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Introduction

During the past decades, photopolymerization carried out under low light intensity and visible light has been the focus of numerous research efforts due to the wide range of applications in which this polymerization technique is involved, ranging from coatings, adhesives, high-tech applications [START_REF] Crivello | Photopolymer materials and processes for advanced technologies[END_REF], 3D printing [START_REF] Dietlin | Photopolymerization upon LEDs: new photoinitiating systems and strategies[END_REF] and more recently the polymerization of thick samples comprising a high content of fillers [START_REF] Xiao | Photoinitiating systems: recent progress in visible light induced cationic and radical photopolymerization reactions under soft conditions[END_REF][START_REF] Garra | Photopolymerization processes of thick films and in shadow areas: a review for the access to composites[END_REF]. From a technical point of point, photopolymerization exhibits several advantages compared to the traditional thermal polymerization done in solution. Notably, a temporal and a spatial control of the polymerization process can be obtained [START_REF] Shanmugam | Photocontrolled living polymerization systems with reversible deactivations through electron and energy transfer[END_REF][START_REF] Zhang | A versatile 3d and 4d printing system through photocontrolled raft polymerization[END_REF][START_REF] Buss | Photoinduced controlled radical polymerizations performed in flow: methods, products, and opportunities[END_REF]. The polymerization process can also be extremely fast, the polymerization being ended after a few seconds (See Fig. 1) [START_REF] Mendes-Felipe | State-of-the-art and future challenges of uv curable polymer-based smart materials for printing technologies[END_REF][START_REF] Bagheri | Photopolymerization in 3D Printing[END_REF]. Parallel to this, photopolymerization can be carried out in solvent-free conditions, avoiding the release of volatile organic compounds (VOC) [START_REF] Noè | Cationic photopolymerization of bio-renewable epoxidized monomers[END_REF]. At present, most of the polymerization processes done in industries are based on UV-photoinitiators giving rise to safety concerns for the manipulators. Notably, UV-light can be responsible from eye damages under accidental exposure [START_REF] Shao | Visible light initiating systems for photopolymerization: status, development and challenges[END_REF][START_REF] Park | A visible light-curable yet visible wavelength-transparent resin for stereolithography 3D printing[END_REF]. This unwanted exposure can nonetheless occur in industry but also during dental treatments in dental clinics so that alternatives to UV light photoinitiators are actively researched [START_REF] Yoshino | Effects of blue-light irradiation during dental treatment[END_REF].

Besides, UV photoinitiators remains appealing candidates for photopolymerization due to their lack of color, these compounds being white powders. As a result of this, colorless polymers can be obtained, their incorporation into photocurable resins unaffecting the color of the resins and thus that of the final polymers. Conversely, visible light photoinitiators are colored compounds and the final polymers are most of the time highly colored even if low amounts of photoinitiators are classically used. In this context, a great deal of efforts has been devoted to develop photoinitiators capable to bleach i.e. to become colorless after a prolonged light irradiation or during the polymerization time. At present, examples of photoinitiators capable to bleach remain scarce [START_REF] Gomez | Two-and three-component visible light photoinitiating systems for radical polymerization based on onium salts: an overview of mechanistic and laser flash photolysis studies[END_REF]. In this field, metal complexes are excellent candidates and acylstannanes 1, 2 [START_REF] Mitterbauer | Acylstannanes: Cleavable and highly reactive photoinitiators for radical photopolymerization at wavelengths above 500 nm with excellent photobleaching behavior[END_REF][START_REF] Radebner | Tetraacylstannanes as long-wavelength visible-light photoinitiators with intriguing low toxicity[END_REF]. or acylgermanes (ivocerin 3, tetrakis(2-methylbenzoyl)germane 4) [START_REF] Eibel | Choosing the ideal photoinitiator for free radical photopolymerizations: predictions based on simulations using established data[END_REF]18] can be cited as type I photoinitiators exhibiting the most remarkable photobleaching properties (See Fig. 2). But, examples of type II photoinitiators also exist as exemplified with a substituted (dithiophene)diketopyrrolopyrrole 5 [START_REF] Bouzrati-Zerelli | New violet to yellow light sensitive diketopyrrolo-pyrrole photoinitiators: high performance systems with unusual bleaching properties and solubility in water[END_REF], a zinc complex bearing oxadiazoles as pendant groups 6 [START_REF] Tehfe | Zinc-based metal complexes as new photocatalysts in polymerization initiating systems[END_REF], a cyclohexan-1-one derivative 7 [START_REF] Li | Synthesis of furan derivative as LED light photoinitiator: one-pot, low usage, photobleaching for light color 3D printing[END_REF] or a carboxylated camphorquinone 8 [START_REF] Kamoun | Carboxylated camphorquinone as visible-light photoinitiator for biomedical application: synthesis, characterization, and application[END_REF].

Parallel to safety concerns, light penetration inside the photocurable resin is another parameter governing the polymerization efficiency [START_REF] Bonardi | High performance near infrared (NIR) photoinitiating systems operating under low light intensity and in presence of oxygen[END_REF]. As evidenced in the Fig. 3 for a polystyrene latex with an average diameter of 112 nm, the light penetration ranges from 600 µm at 320 nm (i.e. in the UV region) to 5 cm at 800 nm (i.e. in the near-infrared region), completely modifying the scope of applications of photopolymerization. Indeed, if historically, photopolymerization which was based on UV photoinitiators was limited to coatings due to the poor light penetration inside the polymerizable resins, the access to thick samples containing fillers is now possible, revolutionizing the possibilities of photopolymerization (See Fig. 3).

At present, numerous families of organic dyes have been developed as type II photoinitiators activable under low light intensity and visible light. Among them, chalcones 9 [START_REF] Tehfe | Chalcone derivatives as highly versatile photoinitiators for radical, cationic, thiol-ene and IPN polymerization reactions upon visible lights[END_REF], chromones 10 [START_REF] Tehfe | New chromone based photoinitiators for polymerization reactions upon visible lights[END_REF][START_REF] Al Mousawi | 3-Hydroxyflavone and N-phenyl-glycine in high performance photo-initiating systems for 3D printing and photocomposites synthesis[END_REF][START_REF] Al Mousawi | Flavones as natural photoinitiators for light mediated free radical polymerization via light emitting diodes[END_REF], perylenes 11 [START_REF] Xiao | Perylene derivatives as photoinitiators in blue light sensitive cationic or radical curable films and panchromatic thiol-ene polymerizable films[END_REF][START_REF] Tehfe | Green light induced cationic ring opening polymerization reactions: perylene-3,4:9,10-bis(dicarboximide) as efficient photosensitizers[END_REF][START_REF] Xiao | Red-light-induced cationic photopolymerization: perylene derivatives as efficient photoinitiators[END_REF], diketopyrrolopyrroles 12 [START_REF] Zhang | Panchromatic photoinitiators for radical, cationic and thiol-ene polymerization reactions: a search in the diketopyrrolopyrrole or indigo dye series[END_REF][START_REF] Xiao | Diketopyrrolopyrrole dyes: structure/reactivity/efficiency relationship in photoinitiating systems upon visible lights[END_REF][START_REF] Xiao | Green light sensitive diketopyrrolopyrrole derivatives used in versatile photoinitiating systems for photopolymerizations[END_REF], acridine-1,8-diones 13 [START_REF] Tehfe | Novel highly efficient organophotocatalysts: truxene-acridine-1,8-diones as photoinitiators of polymerization[END_REF][START_REF] Xiao | Acridinediones: effect of substituents on their photoinitiating abilities in radical and cationic photopolymerization[END_REF][START_REF] Xiao | Difunctional acridinediones as photoinitiators of polymerization under UV and visible lights: structural effects[END_REF], naphthalimides 14 [START_REF] Bonardi | New 1,8-naphthalimide derivatives as photoinitiators for free radical polymerization upon visible light[END_REF][START_REF] Zhang | Naphthalimide-tertiary amine derivatives as blue-light-sensitive photoinitiators[END_REF][START_REF] Xiao | Naphthalimide derivatives: substituent effects on the photoinitiating ability in polymerizations under near UV, purple, white and blue LEDs (385 nm, 395 nm, 405 nm, 455 nm or 470 nm)[END_REF][START_REF] Xiao | Naphthalimide-phthalimide derivative based photoinitiating systems for polymerization reactions under blue lights[END_REF][START_REF] Zhang | A benzophenone-naphthalimide derivative as versatile photoinitiator for near UV and visible lights[END_REF][START_REF] Zhang | N-[2-(dimethylamino)ethyl]-1,8-naphthalimide derivatives as photoinitiators under LEDs[END_REF][START_REF] Zivic | Novel naphthalimide-amine based photoinitiators operating under violet and blue LEDs and usable for various polymerization reactions and synthesis of hydrogels[END_REF][START_REF] Zhang | Structure design of naphthalimide derivatives: towards versatile photo-P R O O F F[END_REF][START_REF] Zhang | UV-violet-blue LED induced polymerizations: specific photoinitiating systems at 365, 385, 395 and 405 nm[END_REF][START_REF] Xiao | Blue light sensitive dyes for various photopolymerization reactions: naphthalimide and naphthalic anhydride derivatives[END_REF][START_REF] Xiao | Naphthalimide based methacrylated photoinitiators in radical and cationic photopolymerization under visible light[END_REF], iodonium salts Inset: examples of polymerized resins containing fillers. Reproduced with permission from Bonardi et al. [START_REF] Bonardi | High performance near infrared (NIR) photoinitiating systems operating under low light intensity and in presence of oxygen[END_REF]. Copyright 2018 American Chemical Society.

15 [START_REF] Mokbel | Specific cationic photoinitiators for Near UV and visible LEDs: iodonium vs. ferrocenium structures[END_REF][START_REF] Zivic | A novel naphthalimide scaffold based iodonium salt as a one-component photoacid/photoinitiator for cationic and radical polymerization under LED exposure[END_REF], squaraines 16, bodipys 17 and porphyrins 18 [START_REF] Bonardi | Different NIR dye scaffolds for polymerization reactions under NIR light[END_REF][START_REF] Al Mousawi | Zinc-tetraphenylporphyrin as high performance visible-light photoinitiator of cationic photosensitive resins for LED projector 3D printing applications[END_REF], pyrenes 19 [START_REF] Telitel | New core-pyrene π-structure organophotocatalysts usable as highly efficient photoinitiators[END_REF][START_REF] Telitel | New functionalized aromatic ketones as photoinitiating systems for near visible and visible light induced polymerizations[END_REF][START_REF] Tehfe | New insights in radical and cationic polymerizations upon visible light exposure: role of novel photoinitiator systems based on the pyrene chromophore[END_REF][START_REF] Tehfe | Trifunctional photoinitiators based on a triazine skeleton for visible light sources and UV LED induced polymerizations[END_REF], benzophenones 20 [START_REF] Tehfe | Design of new Type I & Type II photoinitiators possessing highly coupled pyrene-ketone moieties[END_REF][START_REF] Xiao | Variations on the benzophenone skeleton: novel high performance blue light sensitive photoinitiating systems[END_REF][START_REF] Zhang | Design of novel photoinitiators for radical and cationic photopolymeri-zations under Near UV and Visible LEDs (385, 395 and 405 nm)[END_REF][START_REF] Allushi | Conventional Type II photoinitiators as activators for photoinduced metal-free atom transfer radical polymerization[END_REF], push-pull dyes 21 [START_REF] Xiao | Julolidine or fluorenone based push-pull dyes for polymerization upon soft polychromatic visible light or green light[END_REF][START_REF] Mokbel | Photoinitiating systems of polymerization and in-situ incorporation of metal nanoparticles in polymer matrixes upon visible lights: push-pull malonate and malonitrile based dyes[END_REF][START_REF] Tehfe | New push-pull dyes derived from michler's ketone for polymerization reactions upon visible lights[END_REF][START_REF] Tehfe | Blue-to-red light sensitive push-pull structured photoinitiators: indanedione derivatives for radical and cationic photopolymerization reactions[END_REF][START_REF] Mokbel | End capped polyenic structures as visible light sensitive photoinitiators for polymerization of vinylethers[END_REF][START_REF] Garra | Ferrocene-based (photo)redox polymerization under long wavelengths[END_REF][START_REF] Abdallah | Phenothiazine derivatives as photoredox catalysts for cationic and radical photosensitive resins for 3D printing technology and photocomposites synthesis[END_REF][START_REF] Telitel | The 1,3-bis(dicyanomethylidene)-indane skeleton as a (photo) initiator in thermal ring opening polymerization at RT and radical or cationic photopolymerization[END_REF][START_REF] Mokbel | Michler's ketone as an interesting scaffold for the design of high performance dyes in photoinitiating systems upon visible lights[END_REF][START_REF] Xiao | Structural effects in the indanedione skeleton for the design of low intensity 300-500 nm light sensitive initiators[END_REF], coumarines 22 [START_REF] Abdallah | Coumarin derivatives as high performance visible light photoinitiators/ photoredox catalysts for photosensitive resins for 3D printing technology, photopolymerization in water and photocomposites synthesis[END_REF], 2,3-diphenylquinoxaline derivatives 23 [START_REF] Xiao | Multicolor photoinitiators for radical and cationic polymerization: mono vs. poly functional thiophene derivatives[END_REF], pyridinium derivatives 24 [START_REF] Tehfe | New pyridinium salts as versatile compounds for dye sensitized photo-polymerization[END_REF], or dihydroxy-anthraquinones 25 [START_REF] Zhang | Dihydroxyanthraquinone derivatives: natural dyes as blue-light-sensitive versatile photoinitiators of photopolymerization[END_REF] can be cited the most relevant examples (See Fig. 4).

Since a decade and due to the fact that the traditional families of UV photoinitiators are not adapted for the design of visible light photoinitiators, even after extensive works of chemical engineering, new families of compounds and especially dyes that have never been ex plored in the context of photopolymerization are now classically tested by polymerists. Considering that visible light photoinitiators should strongly absorb in the visible range, be chemically stable, and that these compounds should also be capable to be reduced or oxidized in an acceptable electrochemical window, all organic dyes examined in Organic Electronics (organic solar cells, organic light-emitting diodes, organic field-effect transistors) are potential candidates for photoinitiation [START_REF] Dumur | Organic Electronics: an El Dorado in the quest of new photoCatalysts as photoinitiators of polymerization[END_REF]. In this field, carbazole is a representative example. This symmetric structure which is extremely cheap has been extensively studied in Organic Electronics due to its remarkable electron-donating ability, its low oxidation potential and its facile chemical modification so that a wide range of hole-transport materials [START_REF] Dumur | Carbazole-based polymers as hosts for solution-processed organic light-emitting diodes: simplicity, efficacy[END_REF][START_REF] Dumur | Solution-processed blue phosphorescent OLEDs with carbazole-based polymeric host materials[END_REF], molecular glasses [START_REF] Puckyte | Carbazole-based molecular glasses for efficient solid-state dye-sensitized solar cells[END_REF][START_REF] Bui | Carbazole-based molecular glasses as hole-transporting materials in solid state dye-sensitized solar cells[END_REF][START_REF] Goubard | Investigation of solid hybrid solar cells based on molecular glasses[END_REF][START_REF] Bui | Carbazol-N-yl and diphenylamino end-capped triphenylamine-based molecular glasses: synthesis, thermal, and optical properties[END_REF], or light-emitting materials [START_REF] Liu | Multifunctional applications of triazine/ carbazole hybrid thermally activated delayed fluorescence emitters in organic light emitting diodes[END_REF][START_REF] Zhu | A sky-blue thermally activated delayed fluorescence emitter based on multimodified carbazole donor for efficient organic light-emitting diodes[END_REF][START_REF] Cai | Highly efficient thermally activated delayed fluorescence emitter developed by replacing carbazole with 1,3,6,8-tetramethyl-carbazole[END_REF][START_REF] Bui | Thermally activated delayed fluorescence emitters for deep blue organic light emitting diodes: a review of recent advances[END_REF][START_REF] Bui | Recent advances on organic blue thermally activated delayed fluorescence (TADF) emitters for organic light-emitting diodes (OLEDs)[END_REF] have been designed with carbazole. Considering that push-pull dyes can be easily synthesized with this electron donor, carbazole was also an excellent candidate for the design of light-harvesting materials for solar cells, and numerous dyes exhibiting high molar extinction coefficients and broad absorption spectra were obtained with this planar electron donor [START_REF] Karon | Carbazole electrochemistry: a short review[END_REF][START_REF] Li | 3,6-Carbazole vs 2,7-carbazole: a comparative study of hole-transporting polymeric materials for inorganic-organic hybrid perovskite solar cells[END_REF]. Carbazole is a polyaromatic structure comprising two benzene rings fused on both sides of a nitrogen-containing five-membered ring (See Fig. 5) [START_REF] Mohammadi | Metal-Free Synthetic Organic Dyes[END_REF]. The central position of the nitrogen atom allows to write resonance forms with an electronic delocalization extending over the two aromatic rings. By the presence of the amine, the nitrogen atom can be functionalized with alkyl chains to improve the solubility of photoinitiators. By quaternization of the amine, carbazolium salts can also be prepared [START_REF] Gutsulyak | Synthesis of 3-methylpyrido[3,2,1-j, k]carbazolium salts and derived cyanine dyes[END_REF][START_REF] Aharonovich | An effective synthesis of N, N-diphenyl carbazolium salts[END_REF]. The 3-and 6-positions of carbazole can also be eas ily functionalized with various groups such as aldehyde, halogens and nitro groups so that an extension of conjugation or the introduction of various groups can be carried out. Parallel to the modification of the carbazole core, carbazole is also an electron-rich polyaromatic group that can be used for the design of ferrocenium salts, these iron complexes being prepared by ligand exchange on ferrocene [START_REF] Okada | Ligand exchange reaction of ferrocene with heterocycles[END_REF].

Concerning photopolymerization, N-vinylcarbazole (NVK) is classically used as an additive improving the final monomer conversion due to the possibility for the photogenerated radicals to add onto the vinylic group of NVK [START_REF] Xiao | N -Vinylcarbazole as versatile photoinaddimer of photopolymerization under household UV LED bulb (392 nm)[END_REF][START_REF] Lalevée | Radical photopolymerization reactions under air upon lamp and diode laser exposure: the input of the organosilane radical chemistry[END_REF]. In fact, NVK is capable to convert hardly oxidizable radicals formed by the photoinitiating systems to easily oxidizable ones so that it often constitutes the key element enabling to get high final monomer conversions. To get this impressive result, a careful examination of the polymerization mechanism should be carried out. Typically, to get a significant enhancement of the final monomer conversion with NVK, this latter should be added to two-component systems comprising a photoinitiator (PI) and an iodonium salt (Ph 2 I + ) (See Scheme 1) [START_REF] Mokbel | Dumur European Polymer Journal xxx (xxxx) xxx-xxx high performance photoinitiator for near-UV and visible LEDs[END_REF][START_REF] Mokbel | Simultaneous initiation of radical and cationic polymerization reactions using the "G1" copper complex as photoRedox catalyst: applications of free radical/cationic hybrid photo-polymerization in the composites and 3D printing fields[END_REF]. When the photosensitizer is excited to its triplet state by light irradiation, it can thus reduce Ph 2 I + to Ph 2 I which subsequently decompose to Ph (and Ph-I), constituting an initiating species for the free radical polymerization (FRP) of acrylates. However, by reacting with the phenyl radical Ph , NVK can also give a highly reactive species Ph-NVK , initiating more efficiently the FRP of acrylates than Ph . Parallel to photoinitiation, Ph-NVK can also react with the oxidized form of the photoinitiator PI + , generating the Ph-NVK + species capable to initiate the free radical promoted cationic polymerization (FRPCP) of epoxides. Ph-NVK can also oxidized by Ph 2 I + which is used in excess so that Ph-NVK + species can be obtained by this second route. Therefore, due to the possibility of a dual cure process, the three-component system PI/Ph 2 I + /NVK has been extensively studied in the literature as it opens the way towards the generation of interpenetrated networks (IPNs) where the simultaneous polymerization of acrylates and epoxides provides crosslinked polymers of unique photophysical and mechanical properties. Due to the reduction of PI + to PI and thus its regeneration, the photoinitiator can thus be introduced into catalytic amount in the photoinitiating system. The catalytic cycle reported in the Scheme 1 is therefore a typical photoredox [START_REF] Ortyl | Application of a carbazole derivative as a spectroscopic fluorescent probe for real time monitoring of cationic photopolymerization[END_REF].

In this review, an overview of the different photoinitiators comprising the carbazole moiety is presented. Over the years, different strategies have been developed to take advantage of the carbazole scaffold and push-pull dyes, nitrogen-containing polyaromatic hydrocarbons, helicenes, ferrocenium or carbazolium, and more recently photoinitiators exhibiting a thermally activated delayed fluorescence (TADF) property have been synthesized as tested in photopolymerization. To evidence the interest of these different families of photoinitiators, performances of these photoinitiators in FRP and FRPCP is presented.

Carbazoles as photoinitiators of polymerization

Push-pull dyes

As mentioned in the introduction section, carbazole has been extensively used for the design of push-pull dyes due to its remarkable electron-donating ability. Push-pull dyes are composed of an electron-donating and an electron accepting moiety connected by mean of a conjugated spacer (See Fig. 6). Among all possible chemical reactions to create a double bond, the Knoevenagel reaction is a reaction of choice, opposing an aldehyde to an activated methylene group. The first report mentioning this coupling mode was published in 1896 by Knoevenagel, consisting in the conden sation of benzaldehyde with ethyl acetoacetate in the presence of piperidine [START_REF] Knoevenagel | Über eine Darstellungsweise des Benzylidenacetessigesters[END_REF]. The first product synthesized by mean of this reaction could be obtained in 95% yield. From an industrial point of view, this reaction is of crucial interest as this reaction is easy to perform, can be done in Green solvents such as ethanol and even in solvent-free conditions, by mechanosynthesis [START_REF] Amado-Briseño | Mechanosynthesis of photochromic oligophenyleneimines: optical, electrochemical and theoretical studies[END_REF]. Irrespective of the synthetic approach, the side product of this reaction is safe and limited to a water molecule. Considering that both the electron donor and the electron acceptor can be commercially available, numerous push-pull dyes have been designed and examined as photoinitiators of polymerization.

As far as carbazoles are concerned, the first report mentioning the design of carbazole-based push-pull dyes for photopolymerization applications was published in 2013 by Lalevée and coworkers [START_REF] Tehfe | Push-pull (thio)barbituric acid derivatives in dye photosensitized radical and cationic polymerization reactions under 457/473 nm Laser beams or blue LEDs[END_REF]. Cbz_1 and Cbz_2 were prepared in one step, starting from 9-octyl-9H-carbazole-3-carbaldehyde 26, barbituric acid 27 and thiobarbituric acid 28 respectively. The two dyes Cbz_1 and Cbz_2 could be obtained by refluxing the two precursors in ethanol, in 78 and 85% yields respectively (See Scheme 2). Interestingly, Cbz_1 and Cbz_2 exhibited a broad intramolecular charge transfer (ITC) band ranging between 350 and 500 nm for Cbz_1, 375 and 550 nm for Cbz_2 respectively so that photopolymerization experiments could be carried out upon irradiation with laser diodes emitting at 457 and 473 nm or a LED bulb emitting at 462 nm (See Fig. 7).

High molar extinction coefficients were determined at the absorption maxima of the two complexes, 45 000 M -1 cm -1 at 431 nm for Cbz_1 and 37 000 M -1 cm -1 at 462 nm for Cbz_2 respectively. However, despites the similar of structures, completely different behaviors were observed upon photolysis of Cbz_1 and Cbz_2. Upon exposure to a laser diode at 473 nm, a fast photobleaching of the Cbz_2/diphenyliodonium hexafluorophosphate (Ph 2 I + ) mixture was observed, indicating the dyes to be oxidized by the iodonium salt and to result in its decomposition (see equations r(1) and r(2)). In the presence of NVK, Ph is rapidly converted to Ph-NVK (r3) by addition on the double bond. This radical can be easily oxidized by Ph 2 I + , providing Ph-NVK + (r4a) but Ph-NVK can also reduce the oxidized form of the dye (r4b), regenerating the dye. Overall, by the formation of Ph-NVK and Ph-NVK + , both the free radical polymerization (FRP) of acrylates (r6) or the free radical promoted cationic polymerization (FRPCP) of epoxides (r5) can be initiated. On the opposite, a completely different behavior was observed with Cbz_1, the photolysis of the Cbz_1/Ph 2 I + mixture being extremely slow (See Fig. 8). This counter-performance was assigned to a back electron-transfer between Cbz_1 + and Ph 2 I in r1.

While examining the polymerization profiles of (3,4-epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX) upon irradiation at 473 nm, the three-component system Cbz_1/NVK/Ph 2 I + (0.3%/ 3%/2% w/w) proved to be ineffective to initiate a polymerization whereas a final monomer conversion of 55% could be obtained within 800 s for the three-component system Cbz_2/NVK/Ph 2 I + (0.3%/3%/2% w/w). A similar monomer conversion could be obtained with the LED bulb at 462 nm with Cbz_2, the absorption of Cbz_2 being similar at 462 and 473 nm.

While examining the FRP of trimethylolpropane triacrylate (TMPTA) (See Fig. 9), no polymerization was observed with Cbz_1 whereas a final monomer conversion of 45% could be obtained within 300 s with the three-component system Cbz_2/NVK/Ph 2 I + (0.3%/3%/2% w/w).

Finally, an interesting finding was determined while examining the solvatochromism of Cbz_1 and Cbz_2 in solvents of different polarity. Surprisingly, if a linear correlation could be established with different empirical scales of solvent polarity such as the Bakhshiev's [START_REF] Bakshiev | Universal intermolecular interactions and their effect on the position of the electronic spectra of molecules in two component solutions[END_REF], the Lippert-Mataga [START_REF] Lippert | Dipolmoment und elektronenstruktur von angeregten molekülen[END_REF], the Kawski-Chamma-Viallet's [START_REF] Kawski | Zur Iösungsmittelabhängigkeit der Wellenzahl von Elecktronenbanden lumineszierender Moleküle and über die Bestimmung der elektrischen Dipolomente im Anregungszustand[END_REF], the McRae's [START_REF] Mcrae | Theory of solvent effects on molecular electronic spectra. Frequency shifts[END_REF] or the Suppan's [START_REF] Suppan | Solvent effects on the energy of electronic transitions: experimental observations and applications to structural problems of excited molecules[END_REF] scales with Cbz_2, no linear correlation could be established for Cbz_1. This unexpected behavior for Cbz_1 was assigned to the formation of hydrogen bonds with the solvents, altering the solvatochromic behavior of this compound (See Scheme 3). Besides, a direct correlation between solvatochromism and photoinitiating ability can be established and this point is an important finding.

As evidenced by the authors in this work but also in other studies making use of push-pull dyes as photoinitiators, only the dyes exhibiting a solvatochromism that can be rationalized with classical solva tochromic scales can initiate a polymerization process. Finally, authors proved that by simply examining the solvatochromism of the newly synthesized push-pull dyes, the photoinitiating abilities of theses chromophores could be efficiently anticipated.

Considering the strong structure/reactivity relationship exists for this class of dyes, another carbazole-based dye Cbz_3 was examined with a series of three other dyes 29-30 comprising the same electron acceptor (See Fig. 10) [START_REF] Xiao | Structural effects in the indanedione skeleton for the design of low intensity 300-500 nm light sensitive initiators[END_REF].

Synthesis of Cbz_3 proved to be more difficult than that of Cbz_1 and Cbz_2 since addition of a base (piperidine) was required to generate the anion of indane-1,3-dione 31. A reflux of 24 h in ethanol was also required to get the product in 86% yield (see Scheme 4). On the opposite, synthesis of 29 and 30 starting from the aldehydes 32 and 33 was easier, the different dyes being obtained with reaction yields ranging from 82 to 94% after only four hours of reflux.

Compared to Cbz_1 and Cbz_2, Cbz_3 exhibited an absorption maximum located at 448 nm which is an intermediate situation between that of Cbz_1 (431 nm) and Cbz_2 (462 nm). Similarly, the molar extinction coefficient of Cbz_3 (42 000 M -1 •cm -1 ) is an intermediate situation between that of Cbz_1 (45 000 M -1 •cm -1 ) and Cbz_2 (37 000 M -1 •cm -1 ). Conversely, due to the weak electron donor, the absorption of 29 is UV-centered (351 nm, 29 900 M -1 •cm -1 ) whereas the absorption of 30 which possesses a stronger electron donor than 29 is centered in the visible range (467 nm, 7700 M -1 •cm -1 ) but exhibit a low molar extinction coefficient. Once again, the crucial role of the electron donor on both the absorption maximum and the molar extinction coefficient was clearly evidenced. Polymerization of EPOX using the three-component system Cbz_3/NVK/Ph 2 I + (0.3%/3%/2% w/w) furnished a final monomer conversion of 59% after 800 s of irradiation with a laser diode at 457 nm (100 mW/cm 2 ) under air. This result is similar to that obtained with Cbz_2 in the same conditions. While using a LED emitting at 385 nm, a final monomer conversion of 61% could be determined after 1000 s of irradiation under air, resulting from the high molar extinction coefficient of Cbz_3 at this wavelength (∊ > 10 000 M -1 •cm -1 ). Overall, the polymerization can be efficiently initiated in the 350-450 nm range, even with light sources of low light intensity as in the case of the LED bulb emitting at 385 nm (9 mW/cm 2 ). Comparison of the polymerization efficiencies of 29 and 30 in the same conditions revealed these two dyes to be unable to initiate the polymerization of EPOX. Finally, polymerization of TMPTA using the same three-component system Cbz_3/NVK/Ph 2 I + (0.3%/3%/2% w/w) furnished a final monomer conversion of 58% while irradiating at 457 nm. Considering that Ph-NVK and Ph-NVK + species are formed during polymerization, the concomitant cationic/radical photopolymerization of an EPOX/ TMPTA blend (50%/50% w/w) under air and in laminate was examined (See Fig. 11).

As anticipated, under air, the FRP of TMPTA was inhibited by the presence of oxygen (See Fig. 11a). Besides, the final monomer conversion of 50% after 5 min highlights the remarkable photoinitiating ability of the Cbz_3-based system, this result being obtained with a LED at 462 nm of low light intensity (10 mW/cm 2 ). In laminates i.e. in oxygen-free conditions, the monomer conversion could be increased up to 70%, producing tack-free polymers (See Fig. 11b).

Classically, thiol-ene photopolymerizations is carried out with UV light [START_REF] Chen | Thiol-ene photopolymerization: scaling law and analytical formulas for conversion based on kinetic rate and thiol-ene molar ratio[END_REF][START_REF] Cramer | Photopolymerizations of thiol-ene polymers without photoinitiators[END_REF][START_REF] Wiley | Rate-based approach for controlling the mechanical properties of 'thiol-ene' hydrogels formed with visible light[END_REF][START_REF] Mccall | Thiol-ene photopolymerizations provide a facile method to encapsulate proteins and maintain their bioactivity[END_REF]. In the present case, the polymerization profiles ob tained for the copolymerization of trithiol/DVE-3 upon irradiation with a laser diode at 457 nm (100 mW/cm 2 ) or a LED bulb at 462 nm (10 mW/cm 2 ) were similar, even though the light intensity of the LED was 10 times lower than that of the laser diode (See Fig. 12). It therefore demonstrates the high reactivity of the two-component Cbz_3/Ph 2 I + system. Samples with thickness ranging between 1 and 5 nm could also be polymerized using this approach.

In line of the mechanism proposed for the FRP of acrylates or the FRCPCP of epoxides (See before), the following mechanism was proposed to support the thiol-ene photopolymerization of the DVE-3/ trithiol blend. Notably, the phenyl radical Ph can induce a hydrogen abstraction from the thiol monomer, producing RS than can subsequently add onto the vinyl groups of DVE-3, initiating the polymerization process.

dye → 1 dye(hν)

1 dye + Ph 2 I + → dye + + Ph 2 I (r1) Ph 2 I → Ph + Ph-I (r2) Ph + NVK → Ph-NVK (r3) Ph-NVK + Ph 2 I + → Ph-NVK + + Ph-I + Ph (r4a) Ph-NVK + Ph 2 I + → Ph-NVK + + Ph 2 I (r4b) Ph + RS-H → Ph-H + RS (r4c) RS + R′-CH = CH 2 → R′-CH -CH 2 SR (r5)
While getting a deeper insight into the polymerization mechanism, examination of the photolysis of the Cbz_3/Ph 2 I + mixture in acetonitrile revealed the photobleaching to be relatively fast with this dye whereas no photobleaching was observed after 10 min for the 29/Ph 2 I + and 30/Ph 2 I + mixtures (See Fig. 13). These results are consistent with a back electron-transfer in r1 and the poor efficiency observed in photopolymerization for these two dyes.

Finally, the possibility to incorporate Ag nanoparticles into EPOX and TMPTA-based polymers was examined as it can deeply modify the mechanical properties of the resulting polymers. To generate these nanoparticles, a silver salt i.e. AgSbF 6 was used (See Fig. 14). Introduction of Ag nanoparticles was notably obtained by oxidation of Ph-NVK with this silver salt, reducing Ag + to Ag (0) according to the following equation:

Ph-NVK + Ag + → Ph-NVK + + Ag(0)
In 2017, carbazole was revisited in the context of a new approach where carbazole was not used as an electron donor but as a conjugated spacer connected electron-donating and accepting groups introducing on both sides of its skeleton. In this innovative approach, nitro, dialky lamino and aldehyde groups were introduced as peripheral groups of Cbz_4-Cbz_7 (See Fig. 15) [START_REF] Al Mousawi | Carbazole scaffold based photoinitiators/photoredox catalysts for new LED projector 3D printing resins[END_REF]. As specificity, the four carbazole derivatives Cbz_4-Cbz-7 could be used as photoredox catalysts so that low photoinitiator contents could be used. To evidence the validity of this approach, a comparison with two benchmark photoinitiators, namely bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (BAPO) and 9H-carbazole-9-ethanol (CARET) was established.

U N C O R R E C T E D P R O O F
As first interesting feature, UV-visible absorption spectra of Cbz_4-Cbz-7 in dichloromethane revealed Cbz_7 to exhibit the most extended absorption, this latter ranging from 350 to 500 nm. This broad absorption band can be assigned to the simultaneous presence of both the electron accepting nitro groups and the electron-donating alkylamino groups, inducing an efficient electronic delocalization. For the other dyes (Cbz_4-Cbz-6), an absorption extending between 350 and 440 nm was only found (See Fig. 16). Finally, comparison of the absorption spectra of Cbz_4-Cbz-7 with that of CARET and BAPO revealed the absorption of CARET to be inexistent between 360 and 550 nm whereas a low absorption was detected for BAPO between 350 and 450 nm.

Interestingly, the two-component systems Cbz_4-Cbz_7/(t-Bu)Ph 2 I + (0.5%/1% w/w) showed a high reactivity for the polymerization of EPOX upon irradiation with a LED at 405 nm (110 mW/cm 2 ) since final monomer conversions of 76, 50, 58 and 70% could be obtained with Cbz_4-Cbz_7 respectively. Interestingly, no direct correlation with the molar extinction coefficients and the monomer conversions was found, the best performances being obtained with the dye exhibiting the lowest absorption at 405 nm. In fact, authors tentatively assigned the higher photoinitiating ability of Cbz_4 compared to Cbz_6 to the bulkiness of the octyl chain in Cbz_6, the two dyes only differing by the length of the alkyl chain on the central amine. During polymerization and the formation of the crosslinked polymer, the radical cation on Cbz_4 remains more available than that of Cbz_6 due to the smaller size of the alkyl chain, enabling to reach in turn higher final monomer conversions. Besides, in this work, the usual three-component systems Cbz_x (x = 4-7)/(t-Bu)Ph 2 I + /NVK was not examined for the polymerization of EPOX, due to the exceptional efficacy of the two-component systems. Compared to the final monomer conversions obtained with carbazoles Cbz_4-Cbz_7, the final conversion obtained with BAPO was extremely low, only peaking at 15%. While decreasing the photoinitiator content from 1 to 0.5%, an improvement of ca 8% for the monomer conversion of EPOX could be obtained with Cbz_6. This improvement can be confidently assigned to internal filter effects at high photoinitiator concentrations, this compound being particularly colored [START_REF] Fouassier | Photoinitiators for Polymer Synthesis, Scope, Reactivity, and Efficiency[END_REF][START_REF] Fouassier | Photoinitiator, Photopolymerization and Photocuring: Fundamentals and Applications[END_REF]. Face to the high reactivity of the two-component systems, surface patterning with an epoxide resin was carried out. By using a LED projector emitting at 405 nm (100 mW/cm 2 ) and by using the two-component system Cbz_5/Iod (0.5%/1% w/w), different structures of high resolution could be obtained, as shown in the Fig. 17.

Remarkable efficiencies were also obtained for the polymerization of TMPTA in laminates and similar monomer conversions were obtained with all dyes, peaking around 50%. While examining the polymerization of a methacrylic resin i.e. the dental resin composed of a mixture of bisphenol A-glycidyl methacrylate (BisGMA) and triethylene glycol dimethacrylate (TEGDMA) in a 70%/30% w/w ratio, a significant improvement of the monomer conversion was obtained upon addition of a sacrificial amine to the two-component system, namely ethyl 4-(dimethylamino)benzoate (EDB). While using the three-component system Cbz_5/(t-Bu)Ph 2 I + /EDB (0.5%/1%/1%), the final monomer conversion could be increased up to 65% contrarily to 43% for the two-component system Cbz_5/(t-Bu)Ph 2 I + upon irradiation with a diode at 455 nm. Fluorescence quenching experiments carried out on the Cbz_5/EDB mixture revealed a fast quenching process, consistent with the formation of EDB capable to initiate the FRP of acrylates. In this context, based on the different photolysis experiments and due to the major enhancement of the final monomer conversion upon addition of EDB, authors concluded to the regeneration of the dye by oxidation of the sacrificial amine (See Scheme 5). Parallel to this, the excited dye can also react with EDB, producing EDB . By mean of the coexisting oxidative and the reductive cycle, Ar and EDB are both generated, improving the initiation step and in turn the FRP of (meth)acrylates.

Carbazoles of extended aromaticity

Parallel to the design of push-pull dyes, another strategy developed with carbazoles consisted in improving the molar extinction coefficients by extending the aromaticity. If this strategy is efficient with regards to the molar extinction coefficient, it is also ineffective to red-shift the UV-centered absorption of carbazole towards the visible region. To illustrate this, substitution of carbazole with pyrene moieties enabled to produce Cbz_8 exhibiting a maximum absorption at 346 nm with a molar extinction coefficient of 55 000 M -1 •cm -1 , therefore, greatly higher than what could be obtained with pure carbazole. Examination of its absorption spectrum also revealed this compound to strongly absorb between 300 and 410 nm, the tail not extending beyond 410 nm (See Fig. 18).

On the opposite, 39 and 40 exhibit broader absorption spectra due to the simultaneous presence of three pyrene units, increasing the molar extinction coefficient. Interestingly, comparison of the photoinitiating abilities of Cbz_8 with that of a series of eleven pyrene-based photoinitiators 34-44 revealed once again the carbazole derivative Cbz_8 to outperform the others (See Fig. 19) [START_REF] Telitel | New core-pyrene π-structure organophotocatalysts usable as highly efficient photoinitiators[END_REF].

While polymerizing EPOX with a Xe-Hg lamp and two-component photoinitiating systems dye/Iod (0.2%/2% w/w) based on Cbz_8 or 34-44 and where Iod stands for [methyl-4-phenyl (methyl-1-ethyl)-4-phenyl] iodonium tetrakis(pentafluorophenyl)borate (Iod), a final monomer conversion of 86% could be obtained with Cbz_8 after 200 s of irradiation, higher than that obtained with 36 (78%) and significantly higher than that obtained with pyrene 34 (50%) used in this study as the reference compound. Considering that the eleven dyes are 1 Dye + Iod (Ar 2 I + ) → Dye + + ArI + Ar While using a halogen lamp emitting beyond 380 nm, a final monomer conversion of 55% could be determined for EPOX with the two-component system Cbz_8/Iod (0.2%/2% w/w), what could be increased up to 75% with the three-component system Cbz_8/Iod/NVK (0.2%/2%/2% w/w). This remarkable monomer conversion is notably attributable to the photocatalytic behavior of the three-component system with the formation of the highly reactive Ar-NVK . Surprisingly, a low storage stability was found for the resins based on the two-component systems dye/Iod (1%/2% w/w) and incorporating 39, 42, 43 and Cbz_8. For these resins, a thermal polymerization occurring at room temperature could be evidenced and after 24 h of storage, a complete polymerization of the monomer was demonstrated. This unwanted polymerization at room temperature and in the dark constitutes a severe limitation of the future use of these pyrene derivatives as photoinitiators.

More stable formulations were obtained with the Cbz_9-Cbz_15 series which differ from the previous one by the substitution pattern (See Fig. 20) [START_REF] Al Mousawi | Novel carbazole skeleton-based photoinitiators for LED polymerization and LED projector 3D printing[END_REF]. In this work, an extension of conjugation by mean of a double bond was proposed to enhance the molar extinction coefficients while maintaining the absorption in the 300-400 nm region by the lack of intramolecular push-pull effects. Using this strategy, the molar extinction coefficient of Cbz_13 could be increased up to 35 000 M -1 •cm -1 at 340 nm, far from that of 9H-carbazole-9-ethanol (CARET) (4000 M -1 •cm -1 at 340 nm). Benefiting from a significant absorption at 405 nm, Cbz_9 (1000 M -1 •cm -1 ) and Cbz_15 (1000 M -1 •cm -1 ) could outperform BAPO (500 M -1 •cm -1 ) for the polymerization of EPOX (44% of monomer conversion after 200 s of irradiation for Cbz_9 and Cbz_15 contrarily to 15% of conversion with BAPO) using a two-component system Cbz_x (x = 9,-15)/(t-Bu)Ph 2 I + (0.5%/1% w/w) (See Fig. 21). The superiority of Cbz_15 over the other carbazoles of this series was revealed during the FRP of acrylates. Upon irradiation with a LED at 405 nm, a final conversion of 57% was determined with the two component system Cbz_15/ (t-Bu)Ph 2 I + (0.5%/1% w/w) after 100 s of irradiation. Conversely, a final conversion of only 46% was obtained in the same conditions with Cbz_9, attributable to a lower electron transfer quantum yield with (t-Bu)Ph 2 I + . Besides, the order of reactivity determined during the CP of epoxides was confirmed with the FRP of acrylates. Interestingly, due to the lack of push-pull effects within Cbz_9-Cbz_15, colorless polymer films could be obtained with these different photoinitiators (See Fig. 21).

U N C O R R E C T E D P R O O F
Finally, during the polymerization of the TMPTA/EPOX blend with the two component system Cbz_15/(t-Bu)Ph 2 I + (0.5%/1% w/w), fi nally monomer conversions of 76 and 23% were respectively determined for the conversion of TMPTA and EPOX. The three-fold enhancement of the TMPTA conversion relative to that of EPOX was assigned to the higher reactivity of the radicals compared to the cationic species [113]. Similar conclusions concerning CP and FRP could be established with another series of carbazole derivatives Cbz_16-Cbz_21 (See Fig. 22) [START_REF] Al Mousawi | Carbazole-based compounds as photoinitiators for free radical and cationic polymerization upon near visible light illumination[END_REF]. Here again, the higher final monomer conversions obtained with Cbz_17 and Cbz_20 during the FRP of acrylate or the FRPCP of epoxides was directly related their higher molar extinction coefficients. Interestingly, the best performances were obtained with the carbazoles substituted with an aldehyde function. In this case, a small electronic delocalization exists between the nitrogen and the aldehyde function, inducing a small push-pull effect and thus enhancing the absorption. To extend the π-conjugation, another strategy consisted in introducing electron donating groups such as triphenylamine as peripheral groups of carbazole [START_REF] Abdallah | Development of new high performance visible light photoinitiators based on carbazole scaffold and their applications in 3D printing and photocomposite synthesis[END_REF]. In this case, the adjunction of electron-donating groups to an electron donor cannot induce a push-pull effect within the molecules, no electronic interaction being possible between electron donors. As a consequence of this, the absorption positions of Cbz_22 and Cbz_23 were not significantly modified compared to that of an unsubstituted carbazole whereas an enhancement of the absorption coefficients could be obtained for the two dyes. By the presence of the numerous aromatic rings in Cbz_22 and Cbz_23, increase of the molar extinction coefficients resulted an absorption that became not negligible in the 400-450 nm region for Cbz_22 and Cbz_23 so that a polymerization process could be initiated for irradiations occurring beyond 400 nm. As other specificity, Cbz_22 and Cbz_23 were designed as non-extractible photoinitiators by introducing polymerizable groups such as styrene or vinylic groups in Cbz_22 and Cbz_23 respectively (See Fig. 22). Introduction of polymerizable functions on carbazole is not new and carbazole specifically designed for the FRPCP of epoxides was previously reported in 2009, possessing in this case oxiranes groups (Cbz_24 and Cbz_25) [START_REF] Sakalyte | 9-Ethyl-9H-carbazole in cationic photopolymerization[END_REF]. By carefully selecting the two component photoinitiating systems and by replacing (t-Bu)Ph 2 I + by N-phenylglycine (NPG), colorless polymers could be obtained by polymerizing a BisGMA/TEGDMA blend under air at 405 nm using Cbz_22 and Cbz_23.

Especially, an enhancement by about 20% of the monomer conversion was obtained by replacing (t-Bu)Ph 2 I + by N-phenylglycine in the two-component systems (See Fig. 23). Finally, the access to photocomposites was also examined. Indeed, by introducing glass fibers into the polymer network (50% glass fibers/ 50% resin w/w), the mechanical properties of the final polymers can be greatly modified. If this specific point was not examined in this study, a proof of concept was done while using Cbz_23 in the two-component system Cbz_23 /NPG (0.5%/1% w/w).

In 2010, Yagci and coworkers proposed to fuse within a unique structure two efficient photoinitiators, namely the carbazole core to the thioxanthone moiety [START_REF] Yilmaz | Thioxanthone-carbazole as a visible light photoinitiator for free radical polymerization[END_REF]. Thioxanthone is a standard type II photoinitiator extensively studied in the literature [START_REF] Anderson | Thioxanthones: their fate when used as photoinitiators[END_REF][START_REF] Fouassier | Thioxanthone derivatives as photoinitiators in micelle photopolymerization[END_REF][START_REF] Fouassier | Visible laser lights in photoinduced polymerization. VI. Thioxanthones and ketocoumarins as photoinitiators[END_REF][START_REF] Lougnot | Water-soluble polymerization initiators based on the thioxanthone structure: a spectroscopic and laser photolysis study[END_REF] and used in combination with numerous hydrogen donors such as alcohols, [START_REF] Andrzejewska | Photopolymerization kinetics of multifunctional monomers[END_REF] thiols [START_REF] Tasdelen | The use of poly(ethylene oxide) as hydrogen donor in type II photoinitiated free radical polymerization[END_REF], ethers [START_REF] Andrzejewska | The influence of aliphatic sulfides on the photoinduced polymerization of butanediol-1,4 dimethacrylate[END_REF] or amines [START_REF] Tasdelen | Poly(propylene imine) dendrimer as hydrogen donor in type ii photoinitiated free radical polymerization[END_REF][START_REF] Bradley | Some aspects of the role of amines in the photoinitiated polymerisation of acrylates in the presence and absence of oxygen[END_REF]. When thioxanthones are substituted with thiols [START_REF] Cokbaglan | 2-Mercaptothioxanthone as a novel photoinitiator for free radical polymerization[END_REF][START_REF] Keskin | 2-Mercaptothioxanthone as sensitizer and coinitiator for acylphosphine oxide photoinitiators for free radical polymerization[END_REF][START_REF] Karasu | 2-Mercapto thioxanthone as a chain transfer agent in free-radical polymerization: a versatile route to incorporate thioxanthone moieties into polymer chain-ends[END_REF] or carboxylic groups [START_REF] Aydin | Mechanistic study of photoinitiated free radical polymerization using thioxanthone thioacetic acid as one-component type ii photoinitiator[END_REF][START_REF] Aydin | One-component bimolecular photoinitiating systems[END_REF][START_REF] Karasu | Mechanistic studies of photoinitiated free radical polymerization using a bifunctional thioxanthone acetic acid derivative as photoinitiator[END_REF], photopolymerization without coinitiators became possible, these photoinitiators already containing hydrogen donors. This is in this context that Cbz_26 was developed, possessing a NH group onto carbazole. From a synthetic point of view, Cbz_26 could be prepared in 21% yield, by reacting carbazole 45 with thiosalicylic acid 46 in concentrated sulfuric acid (See Scheme 6).

Compared to carbazole and thioxanthone considered separately, an improvement of the molar extinction coefficient associated with a redshift of the maximum absorption was demonstrated in solution. Notably, a shift of 100 nm was observed between thioxanthone and Cbz_26. Photolysis experiments with and without hydrogen donors proved the carbazole moiety to act as a hydrogen donor so that the following mechanism described in Scheme 7 could be proposed to support the FRP of methacrylates. In the absence of external hydrogen donors, Cbz_26

is the initiating species, what could be demonstrated by examining the photoluminescence of the poly(methyl methacrylate) (Poly(MMA)). Indeed, in this last case, Cbz_26 is connected to the polymer as the end group. A low inhibition to oxygen was demonstrated during the FRP of MMA, resulting from the hydrogen donor directly connected to the initiating radical. Benefiting from this, the FRP could be initiated even with photoinitiator concentration as low as 1 × 10 -3 M. Besides, if the concept is appealing, comparison of the photoinitiating ability of Cbz_26 with that of camphorquinone in the same conditions revealed camphorquinone to outperform Cbz_26, whatever the experimental conditions were. 

Carbazole-based TADF photoinitiators

As previously mentioned, the photoinitiating ability of type II photoinitiators is directly related to their excited state lifetimes. Indeed, long-living excited states lifetimes favor intermolecular interactions of the photoinitiator with the different additives, optimizing the generation of initiating species. In 2012, Chihaya Adachi developed an innovative approach to improve the photoluminescence quantum yields (PLQY) of organic and organometallic compounds used in organic light-emitting diodes (OLEDs) [START_REF] Zhang | Triplet exciton confinement in green organic light-emitting diodes containing luminescent charge-transfer cu(i) complexes[END_REF][START_REF] Uoyama | Highly efficient organic light-emitting diodes from delayed fluorescence[END_REF]. By introducing sterically demanding groups around a central core, the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) could be isolated from each other by interrupting the π-conjugation. By carefully selecting the electron donating and electron-accepting groups, compounds exhibiting a small energy splitting between the singlet and the triplet excited state could be obtained. As a result of this small energy S 1 -T 1 splitting existing within these compounds, electrons from the triplet state can be up-converted to the singlet one, inducing a thermally activated delayed fluorescence process. Beyond the simple enhancement of the PLQY which is valorized in OLEDs, another parameter evidencing the presence of a Thermally Activated Delayed Fluorescence (TADF) property is a significant elongation of the excited state lifetime. Considering that the increase of the S 1 lifetime remains a chal lenge in photochemistry, in 2017, this TADF property was exploited for the design of photoinitiators. In this work, a fine tuning of the excited state lifetimes could be obtained upon bromination of the peripheral carbazoles of the Cbz_27-Cbz_30 series (See Fig. 24) [START_REF] Al Mousawi | Carbazole derivatives with thermally activated delayed fluorescence property as photoinitiators/photoredox catalysts for LED 3D printing technology[END_REF].

Thus, introduction of bromine onto carbazoles enabled to drastic elongate the excited state lifetimes under nitrogen, from 1.9 µs for Cbz_27 to 4.8 µs for Cbz_30, from 7.2 µs for Cbz_29 to 7.8 µs for Cbz_28 respectively. Parallel to this, by introducing cyano groups on Cbz_27 and Cbz_30, energy level of the LUMO orbital could be lowered, thereby redshifting the absorption of these two compounds relative to Cbz_29 and Cbz_28. FRPCP of EPOX using a two-component system Cbz_x (x = 27-30)/(t-Bu)Ph 2 I + (0.5%/1% w/w) under air was characterized by high polymerization rates and high final monomer conversions (47-55%) both upon irradiation at 405 and 455 nm. In the same conditions, CARET and BAPO which are two benchmark photoinitiators could only furnish a final monomer conversion of 12 and 15% after 400 s of irradiation at 405 nm. At 455 nm, no polymerization could even be initiated with these two references as a result of a lack of absorption for these two compounds. Considering that CARET is also a carbazole derivative, all the benefits of the chemical engineering in Cbz_27-Cbz-30 was demonstrated in terms of polymerization performances.

Concerning the FRP of TMPTA, a photoredox catalyst behavior could be demonstrated with all TADF photoinitiators while using a three-com- 1%/1% w/w). Finally, examination of the polymerization of a BISGMA/ TEGDMA blend (70/30) with the best photoinitiator i.e. Cbz_28 could provide tack-free and colorless polymers within 100 s with a monomer conversion of 60% upon irradiation with a LED at 405 nm under air. Conversely, at 477 nm, the monomer conversion remained low (around 5%) due to the lack of absorption for Cbz_28 (see Fig. 25). While getting a deeper insight into the mechanism, the ability of Cbz_27-Cbz-30 to act as electron acceptors in the Cbz_x (x = 27-30)/EDB two-component photoinitiating system or as electron donors in the two-component system Cbz_x (x = 27-30)/(t-Bu)Ph 2 I + could be easily demonstrated by the fluorescence quenching experiments, the oxidation or the reduction of the photoinitiators resulting in the formation of none-luminescent compounds. Consequently, in the Cbz_x (x = 27-30)/(t-Bu)Ph 2 I + /EDB three-component systems, a competition between the two routes exists and the two processes also occur simultaneously, the electron transfer quantum yields between Cbz_x (x = 27-30)/(t-Bu)Ph 2 I + or Cbz_x (x = 27-30)/EDB being similar. Due to the concomitant regeneration of Cbz_27-Cbz-30 in both the oxidative and the reductive cycle, the improved efficiency of the three component systems over the two components systems Cbz_x (x = 27-30)/(t-Bu)Ph 2 I + or Cbz_x (x = 27-30)/EDB can be easily explained and a full picture of the mechanism is presented in the Scheme 8.

Besides, in a next study, the same authors evidenced the limitation of the TADF approach with another series of carbazoles Cbz_31-Cbz_34 (See Fig. 24) [START_REF] Bouzrati-Zerelli | A novel class of photoinitiators for polymerization reactions: organometallic and organic photoredox catalysts with a thermally activated delayed fluorescence (TADF) property[END_REF]. If these four dyes have previously been reported as TADF emitters for OLEDs [START_REF] Zhang | Design of efficient thermally activated delayed fluorescence materials for pure blue organic light emitting diodes[END_REF], the TADF process doesn't constitute the main deexcitation pathway (10-15% of the overall deexcitation process) for these compounds so that no modification of the polymerization rates and the monomer conversions could be evidenced between the TADF and the none-TADF photoinitiators. Therefore, it can be concluded that beyond the elongation of the excited state lifetime, the desexcitation from the singlet excited state should constitute the main desexcitation pathway for the molecule in order the photoinitiating ability to be improved.

Carbazole-based BOPIDYs

BODIPYs have been extensively studied as fluorescent probes for bioimaging applications [START_REF] Kaur | Recent advances in the application of BODIPY in bioimaging and chemosensing[END_REF][START_REF] Bui | Effect of substituents on the photophysical properties and bioimaging application of bodipy derivatives with triphenylamine substituents[END_REF][START_REF] Liu | Recent progress of bodipy dyes with aggregation-induced emission[END_REF][START_REF] Courtis | Monoalkoxy BODIPYs -A fluorophore class for bioimaging[END_REF] but only scarcely for the design of photoinitiators [START_REF] Jedrzejewska | Difluoroboranyl derivatives as efficient panchromatic photoinitiators in radical polymerization reactions[END_REF][START_REF] Telitel | BODIPY derivatives and boranil as new photoinitiating systems of cationic polymerization exhibiting a tunable absorption in the 400-600 nm spectral range[END_REF][START_REF] Garcia | Pyrromethene 567 dye as visible light photoinitiator for free radical polymerization[END_REF]. The first carbazole-based BODIPY used as photoinitiator was reported in 2019 (Cbz_35) in the context of a polymerization carried out in the near infrared region (See Fig. 26) [START_REF] Bonardi | Different NIR dye scaffolds for polymerization reactions under NIR light[END_REF]. As anticipated, Cbz_35 exhibited a strong absorption centered in the visible region, extending from 400 nm to 550 nm with a maximum absorption located at 492 nm (68 080 L•mol -1 •cm -1 ). Even if the absorption coefficients were extremely low at 785 nm (170 L•mol -1 •cm -1 ) and 940 nm (100 L•mol -1 •cm -1 ), the possibility to initiate the FRP of methacrylates in the NIR region was brilliantly demonstrated. Indeed, photopolymerization at these wavelengths is dominated by cyanines [START_REF] Schmitz | NIR-sensitized photoinitiated radical polymerization and proton generation with cyanines and LED arrays[END_REF][START_REF] Brömme | Photochemical oxidation of NIR photosensitizers in the presence of radical initiators and their prospective use in dental applications[END_REF][START_REF] Schmitz | NIR LEDs and NIR lasers as feasible alternatives to replace oven processes for treatment of thermal-responsive coatings[END_REF][START_REF] Shiraishi | Comparison between NIR and UV-sensitized radical and cationic reactivity of iodonium salts comprising anions with different coordination behavior[END_REF][START_REF] Strehmel | Advances of near infrared sensitized radical and cationic photopolymerization: from U N C O R R E C T E D P R O O F F. Dumur European Polymer Journal xxx (xxxx) xxx-xxx graphic industry to traditional coatings[END_REF][START_REF] Fabian | Near-infrared absorbing dyes[END_REF] but these compounds are expensive so that alternatives are actively researched. While polymerizing a resin composed of a mixture of three monomers (33.3 wt% of (hydroxypropyl)methacrylate (HPMA), 33.3 wt% of 1,4-butanediol dimethacrylate (1,4-BDMA) and 33.3 wt% of a urethane dimethacrylate monomer (UDMA), final monomer conversions of 92% upon irradiation at 785 nm and 60% upon irradiation at 940 nm could be obtained with the four component system Cbz_35/(t-Bu)Ph 2 I + /4-dppba/BlocBuilder®MA (0.1 wt%/ 3 wt%/2 wt%/2 wt%) where 4-dppba and BlockBuilder®MA stand for 4-(diphenylphosphino)benzoic acid and the acronym for a commercial alkoxyamine respectively. Remarkably, in this study, authors combined two polymerization modes, one being based on a pure photochemical system generating radicals through light activation and a second one being based on a photothermal system based on the conversion of light to heat. Indeed, infrared dyes are well-known to generate heat upon photoexcitation. By combining the two polymerization modes, the heat released by photoexcitation but also by the polymerization of methacrylates was sufficient to decompose BlockBuilder®MA which is a thermal initiator of polymerization, improving the final monomer conversion. Interestingly, when the two polymerization modes were considered separately, no or low monomer conversions were obtained, demonstrating that the combination of these two systems is required to get good monomer conversions.

Carbazole-based helicoidal photoinitiators

The solubility of photoinitiators in the photocurable resins is a major issue as it drastically affects the final monomer conversion. This point is of crucial importance, especially when polyaromatic structures (perylenes, pyrenes, pentacene, etc…) are used as photoinitiators. To address this issue, helicenes were proposed as possible structures. Indeed, helicenes are constituted of ortho-fused aromatic rings, enforcing the structure to adopt an helicoidal shape when several aromatic rings are connected together. As a result of this non-planar geometry, the π-π staking between molecules is efficiently avoided, addressing the solubility issue. In this work, a series of azahelicenes Cbz_36-Cbz_38 differing by the number of angularly annulated aromatic rings and substituents was proposed (See Fig. 27) [START_REF] Al Mousawi | Azahelicenes as visible light photoinitiators for cationic and radical polymerization: preparation of photo-luminescent polymers and use in high performance LED projector 3D printing resins[END_REF]. Interestingly, presence of an additional aromatic ring in Cbz_36 enabled to redshift the absorp tion of 50 nm compared to that of Cbz_38 while increasing the molar extinction coefficient (See Fig. 28). Upon addition of a bromine in Cbz_37, only a slightly redshifted absorption was found compared to that of Cbz_38.

The two components systems Cbz_x (x = 36-38)/(t-Bu)Ph 2 I + (0.5%/1% w/w) could efficiently initiate the FRPCP of EPOX or the FRP of TMPTA. Especially, higher polymerization rates were found for the polymerization of EPOX and TMPTA, with polymerization processes ended after a few seconds. However, the most interesting finding concerned the photoluminescence of the epoxy films. Indeed, upon photoexcitation of the polymer films for a while and switching the light off, a luminescence persisting over six seconds was observed, tentatively assigned to the presence of photoproducts generated during the polymerization process and/or the presence of unreacted azahelicenes Cbz_36-Cbz_38, despites the non-catalytic character of the two-component system.

Carbazole-based ferrocenium

Ferrocenium salts are attractive structures for the cationic polymerization of epoxides as these compounds are readily available from inexpensive starting materials [START_REF] Meier | Imaging with iron arene photoinitiators[END_REF][START_REF] Lohse | Photocrosslinking of epoxy resins[END_REF][START_REF] Wang | Studies on the photo-sensitivity of cationic polymerization photoinitiator [Cp-Fe-arene]BF 4[END_REF][START_REF] Wang | A study of the photoactivities and thermomechanical properties of epoxy resins using novel [cyclopentadien-Fe-arene] + PF 6 -photoinitiators[END_REF]. Notably, these compounds can be prepared in one step by ligand exchange on ferrocene while using a high boiling point apolar solvents and Al/AlCl 3 as the metal catalysts (See Scheme 9). Finally, metathesis with an hexafluorophosphate salt enables to convert the water-soluble ferrocenium salt as a metal salt now soluble in organic solvents. This simple and efficient synthetic method was reported in the early 60′s by Nesmeyanov and co-workers and numerous ferrocenium salts have been prepared using this proce dure [START_REF] Nesmeyanov | The interaction of ferrocene and its derivatives with aromatic compounds[END_REF][START_REF] Helling | π-cyclohexadienyliron complexes bearing exocyclic double bonds[END_REF]. Among ferroceniums, Irgacure 261 i.e. (η 6 -(1-methylethyl)phenyl)(η 5 -cyclopentadienyl)iron hexafluorophosphate is a popular photoinitiator of cationic polymerization as this compound is commercially available [START_REF] Shi | Synthesis and optical properties of cationic cyclopentadienyl iron complexes with diphenylacetylene chromophores[END_REF][START_REF] Khand | Dienyl complexes of transition metals. Part II. The addition of hydride to halogen-substituted arenecyclopentadienyliron cations[END_REF][START_REF] Karatsu | Mechanistic investigations of the photosensitized reactions of iron arene complexes[END_REF][START_REF] Andruleviciute | Cationic photopolymerization of carbazolyl-and phenothiazinyl-containing thiiranes[END_REF][START_REF] Fouassier | Photochemistry and photopolymerization activity of diaryliodonium salts[END_REF][START_REF] Davidson | The polymerization of acrylates using a combination of a carbonyl compound and an amine as a photo-initiator system[END_REF][START_REF] Goethals | Cationic degradation of polysulfides and polyethers by chemical initiators and irradiation[END_REF]. However, the maximum absorption is centered at 241 nm and the absorption of Irgacure 261 extends from 200 to 300 nm so that this ferrocenium salt is a UV-centered photoinitiator. This photoinitiator is thus not for photopolymerization processes carried out in the near UV/visible range.

Numerous works were devoted to redshift the absorption of ferrocenium salts towards the visible range and relevant examples of this hard work were reported in 2006. In fact, the first carbazole-based photoinitiators Cbz_39 and Cbz_40 were published in 2006 and prepared according to the abovementioned procedure (See Fig. 29) [START_REF] Wang | Several ferrocenium salts as efficient photoinitiators and thermal initiators for cationic epoxy polymerization[END_REF]. Compared to Irgacure 261 which exhibits a maximum absorption at 241 nm, a redshift as high as 100 nm was obtained upon replacing the isopropylbenzene ligand of ferrocenium by a carbazole. At 347 nm, introduction of the carbazole moiety resulted in a 30-fold enhancement of the molar extinction coefficients of Cbz_39 and Cbz_40 compared to that of Irgacure 261.

Comparison of the photoinitiating ability of Cbz_39 and Cbz_40 with that of Irgacure 261 for wavelength higher than 320 nm revealed the two carbazole derivatives to outperform Irgacure 261 while simply introducing 2% of photoinitiators in EPOX. Fast polymerization processes were reported in this work, some polymerization processes being ended after 20 s. However, it has to be noticed that high intensity lamps were used, the intensity ranging between 700 W for the high-pressure Hg lamp to 1000 W for the D-lamp. But the remarkable efficiency of the cationic polymerization is also supported by the proposed mechanism. Notably, a ligand exchange with EPOX resulting from the decoordination of carbazole upon photoexcitation was suggested as a plausible mechanism (See Scheme 10). Such a mechanism has been proposed as soon as 1986 by Riediker and coworkers [START_REF] Roloff | Synthetic and metal organic photochemistry in industry[END_REF]. Indeed, upon decoordination of the carbazole ligands, a strong Lewis acid is formed, enabling three EPOX units to enter in the coordination sphere of iron and to activate the ring opening of epoxide and the formation of a cation, responsible of the initiation process.

Ten years later, Cbz_39 was revisited in totally different experimental conditions for the CP of EPOX on the basis of new formulations and the new light sources at disposal [START_REF] Zhang | The carbazole-bound ferrocenium salt as a specific cationic photoinitiator upon near-UV and visible LEDs (365-405 nm)[END_REF]. The great achievement of this work compared to the previous one was first the possibility to initiate a polymerization while using low intensity light sources, and second, to develop photoinitiating systems activable under visible light. Notably, authors evidenced that Cbz_39 was efficient to initiate the CP of EPOX, alone, even upon irradiation of the resins with low light intensity. Thus, final monomer conversions of 57 and 53% were determined upon irradiation with LEDs at 385 and 405 nm and by using Cbz_39 without additives. While using the two component Cbz_39/Ph 2 I + (0.2%/ 2%, w/w) photoinitiating system, insignificant modifications of the final monomer conversions were found compared to the previous conditions (55 and 57% respectively determined upon irradiation of the resins with LEDs emitting at 385 nm and 405 nm). However, higher polymerization rates could be determined for the three-component system. While using the Cbz_39/ Ph 2 I + /NVK (0.2%/2%/3%, w/w) system, the monomer conversion could be increased up to 66% for an irradiation with a LED@405 nm, resulting from the formation of the highly reactive Ph-NVK + species. Finally, ferrocenium are well-known cationic photoinitiators but the possibility to initiate the FRP of acrylates was also demonstrated. Indeed, based on the previous reports mentioning the photodissociation of the Fe-cyclopentadiene bond, a cyclopentadienyl radical can be released, initiating the FRP (See Scheme 10). Besides, the different experiments revealed the ability of the cyclopentadienyl radicals to remain limited, the FRP of TMPTA being limited to 8% for the two-component system Cbz_39/2,4,6-tris(trichloromethyl)-1,3,5-triazine. However, upon addition of EDB, the monomer conversion could be increased up to 44%, demonstrating the validity of the approach.

Carbazolium derivatives

The previous works have clearly demonstrated the carbazole derivatives to efficiently interact with onium salts but also to both accelerate and improve the cationic photopolymerization of epoxides. In this field, NVK is an unavoidable representant of carbazoles. Besides, by quaternization of the amine of carbazole, photoinitiators for FRP can also be obtained as exemplified with Cbz_41 (See Scheme 11) [START_REF] Kara | Phenacyl ethyl carbazolium as a long wavelength photoinitiator for free radical polymerization[END_REF]. Chemical structure of Cbz_41 is directly inspired from the structures of phenacyl onium salts that are highly photosensitive compounds [START_REF] Yagci | Phenacyl onium salt photoinitiators: synthesis, photolysis, and applications[END_REF]. Notably, phenacyl onium salts are well-known to initiate a homolytic and/or a heterolytic bond cleavage upon irradiation so that radicals and cations can be both generated upon photolysis [START_REF] Takahashi | Photocationic and radical polymerizations by novel N-phenacylammonium salts[END_REF][START_REF] Nese | Clay-PMMA nanocomposites by photoinitiated radical polymerization using intercalated phenacyl pyridinium salt initiators[END_REF][START_REF] Tasdelen | Phenacylpyridinium oxalate as a novel water-soluble photoinitiator for free radical polymerization[END_REF][START_REF] Yonet | Photoinitiated cationic polymerization of cyclohexene oxide by using phenacyl benzoylpyridinium salts[END_REF][START_REF] Yonet | Spectroscopic and theoretical investigation of capillary-induced keto-enol tautomerism of phenacyl benzoylpyridinium-type photoinitiators[END_REF][START_REF] Kasapoglu | Photoinitiated polymerization of methyl methacrylate by phenacyl type salts[END_REF][START_REF] Kasapoglu | Photoinitiated cationic polymerization using a novel phenacyl anilinium salt[END_REF][START_REF] Durmaz | Diethoxy-azobis(pyridinium) salt as photoinitiator for cationic polymerization: towards wavelength tunability by cis-trans isomerization[END_REF][START_REF] Kreutzer | Synthesis and characterization of a double photochromic initiator for cationic polymerization[END_REF]. In the case of Cbz_41, cyclic voltammetric and photobleaching experiments revealed the carbazole moieties to give rise to an extension of conjugation, attributed to the dimerization of carbazole radical cations. Indeed, the radical cations formed during the homolytic bond cleavage can further interact, as shown in the Scheme 10. To investigate the applicability of Cbz_41, the photopolymerization of various monomers such as methyl methacrylate, methacrylic acid, styrene and NVK was investigated. Polymerization of all monomers was successfully achieved, providing polymers of high monomer conversions. Consequently, photolysis of the Cbz_41 salt by homolytic cleavage was clearly demonstrated, the polymerization of the previous monomers being only possible by the photogeneration of free radicals. Conversely, all attempts of cationic polymerization failed due to the improbability of an electron transfer to yield cationic species and the tendency of photofragments to dimerize under irradiation.

Carbazoles used as monomers and photoinitiators

At present, all the carbazole derivatives reported in this review have been used as photoinitiators and not as monomers for their own photopolymerizations. This original strategy was reported in 2018 with N-ethylcarbazole Cbz_42 [START_REF] Sari | Photoinduced step-growth polymerization of N-ethylcarbazole[END_REF]. As specificity, light-induced step-growth polymerization doesn't require any photoinitiator to proceed and the initiation, propagation and termination steps cannot be distinguished [START_REF] Yilmaz | Light-induced step-growth polymerization[END_REF]. Contrarily to the previous works where non-conjugated polymers are obtained, photopolymerization of Cbz_42 could furnish a poly(carbazole). Poly(carbazoles) are extensively studied in Organic Electronics as these polymers are semi-conductors exhibiting an excellent film-forming ability which is of crucial importance to avoid shortcuts in devices [START_REF] Dumur | Carbazole-based polymers as hosts for solution-processed organic light-emitting diodes: simplicity, efficacy[END_REF][START_REF] Contal | Investigation of polycarbazoles thin films prepared by electrochemical oxidation of synthesized carbazole derivatives[END_REF]. In this field, poly(N-vinylcarbazole) (PVK) is one of the most representative polymers. PVK is notably commonly used as hole-transport materials for the design of solution-processed organic light-emitting diodes (OLEDs) due to its remarkable morphological stability and its good solubility in most of the common organic solvents. Therefore, devices can be prepared by wet-process while using PVK [START_REF] Dumur | Solution-processed blue phosphorescent OLEDs with carbazole-based polymeric host materials[END_REF][START_REF] Lessard | Poly(2-(N-carbazolyl)ethyl acrylate) as a host for high efficiency polymer light-emitting devices[END_REF][START_REF] Danel | Solution processable double layer organiclight emitting diodes (OLEDs) based on 6-N, N-arylsubstituted-1H-pyrazolo[3,4-b]quinolines[END_REF][START_REF] Lee | Mask-less patterning of organic light emitting diodes using electrospray and selective biasing on pixel electrodes[END_REF]. Parallel to PVK derivatives in which carbazole units are connected by mean of a none-conjugated main chain, carbazoles can also be connected by forming carbon-carbon bonds between aromatic rings, generating π-conjugated polymers. The most popular strategies are notably oxidative polymerization [START_REF] Chen | Nitrogen-containing microporous conjugated polymers via carbazole-based oxidative coupling polymerization: preparation, porosity, and gas uptake[END_REF], electropolymerization [START_REF] Wang | Fabrication of graphene/polyaniline composite paper viain situ anodic electropolymerization for high-performance flexible electrode[END_REF] and metal-catalyzed cross-coupling reactions [START_REF] Kuehne | Monodisperse conjugated polymer particles by Suzuki-Miyaura dispersion polymerization[END_REF][START_REF] Schmidt | Conjugated microporous polymer networks via yamamoto polymerization[END_REF]. In 2018, Yagci and coworkers proposed an original synthesis based on an electron-transfer between carbazole and an iodonium salt. When mixed in solution, appearance of a broad band between 500 and 750 nm in the UV-visible absorption spectrum of Cbz_42 confirmed the formation of a doped conjugated polymer upon irradiation. Additionally, the photopolymerized polymer which is obtained as a doped polymer could be dedoped by treatment with hydrazinium hydroxide in methanol. Authors also evidenced the step-growth polymer ization of poly(N-ethylcarbazole) to result from successive cycles of photoinduced electron transfer and coupling of radical cations, as shown in the Scheme 12. In fact, this mechanism is similar to that previously reported for the photopolymerization of polythiophenes [START_REF] Aydogan | Polythiophene derivatives by step-growth polymerization via photoinduced electron transfer reactions[END_REF][START_REF] Dadashi-Silab | Photoinduced electron transfer reactions for macromolecular syntheses[END_REF][START_REF] Aydogan | Photoinduced electron transfer reactions of highly conjugated thiophenes for initiation of cationic polymerization and conjugated polymer formation[END_REF]. Examination of the polymer films by atomic Force Spectroscopy (AFM) revealed the morphology of the doped and dedoped polymer layers to be drastically different. Notably, an increased roughness for the dedoped polymer layers was observed, assigned to a strong π-π stacking between carbazole as a result of PF 6 -anions removal (See Fig. 30).

Conclusions -perspectives

During the last decades, a wide range of carbazole derivatives have been proposed as photoinitiators of polymerization. The advantages of carbazole-based photoinitiators compared to other newly developed photoinitiators are numerous. Among the most interesting features, their low cost, low toxicity, high reactivity, good thermal and photochemical stability, good solubility in monomers, ease to handle (powders), high absorptions in the near visible/visible range making these photoinitiators ideal candidates for 3D-printing applications, possibility to prepare organometallic structures by using carbazole as a ligand can be cited as appealing characteristics. Contrarily to numerous photoinitiators that have fallen by the wayside due to a difficult synthetic access, chemistry of carbazole is relatively simple and most of the carbazole derivatives reported in this review have been obtained in high yields by simple purifications processes (precipitation, recrystallisation). From this point of view, carbazoles are promising candidates for future industrial transfer and materials applications. But the different families of carbazole-based photoinitiators listed in this review are not equivalent as far as their photoreactivities is concerned.

Among the series of forty carbazole derivatives reported in the literature, the most important family is undoubtedly based on nitrogen-con designed for the CP of epoxides or the FRP of acrylates. Concerning carbazoliums, the performances reported at present are far behind that of benchmark photoinitiators so that an extensive work needs to be carried out to improve the photoinitiating ability of these derivatives. Considering that carbazole is a versatile building block, further developments of photoinitiators will consist in elaborating near-infrared dyes, the light penetration into the photocurable resins being the main parameter governing the reactivity of photoinitiators and thus the polymerization speed.

As other promising future application for carbazole-based photoinitiators is the preparation of materials. Indeed, carbazoles, by their strong absorption in the near-visible/visible range, are perfect candidates for photopolymerization at 405 nm, and thus constitutes ideal candidates for 3D-printing applications. The recent works done by Yagci and coworkers on the step-growth polymerization of poly(N-ethylcarbazole) also paves the way towards applications in Organic Elec
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 23 Fig. 23. Photographs of a BisGMA/TEGDMA thick film (1.4 mm) upon irradiation with the LED@405 nm for 100 s in the presence of Cbz_23/NPG (0.5%/1% w/w), Cbz_23/(t-Bu)Ph 2 I + (0.5%/1% w/w), Cbz_22/NPG (0.5%/1% w/w) and Cbz_22/(t-Bu)Ph 2 I + (0.5%/1% w/w), respectively (from left to right), under air after polymerization. Reproduced with permission from Al Mousawi et al. [112]. Copyright 2017 MDPI.
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 25 Fig. 25. Polymerization profiles of BisGMA/TEGDMA (methacrylate function conversion vs. irradiation time) under air (1.4 mm thick sample) in the presence of two-component photoinitiating system Cbz_28/(t-Bu)Ph 2 I + (0.5%/1% w/w) upon exposure to (1) LED@405 nm; (2) LED@477 nm; The irradiation starts at t = 10 s. (B) Photos of a BisGMA/TEGDMA thick film (1.4 mm) upon irradiation with the LED@405 nm for 100 s in the presence of Cbz_28/(t-Bu)Ph 2 I + (0.5%/1%w/w) under air before and after polymerization. The irradiation starts for t = 10 s Adapted with permission from Al Mousawi et al. [135]. Copyright 2017 American Chemical Society.
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  Scheme 12.Step-growth photopolymerization mechanism of poly(N-ethylcarbazole).
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 30 Fig. 30. AFM images of polymer films of doped (a) and dedoped (b) poly(N-ethylcarbazole). Reproduced with permission from Sari et al. [179]. Copyright 2018 American Chemical Society.taining polyaromatic hydrocarbons. Using this strategy, compounds with absorption in the near-UV/visible region have been developed and the different setups previously used for an initiation of the polymerization process in the UV range can be still used with these photoinitiators. Besides, with regards to the development of the new, compact, low-consuming and cheap irradiation setups, a new generation of photoinitiators totally disconnected from the UV photoinitiators have been proposed, as exemplified with the push-pull dyes, Bodipys or TADF photoinitiators. With these different structures, absorption spectra strongly centered in the visible range are obtained. The last family of photoinitiators i.e. the TADF photoinitiators whose TADF property have only been discovered by Chihaya Adachi in 2012 clearly deserves to be further investigated due to the significant enhancement of the excited state lifetime that could be obtained by chemical engineering. Parallel to the neutral photoinitiators, two families of cationic photoinitiators, namely ferrocenium and carbazolium have respectively been

  

Acknowledgment

The author thanks Aix Marseille University and the Centre National de la Recherche Scientifique (CNRS) for financial support.

tronics. Future developments of carbazole-based photoinitiators in this vast research field is directly related to the ability to design π-conjugated polymers, opening the way towards new and unexpected applications.
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