROO-P●Ar3   (r35) 

ROO-P●Ar3 → RO● + O=PAr3   (r36) 

dye●+ + PAr3 → dye + PAr3●+   (r37) 

Scheme 6. The different equations involved in the polymerization process. 

 

Overall, efficiency of the dual photochemical/photothermally induced polymerization 

of Mix-MA at 785 nm is summarized in the Figure 30. 
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Figure 30. The dual photochemical and photothermal mechanism of polymerization. 

Reproduced with permission of Ref. [69]. 

 

 

2.5. Push-pull dyes 

  Push-pull dyes have been extensively used as photoinitiators of polymerization due 

to their easiness of synthesis, the facile tuneability of their absorption maxima and the excellent 

control of the molar extinction coefficient by mean of the π-conjugation length.[122,198–211] 

Typically, push-pull dyes are composed of an electron donor connected to an electron acceptor 

by mean of a conjugated spacer.[320,321] In 2020, pyrrole-based push-pull dyes were 

examined as photoinitiators capable to induce sunlight photopolymerization with three-

component systems.[208] Sunlight-induced photopolymerization constitutes an appealing 

approach  as Sun is a free and unlimited light source on Earth that could help to reduce energy 

consumption. Besides, if appealing, characteristics of sunlight are different from that of LEDs. 

Thus, Sun exhibits a much broader emission spectrum than those of LEDs. Light intensity of 

Sun is also lower than that of LEDs so that photoinitiators adapted for LED irradiations can be 

totally inefficient under sunlight.[322–324] In fact, sunlight is adapted for panchromatic 

photoinitiators. At present, availability of photoinitiators activable under sunlight remains 

scarce.[325–328] In 2020, Lalevée and coworkers examined a series of three pyrrole-based 

push-pull dyes and compared their photoinitiating abilities to that of thiophene-based 

analogues (See Figure 31). [208]   

 

Figure 31. Chemical structures of push-pull dyes based on pyrrole. 

Due to the fact that Meldrum acid is a weak electron acceptor, absorption maximum of 

dyes 1 remained located in the near UV-visible absorption range. Conversely, by using 

stronger electron acceptors, absorption maximum ranging from 404 nm for dye 3 to 473 nm 



for dye 5. Interestingly, comparison of dye 2 and dye 3 that possess the same electron acceptor 

revealed pyrrole to be a stronger electron donor than thiophene. Indeed, absorption maxima 

located at 368 and 404 nm were respectively determined for dye 2 and dye 3 (See Table 8). 

 

Table 8. Light absorption properties of the different push-pull dyes in acetonitrile: maximum absorption 

wavelengths λmax; molar extinction coefficients at λmax and extinction coefficients at the emission 

wavelength of the LED@405 nm. 

 
λ

max 
(nm) ε

max
 (M

-1

.cm
-1

) ε
@405nm

 (M
-1

.cm
-1

) 

Dye 1 391 50990 17680 

Dye 2 368 27740 4010 

Dye 3 404 55460 55350 

Dye 4 430 28310 21820 

Dye 5 473 10490 5990 

 

Photopolymerization experiments of TA using three-component dye/Iod3/EDB 

(0.1%/2%/2% w/w/w) photoinitiating systems (PISs) upon irradiation with a LED at 405 nm 

revealed the monomer conversion to be extremely high for all pyrrole-based push-pull dyes. 

Thus, conversion ranging between 96% for dye 1 and dye 3 up to 98% for dye 5 could be 

determined after 400 s of irradiation at 405 nm. Interestingly, the thiophene-based dye i.e. dye 

2 exhibits a significantly reduced photoinitiating ability than its pyrrole-based analogue (dye 

3) since a reduction of the monomer conversion by ca. 23% could be determined for dye 2 (See 

Table 9). Low photoinitiating ability of the thiophene-based dye was confirmed with dye 4, 

furnishing a lower monomer conversion than all pyrrole-based dyes. Upon sunlight 

irradiation, an order of reactivity similar to that obtained with the LED emitting at 405 nm was 

found. Within 30 s, conversions as high 99, 95 and 92% for dye 1, 3 and 5 were determined, 

still using the same three-component system. Considering that these monomer conversions 

have been obtained during the winter during a cloudy day, it therefore demonstrated the full 

potential of pyrrole-based push-pull dyes as photoinitiators for sunlight irradiation during a 

sunny summer day. Due to the high reactivity of the dye 5-based three-component 

photoinitiating system, direct laser write experiments were carried out at 405 nm. As shown 

in the Figure 32a, 3D patterns exhibiting a remarkable spatial resolution with smooth surfaces 

could be obtained using TA as the monomer. Photocomposites could also be prepared by 

incorporating silica into the photocurable resin. By introducing 20% weight of silica fillers, 3D 

profiles with an excellent spatial resolution could also be obtained. Besides, due to a more 

limited light penetration within the resin, thinner 3D patterns were however obtained (See 

Figure 32b). The success access to photocomposites evidenced the remarkable photoinitiating 

abilities of pyrrole-based dyes and silica fillers-based photocomposites can be regarded as 

useful materials usable in additive manufacturing/vat photopolymerization. 

 



 

 

 

Table 9.  Summary of the monomer conversion determined at 405 nm and under sunlight for 

TA using three-component photoinitiating systems.  

No. Push-pull dyes Conversion at 405 LED Conversion at sunlight 

1 

 

~96% ~99% 

2 

 

~73% - 

3 

 

~96% ~95% 

4 

 

~85% - 

5 

 

~98% ~92% 

 

 

Figure 32. 3D patterns obtained by direct laser write experiments in TA. Characterization of 

the 3D patterns by numerical optical microscopy in the presence of: (a) dye 5/Iod3/EDB 

(0.1%/2%/2% in TA, w/w/w); (b) dye 5/Iod3/EDB/silica (0.1%/2%/2%/20% in TA, w/w/w/w). 

Reproduced with permission of Ref. [208] 



 

2.6. 1,3,5-Triaryl-2-pyrazoline sulfonium salt photoacid generators 

Photoacid generators (PAGs) are an important class of photoinitiators enabling to 

produce cationic reactive species upon absorption of light by the dye. In this field, sulfonium 

salts have been extensively studied due to their remarkable thermal stability in the dark and 

their remarkable ability to release Bronsted acids upon irradiation.[329–331] In 2021, four 1,5-

diphenyl-3-aromatic heterocyclyl-2-pyrazoline based sulfonium salts were prepared by Wan 

and coworkers.[332] To examine the influence of the substitution pattern, a comparison 

between sulfonium salts varying by the pendant heterocycles was carried out, namely, 

thiophene, pyrrole and furane. In the case of thiophene-based sulfonium salts, isomers of 

positions were designed and synthesized, namely PAG-αS and PAG-βS (See Figure 33). For 

comparison, a benchmark PAG was used, namely diphenyl(4-(phenylthio)phenyl)sulfonium 

hexafluorophosphate (PAG-6992M). 

 

Figure 33. Chemical structures of sulfonium salts comprising different heterocycles. 

 Examination of the UV-visible absorption spectra of PAG-αS, PAG-αO, PAG-αN and 

PAG-βS revealed the absorption maxima of PAG-βS (λmax = 333 nm), PAG-αN (λmax = 339 nm), 

PAG-αO (λmax = 344 nm) to be located in the same region. Conversely, a significant redshift 

was found for PAG-αS (λmax = 364 nm) comprising a thiophene unit as substituent (See Figure 

34). Noticeably, if PAG-βS, PAG-αN and PAG-αO showed almost similar molar extinction 

coefficients, a significant reduction of the molar extinction coefficient was found for PAG-αS 

(εmax= 15 700 M-1.cm-1 vs. 17 500-17 900 M-1.cm-1 for PAG-βS, PAG-αN and PAG-αO).  



 
Figure 34. UV-visible absorption spectra of PAGs in acetonitrile. Reproduced with 

permission of Ref. [332] 

Determination of the quantum yields of photoacid generation (ΦH+) for all sulfonium 

salts upon irradiation with a LED@385 nm revealed PAG-βS to furnish the highest quantum 

yield (0.72 vs 0.54, 0.66 and 0.69 for PAG-αS, PAG-αO, PAG-αN respectively). A molecular 

structure dependence of the photoacid generation quantum yields could thus be established. 

Notably, difference of photoacid generation ability was assigned to the photoinduced electron 

transfer (PET) efficiency from the π-conjugated systems towards the dimethylsulfonium 

moieties. By changing the irradiation wavelength from 365 to 385, 395, 405 and 425 nm, a 

severe reduction of the photoacid generation ability was determined. This is directly related 

to a reduction of the photon energy at longer wavelengths, rendering the cleavage of the S-C 

bond less efficient.  

Examination of the photoinitiating ability of the different PAGs at five different 

wavelengths revealed the EPOX conversion to be highest at 385 nm, except for PAG-αO for 

which the conversion was higher at 395 nm (See Table 10). These results were confirmed 

during the CP of DVE-3 (See Table 11). While comparing the four PAGs, PAG-βS could furnish 

monomer conversions on par with that of the benchmark photoinitiator i.e. PAG-6992 M. 

PAG-βS proved also to be the most efficient PAG of the series, irrespective of the irradiation 

wavelength. 

Table 10. EPOX conversions obtained with different PAGs (1 wt%) at different irradiation 

wavelengths. 

 365 nm 385 nm 395 nm 405 nm 425 nm 

PAG-αS 50.76 57.37 52.43 60.81 50.91 

PAG-αO 52.23 58.82 64.04 58.57 38.26 

PAG-αN 49.25 55.90 55.64 48.89 43.75 

PAG-βS 59.00 62.09 59.94 48.89 38.55 

PAG-6992 M 59.31 43.63 - - - 

 



Table 11. DVE-3 conversions obtained with different PAGs (1 wt%) at different irradiation 

wavelengths. 

 365 nm 385 nm 395 nm 405 nm 425 nm 

PAG-αS 85.17 85.25   90.08 

PAG-αO 89.38 94.74   77.89 

PAG-αN 86.88 90.56   66.97 

PAG-βS 93.03 96.79   61.79 

PAG-6992 M 87.62 60.03   - 

 

A summary of the different optical properties and the polymerization results is 

presented in the Table 12.  

Table 12. Chemical structures, optical characteristics and summary of the polymerization results. 

 

Dye 
Chemical 

structure 

Maximum 

absorption 

wavelength 

(nm) 

Photoinitiating 

systems 
Monomers 

Light 

source 

Monomer  

conversion 
Ref. 

2.1. chalcones      

BMO 
 

379 
BMO/Iod 

(1%/3%, w/w) 
EPOX 365 nm 60% [162] 

BMO 
 

379 
BMO/Iod 

(1%/3%, w/w) 
HDDA 405 nm 80% [162] 

BMO 
 

379 
BMO/MDEA 

(1%/1% w/w) 
HDDA 405 nm 74% [162] 

C6PY 
 

413 
C6PY/Iod2 

(0.1%/2% w/w) 
TPGDA 405 nm 75% [260] 

C6NPY 

 

415 
C6NPY/Iod2 

(0.1%/2% w/w) 
TPGDA 405 nm 89% [260] 

C6SPY 
 

412 
C6SPY/Iod2 

(0.1%/2% w/w) 
TPGDA 405 nm 55% [260] 

BPC 
 

416 

BPC/TEOA 

(0.0625%/3% 

w/w) 

PEGDA 465 nm 70% at 120°C [262] 

BPC 
 

416 
BPC/Iod3 

(0.1%/2%, w/w) 
Ebecryl 40 405 nm 55% [262] 

BPC 
 

416 
BPC/EDB 

(0.1%/2%, w/w) 
Ebecryl 40 405 nm 40% [262] 

BPC 
 

416 

BPC/EDB/Iod3 

(0.1%/2%/2%, 

w/w/w) 

Ebecryl 40 405 nm 85% [262] 

BPC 
 

416 
BPC/Iod3 

(0.1%/2%, w/w) 
EPOX 405 nm 70% [262] 

2.2. Penta-1,4-dien-3-ones      



C3PY 
 

414 
C3PY/TEOA 

(0.1%/3% w/w) 
TMPTA 405 nm 39% [265] 

C3PY 
 

414 
C3PY/Iod2 

(0.1%/2% w/w) 
TMPTA 405 nm 50% [265] 

C3PY 
 

414 
C3PY/TEOA 

(0.1%/3% w/w) 
TPGDA 405 nm 91% [265] 

C3PY 
 

414 
C3PY/Iod2 

(0.1%/2% w/w) 
TPGDA 405 nm 76% [265] 

C3ID 
 

422 
C3ID/TEOA 

(0.1%/3% w/w) 
TPGDA 405 nm 84% [265] 

2.3. Diketopyrrolopyrroles and 1,4-dihydropyrrolo[3,2‑b]pyrroles  

DPPDT 

 

548 
DPPDT/Iod 

(0.5%/2%, w/w) 
EPOX 532 nm 29% [98] 

DPPDT 

 

548 

DPPDT/Iod/ 

NVK 

(0.5%/2%/3%, 

w/w/w) 

EPOX 532 nm 31% [98] 

DPPDT 

 

548 
DPPDT/Iod 

(0.5%/2%, w/w) 
DVE-3 532 nm 96% [98] 

DPPDT 

 

548 

DPPDT/Iod/ 

NVK 

(0.5%/2%/3%, 

w/w/w) 

TMPTA 532 nm 13% [98] 

DPPDT 

 

548 

DPPDT/MDEA

/R’-Cl 

(0.5%/2%/3%, 

w/w/w) 

TMPTA 532 nm 38% [98] 

PDQT 

 

781 
PDQT/Iod 

(0.5%/2%, w/w) 
EPOX 532 nm 

no 

polymerization 
[98] 



PDQT 

 

781 

PDQT/Iod/NV

K (0.5%/2%/3%, 

w/w/w) 

EPOX 532 nm 
no 

polymerization 
[98] 

DKPP2 
 

525 

DKPP2/Iod/NV

K (0.5%/2%/3%, 

w/w/w) 

EPOX 532 nm 10% [96] 

FuDPP 

 

548 

FuDPP/Iod/NV

K (0.5%/2%/3%, 

w/w/w) 

EPOX 532 nm 50% [97] 

FuDPP 

 

548 

FuDPP/Iod/NV

K (0.5%/2%/3%, 

w/w/w) 

TMPTA 532 nm 23% [97] 

FuDPP 

 

548 

FuDPP/MDEA/

R-Br 

(0.5%/2%/3%, 

w/w/w) 

TMPTA 532 nm 15% [97] 

M2 

 

466 

M2/Iod/NVK 

(0.5%/2%/3%, 

w/w/w) 

EPOX 
halogen 

lamp 
7% [97] 

DKPP1 

 

540 

DKPP1/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
520 nm 50% [280] 

DKPP2 

 

540 

DKPP2/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
520 nm 30% [280] 



DKPP3 

 

540 

DKPP3/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
520 nm 40% [280] 

DKPP4 

 

550 

DKPP4/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
520 nm 10% [280] 

DKPP5 

 

460 

DKPP5/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
470 nm 60% [280] 

DKPP6 

 

460 

DKPP6/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
470 nm 57% [280] 

DKPP7 

 

460 

DKPP7/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
470 nm 60% [280] 

DKPP8 

 

475 

DKPP8/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
470 nm 46% [280] 



DKPP9 

 

560 

DKPP9/Iod/ED

B (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
520 nm 

no 

polymerization 
[280] 

DKPP10 

 

570 

DKPP10/Iod/E

DB (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
520 nm 

no 

polymerization 
[280] 

DKPP11 

 

585 

DKPP11/Iod/E

DB (0.5/2/2% 

w/w/w) 

BisGMA/TEG

DMA 
520 nm 

no 

polymerization 
[280] 

PyBN 

 

350-550 PyBN (0.5 %w) TMPTA 365 nm > 90% [284] 

PyBN 

 

350-550 PyBN (0.5 %w) TMPTA 395 nm > 90% [284] 

2.4. Porphyrins      

Zn(TPP) 

 

420 
Zn(TPP)/Iod 

(0.5%/1% w/w) 
EPOX 405 nm 53% [68] 

Zn(TPP) 

 

420 
Zn(TPP)/Iod 

(0.3%/1% w/w) 
EPOX 405 nm 47% [68] 

Zn(TPP) 

 

420 
Zn(TPP)/Iod 

(0.3%/1% w/w) 
EPOX 455 nm 39% [68] 

Zn(TPP) 

 

420 
Zn(TPP)/Iod 

(0.3%/1% w/w) 
EPOX 530 nm 33% [68] 



Fe-Porph_1 

 

420 

dye/Iod3/2-

dppba/blockbu

ilder® MA 

(0.1%/3%/2%/2

% w/w/w/w) 

Mix-MA 785 nm 55% [69] 

Zn-Porph_2 

 

420 

dye/Iod3/2-

dppba/blockbu

ilder® MA 

(0.1%/3%/2%/2

% w/w/w/w) 

Mix-MA 785 nm 52% [69] 

Zn-Porph_4 

 

420 

dye/Iod3/2-

dppba/blockbu

ilder® MA 

(0.1%/3%/2%/2

% w/w/w/w) 

Mix-MA 785 nm 50% [69] 

2.5. Push-pull dyes      

1 

 

391 

dye/Iod3/EDB 

(0.1%/2%/2% 

w/w/w) 

TA 405 nm 96% [208] 

2 

 

368 

dye/Iod3/EDB 

(0.1%/2%/2% 

w/w/w) 

TA 405 nm 73% [208] 

3 

 

404 

dye/Iod3/EDB 

(0.1%/2%/2% 

w/w/w) 

TA 405 nm 96% [208] 

4 

 

430 

dye/Iod3/EDB 

(0.1%/2%/2% 

w/w/w) 

TA 405 nm 85% [208] 

5 

 

473 

dye/Iod3/EDB 

(0.1%/2%/2% 

w/w/w) 

TA 405 nm 98% [208] 

2.6. 1,3,5-Triaryl-2-pyrazoline sulfonium salt     

PAG-αS 

 

364 PAGs (1 wt%) EPOX 405 nm 60.81 [332] 

PAG-αO 

 

344 PAGs (1 wt%) EPOX 405 nm 58.57 [332] 

PAG-αN 

 

339 PAGs (1 wt%) EPOX 405 nm 48.89 [332] 

PAG-βS 

 

333 PAGs (1 wt%) EPOX 405 nm 48.89 [332] 



PAG-6992M 

 

- PAGs (1 wt%) EPOX 405 nm - [332] 

PAG-αS 

 

364 PAGs (1 wt%) DVE-3 385 nm 85.25 [332] 

PAG-αO 

 

344 PAGs (1 wt%) DVE-3 385 nm 94.74 [332] 

PAG-αN 

 

339 PAGs (1 wt%) DVE-3 385 nm 90.56 [332] 

PAG-βS 

 

333 PAGs (1 wt%) DVE-3 385 nm 96.79 [332] 

PAG-6992M 

 

- PAGs (1 wt%) DVE-3 385 nm 60.03 [332] 

 

 

 

Conclusion 

 To conclude, pyrrole is a versatile scaffold for the design of numerous dyes. Over the 

years, six different families of dyes have been prepared, namely, chalcones, enones, 

diketopyrrolopyrroles, 1,4-dihydropyrrolo[3,2‑b]pyrroles, porphyrins, push-pull dyes and 

photoacid generators. As the most interesting results, photoinitiating systems capable to 

bleach have been prepared with diketopyrrolopyrroles. In the case of push-pull dyes, sunlight-

induced polymerization could be performed, even during a cloudy day, demonstrating all the 

potential of pyrrole-based push-pull dyes. Besides, if remarkable polymerization results have 

been obtained with the different families of dyes, a great deal of efforts remains to be done 

with aim at simplifying the photocurable resins. Notably, no pyrrole-based Type I 

photoinitiators have been reported to date. In this field, the most accessible structures are 

undoubtedly oxime esters, which exhibit a good stability while combining an easiness of 

synthesis. Indeed, oxime esters can be simply obtained by esterification of the corresponding 

oximes with various acid chlorides in the presence of a base.[86,111,113,333–337] By 

developing such structures, it could pave the way towards a major simplification of the 

photocurable resins. The design of water-soluble dyes is also another challenge. Indeed, 

polymerization in water could give access to polymers prepared in greener polymerization 

conditions. 
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