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Abstract

Light-emitting diodes (LEDs) demonstrate many distinct advantages over traditional UV irradiation sources (e.g., mercury lamp), such as long working life, good security and low cost. LEDs have been widely used in scientific research and industrial production and exhibit a tremendous potential as an alternative to the UV irradiation sources. However, a common LED (e.g., LED@385 nm and LED@405 nm) possesses a narrow emission band and long emission wavelength. Due to light absorption properties, most of the commercial photoinitiators (PIs) are sensitive to UV light and cannot be activated in LED-induced photopolymerization. Therefore, the development of new PIs which could be applied under LEDs irradiation is significant. In this PhD thesis, some structures used in photoinitiation in recent years are summarized and categorized in the art-of-state. Then, various compounds with different chromophores were proposed and used as Type Ⅰ PIs, Type Ⅱ PIs as well as multicomponent photoinitiating systems. The light absorption properties of PIs were studied by UV-visible absorption spectra. The photoinitiation abilities of PIs were evaluated through RT-FTIR. Compared to benchmark structures, some interesting PIs demonstrated higher reactivity efficiency for both free radical and cationic polymerization upon exposure to LEDs. In addition, the chemical mechanisms were investigated by steady state photolysis, fluorescence quenching experiments and electron spin resonance -spin trapping technology. For two component systems, electron transfer reactions could be confirmed by free energy change. For Type I PIs, the cleavage of chemical bond could be studied by enthalpy change of the cleavage process. Finally, some interesting structures are applied in 3D printing experiments successfully.

Part 1: Context and bibliography 1. Overview of photopolymerization

Photopolymerization is a process that the monomers or oligomers transform into polymer under irradiation (e.g., UV and visible light). Compared to thermal polymerization, photopolymerization demonstrates numerous advantages such as no emission of volatile organic compounds, excellent spatial and temporal control, high efficiency. [START_REF] Corrigan | Seeing the Light: Advancing Materials Chemistry through Photopolymerization[END_REF][START_REF] Andrzejewska | Photopolymerization kinetics of multifunctional monomers[END_REF][START_REF] Chen | Light-Controlled Radical Polymerization: Mechanisms, Methods, and Applications[END_REF][START_REF] Yagci | Photoinitiated Polymerization: Advances, Challenges, and Opportunities[END_REF][START_REF] Yilmaz | Light-induced step-growth polymerization[END_REF] Nowadays, photopolymerization has already applied in many fields including coatings, [START_REF] Khudyakov | Fast photopolymerization of acrylate coatings: Achievements and problems[END_REF][START_REF] Sangermano | Antistatic Epoxy Coatings With Carbon Nanotubes Obtained by Cationic Photopolymerization[END_REF][START_REF] Gam-Derouich | Electrografted aryl diazonium initiators for surface-confined photopolymerization: a new approach to designing functional polymer coatings[END_REF] adhesives, [START_REF] Nunes | Spatially resolved photopolymerization kinetics and oxygen inhibition in dental adhesives[END_REF][START_REF] Daniloska | High performance pressure sensitive adhesives by miniemulsion photopolymerization in a continuous tubular reactor[END_REF][START_REF] Besse | Photopolymerization study and adhesive properties of self-etch adhesives containing bis(acyl)phosphine oxide initiator[END_REF] 3D printing, [START_REF] Bagheri | Photopolymerization in 3D Printing[END_REF][START_REF] Layani | Novel Materials for 3D Printing by Photopolymerization[END_REF][START_REF] Aduba | Vat photopolymerization 3D printing of acid-cleavable PEG-methacrylate networks for biomaterial applications[END_REF][START_REF] Zhao | Efficient 3D printing via photooxidation of ketocoumarin based photopolymerization[END_REF] biomaterials, [START_REF] Jandt | A brief history of LED photopolymerization[END_REF][START_REF] Weems | Selective Reactivity of Myrcene for Vat Photopolymerization 3D Printing and Postfabrication Surface Modification[END_REF][START_REF] Yang | Smart Antibacterial Surface Made by Photopolymerization[END_REF] microelectronics industry, [START_REF] Gibson | Vat Photopolymerization Processes[END_REF][START_REF] Vitale | Nanoheterogeneous networks by photopolymerization of perfluoropolyethers and acrylic co-monomers[END_REF][START_REF] Crivello | Photopolymer Materials and Processes for Advanced Technologies[END_REF] etc.

Photoinduced polymerization is a chain reaction. Photoinitiator (PI) can generate active species (free radicals, cations, etc.) under light irradiation to induce the polymerization of monomers, so PI has a crucial effect on the polymerization rate and final function conversion (FC). The photoinitiating system (PIS) can be composed of a PI or PI/additive. According to the kind of active species, photopolymerization is divided into free radical photopolymerization (FRP) and cationic photopolymerization (CP) normally. [START_REF] Zhou | Progress in the development of polymeric and multifunctional photoinitiators[END_REF][START_REF] Dadashi-Silab | Photoinduced Electron Transfer Reactions for Macromolecular Syntheses[END_REF] It should be mentioned that FRP is normally inhibited by oxygen which can quench the primary initiating and propagating radicals, while CP does not suffer from this disadvantage. Some essential characteristics including light absorption capacity, high photochemical activity, good solubility and low toxicity are the important evaluation standard for PIs. [START_REF] Christmann | Experimental and theoretical investigations of free radical photopolymerization: Inhibition and termination reactions[END_REF][START_REF] Lin | Enhancing UV Photopolymerization by a Red-light Preirradiation: Kinetics and Modeling Strategies for Reduced Oxygen Inhibition[END_REF][START_REF] Courtecuisse | Confocal Raman microscopy study of several factors known to influence the oxygen inhibition of acrylate photopolymerization under LED[END_REF] Monomer is a class of small organic molecule containing polymerizable groups.

After photopolymerization, monomers transform into polymer matrix, so monomers have an important influence on the properties of products. Acrylate monomers are most commonly used in FRP, such as trifunctional trimethylolpropane triacrylate (TMPTA) and bifunctional 1,6-hexanediol diacrylate (HDDA). Epoxy monomer (3,4epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX) and vinyl ether monomer triethyleneglycol divinyl ether (DVE-3) are widely used in CP. [START_REF] Manojlovic | Cytotoxicity and genotoxicity of a low-shrinkage monomer and monoacylphosphine oxide photoinitiator: Comparative analyses of individual toxicity and combination effects in mixtures[END_REF][START_REF] Li | Synthesis of organic and inorganic hybrid nanoparticles as multifunctional photoinitiator and its application in UV-curable epoxy acrylate-based coating systems[END_REF] The structures of some monomers are given in Scheme 1.

Scheme 1. The structures of some monomers for free radical photopolymerization and cationic photopolymerization.

Photoinitiators for LED photopolymerization

Traditional UV light sources (e.g., mercury lamp) demonstrate many drawbacks such as short service life and high energy consumption. In addition, much heat generation could affect the surface properties of products and the ozone release in operation is harmful for human body. [START_REF] Lecamp | Influence of UV radiation wavelength on conversion and temperature distribution profiles within dimethacrylate thick material during photopolymerization[END_REF][START_REF] Li | Efficient unimolecular photoinitiators for simultaneous hybrid thiol-yne-epoxy photopolymerization under visible LED light irradiation[END_REF][START_REF] Zhang | Radical photoinitiation with LEDs and applications in the 3D printing of composites[END_REF][START_REF] Christmann | Triazine-Based Type-II Photoinitiating System for Free Radical Photopolymerization: Mechanism, Efficiency, and Modeling[END_REF] The inherent disadvantages of UV light sources hinder the development of photopolymerization. Currently, increasing attention has been focused on the use of light-emitting diodes (LEDs) as irradiation sources in photopolymerization due to low cost and high security. Recently, LEDs has exhibited huge potential as an alternative to the traditional UV light sources. [START_REF] Dietlin | Photopolymerization upon LEDs: new photoinitiating systems and strategies[END_REF][START_REF] Kocaarslan | Near-IR and UV-LED Sensitized Photopolymerization with Onium Salts Comprising Anions of Different Nucleophilicities[END_REF][START_REF] Zuo | Novel applications of fluorescent brighteners in aqueous visible-light photopolymerization: high performance water-based coating and LED-assisted hydrogel synthesis[END_REF] Nowadays, the emission bands of LEDs are narrow and fused on 365 nm, 385 nm, 395 nm, 405 nm, 455nm, 470 nm normally. While, a large portion of commercial PIs are UV sensitive and do not absorb the light > 360 nm. Therefore, it is important to develop the PIs which can be activated upon exposure to near UV and visible LEDs. [START_REF] Crivello | A new visible light sensitive photoinitiator system for the cationic polymerization of epoxides[END_REF][START_REF] Oprych | Photophysics of Up -Conversion Nanoparticles: Radical Photopolymerization of Multifunctional Methacrylates Comprising Blue-and UV-Sensitive Photoinitiators[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][START_REF] Li | Synthesis of furan derivative as LED light photoinitiator: One-pot, low usage, photobleaching for light color 3D printing[END_REF][START_REF] Zhang | Design of Novel Photoinitiators for Radical and Cationic Photopolymerizations under Near UV and Visible LEDs (385, 395, and 405 nm)[END_REF][START_REF] Yang | A multifunctionalized macromolecular silicone-naphthalimide visible photoinitiator for free radical polymerization[END_REF][START_REF] Garra | Visible light photoinitiating systems by charge transfer complexes: Photochemistry without dyes[END_REF][START_REF] Shi | Photoinitiating systems for cationic photopolymerization: Ongoing push toward long wavelengths and low light intensities[END_REF] To match with the near UV and visible LEDs, many PISs have been designed and developed in the past decade such as Type Ⅰ and Type Ⅱ PIs, dye-based PISs, metal complex-based PISs, polyoxometalate-based PISs, and so on. [START_REF] Shi | Photoinitiating systems for cationic photopolymerization: Ongoing push toward long wavelengths and low light intensities[END_REF][START_REF] Lalevée | Efficient dual radical/cationic photoinitiator under visible light: a new concept[END_REF][START_REF] Breloy | Visible Light Anthraquinone Functional Phthalocyanine Photoinitiator for Free-Radical and Cationic Polymerizations[END_REF][START_REF] Yang | A Green and Highly Efficient Naphthalimide Visible Photoinitiator with an Ability Initiating Free Radical Polymerization under Air[END_REF][START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF] Herein, some works for the modification of commercial Type Ⅰ and Type Ⅱ PIs, dye-based PISs are mainly summarized in this review.

Dye-based PISs

Dye molecules have been widely used as PI in photoinitiation due to the strong absorption in visible range. Except for dye molecules, the additives as well as coinitiators also play important roles in PIS. In the excited states, dye molecules are able to interact with additives through electron transfer reactions to generate active radicals and cations. [START_REF] Dadashi-Silab | Photoinduced Electron Transfer Reactions for Macromolecular Syntheses[END_REF] Then the initial active species can combine with monomers through 

Carbazole-based photoinitiators

Carbazole is a representative scaffold applied in the context of LED photoinitiator. The benzene rings in carbazole structure can be functionalized with various groups to obtain the extension of conjugation. The nitrogen atom can be modified with alkyl chains to improve the solubility. In addition, the remarkable electron-donating ability and low oxidation potential contribute to the interaction with additives in PISs. [START_REF] Dumur | Recent advances on carbazole-based photoinitiators of polymerization[END_REF] The structures of carbazole-based PIs mentioned in this review are shown in Table 1. A serious of carbazole derivatives were investigated by Mousawi et al. [START_REF] Al Mousawi | Carbazole Scaffold Based Photoinitiator/Photoredox Catalysts: Toward New High Performance Photoinitiating Systems and Application in LED Projector 3D Printing Resins[END_REF][START_REF] Al Mousawi | Carbazole Derivatives with Thermally Activated Delayed Fluorescence Property as Photoinitiators/Photoredox Catalysts for LED 3D Printing Technology[END_REF] Four carbazole derivatives C1-C4 were designed as PIs for both FRP and CP.

These compounds exhibited good absorptions in 350-450 nm range ensuring a good overlap with the emission spectra of the near UV and visible LEDs. In the presence of C/Iod combinations, high final epoxy function conversions for EPOX (C1/Iod: FC = 76%, C2/Iod: FC = 50%, C3/Iod: FC = 58%, C4/Iod: FC = 70%) were found under irradiation with a LED@405 nm. A photoredox catalyst behavior was observed in the presence of three-component C/Iod/EDB PISs in FRP and the acrylate function conversions for TMPTA were favorable. 3D objects were obtained by a LED projector using the interesting photoinitiating systems. In addition, other four carbazole derivatives A1-A4 (Table 1) with thermally activated delayed fluorescence (TADF)

property were synthesized and proposed. Favorable molar absorption coefficients at 405 nm (ε405 nm) were found for A1-A4, allowing the application of LED@405 nm in photopolymerization. High epoxy function conversions (47%-55%) were obtained in CP in the presence of A/Iod combinations upon exposure to LED@405 nm. Good performances were also observed in FRP of TMPTA. Finally, these new photoinitiating systems were successfully applied in photocurable 3D printing experiments. The TADF molecules A1-A4 had better performance than the none-TADF carbazole-based molecules C1-C4 in FRP. Indeed, TADF property was helpful to the reaction from excited singlet state between carbazole derivatives and additives.

Four carbazole-based two-photon initiators A3-1, A3-2, A3-3 and A3-4 (Table 1) containing conjugation bridges were designed and synthesized by Li et al. [START_REF] Li | Conjugated Carbazole-Based Schiff Bases as Photoinitiators: From Facile Synthesis to Efficient Two-Photon Polymerization[END_REF] The absorption peaks of A3-1, A3-2, A3-3 and A3-4 located at 350 nm, 360 nm, 415 nm and 394 nm respectively. The initiation ability of the carbazole derivatives under onephoton irradiation was studied in TMPTA. No polymerization was observed within 2 min for the resin upon exposure to UV, which demonstrated the good stability of carbazole derivatives under one-photon irradiation. The two-photon initiation performance of carbazole derivatives was investigated by direct laser write setup. In two-photon-induced photopolymerization fabrication tests, the formulations A3-2 and A3-4 exhibited lower threshold energy than the commercial PI 1-benzyl-1-(dimethylamino)propyl 4-morpholinophenyl ketone (369).

Table 1. The structures and light absorption properties of carbazole-based photoinitiators.

Structure Absorption properties Ref.

C1 λmax = 364 nm εmax = 11750 M -1 cm -1 ε405 nm = 2600 M -1 cm -1 [49] C2 λmax = 374 nm εmax = 11180 M -1 cm -1 ε405 nm = 5200 M -1 cm -1 [49] C3 λmax = 364 nm εmax = 14000 M -1 cm -1 ε405 nm = 2450 M -1 cm -1

[49[ C4 λmax = 388 nm εmax = 6000 M -1 cm -1 ε405 nm = 5200 M -1 cm -1

[49[ A1 λmax = 330 nm εmax = 8800 M -1 cm -1 ε405 nm = 1350 M -1 cm -1 [50] A2 λmax = 340 nm εmax = 40000 M -1 cm -1 ε405 nm = 7800 M -1 cm -1 [50] A3 λmax = 333 nm εmax = 33000 M -1 cm -1 ε405 nm = 5700 M -1 cm -1 [50] A4 λmax = 349 nm εmax = 18000 M -1 cm -1 ε405 nm = 3300 M -1 cm -1 [50] A3-1 λmax = 350 nm εmax = 49000 M -1 cm -1 [51] A3-2 λmax = 360 nm εmax = 53000 M -1 cm -1 [51] A3-3 λmax = 415 nm εmax = 29000 M -1 cm -1 [51] A3-4 λmax = 394 nm εmax = 29000 M -1 cm -1

[51]

Triphenylamine-based photoinitiators

Triphenylamine is widely employed for the design of new PIs due to the excellent electron-donating ability. Chemical modification is usually carried out with various groups to obtain the extended conjugation. The structures of triphenylamine-based PIs mentioned in this review are given in Table 2. Han et al. [START_REF] Han | Facilely prepared blue-green light sensitive curcuminoids with excellent bleaching properties as high performance photosensitizers in cationic and free radical photopolymerization[END_REF] synthesized a blue-green light sensitive PI CDM2 based on triphenylamine-curcumin structure. The combination of triphenylamine and curcumin units made it show strong absorption at blue and green light regions. The introduction of triphenylamine on both sides of the CMD2 reduced the energy gap between highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), which contributed to the redshifted absorption band. It was very interesting that the maximum absorption wavelength (λmax) of CDM2 in tetrahydrofuran was 467 nm which was suitable for long-wavelength irradiation sources. As a result, the CDM2/iodonium salt system demonstrated good initiation efficiency, and the function conversions of diglycidyl ether of bisphenol A could reach up to 56% and 46% under blue LED or green LED respectively. Two triphenylamine derivatives Dye3 and Dye4 were synthesized and evaluated as PIs for visible light photopolymerization by Abdallah et al. [START_REF] Abdallah | High performance dyes based on triphenylamine, cinnamaldehyde and indane-1,3-dione derivatives for blue light induced polymerization for 3D printing and photocomposites[END_REF] The molar extinction coefficients at 405 nm (ε405 nm) were 4110 M -1 cm -1 and 4740 M -1 cm -1 for Dye3 and Dye4 respectively. They were efficient to initiate the CP in the presence of two-component Dye/Iod PISs, especially the final epoxy function conversion of EPOX was 66% for Dye3 under LED@405 nm irradiation. Good performances were shown in FRP for the three-component Dye/Iod/NPG PISs, and the acrylate function conversions of TMPTA were 59% and 57% for Dye3 and Dye4 respectively. The fast photolysis and fluorescence quenching processes exhibited that the interactions between dyes and Iod were effective. Indeed, the electron-donating ability of triphenylamine core allowed the effective electron transfer reactions.

Three triphenylamine-based hexaarylbiimidazole derivatives (HABI1, HABI2, HABI3) were synthesized by Li [START_REF] Li | Triphenylamine-hexaarylbiimidazole derivatives as hydrogen-acceptor photoinitiators for free radical photopolymerization under UV and LED light[END_REF] . They exhibited broad absorption bands ranging from 360 nm to 420 nm. The maximum absorption wavelength at longer wavelength of HABI1-3 were 383, 385, and 384 nm respectively, which demonstrated that the number of MeO groups had little influence on the light absorption properties. The initiation ability of HABIs was evaluated by differential scanning photocalorimetry (photo-DSC) under UV lamp (250-450 nm) and LED lamp (380-750 nm) respectively.

The favorable values of free energy changes proved the good electron transfer ability for HABIs/NPG systems. The final function conversions of TMPTA in the presence of HABI1/NPG system were 80% under UV and 58% under LED light irradiation. The high conversions demonstrated that HABI1/NPG system could be applied under both UV and LED irradiation sources.

Jin et al. [START_REF] Jin | Dual roles for promoting monomers to polymers: A conjugated sulfonium salt photoacid generator as photoinitiator and photosensitizer in cationic photopolymerization[END_REF] proposed a conjugated sulfonium-based triphenylamine derivative (PI-PAG) as PI in CP. Triarylsulfonium salts is widely used as cationic PI due to the generation of strong protic acids, thermal stability and good solubility. However, the absorption peaks of most commercial triarylsulfonium salts are below 300 nm, so they can't be applied under longer-wavelength LEDs such as LED@365 and 405 nm. To extend the light absorption band, the sulfonium salt moiety was associated a longwavelength triphenylamine chromophore in PI-PAG to form a π-conjugated structure.

Interestingly, the maximum absorption wavelength of PI-PAG was 381 nm, and high molar extinction coefficients were found at 365 nm (ε365 nm = 19200 M -1 cm -1 ) and 405 nm (ε405 nm = 14900 M -1 cm -1 ). The photoinitiation ability of PI-PAG (1 wt%) in CP was evaluated upon exposure to 365-425 nm LEDs. The final function conversion of EPOX at 5 min was 52.3% in the presence of PI-PAG alone under LED@365 nm irradiation. The polymerization profile of EPOX was improved when Iod1 was added as co-initiator and the final function conversion reached 82% for PI-PAG/Iod1 (1%/3%, w/w) system. In addition, the CP of other monomers cyclohexene oxide and DVE-3 was also investigated. In the presence of PI-PAG (0.5 wt%) alone, the polymerization of DVE-3 was observed. Furthermore, PI-PAG/Iod1 (0.5%/2%, w/w) system was efficient. The final function conversions of DVE-3 were 90.65% and 90.3% upon exposure to LED@365 and 405 nm respectively. The photochemical mechanism of PI-PAG was investigated by photolysis and electron spin resonance-spin trapping (ESR-ST) experiments. The S-C bond could break under irradiation, then the generated sulfur cation radicals further reacted with hydrogen donors to produce the active initiation species H + for CP. The PI-PAG/Iod1 system could also generate cations through electron transfer reaction. Due to the good performance, PI-PAG successfully initiated the polymerization under chemiluminescence irradiation. [START_REF] Wang | Chemiluminescence Induced Cationic Photopolymerization Using Sulfonium Salt[END_REF] The light emission at ~430 nm was generated through chemical reaction. The CP of cyclohexene oxide was observed in the presence of PI-PAG under the emitted light.

These results indicated that the design strategy of -conjugated sulfonium salts was effective.

Table 2. The structures and light absorption properties of triphenylamine-based photoinitiators.

Structure Absorption properties

Ref.

CDM2 λmax = 467 nm εmax = 77190 M -1 cm -1 ε460 nm = 75490 M -1 cm -1 ε520 nm = 12000 M -1 cm -1 [52] Dye3 λmax = 352 nm εmax = 26610 M -1 cm -1 ε405 nm = 4110 M -1 cm -1 [53] Dye4 λmax = 357 nm εmax = 17700 M -1 cm -1 ε405 nm = 4740 M -1 cm -1 [53] HABI1 λmax = 383 nm εmax = 6600 M -1 cm -1 [54] HABI2 λmax = 385 nm εmax = 12100 M -1 cm -1 [54] HABI3 λmax = 384 nm εmax = 14800 M -1 cm -1 [54] PI-PAG λmax = 381 nm εmax = 23200 M -1 cm -1 ε365 nm = 19200 M -1 cm -1 ε405 nm = 14900 M -1 cm -1

[55]

Naphthalimide-based photoinitiators

Naphthalimide derivatives are widely used as PIs under low light intensity and in the visible range due to the good stability and the easiness of synthesis. What's more, the absorption properties from 400 nm to 600 nm of naphthalimide derivatives can be regulated by various chemical modifications. [START_REF] Noirbent | Recent advances on naphthalic anhydrides and 1,8-naphthalimide-based photoinitiators of polymerization[END_REF] The structures of naphthalimide-based PIs mentioned in this review are presented in Table 3. Seven naphthalimide derivatives NDP1-NDP7 with different substituents were designed as versatile PIs upon LED@405 nm exposure. [START_REF] Zhang | Structure Design of Naphthalimide Derivatives: Toward Versatile Photoinitiators for Near-UV/Visible LEDs, 3D Printing, and Water-Soluble Photoinitiating Systems[END_REF] The maximum absorption wavelength of NDP3 and NDP5 were located below 350 nm. NDP1, NDP2, NDP4, NDP6 and NDP7 exhibited good light absorption properties due to the nitro and amino electron withdrawing substituents in the naphthalene moiety. Their maximum absorption wavelengths were all located in 417-440 nm which perfectly matched the emission spectra of the LED@405 and 455 nm. The CP of epoxides was investigated in the presence of NDPs and additives. NDP1/Iod1 and NDP3/Iod1 systems demonstrated low efficiency (FC < 30%) under LED@405 nm irradiation. Interestingly, high final epoxy function conversions of EPOX 59%, 62% and 63% were obtained in the presence of NDP2/Iod1, NDP4/Iod1 and NDP6/Iod1 systems respectively under LED@405 nm irradiation at 800 s. In addition, NDP2, NDP4 and NDP6 also exhibited good cationic initiation ability under LED@455 nm irradiation. The FRP of TMPTA was carried out in the presence of NDPs/Iod1 and NDPs/Iod1/NVK systems. Excellent photoinitiating ability at 405 nm was found in the presence of NDP2/Iod1 (FC = 52%), NDP2/Iod1/NVK (FC = 63%), NDP4/Iod1 (FC = 52%) and NDP4/Iod1/NVK (FC = 58%). The amino or alkylamino substituents in the naphthalene moiety (NDP2, NDP4 and NDP6) contributed to the good light absorption which allowed the favorable efficiency in FRP and CP upon exposure to the LED at 405 and 455 nm.

Four naphthalimide derivatives NDA1-NDA4 with amino or alkylthio substituents were designed by Xiao et al. [START_REF] Xiao | Naphthalimide Derivatives: Substituent Effects on the Photoinitiating Ability in Polymerizations under Near UV, Purple, White and Blue LEDs[END_REF] The maximum absorption wavelengths of The light absorption properties were highly worthwhile for the use of violet LEDs.

The CP of EPOX was carried out upon exposure to the LED@365 nm at room temperature under air. The final epoxy conversions were 40% and 43% in the presence of 1wt% and 2wt% Naphth-Iod respectively at 800 s. The CP of triethyleneglycol divinyl ether in laminate was also carried out and high final vinyl ether function conversion 90% was obtained at t = 100 s upon exposure to LED@365 nm at room temperature. In addition, Naphth-Iod could be also used in FRP. The acrylate function conversion of 2,2-bis- [4-(methacryloxy-2-hydroxy-propoxy)phenyl]-propane (Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA) blend (70/30) was 93% in the presence of 2wt% Naphth-Iod in laminate under LED@365 nm. The high function conversions demonstrated that Naphth-Iod could be used as a versatile PI in CP and FRP. In steady state photolysis experiment, the absorbance of Naphth-Iod at 340 nm decreased upon exposure to LED@365 nm. Meanwhile, the phenyl radical was detected in ESR-ST experiments. Based on these results, a proposed mechanism was obtained. C-I bond broke to produce phenyl radical for FRP and the cation generated for CP through an in-cage process. In addition, the singlet and triplet excited states energy were higher than the bond dissociation energy (C-I) which was in agreement with favorable cleavage process. NDP1 λmax = 421 nm εmax = 620 M -1 cm -1 ε405 nm =560 M -1 cm -1 [58] NDP2 λmax = 417 nm εmax = 5600 M -1 cm -1 ε405 nm = 5100 M -1 cm -1 [58] NDP3 λmax = 334 nm εmax = 13100 M -1 cm -1 [58] NDP4 λmax = 426 nm εmax = 9800 M -1 cm -1 ε405 nm = 8200 M -1 cm -1 [58] NDP5 λmax = 340 nm εmax = 17800 M -1 cm -1 [58] NDP6 λmax = 431 nm εmax = 17400 M -1 cm -1 ε405 nm = 12100 M -1 cm -1 [58] NDP7 λmax = 440 nm εmax = 11300 M -1 cm -1 ε405 nm = 8800 M -1 cm -1 [58] NDA1 λmax = 416 nm εmax = 4600 M -1 cm -1 ε405 nm = 4300 M -1 cm -1 ε455 nm = 1200 M -1 cm -1 [59] λmax = 431 nm εmax = 14600 M -1 cm -1 ε405 nm = 10300 M -1 cm -1 [59] ` NDA2 NDA3 λmax = 387 nm εmax = 18000 M -1 cm -1 ε405 nm = 13000 M -1 cm -1 ε455 nm = 1000 M -1 cm -1

[59] NDA4 λmax = 439 nm εmax = 16300 M -1 cm -1 ε405 nm = 9300 M -1 cm -1 [59] NAS1 λmax = 389 nm ε405 nm = 10100 M -1 cm -1 [60] NAS2 λmax = 385 nm ε405 nm = 9300 M -1 cm -1 [60] NAS3 λmax = 340 nm ε405 nm = 6100 M -1 cm -1 [60] NAS4 λmax = 387 nm ε405 nm = 12800 M -1 cm -1 [60] ` NAS5 λmax = 391 nm ε405 nm = 12600 M -1 cm -1 [60] NAS6 λmax = 395 nm ε405 nm = 11700 M -1 cm -1 [60] Naphth-Iod λmax = 340 nm [62] 

Coumarine-based photoinitiators

Coumarin derivatives are widely applied in many fields such as fluorescent bio labels and organic light-emitting diodes. Through the chemical modification, wide variety of electronic, photochemical and photophysical properties can be obtained for coumarin derivatives. [START_REF] Dumur | Recent advances on coumarin-based photoinitiators of polymerization[END_REF] Therefore, coumarin is a good scaffold used in the design of PIs. The structures of coumarin-based PIs mentioned in this review are shown in Table 4. Two coumarin derivatives (CoumA and CoumB) were designed by Abdallah et al. [START_REF] Abdallah | Coumarin derivatives as versatile photoinitiators for 3D printing, polymerization in water and photocomposite synthesis[END_REF] Two compounds exhibited good light absorption properties. The maximum absorption wavelengths (CoumA: λmax = 421 nm; CoumB: λmax = 405 nm) and high molar extinction coefficients at 405 nm (CoumA: ε405 nm = 30600 M -1 cm -1 ; CoumB: ε405 nm = 28100 M -1 cm -1 ) ensured a good overlap with the emission spectra of the LED@405 nm. The CP of EPOX in thin films (25 μm) under air was studied upon exposure to LED@405 nm. Fast polymerization rate and high epoxy function conversion (FC = 80%) were found in the presence of CoumA/Iod system. But no polymerization of EPOX was observed for CoumB/Iod system in the same condition.

The FRP of TMPTA for thick samples (1.4 mm) was efficient under LED@405 nm irradiation under air. The acrylate function conversions were 81% and 93% for CoumA/Iod/NPG and CoumB/Iod/NPG systems respectively. Favorable free energy changes ΔG for the electron transfer reactions between coumarins and Iod were obtained. Indeed, coumarin derivatives as photoredox catalysts were efficient in the presence of the amine as electron donor and iodonium salt as electron acceptor. In addition, water soluble CoumB was also used for hydrogel synthesis. Finally, free radical polymerization for 3D printing upon exposure to a laser diode at 405 nm was successfully carried out due to the high performance of CoumA and CoumB.

A series of coumarin derivatives containing iodonium salts moiety was investigated as efficient one-component PIs by Topa et al. [START_REF] Topa | One-component cationic photoinitiators based on coumarin scaffold iodonium salts as highly sensitive photoacid generators for 3D printing IPN photopolymers under visible LED sources[END_REF] According to the UVvisible spectra, the substituent in the para position of the phenyl ring attached to the iodine atom demonstrated a nonsignificant influence on the light absorption properties.

Their maximum absorption wavelengths were all located at ~350 nm which allowed an efficient matching with the emission spectra of LED@365nm and LED@405 nm.

The CP of EPOX was investigated in the presence of coumarin derivatives alone under air. 7M-P demonstrated the best initiation ability among them and the epoxy function conversions were 58% and 53% upon exposure to LED@365 and 405 nm respectively. Due to the high performance of coumarin-based PIs in CP and FRP, 3D printed objects were fabricated successfully using TMPTA/EPOX blend. In steady state photolysis experiments, the absorbance of coumarin derivatives at maximum absorption wavelength decreased obviously upon exposure to LED@365 and 405 nm.

According to the laser flash photolysis (LFP) experiments, the iodonium salts could dissociate through homolytic and heterolytic resulting from the cleavage of carboniodine bond. The BDE of coumarin moiety-iodine was higher than that of I-Ph-R (where R=Me, iPr, NO2, CN) bond. It indicated that the cleavage in I-Ph-R moiety was more favorable. In addition, the aryl radicals were detected by ESR-ST experiments, which was in full agreement with computational calculations. Based on the above results, the proposed mechanism for the cleavage of carbon-iodine bond from the I-Ph-R moiety was obtained. CoumA λmax = 421 nm εmax = 35200 M -1 cm -1 ε405 nm = 30600 M -1 cm -1 [64] CoumB λmax = 405 nm εmax = 28100 M -1 cm -1 ε405 nm = 28100 M -1 cm -1 [64] 7M-P λmax = 350 nm εmax = 20440 M -1 cm -1 ε365 nm = 16660 M -1 cm -1 ε405 nm = 280 M -1 cm -1

[65]

7M-CN-P λmax = 352 nm εmax = 18930 M -1 cm -1 ε365 nm = 16800 M -1 cm -1 ε405 nm = 360 M -1 cm -1 [65] 7M-NO2-P λmax = 351 nm εmax = 19100 M -1 cm -1 ε365 nm = 16770 M -1 cm -1 ε405 nm = 460 M -1 cm -1 [65] 7M-Me-P λmax = 349 nm εmax = 22700 M -1 cm -1 ε365 nm = 18200 M -1 cm -1 ε405 nm = 240 M -1 cm -1

[65]

7M-iPr-P λmax = 350 nm εmax = 18440 M -1 cm -1 ε365 nm = 14960 M -1 cm -1 ε405 nm = 220 M -1 cm -1

[65]

Chalcone-based photoinitiators

Chalcone is a natural scaffold which has been found in numerous plants.

Chalcones have been applied in many fields such as organogels, organic lightemitting diodes and organic photovoltaics. From a synthetic viewpoint, chalcones can be prepared directly by condensation of an aldehyde on an acetophenone in various conditions. [START_REF] Sharma | Self-assembled blue-light emitting materials for their liquid crystalline and OLED applications: from a simple molecular design to supramolecular materials[END_REF][START_REF] Zhang | Synthesis and self-assembly of chalcone-based organogels[END_REF] Therefore, as an environmental and available dye, chalcone has been employed to design bioinspired PIs in recent years. [START_REF] Sun | Organic dye-based photoinitiating systems for visiblelight-induced photopolymerization[END_REF][START_REF] Ibrahim-Ouali | Recent advances on chalcone-based photoinitiators of polymerization[END_REF] The structures of chalconebased PIs mentioned in this review are shown in Table 5.

A series of carbazole or triphenylamine-based chalcones were designed by Chen et al. [START_REF] Chen | Novel D-π-A and A-π-D-π-A three-component photoinitiating systems based on carbazole/triphenylamino based chalcones and application in 3D and 4D printing[END_REF] Carbazole or triphenylamine were outstanding electron donors. The combination of carbazole or triphenylamine with chalcone formed D-π-A or A-π-D-π-A structures which could contribute to an efficient intramolecular charge transfer (ICT)

in the excited state. Except Chalcones 2, 3, 5 and 6, the maximum absorption wavelengths of all the compounds were located in visible range (λ > 400 nm).

Particularly, high molar extinction coefficients were observed for Chalcone4 (ε405 nm = 23850 M -1 cm -1 ), Chalcone 7 (ε405 nm = 18740 M -1 cm -1 ) and Chalcone 10 (ε405 nm = 9020 M -1 cm - printed patterns were successfully obtained in the presence of Chalcones/Iod systems through laser write experiments. In addition, the shapes of 3D patterns initiated by the Chalcone 7/Iod system had a reversible deformation effect due to the thermal response and hydrophilic response.

A serious of bis-chalcone compounds based on benzylpiperidinone, tetrahydrothiopyranone, pyridine or biphenyl central cores were designed by Chen et al. [START_REF] Chen | Bis-chalcone derivatives derived from natural products as near-UV/visible light sensitive photoinitiators for 3D/4D printing[END_REF] These bis-chalcone compounds exhibited strong absorption in visible region.

High molar extinction coefficients were observed at 405 nm for Bis-chalcone 5 (ε405 nm = 16500 M -1 cm -1 ) and Bis-chalcone9 (ε405 nm = 24000 M -1 cm -1 ). The FRP of PEGacrylate monomer in laminate (~20 μm) was investigated in the presence of therecomponent bis-chalcone/Iod/EDB systems (1.5%/1.5%/1.5%, wt%/wt%/wt%) upon exposure to LED@405 nm at room temperature. The Bis-chalcone 5, 7 and 9 based systems exhibited good initiation ability and the acrylate function conversions were 62%, 95% and 91% respectively. Due to the high photoactivity, 3D printed objects were successfully obtained through laser write experiments using a laser diode at 405 nm in the presence of three-component PISs based on Bis-chalcone 5 and 9. In addition, numerous chalcone compounds were synthesized by Chen et al. [START_REF] Chen | Photoinitiators derived from natural product scaffolds: monochalcones in three-component photoinitiating systems and their applications in 3D printing[END_REF][START_REF] Chen | Photopolymerization and 3D/4D applications using newly developed dyes: Search around the natural chalcone scaffold in photoinitiating systems[END_REF] These studies provide a powerful tool to design the PISs used in LED photopolymerization. Chalcone 10 λmax = 430 nm εmax = 10500 M -1 cm -1 ε405 nm = 9020 M -1 cm -1 [70] Bis-chalcone 1 λmax = 370 nm εmax = 21900 M -1 cm -1 ε405 nm = 12740 M -1 cm -1 [71] Bis-chalcone 2 λmax = 380 nm εmax = 28200 M -1 cm -1 ε405 nm = 19730 M -1 cm -1 [71] Bis-chalcone 3 λmax = 332 nm εmax = 18200 M -1 cm -1 ε405 nm = 4420 M -1 cm -1 [71] Bis-chalcone 4 λmax = 369 nm εmax = 4980 M -1 cm -1 ε405 nm = 2550 M -1 cm -1 [71] Bis-chalcone 5 λmax = 347 nm εmax = 23100 M -1 cm -1 ε405 nm = 6800 M -1 cm -1 [71] Bis-chalcone 6 λmax = 364 nm εmax = 22700 M -1 cm -1 ε405 nm = 10070 M -1 cm -1 [71] Bis-chalcone 7 λmax = 430 nm εmax = 38900 M -1 cm -1 ε405 nm = 26420 M -1 cm -1 [71] Bis-chalcone8 λmax = 330 nm εmax = 19800 M -1 cm -1 ε405 nm = 2960 M -1 cm -1 [71] Bis-chalcone 9 λmax = 370 nm εmax = 24600 M -1 cm -1 ε405 nm = 13670 M -1 cm -1 [71] Bis-chalcone 10 λmax = 350 nm εmax = 49300 M -1 cm -1 ε405 nm = 2220 M -1 cm -1

[71]

Type Ⅱ photoinitiators

Many studies have focused on Type Ⅱ PIs which can interact with hydrogen donors through H-abstraction reaction to generate free radicals. As shown in Scheme 4, some ketone type compounds such as benzophenone (BP), thioxanthone (TX) and camphorquinone (CQ) are widely used as Type II PIs. Tertiary amines and thiols are normally used as hydrogen donors due to their good reductant behavior. [START_REF] Karaca Balta | Mechanistic Study of Photoinitiated Free Radical Polymerization Using Thioxanthone Thioacetic Acid as One-Component Type II Photoinitiator[END_REF][START_REF] Kork | Poly(vinyl alcohol)-Thioxanthone as One-Component Type II Photoinitiator for Free Radical Polymerization in Organic and Aqueous Media[END_REF] The photoinitiation mechanism of BP is shown in Scheme 5. H-abstraction reaction occurs from the C atom which is adjacent to N atom. After electron transfer and proton transfer, a radical generates from BP and another radical produces from the hydrogen donor. Because of the steric hindrance and the delocalization of unpaired electron, the ketyl radicals from ketone compounds are usually not reactive toward double bonds. [START_REF] Lerzan Cokbaglan | 2-Mercaptothioxanthone as a Novel Photoinitiator for Free Radical Polymerization[END_REF] The absorption of most traditional Type Ⅱ PIs are mainly located in UV region, so Scheme 5. Photoinitiation mechanism of BP/amine system.

Benzophenone photoinitiators

As a traditional UV sensitive PI, BP does not absorb light in longer wavelength region (>380 nm). BP was modified widely to obtained better photoinitiation ability.

Many groups including amino, thioether and oxime were induced onto BP skeleton, and these BP derivatives demonstrated good efficiency under UV light or halogen lamp. [START_REF] Griesser | Initiators Based on Benzaldoximes: Bimolecular and Covalently Bound Systems[END_REF][START_REF] Allen | Photochemistry and photopolymerization activity of novel 4-alkylamino benzophenone initiators-synthesis, characterization, spectroscopic and photopolymerization activity[END_REF][START_REF] Temel | Photopolymerization and photophysical properties of amine linked benzophenone photoinitiator for free radical polymerization[END_REF][START_REF] Jauk | Photoinitiators with Functional Groups, 8[END_REF][START_REF] Jauk | Photoinitiators with Functional Groups 9: New Derivatives of Covalently Linked Benzophenone-amine Based Photoinitiators[END_REF][START_REF] Pietrzak | Novel sulfur-containing benzophenone derivative as radical photoinitiator for photopolymerization[END_REF][START_REF] Xiao | Photoinitiation mechanism of free radical photopolymerization in the presence of cyclic acetals and related compounds[END_REF][START_REF] Wang | Novel polymeric photoinitiators comprising of side-chain benzophenone and coinitiator amine: Photochemical and photopolymerization behaviors[END_REF][START_REF] Temel | One-component benzoxazine type photoinitiator for free radical polymerization[END_REF][START_REF] Yang | Synthesis and photopolymerization kinetics of benzophenone sesamol one-component photoinitiator[END_REF] Herein, the BP derivatives proposed in recent years are mainly summarized.

The structures of benzophenone PIs mentioned in this review are presented in Table 6.

A Type Ⅱ PI phenyl(4-(pyren-1-yl)phenyl)methanone (Py_BP) based on the BP group linked to a pyrene moiety was designed by Tehfe et al. [START_REF] Tehfe | Design of new Type I and Type II photoinitiators possessing highly coupled pyrene-ketone moieties[END_REF] The maximum absorption wavelength of Py_BP was 348 nm; the molar extinction efficient at 348 and 405 nm were 26000 M -1 cm -1 and 1400 M -1 cm -1 respectively which ensured good matching with the emission spectrum of halogen lamp and 405 nm laser diode. The FRP of TMPTA was carried out upon halogen lamp exposure (λ > 300 nm) and no polymerization was observed in the presence of BP/amine system. The final function conversion of TMPTA reached up to 35% within 5 min in the presence of Py_BP/Nmethyldiethanolamine (MDEA) (1%/4%, wt%/wt%) system and a tack-free coating was obtained. Indeed, the good light absorption properties and H-abstract ability allowed an effective Type Ⅱ behavior for Py_BP. Good polymerization profile (FC = 55% at 800 s) was also observed in the CP of EPOX upon halogen lamp exposure for Py_BP/Iod (0.5%/2%, wt%/wt%) system. The results indicated that Py_BP was a reactive PI for both FRP and CP. Another BP derivative (Py_BP5) with the coupling of BP and pyrene moieties was designed by Telitel et al. [START_REF] Telitel | New functionalized aromatic ketones as photoinitiating systems for near visible and visible light induced polymerizations[END_REF] Py_BP5 had a hybrid structure where BP and pyrene were fused with a benzene ring. The maximum absorption wavelength of Py_BP5 was 395 nm. Compared to Py_BP, Py_BP5 had a red-shifted absorption wavelength which could be attributed to the strong molecular orbital coupling. The FRP of TMPTA in laminate was carried out upon Xe-Hg lamp irradiation (λ > 340 nm). Py_BP5/MDEA (1%/2%, wt%/wt%) system reached a final conversion of 40% within 200 s. Indeed, combining BP with a light-absorbing moiety is a good method to improve the light absorption properties for BP derivatives and it also is reported by other works. [START_REF] Lalevee | Lightharvesting organic photoinitiators of polymerization[END_REF] Zhang et al. [START_REF] Zhang | A benzophenone-naphthalimide derivative as versatile photoinitiator of polymerization under near UV and visible lights[END_REF] connected BP group with naphthalimide chromophore to design another Type Ⅱ PI BPND. Compared to BP, red-shifted absorption wavelength (λmax = 431 nm) and higher molar extinction coefficient were obtained (ε405 nm = 15700 M - BP λmax = 253 nm εmax = 22000M -1 cm -1 ε363 nm =250 M -1 cm -1 [88,91] BPB λmax = 290 nm εmax = 14610M -1 cm -1 [85] Py_BP λmax = 348 nm εmax = 26000 M -1 cm -1 ε405 nm =1400 M -1 cm -1 [87] Py_BP5 λmax = 395 nm εmax = 4400 M -1 cm -1 [88] BPND λmax = 431 nm εmax = 15700 M -1 cm -1 ε405 nm = 10900 M -1 cm -1 ε470 nm = 5700 M -1 cm -1 [90] BP1 λmax = 369 nm εmax = 22300 M -1 cm -1 [91] BP2 λmax = 341 nm εmax = 13300 M -1 cm -1 [91] BP3 λmax = 368 nm εmax = 20200 M -1 cm -1 [91] BP4 λmax = 369 nm εmax = 42900 M -1 cm -1 [91] BP5 λmax = 374 nm εmax = 27800 M -1 cm -1 [91] A4 λmax = 349 nm εmax = 18000 M -1 cm -1 [92] A3-1 λmax = 350 nm εmax = 49000 M -1 cm -1 [92] A3-2 λmax = 360 nm εmax = 53000 M -1 cm -1 [92] BPN λmax = 400 nm εmax = 43700 M -1 cm -1 ε405 nm = 42400 M -1 cm -1
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Thioxanthone photoinitiators

Thioxanthone (TX) is another efficient Type Ⅱ PI and TX derivatives are widely used in FRP and CP. Compared to BP, TX exhibits stronger absorption wavelength in range of 300-400 nm, so TX derivatives is a class of potential visible light PIs. [START_REF] Dadashi-Silab | Shining a light on an adaptable photoinitiator: advances in photopolymerizations initiated by thioxanthones[END_REF][START_REF] Yilmaz | Thioxanthone-Fluorenes as Visible Light Photoinitiators for Free Radical Polymerization[END_REF][START_REF] Esen | One-component thioxanthone acetic acid derivative photoinitiator for free radical polymerization[END_REF] As known, the commercial isopropylthioxanthone (ITX) is widely used as a benchmark Type Ⅱ PI. The structures of thioxanthone PIs mentioned in this review are given in Table 7.

A thioxanthone-carbazole derivative (TX-C) was synthesized by Yilmaz et al. 97- 99 TX moiety was in conjunction with carbazole chromophore to obtained light absorption in visible range. TX-C demonstrated good absorption at longer wavelength range (400-500 nm) where TX was almost transparent. Indeed, the extended conjugation of TX and carbazole moieties contributed to the longer absorption wavelength. The maximum absorption wavelength of TX-C was 434 nm and high molar extinction coefficient was found (ε434 nm = 2010 M -1 cm -1 ). When the amine (hydrogen donor) was added, TX-C/amine system demonstrated faster polymerization rate than one-component TX-C. Indeed, in the presence of amine, H-abstraction occurred easily between TX-C and amine. In summary, TX-C was an excellent visible Type Ⅱ PI and had many targeted applications.

A thioxanthone-anthracene PI (TX-A) was synthesized by Balta et al. 100,101 The maximum absorption wavelength of TX-A was 368 nm and the absorption band extended to 450 nm. In photolysis experiments, the absorption band of the anthracene moiety almost disappeared with the consumption of TX-A. While the absorption of thioxanthone moiety at 380 nm was still observed. TX-A was used as a PI for the FRP of MMA. It was strange that higher function conversions were obtained in the presence of TX-A under air, compared to TX-A/amine system. In addition, no polymerization was found under nitrogen. Based on the photolysis and polymerization experiments, the conclusions could be obtained that TX moiety didn't participate the H-abstraction reaction probably, and oxygen played an important role in polymerization. As known, when the triplet oxygen (ground state molecular oxygen) is quenched, singlet oxygen will produce through energy transfer. In air-saturated TX-A solution, the generation of singlet oxygen was confirmed by the NIR luminescence spectrum. Therefore, singlet oxygen could react with the anthracene moiety of TX-A to form endoperoxide. Then the endoperoxide decomposed to generate radicals which were able to initiate polymerization of monomers. The initiation mechanism of TX-A is helpful to overcome the oxygen inhibition in FRP processes. 102,103 A carboxylic acid group substituted thioxanthone 2-(9-oxo-9H-thioxanthen-2ylamino)acetic acid (TX-NPG) was designed by Tar et al. 104 TX-NPG exhibited strong absorption in the range of 300-600 nm in N,N-dimethylformamide. Favorable molar extinction coefficients at 392 nm (ε392 nm = 1670 M -1 cm -1 ) and 583 nm (ε583 nm = 440 M -1 cm -1 ) were observed. The red-shifted band (~583 nm) disappeared when triethylamine was added to the solution, which could be attributed to the intramolecular or intermolecular hydrogen bond in TX-NPG solution. This peculiar absorption was also reported in other TX derivatives such as thioxanthone carboxylic acid and sodium fluorenecarboxylate-thioxanthone. [START_REF] Yilmaz | Thioxanthone-Fluorenes as Visible Light Photoinitiators for Free Radical Polymerization[END_REF]105 The favorable absorption properties made TX-NPG attractive as a visible PI. TX-NPG was investigated as a Type Ⅱ PI in the photopolymerization experiments using different irradiation wavelengths at 392, 473, 532, and 635 nm. In the presence of TX-NPG alone, the function conversions of acrylate monomers under irradiation at 392, 473, 532, and 635 nm are 63%, 21%, 24% and 14% respectively. This was attributed to Habstraction reaction in one-component system. The addition of MDEA as hydrogen donor contributed to the H-abstraction reaction, and higher final function conversions were obtained. The performance of TX-NPG demonstrated the possibility used under panchromatic irradiation. In addition, several TX derivatives bearing abstractable hydrogen sites (amine group) were also designed as one-component PIs. [106][107][108] Three TX derivatives (TX-2CBZ, TX-2DPA, TX-2PTZ) with donor-acceptordonor structures (D-A-D structures) were designed by Mau et al. 109 In the D-A-D structures, TX moiety acted as the acceptor and dimethoxyphenylamine, carbazole, phenothiazine moieties acted as electron donor respectively. These D-A-D structures were expected to obtain red-shifted absorption and enhanced molar extinction coefficients. Three investigated TX derivatives exhibited a bathochromic shift (λmax = 396 nm for TX-2CBZ; λmax = 478 nm for TX-2DPA; λmax = 415 nm for TX-2PTZ) compared to ITX (λmax = 386 nm). Meanwhile, three compounds demonstrated higher extinction coefficients at 405 nm (ε405 nm = 5900 M -1 cm -1 for TX-2CBZ; ε405 nm = 2000 M -1 cm -1 for TX-2DPA; ε405 nm = 2600 M -1 cm -1 for TX-2PTZ) than ITX (ε405 nm = 1000 M -1 cm -1 ). The good absorption of three TX derivatives ensured the match with the emission spectrum of LED@405 nm. [108] λmax = 478 nm εmax = 3400 M -1 cm -1 ε405 nm = 2000 M -1 cm -1

[109]

TX-2DPA TX-2CBZ λmax = 396 nm εmax = 7900 M -1 cm -1 ε405 nm = 5900 M -1 cm -1

[109]

TX-2PTZ λmax = 305 nm, 415 nm ε305 nm = 2400 M -1 cm -1 ε405 nm = 2600 M -1 cm -1

[109]

Type Ⅰ photoinitiators

Type Ⅰ PIs can generate active radicals by the cleavage of chemical bonds under irradiation. The structures of some Type Ⅰ PIs are given in Scheme 6. Oxime esters, acylphosphine oxides, amino ketones are commonly used in photopolymerization.

While, except several commercial PIs such as diphenyl (2,4,6trimethylbenzoyl)phosphine oxide (TPO), 1-benzyl-1-(dimethylamino)propyl 4morpholinophenyl ketone (369), most of Type Ⅰ PIs don't absorb the light above 400 nm. Therefore, it is important to improve the absorption ability of Type Ⅰ PIs to match with the emission spectra of long wavelength LEDs. Herein, oxime esters and acylphosphine oxides are mainly summarized in this review.

Scheme 6.

The structures of some commercial Type Ⅰ PIs.

Oxime ester photoinitiators

Oxime esters have been investigated widely as Type Ⅰ PIs due to their high photoactivity. The commercial oxime ester OXE 01 and OXE 02 have been used

successfully to produce the thin films in color filter resists. 113 The photochemical OXE-D: ε405 nm = 22500 M -1 cm -1 ; OXE-J: ε405 nm = 25000 M -1 cm -1 ). The absorption properties of the oxime ester PIs ensured a good overlap with the emission spectrum of LED@405 nm. The Type Ⅰ photoinitiation behavior of the oxime esters was investigated in the FRP of TMPTA. OXE-J and OXE-D exhibited better initiation performance than others upon exposure to LED@405 nm and the final function conversions of TMPTA were 72% and 73% respectively. Favorable enthalpy values (expect OXE-B) for the cleavage process of N-O bond from singlet state were obtained. The active radicals generate following the decarboxylation reaction of acyloxy radicals, so decarboxylation is an important process. According to computational calculations, the enthalpy value of decarboxylation reaction was energetically favorable for OXE-D. In addition, the highest spin density of methyl radical contributed to the high reactivity of OXE-D in the photopolymerization.

Finally, the 3D printed object was successfully obtained using OXE-D/Iod system in acrylate monomers.

Two arylaminocarbazole oxime ester PIs (OXE1 and OXE2) were designed by Ma et al. 119 Besides Type Ⅰ PIs, OXE1 and OXE2 could also play the role of photosensitizer in multicomponent systems. OXE1 and OXE2 exhibited a wide absorption band from 200 nm to 450 nm which partially overlapped with the emission spectra of 405 nm laser beams. Under irradiation at 405 nm, the absorbance of OXE1

and OXE2 decreased to a certain extent. The results indicated the cleavage of N-O bond and the generation of stable photolysis products. When iodonium salt was added, the photolysis rete of OXE1/iodonium salt system was faster than that of OXE1 alone.

It suggested that the interaction of OXE1/iodonium salt was quick and efficient. The favorable values of free energy changes for OXE1/iodonium salt and OXE2/iodonium salt systems were obtained. In addition, the phenyl radical was detected in OXE1/iodonium salt system by ESR-ST experiment, which further proved the electron transfer reaction in the OXE1/iodonium salt system. The FRP of TPGDA was studied under laser diode irradiation at 405 nm. OXEs alone could initiate the polymerization of TPGDA due to the oxime ester moiety. Higher final function conversions were obtained in the presence of OXEs/iodonium salt (0.2%/1%, w/w).

The better performance under LED@405 nm than LED@365nm, although the molar extinction coefficients at 365 nm were higher. When irradiated at 365 or 405 nm, the photolysis behavior of OXE-EM was similar. A wavelength-dependent photopolymerization mechanism was proposed in this work. Upon exposure to LED@365 nm, the photoactivity of the imine obtained from a primary radical cage effect was "switched on", promoting an alternative photoinduced reaction to the detriment of the photoinitiation step. Under LED@405 nm irradiation, the imine byproduct was not or weakly absorbing and the parallel competing reaction was "switched off". So better initiation efficiency was obtained. This proposed mechanism could be suitable for other oxime esters. In addition, stilbene-based, phenyl thienyl thioether-based, bicarbazole-based oxime ester PIs were also reported by Jin's group. [122][123][124] Table 8. The structures and light absorption properties of oxime ester photoinitiators.

Structure Absorption properties

Ref.

O-3 λmax = 436 nm εmax = 41690 M -1 cm -1 ε450 nm = 37450 M -1 cm -1 [114] O-3F λmax = 436 nm εmax = 29930 M -1 cm -1 ε450 nm = 26630 M -1 cm -1 [114] O-3O λmax = 436 nm εmax = 29950 M -1 cm -1 ε450 nm = 26620 M -1 cm -1 [114] O-4 λmax = 433 nm εmax = 7680 M -1 cm -1 ε450 nm = 6790 M -1 cm -1 [114] DCCA λmax = 436 nm εmax = 51000 M -1 cm -1 ε450 nm = 45000 M -1 cm -1 [116] OEC3-1 λmax = 406 nm εmax = 51000 M -1 cm -1 ε450 nm = 21000 M -1 cm -1 [117] OEC3-2 λmax = 405 nm εmax = 42000 M -1 cm -1 ε450 nm = 17000 M -1 cm -1 [117] OXE-B λmax = 431 nm εmax = 33000 M -1 cm -1 ε405 nm = 22000 M -1 cm -1 [118] OXE-D λmax = 431nm εmax = 34000 M -1 cm -1 ε405 nm = 22500 M -1 cm -1 [118] OXE-E λmax = 437 nm εmax = 28500 M -1 cm -1 ε405 nm = 16500 M -1 cm -1 [118] OXE-F λmax = 437 nm εmax = 36000 M -1 cm -1 ε405 nm = 21000 M -1 cm -1 [118] OXE-G λmax = 436 nm εmax = 31500 M -1 cm -1 ε405 nm = 18000 M -1 cm -1 [118] OXE-H λmax = 435 nm εmax = 26500 M -1 cm -1 ε405 nm = 17000 M -1 cm -1 [118] OXE-I λmax = 437 nm εmax = 3700 M -1 cm -1 ε405 nm = 20500 M -1 cm -1 [118] OXE-J λmax = 441 nm εmax = 50000 M -1 cm -1 ε405 nm = 25000 M -1 cm -1 [118] OXE-K λmax = 435 nm εmax = 31000 M -1 cm -1 ε405 nm = 18000 M -1 cm -1 [118] OXE1 λmax = 350 nm εmax = 46900 M -1 cm -1 ε405 nm = 1100 M -1 cm -1 [119] OXE2 λmax = 357 nm εmax = 29300 M -1 cm -1 ε405 nm = 4410 M -1 cm -1 [119] E-FBOXE-Me λmax = 260 nm ε260 nm = 17980 M -1 cm -1 ε395 nm = 20 M -1 cm -1 [120] E-FBOXE-Ph λmax = 262 nm ε260 nm = 51410 M -1 cm -1 ε395 nm = 50 M -1 cm -1 [120] OXE-EM λmax = 374 nm εmax = 16400 M -1 cm -1 ε355 nm = 12500 M -1 cm -1 [121] OXE-IM λmax = 374 nm εmax = 16000 M -1 cm -1 ε355 nm = 12800 M -1 cm -1 [121] OXE-EP λmax = 374 nm εmax = 17000 M -1 cm -1 ε355 nm = 13200 M -1 cm -1 [121] OXE-IP λmax = 374 nm εmax = 16600 M -1 cm -1 ε355 nm = 13000 M -1 cm -1
[121]

Acylphosphine oxide photoinitiators

Acylphosphine oxides is other class of Type Ⅰ PI. They are widely used in many fields due to the high efficiency and color stability. While the absorption of most acylphosphine oxide PIs is located in UV range. It is important to broaden the absorption of them in visible range to match the emission spectra of LEDs. The structures of acylphosphine oxide PIs mentioned in this review are shown in Table 9.

A series of acylphosphine oxide compounds were proposed by Dietlin et al. 125 Before synthesis, molecular modeling was used to select the potentially reactive compounds. The maximum of absorption wavelength was computed to match the selected LEDs. The energy of the triplet state (ET) as well as the bond dissociation energy (BDE) were computed to explore whether the cleavage of the bond was energetically favorable (H < 0). The spin density on the radical center was computed to ensure the efficient addition on the double bond. 7 molecules were selected from 86 molecules based on favorable calculated parameters. The molar extinction coefficients at 395 nm of acylphosphine oxide compounds (except ADPO-6 and ADPO-7) were higher than that of TPO-L. The FRP of TMPTA was performed upon exposure to LED@395 nm in the presence of PI (1 wt%). All the structures (except ADPO-5) demonstrated higher final function conversions than commercial TPO-L and BAPO.

Although ADPO-5 had good absorption properties, the cleavage of the bond underwent with difficulty. The rational design of acylphosphine oxide compounds is helpful to select the efficient PI used in LED photopolymerization.

An acylphosphine oxide PI 4-diethylaminobenzoyldipenylpho-sphine oxide (DEAPO) was designed and synthesized by Xie et al. 126 Compared to TPO (λmax = 380 nm), red-shifted maximum absorption wavelength was obtained for DEAPO (λmax = 386 nm). Interestingly, the absorption band of DEAPO extended to 440 nm and high molar extinction coefficients of DEAPO were obtained (ε385 nm = 43800 M -1 cm -1 ; ε420 nm = 5950 M -1 cm -1 ). The good absorption properties could be attributed to diethyl amino group in DEAPO structure (prolonging the conjugation system). DEAPO was evaluated as Type Ⅰ PI in the polymerization of TMPTA. Upon exposure to LED@385 nm, the function conversion of DEAPO (FC = 68.7%) system was higher than TPO system (FC = 58.2%). In addition, DEAPO system (FC = 64.3%) demonstrated better performance than TPO system (FC = 47.1%) under the irradiation of LED@420 nm.

Indeed, the excellent absorption properties of DEAPO allowed the efficient initiation ability under LEDs. The results demonstrated that DEAPO has potential to be applied in the field of dental materials or food packaging.

Two carbazolyl-based acylphosphine oxide compounds (ETPO and ALPO) were synthesized by Wu et al. 127 Favorable molar extinction coefficients were observed for ETPO (ε405 nm = 2270 M -1 cm -1 ) and ALPO (ε405 nm = 1300 M -1 cm -1 ), which could be attributed to the large rigid plane and the strong conjugate system in carbazole moiety.

In steady state photolysis experiments, the absorbance peak of ETPO and ALPO decreased dramatically under LED@395 nm irradiation, which exhibited the high photoactivity for the two compounds. The FRP of TMPTA (~40 μm) was investigated upon exposure to LED@405 nm. The function conversions of TMPTA in the presence of ETPO, ALPO and TPO (1 wt%) were 44.7%, 75.7% and 56.7% respectively. Due to the bad solubility in monomers, the efficiency of ETPO in TMPTA was low. ALPO demonstrated better performance than TPO due to the high photoactivity and good absorption properties. ALPO can be used as visible PI in many fields.

Table 9. The structures and light absorption properties of acylphosphine oxide photoinitiators.

Structure Absorption properties

Ref.

TPO λmax = 380 nm εmax = 570 M -1 cm -1 ε385 nm = 510 M -1 cm -1 ε420 nm = 20 M -1 cm -1 [126] TPO-L λmax = 383 nm ε395 nm = 130 M -1 cm -1 [125] BAPO λmax = 384 nm ε395 nm = 660 M -1 cm -1 [125] ADPO-1 λmax = 373 nm ε395 nm = 300 M -1 cm -1 [125] ADPO-2 λmax = 379 nm ε395 nm = 390 M -1 cm -1 [125] ADPO-3 λmax = 382 nm ε395 nm = 1060 M -1 cm -1 [125] ADPO-4 λmax = 386 nm ε395 nm = 160 M -1 cm -1 [125] ADPO-5 λmax = 405 nm ε395 nm = 26600 M -1 cm -1 [125] ADPO-6 λmax = 405 nm [125] ADPO-7 λmax = 384 nm [125] DEAPO λmax = 386 nm εmax = 43810 M -1 cm -1 ε385 nm = 43800 M -1 cm -1 ε420 nm = 5950 M -1 cm -1 [126] ETPO λmax = 366 nm εmax = 13830 M -1 cm -1 ε395 nm = 4530 M -1 cm -1 ε405 nm = 2270 M -1 cm -1 [127] ALPO λmax = 362 nm εmax = 12200 M -1 cm -1 ε395 nm = 2890 M -1 cm -1 ε405 nm = 1300 M -1 cm -1 [127]
Part Ⅱ: Benzophenone Derivatives 

Introduction

Photopolymerization has attracted a broad attention from both the academic and industrial communities since the significant advantages such as a wide range of applications, a high efficiency and no volatile organic compounds emissions. [128][129][130][131][132][133] In recent years, light-emitting diodes (LEDs) as light sources are used more and more widely in photopolymerization. [134][135][136] Compared to UV lamp and UV lasers, LEDs exhibit higher security, less heat generation as well as no ozone release in runtime. 137- 139 LEDs demonstrate tremendous potential as an alternative to the traditional UV irradiation sources. 3D printing via photopolymerization provides a unique approach to convert liquid (or viscous) resins into solids with desired shapes upon light irradiation. 3D printing has been applied in a broad range of fields including the elaboration of dental materials, various devices in the biomedical fields or in the robotic area. [140][141][142] Because of the good forming ability and convenient operation, 3D

printing using photopolymerization technique has received an increasing attention.

Nowadays, exploring the new photoinitiating systems (PISs) matching LEDs availably is becoming important and urgent. [START_REF] Bagheri | Photopolymerization in 3D Printing[END_REF][START_REF] Al Mousawi | Carbazole Scaffold Based Photoinitiator/Photoredox Catalysts: Toward New High Performance Photoinitiating Systems and Application in LED Projector 3D Printing Resins[END_REF] As a crucial role in PISs, photoinitiator (PI) could generate active species under irradiation to initiate cationic and/or free radical polymerizations. Compared to traditional Type I cleavage systems and Type II hydrogen abstraction systems, dye-photosensitized systems which can extensively use LEDs and can be excited under long-wavelength light are attracting more intention in photopolymerization. 143,144 Due to its good optical properties, carbazole has been frequently used to design functional PIs. [START_REF] Han | Facilely prepared blue-green light sensitive curcuminoids with excellent bleaching properties as high performance photosensitizers in cationic and free radical photopolymerization[END_REF]145 Moreover, carbazole is an excellent electron donor that can be oxidized at low potential. In order to obtain excellent light absorption properties, electron-donating moiety and electron-accepting moiety can be connected to the carbazole core in order to elaborate push-pull structure dyes. 146 Indeed, numerous carbazole derivatives as PIs show a good performance in photopolymerization. [START_REF] Dumur | Recent advances on carbazole-based photoinitiators of polymerization[END_REF][START_REF] Al Mousawi | Carbazole Scaffold Based Photoinitiator/Photoredox Catalysts: Toward New High Performance Photoinitiating Systems and Application in LED Projector 3D Printing Resins[END_REF]147 Benzophenone (BP) is a commercial Type II PI which can initiate efficiently free radical photopolymerization in the presence of co-initiators (e.g., amines) under UV irradiation. Because of the high photoinitiation efficiency of BP, many structures containing BP moiety were studied with the design of polymeric PIs or the elaboration of monocomponent Type II PI. [148][149][150] However, many of these reported systems are still used as traditional UV PISs. 151,152 In recent years, the design of visible light BP-based dyes has been extensively studied and benzophenone-pyrene, benzophenone-naphthalimide and thioxanthone-carbazole compounds were reported as efficient PIs under LED irradiation. [START_REF] Telitel | New functionalized aromatic ketones as photoinitiating systems for near visible and visible light induced polymerizations[END_REF][START_REF] Zhang | A benzophenone-naphthalimide derivative as versatile photoinitiator of polymerization under near UV and visible lights[END_REF]153,154 In present chapter, benzoyl substituents were introduced onto carbazole core to form a benzophenone moiety. The combination of a benzophenone group and an amine included in carbazole moiety offers a unique opportunity to elaborate monocomponent Type II PIS. To evidence the benefits of this unique combination, PIs based on carbazoles connected to acetyl or styryl substituent were prepared for comparison. The free radical photopolymerization was studied in the presence of carbazole derivatives without additives. Also, the co-initiators iodonium salt or/and amine are added into the PISs to generate the active species for cationic photopolymerization and free radical photopolymerization. The best PIS identified during the free radical polymerization of acrylate was applied for the generation of 3D patterns. In addition, the photochemical mechanisms were investigated by steady state photolysis, fluorescence quenching and electron spin resonance spin-trapping approaches.

Materials and methods

Materials

The structures of the different carbazole derivatives are shown in Scheme 1. Scheme 2. Chemical structures of monomers and additives used in this study.

Bis(4-tert-butylphenyl)iodonium hexafluorophosphate (Iod), ethyl 4 

UV-visible absorption spectra

The UV-visible absorption properties of PIs were studied using a JASCO V730 spectrophotometer.

Computational procedure

Molecular orbital calculations were carried out with the Gaussian 03 suite of programs. Absorption properties of the carbazole derivatives were calculated with the time-dependent density functional theory at the MPW1PW91/6-31G* level of theory on the relaxed geometries calculated at the UB3LYP/6-31G* level of theory.

Photopolymerization experiments

In this study, the different PIs, EDB, Iod, TMPTA or EPOX were added into a glass bottle. The weight percent of the PI or co-initiators was calculated from the monomer content (e.g., PI/Iod (0.5%/1% w/w) = 0.005g PI, 0.01g Iod, 1g monomer).

The mixture was stirred for 24 h in a dark environment. Photosensitive resins (∼25 μm of thickness) were irradiated under air for the cationic photopolymerization of EPOX. The conversion of the epoxy group was continuously monitored by Real-Time Fourier Transformed Infrared Spectroscopy (RT-FTIR, JASCO FTIR 4100) at about 790 cm -1 . The free radical photopolymerization of TMPTA was carried out in laminate (between two polypropylene films to reduce O2 inhibition). The evaluation of the acrylate characteristic peak was continuously followed by RT-FTIR at around 1630 cm -1 . A LED@365 nm was used as the irradiation sources. Light intensity at the sample surface was I0 ≈ 40 mW cm -2 and the irradiation starts at t = 10 s.

3D printing experiments

A laser diode (Thorlabs) (spot size around 50 μm) was used to obtain the specific 3D patterns on the basis of the photosensitive resins under air. The obtained 3D

patterns were analyzed by a numerical optical microscope (OLYMPUS DSX-HRSU).

Fluorescence emission spectra

Fluorescence properties of the different compounds were studied using the JASCO FP-6200 spectrometer.

Electron spin resonance -spin trapping (ESR-ST)

ESR-ST experiments were carried out using an X-band spectrometer (Bruker EMX-Plus). Phenyl-N-tert-butylnitrone (PBN) was used as the free radical trapping agent. N2 saturated tert-Butylbenzene solutions were irradiated upon LED@365 nm in room temperature. Furthermore, the ESR spectra simulations were carried out with the PEST WINSIM program.

Results

Light absorption properties

UV-visible absorption spectra of PIs are shown in Figure 1. Their maximum absorption wavelengths (λmax), molar extinction coefficients at maximum absorption wavelength (εmax) and molar extinction coefficients at 365 nm (ε365 nm) are summarized in the Table 1. The results show that the maximum absorption wavelengths of all PIs are located in the UV range. Compared to C5-C8, the benzophenone-carbazole compounds BPC1-BPC4 showed better absorption properties. Especially for BPC1, a high molar absorption coefficient is found εmax = 13910 M -1 cm -1 at maximum absorption wavelength λmax = 334 nm. Molar absorption coefficients at 365 nm of BPC1-BPC4 are also higher than those of C5-C8. Molecular orbital calculations on the optimized geometries of BPC1-BPC4 are depicted in 

Steady state photolysis

To study the activity of PIs, UV-visible spectra of the different PISs in acetonitrile upon LED@375 nm irradiation were recorded at different times. The absorption peak of PIs partly overlaps with that of EDB so that triethanolamine (TEOA), which is also a tertiary amine, was used instead of EDB in this study. The photolysis of BPC1-based systems is shown in Figure 5. As for BPC1 alone (see Figure 5a), the spectra remained mainly unchanged from 0 min to 30 minutes irradiation which can be ascribed to the low concentration of BPC1 in solution. In this case, the interaction between the benzophenone moiety and the carbazole moiety of two molecules of BPC1 was week. The absorbance of BPC1/TEOA system decreased slowly in 30 minutes (see Figure 5b). It could be attributed to the hydrogen abstraction occurring between BPC1 and TEOA. Interactions of BPC1/Iod (see Figure 5c) and BPC1/TEOA/Iod (see Figure 5d) were quite fast during 240 seconds' light irradiation. For BPC1/Iod system, the change of absorption spectrum was obvious, and the results demonstrate that there are effective interactions in excited states. In addition, the isosbestic points showed that the reaction of BPC1/EDB/Iod system had no by-products in the process of photolysis. The consumption rate of BPC1 in BPC1/TEOA/Iod system was slower than BPC1/Iod system. It is probable that there was a photoredox catalytic cycle in three-component system regenerating BPC1. 

Fluorescence quenching

The fluorescent properties can evidence the interaction capacity of PIs with additives in the excited singlet state. Fluorescence quenching experiments were carried out in acetonitrile. The result of BPC1/Iod system is shown in Figure 7a and the BPC2-BPC4/Iod systems are given in Figure S2. The Stern-Volmer coefficients (Ksv) were acquired by Figure 7b and the electron transfer quantum yields in the excited singlet state Φet(S1) were calculated. The parameters were listed in Table 3.

The high electron transfer quantum yields implied that electron transfer occurred easily between benzophenone-carbazole PIs and Iod. [START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF] The fluorescence quenching experiments of BPC1-BPC4/EDB systems are given in Figure S3. The results showed that the addition of EDB reduced the fluorescence intensity of BPC1-BPC4, therefore the electron transfer also occurred effectively from EDB to benzophenone-carbazole PIs in the excited singlet state. The shape change of fluorescence emission peaks may be ascribed to the generation of charge transfer complex. 155 3, r1). The typical hydrogen abstraction occurs from C atom adjacent to N of carbazole moiety and it is also observed in thioxanthone-carbazole compound. 154 The PI(-H)˙ radical is a kind of active species for free radical polymerization. When BPC1 was alone in system, the hyperfine coupling constants of aN = 14.3 G and aH = 1.9 G were obtained (see Figure 8a). It is considered as PI(-H)˙/PBN radical adduct. 156 The mechanism is shown in the reaction (Scheme 3, r2).

The hyperfine coupling constants of PBN radical adducts for BPC1/EDB system are aN = 14.4 G and aH = 2.3 G (see Figure 8b), and it is in agreement with EDB(-H)˙ radical. 157 Under irradiation, BPC1 interact with EDB in excited states. Radicals generate through hydrogen abstraction reaction between BPC1 and EDB. EDB(-H)˙ is regards as efficient active species for free radical polymerization (Scheme 3, r3). The results of steady state photolysis and fluorescence quenching experiment show that BPC1 has a high reactivity with EDB. Hydrogen abstraction reaction could occur more easily from EDB than bimolecular BPC1, so the addition of EDB promotes the polymerization rate in BPC1/EDB system.

In BPC1/Iod system, hyperfine coupling constants are aN = 14.3 G and aH = 2.1 G (see Figure 8c) typical for the Ar˙/PBN radical adduct. [START_REF] Al Mousawi | Carbazole Derivatives with Thermally Activated Delayed Fluorescence Property as Photoinitiators/Photoredox Catalysts for LED 3D Printing Technology[END_REF] The electron transfer from So BPC1 and BPC3 showed a better efficiency than BPC2 and BPC4 respectively.

The difference between BPC1 and BPC3 was the length of the alkyl chain attached to the carbazole moiety. BPC3 had a long carbon chain attached to N atom, and the steric hindrance exhibited an effect on the approach of aminoalkyl radicals to monomers. Therefore, the photoinitiation efficiency of BPC3 and BPC4 can be worse than BPC1 and BPC2 respectively.

3D printing

The three-component BPC1/EDB/Iod system with the best performance for free radical photopolymerization of TMPTA was applied in the direct laser write. The experiment was carried out using a computer-controlled laser diode at 405 nm and the obtained object were observed by a numerical optical microscope. The photopolymerization profile of TMPTA upon 405 nm irradiation in the presence of BPC1/EDB/Iod is given in Figure S4. As shown in Figure 9, the thickness of the pattern "COC" is up to ~1900 μm and it shows an excellent spatial resolution. 

Conclusion

In this chapter, the benzophenone-carbazole combining structure not only strengthened the light absorption but also formed a monocomponent Type II PISs. As a result, BPC1-BPC4 exhibited better performance in cationic polymerization and free radical photopolymerization than C5-C8 upon LED@365 nm. Interestingly, high function conversions of acrylate were obtained in the presence of BPC1-BPC4 alone because of the monocomponent Type II PI behavior. When EDB and Iod were added to the systems, the polymerization rates were improved greatly. BPC1/EDB/Iod system was also applied in 3D printing, and the 3D pattern showed good profiles. The proposed mechanism was discussed through steady state photolysis, fluorescence quenching and ESR-ST techniques. The development of new structures of PIs based on carbazole scaffold is currently under way. irradiation time) in laminate upon LED@405 nm irradiation in the presence of BPC1/EDB/Iod (0.5%/1%/1%, w/w/w).

Annex

Chapter 2: A bifunctional benzophenone-carbazole derivative

In this chapter, a bifunctional benzophenone derivative (noted BPC) was designed from its molecular structure viewpoint. To get this, two benzoyl substituents were introduced as peripheral groups of carbazole to obtain a molecule in which two 

Introduction

The development of photopolymerization systems is constantly evolving due to their numerous attractive features. This polymerization technique benefits from several advantages compared to the traditional solution-phase polymerization, such as no emission of volatile organic compounds (VOCs), low energy consumption, low operating temperature. 160,161 Photopolymerization is a technique which transforms liquid monomers/oligomers into solid polymers under light irradiation. 162 Compared to thermal polymerization, photopolymerization has a unique space and time controllability. 163 Because of this advantage, photopolymerization could be used in many special fields such as dental restoration and microelectronic processing. [164][165][166] Traditional UV light sources (e.g., Hg lamp) release much heat, generate ozone and are also expensive. These obvious drawbacks have adversely affected both the development of new photoinitiating systems and also the scope of the applicability of photopolymerization. Gradually, light-emitting diodes (LEDs) as irradiation sources have attracted increasing attention because of their low cost, less heat release and good security. [167][168][169] However, many of the commercial photoinitiators (PIs) can be only used under the irradiation of traditional UV light sources, these molecules having limited absorption in the near UV/visible range. For instance, benzophenone (BP) is a cheap and widely used Type II PI. [START_REF] Zhang | A benzophenone-naphthalimide derivative as versatile photoinitiator of polymerization under near UV and visible lights[END_REF] However, BP hardly absorbs for  > 340 nm 170 and cannot be used for near UV LED@365, 385 or 395 nm which are now characterized by a widespread use in polymer applications and industry. 171 Therefore, it is significant to explore new high performance photoinitiating systems (PISs) better matching the emission spectra of LEDs. [START_REF] Zhang | Design of Novel Photoinitiators for Radical and Cationic Photopolymerizations under Near UV and Visible LEDs (385, 395, and 405 nm)[END_REF]129,172,173 In recent years, many works have focused on the development of dye photosensitized systems which have long absorption wavelengths and high efficiency under LED irradiation. [START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF] Dyes acting as PIs or photosensitizers (PSs) absorb light and interact with co-initiators in the excited states through electron transfer to generate active species. 135,143,144 Naphthalimide, pyrene, anthracene, carbazole, etc, are all used in free radical photopolymerization (FRP) and cationic photopolymerization (CP). [START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF] To improve the photochemical reactivity or to obtain additional properties, dyes are usually decorated with various substituents by mean of chemical engineering.

Owing to its outstanding electron-donating ability and its good optical properties, carbazole is frequently used to design functional PIs. Carbazole group bearing with nitro, aldehyde, bromine, or ferrocene groups notably exhibited good performances for photopolymerization carried out under visible light. [START_REF] Dumur | Recent advances on carbazole-based photoinitiators of polymerization[END_REF][START_REF] Al Mousawi | Carbazole Scaffold Based Photoinitiator/Photoredox Catalysts: Toward New High Performance Photoinitiating Systems and Application in LED Projector 3D Printing Resins[END_REF] Carbazole can also be easily modified by chemical engineering, and its solubility can be easily tuned by the functionalization of the NH group with alkyl chains. Extension of aromaticity can also be easily obtained by ring-fusing or by introducing a peripheral π-conjugated system, enabling to red-shift its absorption towards the visible range. [START_REF] Al Mousawi | Carbazole Scaffold Based Photoinitiator/Photoredox Catalysts: Toward New High Performance Photoinitiating Systems and Application in LED Projector 3D Printing Resins[END_REF][174][175][176] In the previous chapter, a series of monofunctional benzophenone-carbazole derivatives were proposed. These structures exhibited higher molar extinction coefficients at 365 nm than BP and good photoinitiation performances were found upon exposure to LED@365 nm. Elegant seminal works for thioxanthone coupled with carbazole moiety as monocomponent Type II PIs are reported. [START_REF] Yilmaz | Thioxanthone-carbazole as a visible light photoinitiator for free radical polymerization[END_REF]154 In this chapter, a bifunctional benzophenone-carbazole derivative is designed. Two benzoyl groups are introduced onto the carbazole core to prepare a novel PI (9-Ethyl-9Hcarbazole-3,6-diyl)bis(phenylmethanone) (BPC). Benzoyl and aromatic ring in carbazole moiety compose a benzophenone group. Therefore, BPC can be considered as a structure combining two benzophenones and a carbazole group (Scheme 1). As a result of this hybrid structure, good or even improved photoinitiation ability is thus expected from this novel PI. The chemical structures of BPC and other compounds used in this study are shown in Scheme 1. BPC has been reported previously but only as photosensitizer of iodonium and sulfonium salts in cationic polymerization. 177,178 To the best of our knowledge, BPC has never been reported as a free radical PI. 

Experimental section

Methods

The UV-visible absorption properties of the different PISs were studied using a JASCO V730 spectrophotometer. The weight percent of BPC, EDB and Iod was calculated from the monomer content. The conversion of the epoxy groups was continuously monitored by Real-Time Fourier Transformed Infrared Spectroscopy (RT-FTIR, JASCO FTIR 4100) at ~790 cm -1 for EPOX and at ~1630 cm -1 for TMPTA.

The fluorescence properties of the compounds were studied using a JASCO FP-6200 spectrometer. The ESR-ST experiments were carried out using an X-band spectrometer (Bruker EMX-Plus). Phenyl-N-tert-butylnitrone (PBN) was used as free radical trapping agent. N2 saturated tert-Butylbenzene solutions were irradiated upon LED@375 nm in room temperature. The obtained 3D pattern was analyzed by a numerical optical microscope (OLYMPUS DSX-HRSU).

Results and discussion

Light absorption properties

UV-visible absorption spectrum of BPC in acetonitrile is shown in Figure 1A.

The maximum absorption wavelength (λmax) is located at 342 nm and molar extinction coefficient at the maximum absorption wavelength (εmax) is 18600 M -1 cm -1 . Compared to the monofunctional benzophenone-carbazole compound BPC1 (max = 334 nm and εmax = 13910 M -1 cm -1 ), BPC exhibits better light absorption properties. Molecular orbital calculations on the optimized geometries are depicted in Figure 1B. A π-π* charge transfer transition is observed between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) mainly located on the carbazole and difunctional benzophenone moieties, respectively. The strong conjugation extension also contributes to red-shifted absorption wavelength which ensures a good overlap with the emission spectra of near UV LEDs (e.g., LED@365 nm used in this study). 

Free radical photopolymerization and cationic photopolymerization

The polymerization profiles of TMPTA are depicted in Figure 2 and the final reactive function conversions are summarized in Table 1. As shown in Figure 2A, BPC alone could effectively initiate the polymerization of TMPTA upon LED@365 nm irradiation and a final acrylate function conversion as high as 65% could be determined. BPC has a one-component Type II PI behavior. For BP alone, no polymerization was observed in same conditions. When EDB acting potentially as a hydrogen donor (co-initiator) was used in the combination with BPC, the polymerization rate was greatly boosted. It indicates that the difunctional benzophenone in BPC structure keep a high capacity for hydrogen abstraction.

Consequently, the bimolecular interaction between BPC and EDB contributes to the FRP, as observed in traditional Type II systems. [START_REF] Dadashi-Silab | Photoinduced Electron Transfer Reactions for Macromolecular Syntheses[END_REF] The polymerization of TMPTA in the presence of BP and EDB leads to a very poor polymerization profile compared to BPC/EDB (see Figure 2A; curve 2 vs. curve 6) upon LED@365 nm irradiation also indicating the clear superiority of BPC to BP.

Two-component BPC/Iod and three-component BPC/EDB/Iod systems also exhibited excellent efficiencies. Iod acts as an electron acceptor which promotes the polymerization well. Especially, the three-component BPC/EDB/Iod system demonstrated the best performance from both the final function conversion and the polymerization rate viewpoint. In addition, BPC/Iod/EDB system demonstrated good performance under LED@405 nm irradiation (see Figure 2B) and high conversion was observed. (1.5%, w), ( 2) BPC/EDB (0.5%/1%, w/w), ( 3) BPC/Iod (0.5%/1%, w/w), ( 4) BPC/EDB/Iod (0.5%/1%/1%, w/w/w), ( 5) BP alone (1.5%, w), ( 6) BP/EDB (0.5%/1%, w/w); (B) Photopolymerization profiles of TMPTA (acrylate function conversion vs irradiation time) in laminate upon LED@405 nm irradiation in the presence of BPC/EDB/Iod (0.5%/1%/1%, w/w/w).

As shown in Figure 3, the CP of EPOX in the presence of BPC/Iod (0.5%/1% w/w) was carried out under air. The final epoxy function conversion of is 46%.

Compared to the reported results for the CP of epoxides in the presence of BPC/iodonium salt under mercury lamp with 365 nm light filter, BPC/Iod system in this study has a faster polymerization rate and a higher final function conversion upon LED@365 nm irradiation. It indicates that BPC demonstrates a versatile behavior. upon LED@365 nm irradiation under air in the presence of BPC/Iod (0.5%/1% w/w).

The irradiation starts at t = 10 s. 

Steady state photolysis

As shown in Figure 4, steady state photolysis experiments were carried out to investigate the interactions between BPC and additives. The absorption peak of BPC only slightly overlaps with that of EDB so that triethanolamine (TEOA) was used instead of EDB in this study. The UV-visible absorption spectra of BPC alone (see Figure 4A) remained unchanged even after 30 minutes of the light irradiation, which could be ascribed to the very low concentration of BPC in acetonitrile preventing its bimolecular interaction. Conversely, photolysis of the BPC/TEOA system (see Figure 4B) resulted in a decrease of absorbance upon irradiation. The consumption of BPC was accompanied with electron transfer and hydrogen abstraction between benzophenone moiety in BPC and TEOA. A more significant photolysis was observed for a BPC/Iod (see Figure 4C) system with the formation of a photoproduct at  > 375 nm indicating a strong interaction between BPC and Iod. It is similar with BPC/TEOA/Iod system (see Figure 4D) and the isobestic points in photolysis suggest that the interaction in BPC/TEOA/Iod system does not generate side-products. 

Fluorescence quenching

Fluorescence quenching experiments are indicative of interaction between BPC and different additives in excited singlet state. The fluorescence quenching experiments of the BPC/EDB system (see Figure 5A) revealed that the fluorescence intensity of BPC declined gradually with the increasing amounts of EDB. The slight deviation of fluorescence emission peaks could be attributed to the charge transfer complex. 155 Fluorescence quenching is also observed in two-component BPC/Iod system (see Figure 5C). High electron transfer quantum yields (Φ et ) are calculated (see Table 2 

Proposed chemical mechanisms

To investigate the photoinitiation mechanism further, electron spin resonancespin trapping (ESR-ST) experiments were carried out in different PISs with phenyl-N-tert-butylnitrone (PBN) as the radical trapping agent. For the irradiation of BPC alone in solution (see Figure 6A), a radical adduct is characterized by hyperfine coupling constants aN = 14.2 G and aH = 2.6 G that can be assigned to an aminoalkyl radical BPC(-H)˙. 146 Another radical adduct was observed but it can't be fully identified.

Therefore, under irradiation, bimolecular hydrogen abstraction can occur between a benzophenone moiety and amino group in carbazole to generate BPC(-H)˙ radical which can initiate the FRP effectively. The hydrogen abstraction is likely to occur from carbon atom adjacent to N of carbazole unit as observed previously on thioxanthone-carbazole. 154,160 The mechanism is depicted in the following reactions (r1 and r2; Scheme 2). Using the redox potentials of BPC (Eox = 1.4V 178 , Ered = -1.85V; Ered is evaluated through Ered = Eox -Eband gap 179 and the Eband gap is obtained by BPC UV-visible spectrum) and the excited singlet state energy (ES1=3.17 eV; evaluated here from the crossing point between absorption and fluorescence spectra), the free energy change (G) for the electron transfer reaction in r2 is found close to 0.08 eV suggesting a rather favorable process (using G = Eox -Ered -Es1 180 ) (see Table 2). Therefore, an electron/ proton transfer reaction can be assumed in r2 for the hydrogen abstraction reaction.

The ESR-ST spectrum obtained for the irradiation of the BPC/EDB system is shown in Figure 6B and a radical adduct is characterized by the hyperfine coupling constants aN = 14.4 G and aH = 2.5 G which are in agreement with EDB(-H)˙ radical. [START_REF] Zhang | A benzophenone-naphthalimide derivative as versatile photoinitiator of polymerization under near UV and visible lights[END_REF] Using the free energy change equation, a favorable G is found for the 1 BPC/EDB interaction in agreement with a strong BPC/EDB interaction (G = -0.32 eV; using an oxidation potential of 1.0 V for EDB) (see Table 2). Therefore, EDB acting as an electron donor as well as a hydrogen donor is able to generate active species for FRP (r3; Scheme 2) in agreement with better polymerization profiles for BPC/EDB vs.

BPC alone.

As shown in Figure 6C, the irradiation of BPC/Iod solution leads to the formation of a radical adduct characterized by aN = 14.3 G and aH = 2.1 G; typical for the Ar˙ radical. [START_REF] Al Mousawi | Carbazole Derivatives with Thermally Activated Delayed Fluorescence Property as Photoinitiators/Photoredox Catalysts for LED 3D Printing Technology[END_REF] Iod can act as an electron acceptor through the interaction with BPC and lead to aryl radical Ar˙ and cation BPC˙+ which are considered as the initiating species for the FRP and CP respectively (r4; Scheme 2). This is in full agreement with the negative free energy change (G = -1.07 eV) observed for the 1 BPC/Iod interaction (see Table 2).

Ar˙ radical is also discovered in BPC/EDB/Iod system as the hyperfine coupling constants aN = 14.3 G and aH = 2.1 G were obtained (see Figure 6D). Probably, there is a photoredox catalytic cycle in BPC/EDB/Iod system. The slower consumption of BPC during the photolysis of the BPC/TEOA/Iod system (see Figure 4D) compared to that observed in the BPC/Iod (see Figure 4C) system also proves the photoredox catalytic cycle.

In addition, minor triplet state pathways for r3 and r4 can't be ruled out as favorable Gs are calculated (see Table 2). Scheme 2. Proposed chemical mechanisms.

3D printing

The BPC/EDB/Iod system with the best performance for the FRP of TMPTA was used for the 3D printing. The 3D pattern "BPC" was easily obtained through laser write experiments using a computer-controlled laser diode at 405 nm. Profiles of the obtained 3D patterns were observed by numerical optical microscopy. As shown in Figure 7, there is an efficient photopolymerization and good spatial resolution of the 3D patterns is found (within the size of the laser beam ~50 μm). 

Conclusion

In summary, BPC exhibits good absorption properties and excellent photoinitiation ability (@365 nm for BPC alone or @405 nm when combined with Iod and amine). BPC can be used as photosensitizer for the cationic polymerization of epoxides but the monocomponent type II photoinitiator behavior in radical polymerization is probably the most interesting feature of this compound (high reactive function conversion is obtained in the presence of BPC alone). In combination with EDB and Iod, the polymerization rate could be greatly improved.

The photoinitiation mechanism is discussed and the application of BPC/EDB/Iod system on 3D printing is proved effectively. The development of other photoinitiators based on the carbazole scaffold is currently in progress.

Chapter 3: Multifunctional benzophenone-triphenylamine derivatives

In this chapter, four benzophenone-triphenylamine derivatives (noted BT1-BT4)

and three benzophenone-carbazole derivatives (noted BC1-BC3) are specifically designed as photoinitiators (PIs) for photopolymerization upon light-emitting diodes (LEDs) irradiation. The formation of benzophenone-triphenylamine and benzophenone-carbazole hybrid structures not only contribute to red-shift absorption wavelengths but also strongly enhances their molar extinction coefficients. The different compounds showed high photoinitiation abilities upon irradiation with a LED@405 nm. The free radical photopolymerization of acrylates and the cationic polymerization of epoxides could be promoted with high final function conversions (e.g., 77% for BT3/iodonium salt/amine system in free radical photopolymerization).

Markedly, because of the benzophenone moiety, a monocomponent Type Ⅱ PIs behavior could be observed e.g., these compounds could initiate the polymerization alone. Remarkably, benzophenone-triphenylamine compounds BT2, BT3 and BT4 exhibited better hydrogen abstraction abilities as Type Ⅱ PIs than the benchmark and commercial PI 2-isopropylthioxanthone in the absence of amines as well as in the presence of amines. Furthermore, the interaction between PIs and different additives were investigated by steady state photolysis and fluorescence quenching experiments, and the chemical mechanisms related to the polymerization efficiency are discussed.

In addition, excellent migration stability of BT3 was found due to its high molecular weight. Finally, the three-component photoinitiating system based on BT3 was successfully applied in 3D printing and the 3D patterns showed a good spatial resolution.

The content of this chapter was published in journal Materials Chemistry

Frontiers, entitled "New Multifunctional Benzophenone-based Photoinitiators with High Migration Stability and their Application in 3D Printing".

Introduction

Photopolymerization or light-induced polymerization has greatly progressed during the last decade with the development of new photoinitiating systems activable under low light intensity and under visible light. Compared to the thermal polymerization, photopolymerization exhibits many advantages including less energy consumption, excellent spatial and temporal control, no emission of volatile organic compounds and so on. [START_REF] Shi | Photoinitiating systems for cationic photopolymerization: Ongoing push toward long wavelengths and low light intensities[END_REF]143,160,182 Besides coatings, adhesives and other conventional industries, photopolymerization has already found applications in many cutting-edge areas, including biomaterials and 4D printing. [START_REF] Aduba | Vat photopolymerization 3D printing of acid-cleavable PEG-methacrylate networks for biomaterial applications[END_REF]183,184 For the moment, a large portion of the benchmark photoinitiators (PIs) are only adapted for UV irradiation and cannot even be activated in the near UV and the visible regions, such as benzoin (Type I PI)

and benzophenone (Type II PI). However, near UV and visible regions are now widely employed for the scientific research and industrial production. [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]185 Meanwhile, there are some obvious drawbacks for UV light source including harmful, expensive, heat release that block the development of photopolymerization. 186 Nowadays, lightemitting diodes (LEDs) as irradiation sources become more widespread due to long emission wavelengths, good security and low cost. In recent years, LEDs have shown a tremendous potential as an alternative to the traditional UV irradiation sources. [START_REF] Al Mousawi | Carbazole Scaffold Based Photoinitiator/Photoredox Catalysts: Toward New High Performance Photoinitiating Systems and Application in LED Projector 3D Printing Resins[END_REF]136,187 Therefore, it is important to develop new photoinitiating systems (PISs) which could match the emission spectra of LEDs in the near UV and the visible regions. [START_REF] Shi | Photoinitiating systems for cationic photopolymerization: Ongoing push toward long wavelengths and low light intensities[END_REF]188,189 Dye-photosensitized systems are able to initiate free radical photopolymerizations (FRP) and cationic photopolymerizations (CP) and display a lively interest under LEDs irradiation. [START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF]190 In the excited state, organic dyes can interact with additives to generate active species capable to induce the polymerization of monomers and oligomers. A variety of organic dyes with wide absorption bands in near UV and visible regions have been found and numerous PISs based on organic dyes have been reported. [START_REF] Jandt | A brief history of LED photopolymerization[END_REF] Carbazole, triphenylamine, pyrene, chalcone, etc.

derivatives have been designed through chemical engineering and showed good performances in FRP and CP. [START_REF] Dumur | Recent advances on carbazole-based photoinitiators of polymerization[END_REF][START_REF] Chen | Photoinitiators derived from natural product scaffolds: monochalcones in three-component photoinitiating systems and their applications in 3D printing[END_REF][START_REF] Tehfe | Design of new Type I and Type II photoinitiators possessing highly coupled pyrene-ketone moieties[END_REF][START_REF] Jia | Acetylene bridged D-(π-A)2 type dyes containing benzophenone moieties: Photophysical properties, and the potential application as photoinitiators[END_REF][191][192][193] In this research, novel benzophenone-based PIs are proposed; interestingly, all the structures examined have never been synthesized and even reported except BT4 that was designed as hole-transport materials for organic light-emitting diodes (see Scheme 1). 194 Because of the benzophenone moiety in the structures, these PIs can be considered as promising Type II PIs in the presence of amines (electron donor) for the FRP. Triphenylamine and carbazole moiety acting as the photosensitizers can interact efficiently with an iodonium salt (electron acceptor) in both FRP and CP. Through the combination of benzophenone and triphenylamine (or carbazole) scaffolds in these PI structures, red-shifted light absorption maxima and high extinction coefficients could be achieved. Moreover, excellent photoinitiation performances were obtained in the presence of two or three-component systems, outperforming the benchmark benzophenone and 2-isopropylthioxanthone (ITX)-based Type II systems. The migration stability of the novel PIs and their applications in 3D printing were also investigated. 

Experimental section

UV-visible absorption spectra

UV-visible absorption properties of the different PIs were investigated in acetonitrile using JASCO V730 spectrometer (JASCO, Lisses, France). Steady state photolysis studies of the PISs were studied under LED@405 nm irradiation, and the concentration of PIs was 5×10 -5 M, the concentration of iodonium salt (Iod) and amine (EDB) was 0.01 M.

Photopolymerization experiments

The different components used in the PISs were added into a glass bottle and stirred overnight in the dark. The molar fraction of PIs and co-initiators were calculated from the monomer content (e.g., PI/Iod (0.5%/1% mol/mol) = PI: 0.005 mol, Iod: 0.01 mol, monomer: 1 mol). The FRP of TMPTA was carried out in laminate with a thickness of about 25 μm (between two polypropylene films to reduce the O2 inhibition). For the CP of EPOX, the photosensitive resins (thickness ~ 25 μm)

were irradiation under air. The conversion of acrylate functions of TMPTA and epoxy groups of EPOX were continuously evaluated by the Real-Time Fourier Transformed

Infrared Spectroscopy JASCO FTIR 4700 (JASCO, Lisses, France) at about 1630 cm - 1 and 790 cm -1 respectively. The irradiation starts from t = 10 s. A LED@405 nm was used as the irradiation source for photopolymerization and the light intensity at sample surface was about 110 mW• cm -2 .

Fluorescence experiments

Fluorescence spectra of the different compounds were studied using the JASCO FP-6200 spectrometer (Jasco, Lisses, France). The concentration of PIs was 5×10 

Cyclic voltammetry experiments

The redox potentials of the PIs (Eox and Ered) were measured in acetonitrile by cyclic voltammetry using VoltaLab PST006 and tetrabutylammonium hexafluorophosphate as the supporting electrolyte (potentials vs. Saturated Calomel Electrode -SCE). Furthermore, the free energy change ∆G for the interaction of the PIs with additives for the electron transfer reactions in the excited state were calculated from the equation ∆G = Eox -Ered -E* + C (Where Eox, Ered and E* are the oxidation potential of the electron donor, the reduction potential of the electron acceptor and the excited state energy level respectively; C is neglected as usually done for polar solvents). Oxidation potential of EDB is 1.0 V and reduction potential of Iod is -0.7V. 135,182

Electron spin resonance -spin trapping (ESR-ST)

ESR-ST experiments were carried out using an X-band spectrometer (Bruker EMX-Plus). Phenyl-N-tert-butylnitrone (PBN) was selected as the free radical trapping agent. N2 saturated tert-butylbenzene solutions were irradiated with a LED@405 nm in room temperature. Furthermore, the ESR spectra simulations were carried out with the PEST WINSIM program.

Migration study

0.1 g TMPTA in the presence of PI/Iod/EDB (0.3%/1%/1%, mol/mol/mol) was irradiated with a LED@405 nm under air in the mold. The generated polymer was immersed in 10 mL acetonitrile for 3 days. The amount of the extracted PI was determined using UV-visible spectroscopy.

3D printing

A laser diode (Thorlabs, Exceter, United Kingdom) was used to obtain the specific 3D patterns on the basis of the photosensitive resins. The intensity of the laser on the sample surface was also about 110 mW• cm -2 , and the spot size was around 50 μm. The direct laser write (DLW) experiment of the resin was carried out under air at room temperature. The obtained 3D patterns were analyzed by a numerical optical microscope (OLYMPUS DSX-HRSU).

Results and discussion

Light absorption properties

The UV-visible absorption spectra of the PIs in acetonitrile are shown in Figure 1 and the relevant parameters including their maximum absorption wavelengths (λmax), their molar extinction coefficients at maximum absorption wavelength (εmax) and their extinction coefficients at 405 nm (ε405nm) are also presented in the Table 1. Compared to the benchmark Type II PIs (BP and ITX), BT1-BT4 exhibit much better absorption properties visibly which can be ascribed to the benzophenone-triphenylamine hybrid structures. The maximum absorption wavelength of neat triphenylamine (TPA) is 300 nm and there is almost no absorption at 405 nm. 195 When the methoxybenzoyl substituents are introduced onto the TPA core, their absorption bands shift to the longer wavelengths. Meanwhile, extinction coefficients at maximum absorption wavelength increase obviously as the number of substituents on the TPA core increases from one to three for BT1, BT2 and BT3. Unsubstituted ethylcarbazole does not absorb the light nearly at above 370 nm, 154 while BC1, BC2 and BC3 exhibit an absorption red-shifted at longer wavelength such as εmax(BC3) = 409 nm. It can be ascribed to the strong π-conjugation extension effect. In addition, the PIs are characterized by high extinction coefficients at 405 nm (ε405nm(BT2) = 5000 M -1 cm -1 , ε405nm(BT3) = 6100 M -1 cm -1 , ε405nm(BT4) = 6700 M -1 cm -1 , ε405nm(BC3) = 26500 M -1 cm -1 ) which can contribute to the photopolymerization using the light at 405 nm.

The good light absorption properties of the different dyes ensure a good matching with the emission spectra of the near UV or the visible LEDs. Remarkably, all the proposed structures exhibit much better near-UV absorption than the two benchmark PIs (BP and ITX) (see Figure 1). Remarkably, without any additives, PI could initiate the polymerization of TMPTA alone (see Figure 2a). Remarkably, monocomponent Type II PI behavior was observed due to hydrogen abstraction of benzophenone moiety from the monomer.

BT2, BT3 and BT4-based systems showed higher final function conversions (FC = 51%, 56% and 49% respectively) than the ITX-based system (FC = 43%). It demonstrates that the hydrogen abstraction abilities of BT2, BT3 and BT4 are stronger than that of ITX, and it is very significant for the Type II PI/amine systems.

In addition, the photopolymerization profiles of HDDA in the presence of PI alone are shown in Figure S1 in Annex section. The final function conversion of BT3-based system is as high as 84%. The monocomponent Type II PIs BT1-BT4 which shared the characteristic of benzophenone-triphenylamine structure exhibited excellent hydrogen abstraction ability in HDDA. The favorable results demonstrate that these monocomponent Type II PIs are helpful for the development of high-performance photoinitiating systems.

In the presence of Iod, BT3 was the most efficient photoinitiator of the series, initiating the FRP of TMPTA through a photo-oxidation process in the presence of Iod as an additive (FC = 72%) (see Figure 2b). In addition, BT1, BT2, BT4, and BC3 also exhibited better performances than ITX, which is in agreement with their light absorption properties.

Interestingly, the two-component PI/EDB systems showed favorable performances (see Figure 2c). Because of the presence of the benzophenone moiety in the novel photoinitiator structures, conventional hydrogen abstraction behavior (as well as photo-reduction process) in Type II system could be observed in the presence of EDB which play the role of H donor (as well as electron donor). Especially, BT3 displaying a trifunctional character exhibited excellent interaction ability with EDB so that the highest final function conversion (FC = 69%) for FRP of TMPTA could be obtained with this latter system. BT2/EDB and BT4/EDB also demonstrated higher final function conversions than the well-known ITX/EDB system during the FRP of TMPTA. While comparing to the BT3/EDB system, BT1/EDB and BC3/EDB systems showed lower polymerization rates during the FRP of TMPTA compared to the previous systems. It thus demonstrated that the photoinitiation ability is not only related to their absorption properties but also related to the number of benzophenone moieties in the chemical structures of photoinitiators. More reaction sites are provided for hydrogen abstraction behavior from EDB in trifunctional benzophenonetriphenylamine hybrid structures, which can promote the FRP more efficiently.

Three-component PI/Iod/EDB systems were also studied in the same conditions (see Figure 2d). BT1-BT4 and BC3-based systems showed better photoinitiation abilities than the benchmark ITX. The three-component BT3/Iod/EDB system could lead to the fastest polymerization rate and the highest final function conversion (77%), while the final function conversion initiated by ITX/Iod/EDB system was only of 61%. 

Photochemical reactivity

Steady state photolysis experiments were carried out to study the interaction activity of PIs with additives. BT3 which exhibited the best performance in photopolymerization was selected as the appropriate photoinitiator for the steady state photolysis experiments. As shown in Figure 4, UV-visible spectra of BT3-based systems in acetonitrile under LED@405 nm irradiation were recorded at different times. UV-visible absorption spectra of BT3 alone didn't change after 20 min of irradiation (see Figure 4a). In the presence of Iod, the maximum absorption wavelength of BT3 declined obviously after 60 s (see Figure 4b) and the results indicated that there were effective interactions in the excited states between BT3 and Iod. Only a slight decrease of absorbance was observed for the BT3/EDB system (see Figure 4c). It could be attributed to the hydrogen abstraction reaction which occurred between the benzophenone moiety in BT3 and the tertiary amine moiety in EDB.

Steady state photolysis experiments of BT3 in the presence of Iod and EDB were also performed in the same conditions (see Figure 4d). A distinct intensity decrement could be observed for the BT3/Iod/EDB three-component systems. Presence of isosbestic points during the kinetic showed that there were no by-side processes during the photoredox reaction of the BT3/Iod/EDB system. In addition, the consumption rate of BT3 in the BT3/Iod/EDB system seems to be slower than that of the BT3/Iod system.

It is probable that there is a photoredox catalytic cycle in the three-component system which is discussed below. BT3/EDB interaction Ksv = 34 M -1 ). In addition, the fluorescence lifetime (τ0) of BT1, BT2 and BT3 in the absence of additives could be determined and the fluorescence decay profiles are given in Figure 6. Specifically, the fluorescence lifetimes of BT1, BT2 BT3 are 4.9 ns, 4.4 ns and 4.0 ns respectively. Therefore, the interaction rate constant of BT3/Iod and BT3/EDB are 19.6×10 9 M -1 s -1 and 8.4×10 9 M -1 s -1 which are almost diffusion controlled. And the higher interaction rate constant of BT3/Iod than that of BT3/EDB is also in agreement with the higher reactivity of the BT3/Iod system vs. BT3/EDB one. The parameters characterizing the reactivity of PIs with the additives are summarized in The electron transfer quantum yields indicates that the interaction between BC3 and additives is weak. Therefore, the initiating ability of BC3-bsaed systems is lower than BT1/BT2/BT3/BT4-bsaed systems, although there is a high molar extinction coefficient at 405 nm for BC3. 

Electron transfer reactions

The redox potentials of the PIs (Eox and Ered) were obtained in acetonitrile by cyclic voltammetry. The crossing point of the absorption and fluorescence spectra allows the evaluation of the first singlet excited state energy levels (ES1). Cyclic

Voltammetry experiment and the singlet state energy determination of BT3 are depicted in Figure 7. The free energy changes (ΔG) in the excited singlet state for the electron transfer reaction between PIs (as electron donors) and Iod (as electron acceptor) could be calculated. Favorable free energy changes (ΔG) were found (e.g., BT3/Iod: ΔG S1 Iod = -0.96 eV) and these results are in agreement with the strong PI/Iod interaction. In addition, the free energy changes (ΔG) for the electron transfer reaction between PIs (as electron acceptor) and EDB (as electron donors) were obtained (e.g., BT3/EDB: ΔG S1 EDB = -0.88 eV) which demonstrates that the electron transfer from EDB is feasible. Cyclic Voltammetry experiments and the singlet state energy determination of BT1, BT2, BT4 and BC3 are given in Figure S6 and Figure S7. All the parameters are summarized in Table 4. 

Proposed photoinitiation mechanisms

Based on those results, the proposed photoinitiation mechanisms are presented in Scheme 4 (r1-r6) which demonstrates the formation of the reactive species used during the CP and the FRP. Under light irradiation, an electron of the photoinitiator is promoted from the ground state to the excited state [START_REF] Corrigan | Seeing the Light: Advancing Materials Chemistry through Photopolymerization[END_REF]3 PI (r1). In photo-oxidation process, the electron transfer from PI to Iod generating aryl free radical Ar˙ and cation BT˙+ (r2) which are considered as the initiating species for the FRP and CP respectively.

In photo-reduction process, the interaction of PI and EDB underwent an electron and a proton transfer (hydrogen abstraction) to generate the radical EDB(-H)˙ which is the species responsible for the free radical polymerization (r3). This hydrogen 

3D printing

The three-component BT3/Iod/EDB (0.3%/1%/1%, mol/mol/mol) system with the best performance for free radical photopolymerization of TMPTA was used for direct laser write (DLW) experiment. The experiment was carried with a computercontrolled laser diode at 405 nm and the sample was examined by numerical optical microscopy. As shown in Figure 10, the pattern "BT3" is up to 1650 μm and the high spatial resolution could be observed. Indeed, the high photosensitivity of BT3-based system allows a fast and effective polymerization process in the irradiated area. unfavorable polymerization behaviors were found for the benzophenone-carbazole PIs BC1 and BC2-based systems under LED@405 nm irradiation. Furthermore, there was a high extinction coefficient at 405 nm for BC3 and high acrylate function conversions were obtained in the presence of Iod. Weak interaction of BC3 and EDB was found which could be attributed to the amine groups in BC3 structure, so that BC3/EDB system had an unfavorable performance. In addition, the amine groups were also to the disadvantage of the cation species. So, low conversion of epoxy functions was found in the presence of BC3/Iod system.

Conclusion

In summary, four benzophenone-triphenylamine and three benzophenonecarbazole derivatives were developed as photoinitiators for photopolymerization under the LED irradiation. Six of the seven proposed structures have never been synthesized before. Because of the excellent absorption properties and reactivity, BT2, BT3 and BT4 exhibited good performances in the presence of Iod in both FRP and CP.

Interestingly, monocomponent Type II PI behavior was found and favorable performances were observed for these compounds in the presence of amine (EDB).

The proposed mechanism was also investigated through the steady state photolysis, fluorescence and ESR-ST approaches. More interestingly, low migration property was found for BT3 due to the trifunctional character and high molecular weight. In addition, the BT3/Iod/EDB system was successfully applied on the 3D printing, and the 3D patterns showed high spatial resolution. The novel structures exhibit reasonable design route for the high-performance PIs and the development of other benzophenone-based PIs is under way. 

Annex

Introduction

Photopolymerization presents numerous advantages including no emission of volatile organic compounds, spatial and temporal control and energy saving. In the past decade, photopolymerization has made great progresses with the development of novel photoinitiating systems (PISs) [START_REF] Khudyakov | Fast photopolymerization of acrylate coatings: Achievements and problems[END_REF][START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF]160 . Except for ink, coatings and many traditional industries, photopolymerization has also been applied in many cutting-edge fields such as biomaterials and microelectronics industry [START_REF] Chen | Novel D-π-A and A-π-D-π-A three-component photoinitiating systems based on carbazole/triphenylamino based chalcones and application in 3D and 4D printing[END_REF]143,165,[196][197][198] . Because of the ozone release, high heat generation and harmful property, UV light sources obstruct the applied development of photopolymerization. Recently, light-emitting diodes (LEDs) as irradiation sources have received an increasing attention. LEDs exhibit good security, longer emission wavelengths and lower cost than the traditional light sources. These light sources have therefore a great potential to replace UV light sources (e.g. ,Hg lamp) [START_REF] Abdallah | High performance dyes based on triphenylamine, cinnamaldehyde and indane-1,3-dione derivatives for blue light induced polymerization for 3D printing and photocomposites[END_REF]189 . In recent years, the development of new PISs using near UV and visible LEDs is a trend in scientific research and industrial production 168,199 .

The photoinitiator (PI) is the key component which can produce active species alone or with additives to initiate the polymerization of monomers under light irradiation 134 . While a large amount of commercial photoinitiators (e.g., hydroxyl ketones, benzophenone) are at disposal, as a major drawback, these molecules are only suitable for UV irradiation [START_REF] Tehfe | Design of new Type I and Type II photoinitiators possessing highly coupled pyrene-ketone moieties[END_REF]200 . Recently, some novel PISs based on particles are developed. A good free radical photopolymerization performance was obtained in the presence of ZnOxSy particles under LEDs irradiation 201 . Besides, the PIS without co-initiators based on ZnO particles was found, and it was significant for nonmigration PIS 202 . A NIR sensitizer was proposed and good absorption properties were found in 700-1200 nm range. Interestingly, the NIR sensitizer/ iodonium salt system exhibited an efficient photoinitiation performance for the FRP of acrylate monomers upon exposure to laser diode at 1064 nm 203 . In addition, dye-photosensitized systems can extend the photosensitivity of the PISs to the visible light range 101,136,153,172,173,187 .

Many works are focused on dye-photosensitized systems under low light intensity with visible LEDs, and the development of effective LED-activated dye-photosensitized systems is still an important research topic [START_REF] Dumur | Recent advances on carbazole-based photoinitiators of polymerization[END_REF][START_REF] Han | Facilely prepared blue-green light sensitive curcuminoids with excellent bleaching properties as high performance photosensitizers in cationic and free radical photopolymerization[END_REF]135,188,190,204 . The search for the combination of iodonium salts and amines as versatile photoinitiating systems for photochemical applications has been reported constantly [START_REF] Noirbent | Recent advances on naphthalic anhydrides and 1,8-naphthalimide-based photoinitiators of polymerization[END_REF]186 . Under light irradiation, dyes are moved to excited states and then interact with iodonium salts and amines to generate active species for free radical polymerization (FRP) and cationic polymerization (CP) 192,193 . In the specific field of CP processes, dibutoxyanthracene (DBA) is a benchmark photosensitizer for iodonium salts but strongly suffers from a low absorption at wavelength higher than 410 nm.

In this research, seven chalcone-anthracene derivatives (A1-A7 in Scheme 1)

were specifically designed in-silico where the molecular structure is presented by molecular modeling. Indeed, through molecular modelling design, better near UV and visible light absorption properties are expected for those anthracene derivatives compared to DBA. Markedly, three of them were never synthesized before (A1, A2

and A7) and the other derivatives were prepared but used for other research fields and other applications.

Scheme 1. The structures of chalcone-anthracenes studied in this study.

Photopolymerization experiments

In order to investigate the photoinitiation abilities of chalcone-anthracenes, different components used in the PISs were added into a glass bottle and stirred overnight in the dark. The mass fraction of chalcone-anthracenes and co-initiators were calculated from the monomer weight (e.g., anthracene/Iod (0.5%/1%, w/w) = anthracene: 0.005 g, Iod: 0.01 g, monomer: 1 g). The FRP of TMPTA was carried out in laminate with a thickness of about 25 μm (between two polypropylene films to reduce the O2 inhibition). For the CP of EPOX, the photosensitive resins (thickness ~ 25 μm) were irradiated under air. The conversion of acrylate functions of TMPTA and epoxy groups of EPOX were continuously evaluated by the Real-Time Fourier

Transformed Infrared Spectroscopy JASCO FTIR 4700 (JASCO, Lisses, France) at about 1630 cm -1 and 790 cm -1 respectively. The irradiation starts from t = 10 s.

LED@405 and 470 nm was used as the irradiation source for photopolymerization and the light intensities at sample surface were about 110 mW• cm -2 and 70 mW• cm -2 , respectively.

Fluorescence and cyclic voltammetry experiments

Fluorescence properties of the different chalcone-anthracenes dissolved in acetonitrile at a concentration of 10 -4 M were studied using JASCO FP-6200 spectrofluorimeter. In addition, the fluorescence quenching experiments of the anthracenes by Iod were carried out in acetonitrile. The redox potentials of the chalcone-anthracenes (Eox and Ered) were measured in acetonitrile by cyclic voltammetry using VoltaLab PST006 and tetrabutylammonium hexafluorophosphate as the supporting electrolyte (potentials vs. Saturated Calomel Electrode -SCE).

Furthermore, the free energy change ∆G for the interaction of the chalconeanthracenes with additives for the electron transfer reactions in the excited state were calculated from the equation ∆G = Eox -Ered -ES1 (Where Eox, Ered and ES1 are the oxidation potential of the electron donor, the reduction potential of the electron acceptor and the singlet excited state energy level respectively).

3D printing

A computer programmed laser diode @405nm (Thorlabs) with a spot size of about 50 μm was used as the light source to produce specific 3D patterns from the proposed two-component anthracene/Iod system with EPOX. The direct laser write (DLW) experiment of the resin was carried out under air at room temperature. The obtained 3D patterns were analyzed by a numerical optical microscope (OLYMPUS DSX-HRSU).

Molecular modeling

Frontier molecular orbital calculations were performed using the Gaussian 03 suite of programs. The highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of the anthracene derivatives were calculated with the density functional theory (DFT) at the UB3LYP/6-31G* level.

Their light absorption properties were evaluated at the time-dependent DFT (TD-DFT) level.

Results and discussion

Light absorption properties

UV-visible absorption spectra of the new chalcone-anthracenes were recorded in acetonitrile and the spectra are depicted in Figure 1. The light absorption parameters including their maximum absorption wavelengths (λmax), molar extinction coefficients at maximum absorption wavelength (εmax) and extinction coefficients at 405 and 470 nm (ε405nm and ε470nm) are also given in the Table 1. Compared to the benchmark DBA (εmax(DBA) = 384 nm), slightly red-shifted maximum absorption wavelengths of chalcone-anthracenes (εmax(A5) = 389 nm, εmax(A6) = 387 nm) were observed. It can be ascribed to the π-conjugation extension effect in the structure of chalconeanthracenes. Meanwhile, the chalcone-anthracenes are characterized by high extinction coefficients at 405 nm (ε405nm(A5) = 8000 M -1 cm -1 , ε405nm(A6) = 7200 M -1 cm -1 ) which can contribute to the utilization of light under LED@405 nm irradiation in photopolymerization. In addition, the absorption bands of chalcone-anthracenes clearly shift at longer wavelengths. Extinction coefficients at 470 nm (e.g.,

ε470nm(A4) = 1350 M -1 cm -1 , ε470nm(A5) = 600 M -1 cm -1 , ε470nm(A6) = 650 M -1 cm -1 )
can ensure a good matching with the emission spectra of the visible LEDs. At this latter wavelength, the extinction coefficient of DBA is extremely low (<<20 M -1 cm -1 ;

see Figure 1). The frontier orbitals for A5 is compared to those of DBA in Figure 2. ππ* transitions are observed for both compounds but with a higher delocalization for A5 explaining its bathochromic shift vs. DBA. Iod/EDB (1%/1%, w/w). The irradiation starts from t = 10 s.

The CP of EPOX was investigated in the presence of chalcone-anthracenes/Iod systems upon irradiation with LED@405 and 470 nm under air. The epoxy function conversions vs irradiation time profiles are given in Figure 4. The FCs are summarized in Table 2.

Under LED@405 nm irradiation in thin films for 600 s, these systems led to favorable epoxy final conversions (FC = 43%, 52% and 47% for A4/Iod, A5/Iod, A6/Iod systems respectively) which are higher than that of the well-established DBA/Iod system (FC = 38%) (see Figure 4A). Because of the broad absorption band, the CP of EPOX was also studied upon irradiation with a LED@470 nm under air (see Figure 4B). Almost no conversion and very poor polymerization profiles were obtained for the DBA/Iod system under LED@470 nm, once again evidencing the crucial role of the dye in the photoinitiation process. Markedly, A4/Iod and A5/Iod systems showed the highest final epoxy function conversions (FC = 33% and 36% respectively). a under LED@405 nm irradiation; b under LED@470 nm irradiation; c PIS: Iod/EDB (without anthracene derivative) (1%/1%, w/w).

Steady state photolysis and fluorescence quenching

To investigate the interactions existing between the different chalconeanthracenes and the additives, A5 and A6 which showed good initiation performance in photopolymerization were selected for the steady state photolysis and fluorescence quenching experiments. As illustrated in Figure 5, the steady state photolysis experiments of A5 alone as well as A5/additives were characterized separately by UVvisible absorption spectroscopy. In the presence of A5 alone, UV-visible spectra of A5 in acetonitrile under LED@405 nm irradiation were recorded at different times (see Figure 5A). The absorbance of A5 at 389 nm and 406 nm declined in the absence of additives. It could be ascribed to the isomerization of "C=C" and the [2+2] cycle addition in the chalcone moiety. For the A5/Iod system (see Figure 5B), before irradiation, A5 showed a strong absorption at the maximum absorption wavelength in its UV-visible absorption spectrum. Then, upon irradiation with a LED@405 nm for 6 s, decline of the absorbance intensity at 389 nm was obvious and appearance of a new absorption band at 368 nm was jointly observed. The results indicated that there were rapid and effective reactions in the excited states between A5 and Iod. The same behavior was also observed in the presence of EDB (see Figure 5C). The threecomponent system A5/Iod/EDB was also tested in the same conditions (see Figure 5D). Presence of an isobestic point also indicated that no secondary reactions occurred during irradiation of the A5/Iod/EDB system. Photolysis kinetics at 389 nm revealed the consumption rates of A5 in different systems (see Figure 5F). Thus, A5

was almost totally consumed in A5/Iod/EDB system after 6 seconds of irradiation whereas the consumption of A5 remained more limited for the two two-component A5/Iod and A5/EDB systems in the same conditions. The consumption rate of A5 in the presence of A5 alone is slower than that in A5/additives systems. It demonstrates that besides the side reactions (the isomerization of "C=C" and the [2+2] cycle addition), reaction between A5 and the additives was rapid and effective.

A5/Iod, A6/Iod and DBA/Iod systems are presented in Figure 6. There is no fluorescence quenching for anthracene derivative/EDB systems i.e., for A5, fluorescence intensity was increasing when EDB was added suggesting the formation of highly fluorescent photoproducts. Obvious fluorescence quenching processes were observed for A5 by Iod in acetonitrile (see Figure 6A). The value of the Stern-Volmer coefficient (KSV = 260 M -1 ) was obtained (see Figure 6B) and the electron transfer quantum yield in the excited singlet state (Φet) for A5/Iod was also calculated (Φet = 0.84). The high value of Φet indicated that the interaction of A5 and Iod is effective.

The values of the Stern-Volmer coefficients and the electron transfer quantum yields of anthracene derivatives/Iod are given in Table 3. The electron transfer quantum yield of DBA/Iod system is 0.75. It demonstrates that A5 has a higher reactivity with Iod than DBA in the excited singlet state. The results are in agreement with the cationic polymerization where the final function conversion of EPOX for the A5/Iod system is higher than that of the DBA/Iod system. 

Proposed photoinitiation mechanisms

According to the other reported works, Iod is the electron acceptor in the chalcone-anthracene/Iod system and EDB is the electron donor in the PI/EDB systems. [START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF]135 Based on the results of photolysis and fluorescence quenching experiments, the proposed mechanism for anthracene derivatives is shown in Scheme

3 (r1-r3). Anthracene (h) → *Anthracene *Anthracene + Ar2I + → Anthracene •+ + Ar2I • → Anthracene •+ + Ar • + ArI (r1) *Anthracene + EDB → Anthracene •-+ EDB •+ → Anthracene-H • + EDB(-H) • (r2) Anthracene •+ + EDB → Anthracene + EDB •+ (r3) Scheme 3.
The proposed chemical mechanisms in PISs.

To better understand the interactions between chalcone-anthracenes and the additives, the free energy changes (ΔG) in the excited singlet states for the electron transfer reactions were investigated. The first singlet excited state energy levels (ES1) of A5 and A6 were evaluated from the crossing point of the absorption and fluorescence spectra (see Figure 7). The redox potentials of A5 and A6 (Eox and Ered)

were obtained in acetonitrile by cyclic voltammetry (see Figure 8). In this study, oxidation potential of EDB is 1.0 V and reduction potential of Iod is -0.7V. 135 In photo-oxidation processes, favorable free energy changes were found in anthracene/Iod systems (e.g., A5/Iod: ΔG S1 Iod = -0.49 eV; Table 4). Under irradiation, chalcone-anthracene is promoted from the ground state to its excited state (Scheme 3).

The electron transfer reactions from anthracene to Iod generate aryl free radical Ar˙ and radical cation (anthracene˙+) (Scheme 3, r1) which are active species for the free radical polymerization and the cationic polymerization respectively. In photo-reduction process, an electron/proton transfer reaction can be proposed for the chalcone-anthracene/EDB systems (Scheme 3, r2). The radical EDB(-H)˙can also be considered as an initiating species for the free radical polymerization. The negative free energy changes (e.g., A5/EDB: ΔG S1 EDB = -1.36 eV; Table 4) indicated that the interaction of chalcone-anthracene and EDB is possible. The free energy changes are in agreement with photolysis data (see above). experiments. The 3D patterns were obtained under a laser diode @405 nm (resolution ~ 50 μm). A5/Iod (0.5%/1%, w/w) system with the best performance for CP of EPOX was used for direct laser write experiments. Profiles of the 3D patterns were characterized by numerical optical microscopy. The pattern "TO" was formed under air and a good spatial resolution was observed, as presented in Figure 9. 

Conclusion

In this chapter, seven chalcone-anthracenes were proposed as high-performance photosensitizers for photopolymerization under the LED irradiation. Due to the high activity, the three-component anthracene/Iod/EDB systems exhibit good performance in the FRP of TMPTA. The cationic photopolymerization in the presence of some chalcone-anthracene/Iod systems showed higher final function conversions than wellestablished DBA/Iod system under LED@405 nm irradiation. Furthermore, the chalcone-anthracenes exhibited good light absorption properties, so that favorable photoinitiation ability was observed in cationic photopolymerization using chalconeanthracene/Iod systems under LED@470 nm irradiation. The photochemical reactivity of A5 and A6 was investigated through the steady state photolysis, fluorescence experiments and the proposed mechanism was also studied. In addition, the cationic photopolymerization using A5/Iod system was applied in direct laser write experiments and the obtained 3D patterns exhibited high spatial resolution.

Part Ⅳ: Oxime Ester and Nnaphthalimide Ester Derivatives Chapter 1: Nitro-carbazole based oxime ester derivatives

In this chapter, a series of 50 oxime esters bearing various substituents were designed and synthesized as photoinitiators (48 of them were never synthesized before and only B1 and B10 were reported). Good light absorption properties in the visible range were observed for these oxime esters. Some structures exhibited better photoinitiation abilities than diphenyl (2,4,6-trimethylbenzoyl)phosphine oxide (TPO) upon exposure to a LED@405 nm. Interestingly, PIs with methyl substituent on oxime ester group have better photoinitiation performance than the others. Substituent effects were investigated through molecular orbitals calculations, the detection of CO2

and the investigation of the generated free radicals. The results demonstrate that the substituents on the oxime ester group exert major effects on photoinitiation ability via decarboxylation reaction. In addition, a chemical mechanism was proposed. 3D printed objects were successfully obtained using the most reactive oxime ester as photoinitiator and the thermal initiation behaviors of several oxime esters were also studied.

The content of this chapter was published in journal Macromolecules, entitled "Effect of Decarboxylation on the Photoinitiation Behavior of Nitro-Carbazole based Oxime Esters".

Introduction

Photopolymerization technology has been developed steadily benefiting from the characteristics of spatial and temporal controllability, environmental protection, and efficient process. [START_REF] Corrigan | Seeing the Light: Advancing Materials Chemistry through Photopolymerization[END_REF][START_REF] Yagci | Photoinitiated Polymerization: Advances, Challenges, and Opportunities[END_REF]143,[205][206][207] Light-emitting diodes (LEDs) have been used as irradiation sources in photopolymerization increasingly due to their higher safety, lower energy consumption and the longer emission wavelength than conventional mercury lamp. [START_REF] Al Mousawi | Carbazole Scaffold Based Photoinitiator/Photoredox Catalysts: Toward New High Performance Photoinitiating Systems and Application in LED Projector 3D Printing Resins[END_REF] Nowadays, LEDs are almost the primary choice to carry out photopolymerization experiments. Because of the narrow emission band, a considerable part of commercial photoinitiators (PIs) can't be initiated effectively under near UV or visible LEDs. 186,189,208 Increasing numbers of two-or threecomponent photoinitiating systems whose light absorption spectra can match with the emission of LEDs have been designed and developed, [START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF][START_REF] Chen | Bis-chalcone derivatives derived from natural products as near-UV/visible light sensitive photoinitiators for 3D/4D printing[END_REF] while the electron transfer efficiency in multi-step initiating processes and the viscous resins for photoinitiating systems are the drawbacks to face. 209 Therefore, it is desirable to develop onecomponent Type Ⅰ PIs which can generate free radicals directly through the cleavage of chemical bonds.

Currently, only a few Type Ⅰ PIs including α-amino ketones and phosphineoxides are suitable with near UV and visible LEDs. 125,210 Oxime esters (OXEs) are well-known for their high reactivities in free radical photopolymerization as Type Ⅰ PI. [211][212][213][214][215][216] Normally, the N-O bond in OXE structure can cleave under light irradiation to generate iminyl and acyloxy radicals. Next, the acyloxy radical undergoes a decarboxylation reaction in which CO2 and an active radical generate. 116,217,218 Two commercial OXEs O-benzoyl-α -oxooxime (OXE 01) and O-acetyloxime (OXE 02) are used to manufacture thick films in color filter resists. 113 However, the absorption bands of OXE 01 and OXE 02 are located in the UV range, resulting in bad performances upon exposure to near UV or visible LEDs. 113,124 Hence, it is interesting to design novel OXEs which exhibit longer absorption wavelengths to match the emission of LEDs.

In our previous work, three OXEs based on nitro-carbazole chromophore were studied. 219 Among them, the PI OXE-M where methyl substituent was attached on the terminal moiety of oxime ester demonstrated higher photoinitiation ability than the PI OXE-P where phenyl substituent was attached on the terminal moiety of oxime ester.

Some OXEs were also reported by our group including triphenylamine-based and coumarin-based OXEs where the structures with the methyl substituent attached on the terminal moiety of oxime ester were also more efficient than the structures with the phenyl substituent attached on the terminal moiety of oxime ester. 118,220 The reason was ascribed to the favorable enthalpy change of the decarboxylation reaction for acetoxy. 118 In addition, the same phenomenon is also found on other oxime ester PIs based on different chromophores. Stilbene-based, carbazole-coumarin-based and phenylthioether thiophene-based oxime esters all demonstrated the same behavior where the PIs with the methyl substituent had better performance than that with the phenyl substituent. 121,122,221 Those literatures tend to attribute the results to competitive cage recombination of phenyl radical with its homolog.

The active free radicals generate following the decarboxylation process, so decarboxylation is an important process for oxime esters acting as photoinitiators. As far as we know, very few reported works investigated the effect of decarboxylation on the photoinitiation behavior. In some published papers, the generation of CO2 was detected through the color response of solutions which could only confirm the existence of decarboxylation. 121,209 While the effect of decarboxylation of oxime esters on the photoinitiation behavior is ignored. 

Experimental section 1.1. Materials

The monomer for free radical photopolymerization trimethylolpropane triacrylate (TMPTA) was obtained from Sartomer (France). Diphenyl (2,4,6trimethylbenzoyl)phosphine oxide (TPO) was purchased from Lambson Ltd (United Kingdom). The free radical trapping agent phenyl-N-tert-butylnitrone (PBN) was obtained from TCI-Europe (Paris, France). The colloidal silica suspension (LUDOX® AS 30, 30 wt% suspension in H2O) was obtained from Sigma-Aldrich.

UV-visible absorption spectra

UV-visible absorption spectra of PIs in acetonitrile were obtained by a JASCO V730 spectrometer. Steady state photolysis of the PIs was carried out upon exposure to a LED@405 nm with the light intensity 110 mW/cm 2 . UV-visible spectra of PI at different irradiation times were measured by mean of the JASCO V730 spectrometer.

The concentration of PIs was 5×10 -5 M.

Photopolymerization experiments

Photopolymerization kinetics of TMPTA were investigated by a Real-Time Fourier Transformed Infrared Spectroscopy (RT-FTIR) JASCO FTIR-4100. In order to avoid the O2 inhibition, the resin was put in laminate between two polypropylene films with a thickness ~25 μm. The acrylate characteristic peak area of TMPTA was selected from 1589 cm -1 to 1665 cm -1 . For the thick samples (1.4 mm), the resin was added into a plastic mould and the acrylate characteristic peak was followed in nearinfrared range at ∼6160 cm -1 . The infrared spectra of TMPTA during irradiation could be recorded by RT-FTIR and the final acrylate function conversion (FC) of TMPTA was obtained by the equation:

𝐹𝐶(%) = 𝐴 0 -𝐴 𝑡 𝐴 0 × 100%
where FC is the final function conversion; A0 is the proportion of the peak area at 0 s;

At is the proportion of the peak area at t s. The PIs (2×10 -5 mol/g TMPTA) and monomers were mixed and stirred in the dark for 24 h. Polymerization experiments were carried out using the LED@405 nm with a light intensity 110 mW/cm 2 .

Fluorescence experiments

Fluorescence spectra of PIs in acetonitrile (5×10 -5 M) were measured on a JASCO FP-750 spectrofluorometer. Fluorescence excited state lifetimes were measured by HORIBA PPD-850 detector. The excitation wavelength was 367 nm and the pulse duration was shorter than 1.4 ns. The impulse response function (IRF) of the apparatus was evaluated through the colloidal silica suspension LUDOX®.

Results and discussion

Light absorption properties

UV-visible absorption spectra of OXEs are shown in Figure 1 and the light absorption properties of different OXEs with interesting structures are listed in Table 1. All the OXEs demonstrated wide light absorption bands up to 440 nm. Specifically, the maximum absorption wavelength (λmax) of D1 and D2 was 372 nm. Compared to the compound D10 without the oxime-ester functionality, OXEs based on Series D exhibited blue-shifted λmax. The molar extinction coefficients at maximum absorption wavelength (εmax) of D1 and D2 were 13000 and 14000 M -1 cm -1 respectively.

Furthermore, the molar extinction coefficients at 405 nm (ε405 nm) of all the OXEs were favorable (i.e., ε405nm (D1) = 5200 M -1 cm -1 , ε405nm (D2) = 5400 M -1 cm -1 ), which was a perquisite for OXEs to be sensitive to the LED@405 nm as irradiation source. 

Free radical photopolymerization

Photoinitiation abilities of the investigated OXEs upon exposure to a LED@405 nm were studied using RT-FTIR. Polymerization profiles of TMPTA in the presence of OXEs are depicted in Figure 2. The final function conversions (FCs) and the polymerization rates of TMPTA in the presence of some interesting structures are presented in Table 2. Specifically, the compounds B10, C10, D10, E10, and F10

exhibited poor photoinitiation performances due to the absence of oxime-ester group.

Interestingly, the compounds with the methyl substituent on oxime ester group (B1, C1, D1, E1, and F1) demonstrated the best photoinitiation ability in their respective series. As shown in the Figure 2f, higher FCs and polymerization rates (Rp) were found in the presence of C1, D1, and F1, compared to the well-known commercial PI TPO (see Table 2). In addition, the FCs of TMPTA in the presence of other OXEs are given in Table S1. Some OXEs (e.g., D4 and D5) also exhibited favorable performance. It can be found that the photoinitiation ability of OXEs is not directly related to the absorption properties. Other factors such as decarboxylation reactions and the reactivity of generated radicals also have an important effect on the photoinitiation ability. Photopolymerization of monomers was also influenced by the concentrations of the PI. As shown in the Figure S1, the function conversions of TMPTA increased with the increment of D1. Indeed, the high concentration of PI can generate more free radicals to induce the polymerization. Those OXEs also exhibited favorable performances in polymerization of thick samples (~1.4 mm) (see Figure S2)

and the surface of polymers was tack-free. In addition, the photoinitiation efficiencies of the representative oxime esters D1 and D2 were evaluated upon exposure to a LED@365 nm (40 mW/cm 2 ). The function conversions of TMPTA in the presence of D1 and D2 were 61% and 51% respectively (see Figure S3). The results indicate that D1 exhibits better photoinitiation ability than D2 upon exposure to both LED@405 nm and LED@365 nm. which can be used to determine the favorability of the cleavage reactions. Parameters of some interesting structures are given in Table 3. All the values cleavage S1 < 0 indicated that the cleavage of the N-O bond from singlet state was energetically favorable. Furthermore, fluorescence lifetime of D1 and other OXEs was measured (see Figure 4b and Figure S6). Fluorescence lifetimes for both OXEs (i.e., D1 and D2)

and the compounds (i.e., D10) without the oxime-ester functionality are shorter than the response time of the apparatus (1.4 ns). Therefore, such a short lifetime is an intrinsic property for nitro-carbazole oxime chromophore. In addition, enthalpies of the cleavage process from T1 were also favorable, which suggested that the cleavage process for N-O bond from T1 cannot be ruled out. 

Decarboxylation reaction

All OXEs demonstrated rather similar light absorption properties. It was interesting to explore the reason why the OXEs with methyl substituent on oxime ester group exhibited the best photoinitiation ability among the studied compounds bearing other substituents. In our previous study, we reported the enthalpy for decarboxylation reactions (Hdecarboxylation). 118 As given in Scheme 2, a Hdecarboxylation = -4.94 kcal mol -1 was determined for the decarboxylation reaction of acetoxyl group, while Hdecarboxylation > 0 kcal mol -1 was found for the other compounds with benzoyloxy or acryloyloxy group. It indicated that the decarboxylation reaction for D1 occurred more favorably than that for D2-D9. The simulated calculations proved the high reactivity of OXEs with methyl substituent theoretically.

Scheme 2. Enthalpies for the decarboxylation reactions (Hdecarboxylation). 118

In the present study, we further investigated the decarboxylation reaction in detail by monitoring the generation of CO2 and detecting the produced radicals. CO2 can be detected during the photopolymerization experiments using RT-FTIR. As shown in Figure 5a, in the D1/TMPTA system, it was found that a new absorption peak in infrared spectra at 2337 cm -1 appeared during photopolymerization and it was assigned to CO2. 223,224 More interestingly, the phenomenon was observed in other OXEs/TMPTA systems but not D10/TMPTA and TPO/TMPTA (see Figure S7), which can be the direct evidence that confirms the decarboxylation reaction for OXEs. In addition, the curve of absorption intensity (absorbance vs irradiation time) of CO2 was presented for the first time. As illustrated in Figure 5b, from t = 10 s to 16 s, the acrylate function conversion increased rapidly accompanied by the generation of CO2

for D1/TMPTA system (Line 1 and Line 3). The generation of CO2 almost stopped at t = 16 s, and the polymerization was also almost completed at the same time. The same condition was also found in D2/TMPTA system (Line 2 and Line 4). Meanwhile, absorbance intensity of CO2 in D1/TMPTA system was higher than that in D2/TMPTA system (Line 3 and Line 4). The results demonstrated that the decarboxylation reaction occurred more easily for D1 than D2. In addition, the trend was also observed in other series of OXEs (i.e., B1/TMPTA and B2/TMPTA systems) (see Figure S8), which was in full agreement with the simulated values of Hdecarboxylation (see Scheme 2) Absorbance of CO2 declined gradually after 16 s due to its diffusion from the samples to the air. The long alkyl chain of substituents (i.e., R2 = C12H25) was beneficial for the solubility of OXEs in monomers. The substituent R on oxime group can make a considerable impact on the decarboxylation reaction from which the active free radicals were generated. Acetoxy radical can undergo a favorable decarboxylation process contributing to the generation of methyl radical. Therefore, B1, C1, D1, E1, and F1 exhibited the excellent photoinitiation abilities. Indeed, more active radicals lead to fast polymerization rate in polymerization experiments. Benzoyloxy radical exhibited a more difficult decarboxylation process than acetoxy radical, so the photoinitiating systems based on B2, C2, D2, E2, and F2 had lower function conversions and slower polymerization rates (see Table 2). These behaviors were also observed in the rest of structures. B8, C8, D8, E8 and F8 bearing nitrobenzoyloxy substituent on oxime group exhibited distinct poor performance. It could be related to the nitro group on the substituent R. Indeed, the nitro compounds can inactivate the radicals in free radical polymerization. 226

3D printing

Due to the good photoinitiation performance in polymerization processes, D1/TMPTA system was used as a reference system to carry out the direct laser write (DLW) and 3D printing experiments. D1 was selected as a representative oxime ester exhibiting a high efficiency @405 nm (see Figure 2f). As shown in Figure 7a, the letter pattern "ET" (thickness ~1600 μm) was obtained through DLW within a short time (~ 2 min). The letter pattern demonstrated a high spatial resolution under numerical optical microscope. In addition, according to the computer model (see Figure 7b), 3D objects (thickness ~2 mm) were fabricated successfully using a stereolithography 3D printer (see Figure 7c). the computer model and the 3D printed objects.

Thermal polymerization

OXEs can also generate free radicals through thermal degradation. DSC curves (Temperature vs Heat flow) of B1, C1 and D1 in TMPTA are presented in Figure 8a.

The initial temperature of thermal polymerization (Tinitial) and the temperature of maximun polymerization rate (Tmax) as well as the final acrylate FCs of TMPTA are given in Table 4. Tinitial of them were all below 100 ℃. As shown in Figure 8b 

Conclusion

A series of 50 OXEs bearing various substituents (R1 and R2) attached to the chromophore and different substituents (R) on the oxime group were designed and synthesized. These OXEs exhibited good light absorption properties in near UV and visible region due to the presence of the nitro group on the carbazole scaffold.

Photoinitiation abilities of OXEs in TMPTA were evaluated upon exposure to a LED@405 nm. Some OXEs demonstrated better performance than the well-known commercial product TPO. Notably, the high photoinitiation ability of D1 allowed the fabrication of objects using 3D printing technology. In addition, dual photo/thermal behavior was also observed for these OXEs. Investigation of the photochemical mechanism of OXEs showed that iminyl and acyloxy radicals generated following the cleavage of N-O bond. Then, the acyloxy radicals underwent a decarboxylation process to decompose into CO2 and active radicals which can induce the polymerization of monomers. The chemical structure/photoinitiation ability relationship was also discussed. Specifically, the substituents R1 and R2 on chromophores barely changed the intrinsic properties of OXEs. In addition, it was found that the substituents (R) on the oxime group had the crucial effect on the photoinitiation ability of OXEs. Based on the simulated calculations reported previously, it was elaborated that the decarboxylation reaction can be investigated through the detection of CO2 using RT-FTIR and radicals using ESR technique. This sudy reveals the significance of decarboxylation reaction to photoinitiation ability and provides an achievable strategy for the design of novel and high-performance oxime ester-based photoinitiators. 

Annex

Introduction

Photopolymerization has attracted increasing attention since the prominent characteristics such as spatial and temporal controllability, no volatile organic compounds (VOCs) and high efficiency. [START_REF] Corrigan | Seeing the Light: Advancing Materials Chemistry through Photopolymerization[END_REF][START_REF] Yagci | Photoinitiated Polymerization: Advances, Challenges, and Opportunities[END_REF][START_REF] Dadashi-Silab | Photoinduced Electron Transfer Reactions for Macromolecular Syntheses[END_REF]205,227,228 Upon exposure to light source, photoinitiators (PIs) can produce active species to induce the polymerization of monomers, so light source plays an important role in photopolymerization. Compared to traditional UV light sources (e.g., mercury lamp), light-emitting diodes (LEDs) demonstrates many advantages including good security, low cost, less heat release and long working life. [START_REF] Li | Synthesis of furan derivative as LED light photoinitiator: One-pot, low usage, photobleaching for light color 3D printing[END_REF][START_REF] Al Mousawi | Carbazole Derivatives with Thermally Activated Delayed Fluorescence Property as Photoinitiators/Photoredox Catalysts for LED 3D Printing Technology[END_REF]122 With the development of LED devices, LED photopolymerization has gradually become mainstream in the last decade. Therefore, it is important to develop the high-performance PIs which can match with the emission of LEDs. In recent years, many two/three-component photoinitiating systems were designed for LED photopolymerization. [START_REF] Xiao | Visible light sensitive photoinitiating systems: Recent progress in cationic and radical photopolymerization reactions under soft conditions[END_REF][START_REF] Sun | Organic dye-based photoinitiating systems for visiblelight-induced photopolymerization[END_REF][START_REF] Chen | Photoinitiators derived from natural product scaffolds: monochalcones in three-component photoinitiating systems and their applications in 3D printing[END_REF] In these photoinitiating systems, PIs can absorb light and interact with additives to generate active free radicals or cations through electron transfer reactions. Amines and iodonium salts are commonly used as electron donor and electron acceptor respectively. 229 While the electron transfer efficiency in multi-step initiation processes and viscous resins are challenges for two/three-component photoinitiating systems. 216,230 Therefore, more and more attentions are focused on unimolecular Type Ⅰ PIs which can be applied upon LED irradiation.

Type Ⅰ PI can generate active radicals by the homolytic cleavage of chemical bonds under irradiation. Only a few commercial Type Ⅰ PIs including α-amino ketones and phosphine oxides can be applied effectively under visible LEDs. 186 As reported, a series of acylphosphine oxide compounds with high molar extinction coefficients at 395 nm were proposed. 125 Some interesting structures exhibited good performance upon exposure to LED@395 nm. Oxime ester is also a class of effective Type Ⅰ PI. A numerous of oxime esters based on coumarin-carbazole, nitro-carbazole and phenylthioether thiophene chromophores were designed for LED photopolymerization. 118,121,231 In addition, acylgermanes and acylstannanes (e.g., Ivocerin) were designed as highly reactive visible light Type Ⅰ PIs. For example, high function conversions of acrylate monomers were obtained in the presence of acylstannanes using a 460 nm LED. 209 Naphtalimide-based PIs have been developed widely through various chemical modifications. The absorption properties of naphtalimide derivatives can be regulated by various substituents. In the recent years, most of naphtalimide derivatives have been designed for two/three-component photoinitiating systems. [START_REF] Yang | A Green and Highly Efficient Naphthalimide Visible Photoinitiator with an Ability Initiating Free Radical Polymerization under Air[END_REF][START_REF] Noirbent | Recent advances on naphthalic anhydrides and 1,8-naphthalimide-based photoinitiators of polymerization[END_REF]232 In addition, naphthalimide derivatives were also designed for one-component photoinitiating systems in several works. A naphthalimide derivative bearing iodonium salt moiety (Naphth-Iod) was designed as one-component photoinitiator/photoacid. [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] Naphth-Iod could initiate cationic polymerization of monomers effectively upon LED@365 nm irradiation. While, due to the absorption properties, Naphth-Iod demonstrated unfavorable performance under LED@395 nm. A series of naphthalimide aryl sulfide derivatives were prepared as Type Ⅰ PIs. [START_REF] Yu | Naphthalimide Aryl Sulfide Derivative Norrish Type I Photoinitiators with Excellent Stability to Sunlight under Near-UV LED[END_REF] The C(aryl)-S bond could break directly to generate free radicals under irradiation. Two naphthalimide benzyl thioether PIs were also designed. 233 These PIs demonstrated Type Ⅰ PI behavior through the cleavage of C-S bonds and good initiation abilities were observed upon LED exposure at 405 nm.

It was reported that carbamates were introduced onto naphthalimide chromophore to design photobase generators. [234][235][236] The N-O bond can break under irradiation, then 

Experimental section

Materials

The acrylate monomer trimethylolpropane triacrylate (TMPTA) was purchased from Allnex. The reference PI diphenyl (2,4,6-trimethylbenzoyl)phosphine oxide (TPO) was purchased from Lambson Ltd (UK). The colloidal silica suspension (LUDOX® AS 30, 30 wt% suspension in H2O) was obtained from Sigma-Aldrich.

UV-visible absorption spectra

UV-visible absorption spectra of PIs in acetonitrile were recorded using a JASCO V730 spectrometer. Steady state photolysis of NPIEs was investigated through the UV-visible absorption spectra at different irradiation times. The NPIEs solution (5×10 -5 M in acetonitrile) was irradiated under a LED@405 nm (light intensity ~110 mW/cm 2 ).

Free radical photopolymerization experiments

The content of PI in formulations is 2×10 -5 mol/g TMPTA. The mixture of PI and TMPTA was added into a glass bottle and stirred in the darkness for 24 h. A LED@405 nm (light intensity: I0 = 110 mW/cm 2 ) and a LED@455 nm (light intensity: I0 = 100 mW/cm 2 ) were utilized as light sources in polymerization experiments. The liquid resin was sandwiched between two polypropylene films with a thickness ~25 μm to reduce O2 inhibition. Polymerization profiles of TMPTA were obtained using a RT-FTIR (JASCO FTIR-4600) and acrylate characteristic peak located at around 1630 cm -1 was selected to evaluated the polymerization kinetics. Real time infrared spectra of monomers can be monitored by RT-FTIR and the function conversion (FC) of monomers is calculated by the equation:

𝐹𝐶(%) = 𝐴 0 -𝐴 𝑡 𝐴 0 × 100%
where FC is reactive function conversion; A0 is the proportion of characteristic peak area at 0 s; At is the proportion of characteristic peak area at t s.

Fluorescence experiments

Fluorescence emission spectra of PIs in acetonitrile (5×10 -5 M) were obtained using a spectrofluorometer (JASCO FP-750). Fluorescence lifetimes of PIs were investigated through a time correlated single-photon counting system using a HORIBA PPD-850 detector with the excitation wavelength at 367 nm. The pulse duration of apparatus is shorter than 1.4 ns and impulse response function (IRF) is obtained through the colloidal silica suspension LUDOX®.

Computational procedure

Triplet state energy (ET) and N-O bond dissociation energy (BDE) of NPIEs were calculated with the density functional theory at the UB3LYP/6-31G* level. The electronic absorption spectra were calculated from the time-dependent density functional theory at MPW1PW91/ 6-31G* level of theory on the relaxed geometries calculated at the UB3LYP/ 6-31G* level of theory.

3D printing

3D printing was performed through direct laser write technology using a computer-controlled laser diode at 405 nm (Thorlabs, UK) and the spot size was 50 μm. Photosensitive resin containing 1 wt% PI in TMPTA was cured upon exposure to laser. 3D pattern was fabricated under air in irradiation area. The obtained 3D patterns were observed using a numerical optical microscope (OLYMPUS DSX-HRSU).

Results and discussion

Light absorption properties

The UV-visible absorption spectra of PIs in acetonitrile are presented in Figure 1 and some parameters about light absorption properties are listed in Table 1. The maximum absorption wavelength (λmax) of NPIMO was 394 nm. Compared to NPIMO, NPIEs exhibited slight red-shifted maximum absorption wavelengths. The maximum absorption wavelengths of all NPIEs were located at 397 nm or 398 nm.

The results indicate that the substituents on ester group have very little influence on the light absorption properties of NPIEs. What's more, the molar extinction coefficients at 405 nm (ε405 nm) of NPIEs were favorable such as ε405nm (NPIE1) = 15000 M -1 cm -1 , ε405nm (NPIE2) = 14400 M -1 cm -1 , which allowed a good matching with the emission spectrum of LED@405 nm. Molecular orbital calculation on the optimized geometries of NPIE1 is depicted in Figure S1. Highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) charge transfer transition exhibits π-π* character for NPIE1. HOMO and LUMO are mostly located on naphthalimide sulfide moiety. Therefore, there is little variation for the maximum absorption wavelengths of NPIEs 

Free radical photopolymerization

Photoinitiation performance of NPIEs in free radical photopolymerization was investigated upon exposure to a LED@405 nm thanks to the high molar extinction coefficients at 405 nm. The polymerization profiles (acrylate conversion vs.

irradiation time) of TMPTA are illustrated in Figure 2a and final function conversions (FCs) at t = 200 s are given in Table 2. NPIEs demonstrated good photoinitiation abilities for free radical polymerization under LED@405 nm. Interestingly, the acrylate function conversion of TMPTA in the presence of NPIE1 (FC = 68%) was higher than that of benchmark structure TPO (FC = 66%), although TPO system had relatively fast polymerization rate. In addition, NPIE7 exhibited good initiation ability (FC = 66%). In the presence of NPIMO (without ester group), the function conversion (FC = 41%) was found upon exposure to LED@405 nm. It indicates that ester group is an indispensable part in the structures of this type PIs. The photoinitiation ability of NPIE1 and TPO was also investigated upon exposure to a LED@455 nm (Figure 2b). Almost no polymerization was observed in the presence of TPO under irradiation @455 nm. Markedly, the final function conversion of TMPTA in the presence of NPIE1 was 44%, which benefited from the good light absorption of NPIE1 at visible range (much better absorption than TPO @455 nm). 

Cleavage of N-O bond

As shown in Figure 3a 3.

The values (cleavage S1 < 0, cleavage T1 > 0) suggested that the cleavage of N-O bond from singlet state was the main pathway. In addition, the fluorescence lifetimes of PIs in acetonitrile were measured through a time correlated single-photon counting system (Figure 3b and Figure S3). The fluorescence lifetimes (τ0) of PIs were given in Table 3. The fluorescence lifetimes of NPIEs are shorter than that for NPIMO, which was in agreement with the favorable values of cleavage S1 for N-O bond cleavage process from singlet state. Interestingly, through monitoring the generation of CO2 following decarboxylation reaction, the decomposition of oxime esters can be investigated using RT-FTIR. 118,231 Herein, the decomposition of NPIEs in TMPTA was also studied in photopolymerization experiments upon exposure to LED@405 nm using RT-FTIR. As shown in Figure 5a and 5b, an emerging absorption peak located at 2337 cm -1 was observed in infrared spectra of NPIE1/TMPTA and NPIE2/TMPTA systems after irradiation and the generated peak was assigned to CO2. 223,224 It was not found in infrared spectra of NPIMO/TMPTA (Figure 5c) and TPO/TMPTA 231 systems. The results indicate that NPIEs undergo decarboxylation reaction upon irradiation. As shown in Figure 5d, the intensity of CO2 absorption peak for NPIE1/TMPTA was stronger than that of NPIE2/TMPTA system in photopolymerization process and more CO2 was detected in NPIE1/TMPTA system. It indicated that acetoxy undergoes an easier decarboxylation reaction than benzoyloxy, which also observed in oxime ester structures. 237 is the absorbance intensity before irradiation (at t = 10 s)).

Proposed chemical mechanism

As illustrated in Scheme 2, the potential chemical mechanism of NPIEs as Type Ⅰ

PIs is proposed based on the above results. Upon irradiation NPIEs molecules reach to excited states. A fast cleavage process of N-O bond from singlet state give rise to the naphthalimide and acyloxy radicals. Then acyloxy radical undergoes decarboxylation reaction to generate the active radicals for free radical polymerization of monomers.

The substituents R in NPIEs structures have important influence on photoinitiation ability. The favorable decarboxylation process for acyloxy greatly contributed to the generation of methyl radicals. 237 Therefore, NPIE1 exhibited the best performance among them. A slightly better initiation ability was found for NPIE7 than others. The reason is that the generated radicals bearing electron-rich isopropyl group facilitate the addition reaction of electron-deficient double bond of acrylate. 60 CO2 peak was not observed in NPIE4/TMPTA and NPIE8/TMPTA, which could be ascribed to the unfavorable cleavage or decarboxylation process. Therefore, low function conversions were obtained in the two systems. In addition, the structures based on naphthalimide chromophore can undergo hydrogen abstraction reaction to generate radicals [START_REF] Zhang | Structure Design of Naphthalimide Derivatives: Toward Versatile Photoinitiators for Near-UV/Visible LEDs, 3D Printing, and Water-Soluble Photoinitiating Systems[END_REF]233 ,which results in the low function conversion of TMPTA in the presence of NPIMO. To a certain extent, the subordinate Type Ⅱ PI behavior could also affect the photoinitiation performance.

Scheme 2. Proposed chemical mechanism of NPIEs as Type Ⅰ PIs.

Effect of chain spacer

Besides NPIE1-NPIE9, another compound NO1 (see Scheme 3) was designed to investigated effect of the distance between chromophore and ester group. As shown in Figure 6a, compared to NPIE1, NO1 exhibited a blue-shifted maximum absorption wavelength (λmax = 397 nm) and the molar extinction coefficients at 405 nm for NO1

was high (ε405nm = 12300 M -1 cm -1 ). The photopolymerization of TMPTA in the presence of NO1 upon exposure to LED@405 nm is presented in Figure 6b. NPIE1 demonstrated a much better photoinitiation ability than NO1. The light absorption band around 397 nm for NO1 can be assigned to naphthalimide chromophore. As shown in Scheme 3, under LED@405 nm irradiation, naphthalimide moiety in NPIE8 structure absorbs the light and the energy cannot be transfered to oxime ester group due to the chain spacer. No active radicals generate from cleavage process of oxime ester group i.e. no CO2 peak was observed for NO1 contrary to NPIE1 clearly suggesting that the cleavage mechanism is not favorable for NO1. Therefore, a low function conversion (38%) for TMPTA in the presence of NO1 was obtained. A similar behavior was observed for other naphthalimide-esters (noted NO2-NO8) with a spacer between the chromophore and the cleavable ester moieties (see Scheme S1).

The UV-visible absorption spectra of NO2-NO8 in acetonitrile are presented in Figure S4a and the photopolymerization profiles of TMPTA in the presence of NO2-NO8 upon exposure to a LED@405 nm are given in Figure 4b. The low performances are found in agreement with a lack of energy transfer (see Scheme 3). The results also demonstrate the rational structure design for NPIEs with a close proximity between the naphthalimide chromophore and the ester group. Scheme 3. The structure of NO1.

3D printing

Thanks to the good initiation ability upon exposure to LED@405 nm, NPIE1/TMPTA as a representative system was applied in 3D printing. A laser diode at 405 nm was used to fabricate the 3D pattern from photosensitive resin under air. As presented in Figure 7, the letter pattern with a thickness 950 μm was successfully obtained within 2 min. Under numerical optical microscope, 3D printed object exhibited high spatial resolution. Indeed, the good performance of NPIE1 upon exposure at 405 nm ensured the effective polymerization of monomers in irradiation area. 

Conclusion

In summary, a series of N-naphthalimide ester derivatives were designed as Type Ⅰ PIs for LED photopolymerization. Excellent light absorption properties in visible range were observed for these NPIEs. Compared to TPO, NPIE1 exhibited a more efficient photoinitiation ability in free radical photopolymerization of TMPTA upon exposure to LED@405 nm. The photoinitiation performance of NPIE1 was also evaluated upon exposure to LED@455 nm and the polymerization of TMPTA (FC = 44 %) was found. Based on the results of photopolymerization experiments, photolysis, computational procedure and detection of CO2, a mechanism of Type Ⅰ PI behavior (cleavage of N-O bond) was proposed. Due to the good performance in photoinitiation process, NPIE1 was selected as representative PI used in 3D printing experiments and the object was obtained successfully. In addition, NPIE1 and NPIE2 had high thermal stability in monomers. Considering the good photoinitiation ability of NPIEs, future developments will consist in adjusting the substituent on naphtalimide scaffold to obtained high-performance PIs which can be applied using LEDs with longer emission wavelength. 

Annex

General Conclusions and

Perspectives

General conclusions

Due to the low cost, good security and long emission wavelengths, LEDs have exhibited a tremendous advantage to traditional UV light sources. Therefore, it is significant to development new photoinitiating systems which can be applied upon exposure to near UV or visible LEDs. In this thesis, Type Ⅰ and Type Ⅱ as well as multi-component photoinitiating systems are devoloped. The specific conclusions of the parts in this thesis are presented as follows.

In Part Ⅱ, a series of photoinitiators based on benzophenone-carbazole and benzophenone-triphenylamine hybrid structures are designed. In the presence of hydrogen donor, Type Ⅱ photoinitiator behavior is observed for these benzophenone derivatives. Interestingly, benzophenone moiety contributes to not only light absorption properties but also photoinitiation ability. BT3 (trifunctional character) and BT2 (bifunctional character) have better photoinitiation ability than benchmark ITX upon irradiation with a LED@405nm. Indeed, benzophenone moiety demonstrates a high capacity for hydrogen abstraction under irradiation. Finally, 3D printing experiments are carried out successfully in the presence of some interesting structures such as BT3/iodonium salt system.

In Part Ⅲ, seven chalcone-anthracene derivatives are designed and evaluated for LED photopolymerization. The proposed photoinitiators show good light absorption properties in visible region. Upon a LED@405 nm irradiation, high conversions of TMPTA and EPOX are found in the presence of PI/Iod/EDB and PI/Iod systems respectively. In addition, A5/Iod system can initiate the polymerization of EPOX under LED@470 nm irradiation.

In part Ⅳ, a series of oxime esters based on nitro-carbazole scaffold are developed as Type Ⅰ photoinitiators. High molar extinction coefficients are obtained for these photoinitiators at 405 nm. Some interesting structures with methyl substituent attached on the terminal moiety of oxime ester demonstrate better performance than commercial photoinitiator TPO in free radical polymerization of TMPTA upon exposure to a LED@405 nm. Thanks to the good performance, D1 is successfully applied in 3D printing. The generated free radicals and CO2 are investigated, and it is found that decarboxylation reaction has an important effect on the photoinitiation ability of the oxime esters. In addition, nine N-naphthalimide ester derivatives are designed. Good light absorption properties are observed due to naphthalimide chromphore. These structures can initiate polymerization of TMPTA effectively under LED@405 nm irradiation. The 3D printed object is obtained using NPIE1/TMPTA system. The cleavage of N-O bond from singlet state is proved favorably and a potential mechanism of Type Ⅰ photoinitiator is proposed.

In summary, some high-performance photoinitiating systems are developed in this thesis. Some interesting structures such as BT3 and D1 demonstrate better photoinitiation ability than commercial photoinitiators (e.g., ITX and TPO) and can be applied in 3D printing. The mechanisms are investigated in detail through different approaches including steady state photolysis, computational procedure, fluorescence approaches, real-time Fourier transformed infrared spectroscopy and electron spin resonance -spin trapping. Furthermore, this thesis provides an available route for the design of novel high-performance photoinitiators.

Perspectives

LEDs, as light sources in photopolymerization, have become a mainstream in recent years. Therefore, the development of photoinitiators matching with LEDs have received an increasing attention. Besides light absorption properties, synthesis procedures and cost should be taken into account. From the author's point of view, the development of photoinitiators can be focus on the following.

Firstly, many by-products of photoinitiators have unpleasant smells and toxicity after irradiation, which restrict the applications of photopolymerization technology in the field of biomaterials and medicine. More efforts can be devoted to addressing this issue. For instance, some compounds deriving from natural plants are potential candidates due to their highly conjugated and biocompatibility, which have exhibited the great potential as high-performance photoinitiators. The relevant photochemical
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 23 Scheme 2. The structures of some additives.

  many efforts have been devoted to expand the light absorption range Type Ⅱ PIs to match the near UV or visible LEDs. Introducing the Type Ⅱ PI structures onto dye scaffolds to obtain a π-conjugated structure is an effective method. The π-conjugated structure is expected to result in the red-shifted absorption wavelength and the good H-abstraction ability. The obtained structures can be divided into dye-based PISs. However, compared to the general dye molecules, the obtained structures demonstrate more obvious feature of Type Ⅱ PI in the presence of hydrogen donors. Therefore, these structures are separately listed as Type Ⅱ PIs in this review. Benzophenone and thioxanthone are the most commonly employed and some published structures are introduced in the following context.

Scheme 4 .

 4 Scheme 4. The structures of some commercial Type Ⅱ photoinitiators.

Scheme 7 .

 7 Scheme 7. The photoinitiation mechanism of OXE 02.

  photolysis of OXE-EM was also monitored through[START_REF] Corrigan | Seeing the Light: Advancing Materials Chemistry through Photopolymerization[END_REF] H NMR. The results proved the cleavage of N-O bond. In addition, the methyl radical was detected in ESR-ST experiments. After the cleavage of N-O bond, the acetyloxy radical underwent a subsequent decarboxylation reaction to generate methyl radical which was responsible for the polymerization of monomers. The FRP of TMPTA was evaluated by Photo-DSC in the presence of four oxime esters. Under LED@365, 385 and 405 nm irradiation, the photoinitiation ability of the oxime esters following the order OXE-EM > OXE-IM > OXE-EP > OXE-IP. It was interesting that these PIs demonstrated

Chapter 1 :

 1 photoinitiating systems (PISs) for free radical photopolymerization (FRP). The light absorption properties of these compounds are obtained using UV-visible absorption spectroscopy. Benzophenone-carbazole PIs can initiate the FRP of acrylates alone (monocomponent Type II photoinitiator behavior). Fast polymerization rates and high function conversions of acrylate are observed when an amine and/or an iodonium salt are added in systems. Besides, benzophenone-carbazole PIs have good efficiencies in cationic photopolymerization (CP) upon LED@365 nm irradiation in the presence of iodonium salt. As a contrast, other PIs without synergetic effect demonstrate unsatisfied photopolymerization profiles in the same conditions. The best PIS identified for free radical photopolymerization were used in 3D printing. Steady state photolysis and fluorescence quenching experiments were carried out to investigate the photo reactivity of PIs. Generated free radicals are detected by electron spin resonance -spin trapping technique. The proposed chemical mechanisms are provided and the structure/reactivity/efficiency relationships are also discussed. All the resultsshowed that the benzophenone-carbazole PIs have a good application potential, and this work provides a rational design route for PI molecules. Remarkably, BPC2-BPC4, C6, C8 were never synthetized before; therefore, 5 of the 8 compounds are completely new.

  photopolymerization, respectively. Chemical structures of some compounds used in this study are given in the Scheme 2.

Figure 2 .

 2 Figure 2. The charge transfer transition between highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) exhibits a π-π* character for BPC1-BPC4. The HOMO energy level is located on the electrondonating carbazole-formyl group and the LUMO level is mostly located onto electron-accepting benzophenone group.

Figure 1 .

 1 Figure 1. UV-visible absorption spectra of the carbazole derivatives in acetonitrile.

Figure 2 .

 2 Figure 2. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of BPC1-BPC4 calculated at the B3LYP/6-31G* level of theory.

curves 1 -

 1 4). Because of their high molar absorption coefficients, there is an efficient utilization with light for BPC1-BPC4 at 365 nm. The results obtained during the cationic photopolymerization of EPOX are in accordance with their light absorption properties.

Figure 3 .

 3 Figure 3. Photopolymerization profiles of EPOX (epoxy function conversion vs. irradiation time) upon LED@365 nm irradiation under air in the presence of PI/Iod (0.5%/1% w/w) systems (curve 1 -BPC1-based PISs, curve 2 -BPC2-based PISs, curve 3 -BPC3-based PISs, curve 4 -BPC4-based PISs, curve 5 -C5-based PISs, curve 6 -C6-based PISs, curve 7 -C7-based PISs, curve 8 -C8-based PISs, curve 9 -BP-based PISs). The irradiation starts at t = 10 s.

Figure 4 .

 4 Figure 4. Photopolymerization profiles of TMPTA (acrylate function conversion vs. irradiation time) in laminate upon LED@365 nm irradiation in the presence of (a) PI alone (1.5%, w), (b) PI/EDB (0.5%/1%, w/w), (c) PI/Iod (0.5%/1%, w/w), (d) PI/EDB/Iod (0.5%/1%/1%, w/w/w). (curve 1 -BPC1-based PISs, curve 2 -BPC2based PISs, curve 3 -BPC3-based PISs, curve 4 -BPC4-based PISs, curve 5 -C5based PISs, curve 6 -C6-based PISs, curve 7 -C7-based PISs, curve 8 -C8-based PISs, curve 9 -BP-based PISs); the irradiation starts from t = 10 s.

Figure 5 .

 5 Figure 5. Photolysis of (a) BPC1 alone; (b) BPC1/TEOA; (c) BPC1/Iod; (d) BPC1/TEOA/Iod upon LED@375 nm irradiation in acetonitrile ([Iod]=0.01M, [TEOA]=0.01M).

Figure 6 .

 6 Figure 6. Photolysis kinetics of PI/TEOA systems upon LED@375 nm irradiation in acetonitrile (1) BPC1/TEOA, (2) BPC2/TEOA, (3) BPC3/TEOA, (4) BPC4/TEOA, (5) C5/TEOA, (6) C7/TEOA. (A0 absorbance of maximum wavelength at 0 min, A absorbance of maximum wavelength at t min.)

Figure 7 .

 7 Figure 7. (a) Fluorescence quenching of BPC1 by Iod in acetonitrile; (b) Stern-Volmer treatment for BPC1/Iod fluorescence quenching.

Figure 8 . 4 . 2 .

 842 photoredox catalytic cycle was proposed in three-component PI/EDB/Iod system (Scheme 3, r5 and r6). The regeneration of PI speeds up the photopolymerization and slows down the consumption of PI in the photolysis experiments.158,159 

Figure 9 .

 9 Figure 9. The pattern "COC" was observed by numerical optical microscopy.

Figure S1 .

 S1 Figure S1. The photolysis of (a) BPC2/TEOA; (b) BPC3/TEOA; (c) BPC4/TEOA; (d) C5/TEOA; (e) C7/TEOA upon LED@375 nm irradiation ([TEOA]=0.01M).

Figure S2 .

 S2 Figure S2. (a) Fluorescence quenching of BPC2 by Iod in acetonitrile; (b) Stern-Volmer treatment for BPC2/Iod fluorescence quenching; (c) Fluorescence quenching of BPC3 by Iod in acetonitrile; (d) Stern-Volmer treatment for BPC3/Iod fluorescence quenching; (e) Fluorescence quenching of BPC4 by Iod in acetonitrile; (f) Stern-Volmer treatment for BPC4/Iod fluorescence quenching.

Figure S3 .

 S3 Figure S3. (a) Fluorescence quenching of BPC1 by EDB in acetonitrile; (b) Fluorescence quenching of BPC2 by EDB in acetonitrile; (c) Fluorescence quenching of BPC3 by EDB in acetonitrile; (d) Fluorescence quenching of BPC4 by EDB in acetonitrile.

Figure S4 .

 S4 Figure S4. Photopolymerization profile of TMPTA (acrylate function conversion vs.

  photopolymerization (FRP) of acrylates without addition of any extra hydrogen donors. A monocomponent Type II behavior was observed and fast photoinitiation rates were obtained in the presence of an amine and/or an iodonium salt under LED@365 nm irradiation. Meanwhile, BPC could also interact with iodonium salt to generate cationic species for cationic photopolymerization (CP) of epoxides. BPC was found as a versatile photoinitiator to apply in 3D printing. Steady state photolysis and fluorescence quenching experiments were carried out to verify the interaction between BPC and different additives in excited state. Electron spin resonance-spin trapping experiments successfully distinguished the free radicals generated by the different PISs and the proposed electron transfer mechanism was also discussed. The content of this chapter was published in journal Polymer Chemistry, entitled "A Monocomponent Bifunctional Benzophenone-Carbazole Type II Photoinitiator for LED PhotoInitiating Systems".

Scheme 1 .

 1 photopolymerization and to study the photochemical properties. The photoinitiation ability of BPC is evaluated and the photoinitiation mechanism is also investigated. In addition, best PIS is applied in 3D printing.

Figure 1 .

 1 Figure 1. (A) UV-visible absorption spectrum of BPC, (B) Contour plots of the HOMO and the LUMO energy levels of BPC (B3LYP/6-31G* level).

Figure 2 .

 2 Figure 2. (A) Photopolymerization profiles of TMPTA (acrylate function conversion vs. time) in laminate upon LED@365 nm irradiation in the presence of (1) BPC alone

Figure 3 .

 3 Figure 3. Photopolymerization profile of EPOX (epoxy function conversion vs. time)

Figure 4 .

 4 Figure 4. Photolysis of (A) BPC alone, (B) BPC/TEOA, (C) BPC/Iod, (D) BPC/TEOA/Iod upon LED@375 nm irradiation in acetonitrile ([Iod]=0.01M, [TEOA]=0.01M).

  ), and the fluorescence quenching results indicate the presence of the effective electron transfer between BPC and EDB as well as Iod in excited singlet state (see Scheme 2).

Figure 5 .

 5 Figure 5. (A) Fluorescence quenching of BPC by EDB in acetonitrile, (B) Stern-Volmer treatment for BPC/EDB fluorescence quenching, (C) Fluorescence quenching of BPC by Iod in acetonitrile, (D) Stern-Volmer treatment for BPC/Iod fluorescence quenching.

Figure 6 .

 6 Figure 6. ESR-ST spectra of the radical adducts obtained in the presence of (A) BPC alone, (B) BPC/EDB, (C) BPC/Iod and (D) BPC/EDB/Iod upon LED@375 nm irradiation in tert-butylbenzene.

Figure 7 .

 7 Figure 7. The 3D pattern "BPC" characterized by numerical optical microscopy.

- 5 M

 5 in acetonitrile for fluorescence quenching experiments. The fluorescence lifetimes were determined by time-resolved fluorescence spectrometer (Jobin-Yvon Fluoromax 4). The interaction rate constants kq between the PIs and additives (Iod and EDB) were extracted from classical Stern-Volmer equation (I0/I = 1 + kqτ0[additive]; where I0 and I stand for the fluorescence intensity of the PIs in the absence and the presence of the additives respectively; τ0 is the fluorescence lifetime of PIs in the absence of additives). The electron transfer quantum yields in the excited singlet state (Φ et ) were calculated from the equation Φ et = kqτ0[additive]/(1+kqτ0[additive]).

Figure 1 .

 1 Figure 1. UV-visible absorption spectra of the different photoinitiators in acetonitrile.

Figure 2 .

 2 Figure 2. Photopolymerization profiles of TMPTA (acrylate function conversion vs. irradiation time) in laminate (~ 25 μm) under LED@405 nm irradiation in the presence of (a) PI alone (0.3%, mol), (b) PI/Iod (0.3%/1%, mol/mol), (c) PI/EDB (0.3%/1%, mol/mol), (d) PI/Iod/EDB (0.3%/1%/1%, mol/mol/mol): curve 1: PI = BT1; curve 2: PI = BT2; curve 3: PI = BT3; curve 4: PI = BT4; curve 5: PI = BC1; curve 6: PI = BC2; curve 7: PI = BC3; curve 8: PI = ITX; curve 9: PI = BP. The irradiation starts from t = 10 s.

Figure 3 .

 3 Figure 3. Photopolymerization profiles of EPOX (epoxy function conversion vs. irradiation time) under air (~ 25 μm) upon irradiation with the LED @405 nm in the presence of two-component systems PI/Iod (0.3%/1%, mol/mol): curve 1: PI = BT1; curve 2: PI = BT2; curve 3: PI = BT3; curve 4: PI = BT4; curve 5: PI = BC1; curve 6: PI = BC2; curve 7: PI = BC3; curve 8: PI = ITX; curve 9: PI = BP. The irradiation starts from t = 10 s.

Figure 4 .

 4 Figure 4. Photolysis of (a) BT3 alone; (b) BT3/Iod; (c) BT3/EDB; (d) BT3/Iod/EDB under LED@405 nm irradiation in acetonitrile ([Iod]=0.01M, [EDB]=0.01M).

Figure 5 .

 5 Figure 5. (a) Fluorescence quenching of BT3 by Iod in acetonitrile; (b) Stern-Volmer treatment for BT3/Iod fluorescence quenching; (c) Fluorescence quenching of BT3 by EDB in acetonitrile; (d) Stern-Volmer treatment for BT3/EDB fluorescence quenching.

Figure 6 .

 6 Figure 6. Fluorescence decay curves of BT1, BT2, BT3.

Figure 7 .

 7 Figure 7. (a) Cyclic voltammograms of electrochemical reactions of BT3 in acetonitrile against saturated calomel electrode (SCE) under nitrogen saturated solution; (b) Singlet state energy determination of BT3.

  photoinitiator, the interaction of BT3/EDB is depicted in r6. Compared to BT1 and BT2, the trifunctional character of BT3 provides more (consecutive) active sites for the hydrogen abstraction reaction which accelerates the formation of EDB(-H)˙, so that a better polymerization performance is obtained in the presence of EDB.Associated with the photolysis of BT3/Iod and BT3/Iod/EDB, the photoredox catalytic cycle was proposed in three-component BT3/Iod/EDB system (r4 and r5) which slows down the consumption of PI in photolysis. Meanwhile, the regeneration of BT3 speeds up the FRP.

Figure 8 .

 8 Figure 8. ESR-ST spectra of the radical adducts obtained in the presence of BT3/EDB under LED@405 nm irradiation in tert-butylbenzene (1) experimental spectrum; (2) simulated spectrum.

Figure 9 .

 9 Figure 9. UV-visible absorption spectra of PIs extracted in acetonitrile from the polymer (1) BT1-based system, (2) BT2-based system, (3) BT3-based system, (4) ITX-based system.

Figure 10 .

 10 Figure 10. The 3D pattern is characterized by numerical optical microscopy.

Figure S1 .

 S1 Figure S1. Photopolymerization profiles of HDDA (acrylate function conversion vs. irradiation time) in laminate (~ 25 μm) under LED@405 nm irradiation in the presence of PI alone (0.3%, mol); curve 1: PI = BT1; curve 2: PI = BT2; curve 3: PI = BT3; curve 4: PI = BT4; curve 5: PI = BC1; curve 6: PI = BC2; curve 7: PI = BC3.The irradiation starts from t = 10 s.

Figure S2 .

 S2 Figure S2. (a) Fluorescence quenching of BT1 by Iod in acetonitrile; (b) Stern-Volmer treatment for BT1/Iod fluorescence quenching; (c) Fluorescence quenching of BT1 by EDB in acetonitrile; (d) Stern-Volmer treatment for BT1/EDB fluorescence quenching.

Figure S3 .

 S3 Figure S3. (a) Fluorescence quenching of BT2 by Iod in acetonitrile; (b) Stern-Volmer treatment for BT2/Iod fluorescence quenching; (c) Fluorescence quenching of

Figure S6 .

 S6 Figure S6. Cyclic voltammograms of electrochemical reactions of PIs in acetonitrile solvent against saturated calomel electrode (SCE) under nitrogen saturated solution: (a) BT1, (b) BT2, (c) BT4, (d) BC3.

Figure S7 .

 S7 Figure S7. Singlet state energy determination in acetonitrile for: (a) BT1, (b) BT2, (c) BT4, (d) BC3.

Figure 1 .

 1 Figure 1. UV-visible absorption spectra of chalcone-anthracenes in acetonitrile.

Figure 2 .

 2 Figure 2. Contour plots of Highest Occupied Molecular Orbitals (HOMOs) and Lowest Unoccupied Molecular Orbitals (LUMOs) of A5 compared to those of DBA (isovalue=0.02).

Figure 3 .

 3 Figure 3. Photopolymerization profiles of TMPTA (acrylate function conversion vs. irradiation time) in laminate (~ 25 μm) under LED@405 nm irradiation in the presence of anthracene/Iod/EDB systems (0.5%/1%/1%, w/w/w): curve 1: A1, curve 2: A2, curve 3: A3, curve 4: A4, curve 5: A5, curve 6: A6, curve 7: A7; curve 8:

Figure 4 .

 4 Figure 4. Photopolymerization profiles of EPOX (epoxy function conversion vs. irradiation time) under air (~ 25 μm) in the presence of two-component systems anthracene/Iod (0.5%/1%, w/w), (A) upon irradiation with the LED@405 nm; (B) upon irradiation with the LED@470 nm: curve 1: A1; curve 2: A2; curve 3: A3; curve 4: A4; curve 5: A5; curve 6: A6; curve 7: A7; curve 8: DBA. The irradiation starts from t = 10 s.

Figure 6 .

 6 Figure 6. Fluorescence quenching of PI by Iod in acetonitrile (A) A5. (C) A6, (E) DBA; Stern-Volmer treatment for PI/Iod fluorescence quenching (B) A5/Iod, (D) A6/Iod, (F) DBA/Iod.

Figure 7 .

 7 Figure 7. Singlet state energy determination of (A) A5 and (B) A6.

Figure 8 .

 8 Figure 8. Cyclic voltammograms for A5 and A6 in acetonitrile against saturated calomel electrode (SCE) under nitrogen saturated solution.

Figure 9 .

 9 Figure 9. Cationic photopolymerization experiment for direct laser write initiated with A5/Iod system using EPOX as the monomer. The 3D pattern is characterized by numerical optical microscopy.

Figure 1 .

 1 Figure 1. UV-visible absorption spectra of oxime ester derivatives in acetonitrile (a) OXEs based on Series B; (b) OXEs based on Series C; (c) OXEs based on Series D; (d) OXEs based on Series E; (e) OXEs based on Series F.

Figure 2 .

 2 Figure 2. Photopolymerization profiles of TMPTA in laminate (~25 μm) upon exposure to LED@405 nm in the presence of photoinitiators (2×10 -5 mol/g TMPTA) (a) OXEs based on Series B; (b) OXEs based on Series C; (c) OXEs based on Series D; (d) OXEs based on Series E; (e) OXEs based on Series F; (f) B1, C1, D1, E1, F1 and TPO. The irradiation starts at t = 10 s.

Figure 3 .

 3 Figure 3. Steady state photolysis of D1 in acetonitrile under LED@405 nm irradiation.

Figure 4 .

 4 Figure 4. (a) Singlet state energy determination of D1; (b) Fluorescence decay curve of D1.

Figure 5 .

 5 Figure 5. (a) Infrared spectra of D1/TMPTA in photopolymerization experiments at t =10 s and 30 s. (b) Line 1: Photopolymerization profiles (acrylate function conversion vs. irradiation time) of D1/TMPTA system; Line 2: Photopolymerization profiles (acrylate function conversion vs. irradiation time) of D2/TMPTA system; Line 3: The curve of absorption intensity (absorbance vs irradiation time) of CO2 obtained from D1/TMPTA system; Line 4: The curve of absorption intensity (absorbance vs. irradiation time) of CO2 obtained from D2/TMPTA system.

Figure 6 .Scheme 3 . 3 . 6 .

 6336 Figure 6. ESR-ST spectra of the radical adducts for (a) D1 and (b) D2 under LED@405 nm irradiation in tert-butylbenzene.

Figure 7 .

 7 Figure 7. (a) The letter pattern observed by numerical optical microscope; (b) and (c)

  photo/thermal initiator behavior. Other reported OXEs reported by us have demonstrated the potential application in many fields such as the preparation of carbon fiber composites for dual light/thermal activation.219 

Figure 8 .

 8 Figure 8. (a) DSC curves of OXEs in TMPTA; (b) the thermal polymerization of TMPTA in the presence of D1.

Figure S6 .

 S6 Figure S6. The detection of fluorescence lifetime (a) B1, (b) C1, (c) D1, (d) E1, (e) F1, (f) B2, (g) C2, (h) D2, (i) E2, (j) F2, (k) B10, (l) C10, (m) D10, (n) E19, (o) F10.

Figure S7 .

 S7 Figure S7. The infrared spectra of PI/TMPTA in photopolymerization experiment at t =10 s and 30 s (a) D2, (b) D3, (c) D4, (d) D5, (e) D6, (f) D7, (g) D8, (h) D9, (i) D10, (j) TPO.

Scheme 1 .

 1 photoinitiation efficiencies of NPIEs for free radical photopolymerization of acrylate monomers are evaluated by Real-Time Fourier Transformed Infrared Spectroscopy

Figure 1 .

 1 Figure 1. UV-visible absorption spectra of NPIEs and NPIMO in acetonitrile.

Figure 2 .

 2 Figure 2. Photopolymerization profiles of TMPTA in laminate (~25 μm) in the presence of photoinitiators (2×10 -5 mol/g TMPTA) (a) upon exposure to a LED@405 nm; (b) upon exposure to a LED@455 nm. The irradiation starts at t = 10 s.

  and Figure S2, singlet excited state energy (ES1) was obtained from the crossing point of UV-visible absorption and fluorescence emission spectra of NPIEs. Triplet state energy (ET) and N-O bond dissociation energy of NPIEs were calculated from computational procedures. The enthalpies of the cleavage process for N-O bond from singlet state (S1) and triplet state (T1) are listed in Table

Figure 3 .

 3 Figure 3. (a) Singlet state energy determination of NPIE1; (b) Fluorescence decay curve of NPIE1.

a

  Hcleavage S1/T1 = BDE(N-O) -ES1/ET Steady state photolysis of NPIEs (5×10 -5 M) in acetonitrile were carried out upon irradiation with LED@405 nm. As shown in Figure 4, the absorbance of NPIE1 and NPIE2 almost didn't change after 180 s irradiation, which was probably attributed to the photostability of naphthalimide chromophore. According to the results, it is difficult to observe the photolysis of NPIEs in acetonitrile solution through UV-visible spectra.

Figure 4 .

 4 Figure 4. Steady state photolysis of (a) NPIE1 and (b) NPIE2 in acetonitrile upon exposure to LED@405 nm.

Figure 5 .

 5 Figure 5. Infrared spectra of PI/TMPTA in photopolymerization experiments at different times (a) NPIE1/TMPTA; (b) NPIE2/TMPTA; (c) NPIMO/TMPTA; (d) The curve of absorption intensity of CO2 obtained from NPIE1/TMPTA and NPIE2/TMPTA systems (A = At -A0, where At is the absorbance intensity at t s; A0

Figure 6 .

 6 Figure 6. (a) UV-visible absorption spectra of NPIE1 and NO1; (b) Photopolymerization profiles of TMPTA in laminate (~25 μm) upon exposure to a LED@405 nm in the presence of NPIE1 and NO1 (2×10 -5 mol/g TMPTA).

Figure 7 .

 7 Figure 7. Characterization of the 3D printed object by numerical optical microscopy.

Figure 8 .

 8 Figure 8. DSC curves of NPIE1/TMPTA, NPIE2/TMPTA and pure TMPTA systems.

  <  < 600 nm) max= 221 nm F= 0.422 max= 327 nm F= 0.264 max= 375 nm F= 0.043 HOMO Figure S1. Contour plots of HOMO and LUMO for NPIE1 (structure optimized at the B3LYP/6-31G* level of theory) and their UV-visible spectra.

Figure S2 .

 S2 Figure S2. Singlet state energy determination of (a) NPIE2, (b) NPIE3, (c) NPIE4, (d) NPIE5, (e) NPIE6, (f) NPIE7, (g) NPIE8, (h) NPIE9.

Figure S3 .

 S3 Figure S3. Fluorescence decay curves of (a) NPIE2, (b) NPIE3, (c) NPIE4, (d) NPIE5, (e) NPIE6, (f) NPIE7, (g) NPIE8, (h) NPIE9, (i) NPIMO.

Figure S4 .

 S4 Figure S4. (a) UV-visible absorption spectra of NO2-NO8 in acetonitrile; (b) Photopolymerization profiles of TMPTA in the presence of NO2-NO8 upon exposure to a LED@405 nm.

  

  

  

  

  

  

  

  

  

  

  

  

Table 3 .

 3 The structures and light absorption properties of naphthalimide-based photoinitiators.

	Structure	Absorption properties	Ref.

Table 4 .

 4 The structures and light absorption properties of coumarin-based photoinitiators.

	Structure	Absorption properties	Ref.

Table 5 .

 5 The

structures and light absorption properties of chalcone-based photoinitiators. Structure Absorption properties Ref.

Table 6 .

 6 The structures of benzophenone photoinitiators.

	1 cm -1 ). The strong absorption of BPND allowed an excellent overlap with the
	emission spectra of visible LEDs. The photolysis experiments were carried out upon
	exposure to LED@405 nm. The absorbance at 431 nm decreased slowly during the
	irradiation in the presence of BPND alone, which was attributed to the H-abstraction
	between BP and amine moiety for two BPND molecules. The generated aminoalkyl
	radical was detected in ESR-ST experiments. When Iod was added, a fast bleaching
	was observed under irradiation. It indicated that the electron transfer reaction occurred
	between BPND and Iod. The formation of phenyl radical was also confirmed. In FRP
	experiments, BPND alone could initiate the polymerization of TMPTA as one-
	component Type Ⅱ PI. Interestingly, BPND/Iod system exhibited excellent and similar
	photoinitiation ability (55% ~ 57%) upon exposure to LED@405, 455 and 470 nm
	irradiation. High function conversions (56% ~ 70) were also obtained in CP of EPOX
	upon exposure to the selected LEDs in the presence of BPND/Iod system. The high
	performance of BPND benefits from the good design of molecular structure. In a
	word, the ketone-dye based compounds demonstrate great potential in the design of
	PIs for LED photoinitiation.
	Five visible light benzophenone-based PIs (BP1-BP5) were synthesized by
	Huang et al. 91 In these structures, BP was incorporated onto different arylamin
	moieties. The UV-visible absorption spectra of BPs were investigated in
	dichloromethane. Compared to BP, BPs exhibited red-shifted absorption, and the
	maximum absorption wavelengths of them were all located in range of 360-375 nm.
	Due to the good absorption properties and the BP moiety, these PIs were expected to
	act as efficient visible Type Ⅱ PIs in FRP. The photolysis of BPs was studied in the

Table 7 .

 7 The structures of thioxanthone photoinitiators.

	Structure	Absorption properties	Ref.
		λmax = 380 nm εmax = 5300 M -1 cm -1	[111]

Table 1 .

 1 Light absorption properties of the carbazole derivatives.

	PI	λmax /nm	εmax /M -1 cm -1 ε365 nm /M -1 cm -1
	BPC1	334	13910	3270
	BPC2	325	13900	2210
	BPC3	334	13350	3460
	BPC4	325	12400	2170
	C5	332	8590	70
	C6	318	7880	130
	C7	339	3320	500
	C8	337	3540	540
	3.2. Cationic photopolymerization and free radical photopolymerization
	Cationic photopolymerization of EPOX in the presence of the two-component
	PISs PI/Iod (0.5%/1% w/w) was carried out under air upon a LED@365 nm

irradiation. The polymerization profiles are shown in Figure

3

and the final function conversions of epoxy group are given in Table

2

. It is obvious that the benzophenone-

Table 2 .

 2 Final epoxy function conversion for EPOX and acrylate function conversionfor TMPTA upon LED@365 nm irradiation at t = 400 s.

	PIS	EPOX /% PI/Iod	PI	TMPTA /% PI/EDB PI/Iod PI/EDB/Iod
	BPC1	44	64	55	61	63
	BPC2	40	60	54	58	62
	BPC3	43	63	52	59	62
	BPC4	41	54	54	59	61
	C5	18	7	25	9	43
	C6	16	20	21	18	49
	C7	29	12	33	35	55
	C8	25	16	41	37	50
	BP	-	0	30	21	45

Table 3 .

 3 Some

	PI	BPC1	BPC2	BPC3	BPC4
	KSV (M -1 )	157	176	147	152
	Φet (s1) a	0.76	0.78	0.75	0.76

parameters of BPC1-BPC4. KSV (M -1 ) Stern-Volmer coefficients for PI/Iod systems, Φet(s1) PI/Iod electron transfer quantum yields in the excited singlet state. a Φet(s1) = Ksv[Iod]/(1+Ksv[Iod]) 4

. Discussion 4.1. Proposed chemical mechanisms Based

  

on above results, the proposed mechanism for BPC1-BPC4 is shown in Scheme 3. Furthermore, ESR-ST experiments were carried out to investigate the generation of free radicals in the different PISs. Under irradiation, PI transforms from ground state to excited state (Scheme

Table 1 .

 1 Final acrylate function conversions for TMPTA and epoxy function conversion for EPOX upon LED@365 nm irradiation at t = 400 s.

	PIS	Conversion%
	BPC -TMPTA	65
	BPC/EDB-TMPTA	60
	BPC/Iod-TMPTA	63
	BPC/EDB/Iod-TMPTA	65
	BP-TMPTA	0
	BP/EDB-TMPTA	30
	BPC/Iod-EPOX	46

Table 2 .

 2 Electron transfer quantum yields (Φ et ) a and free energy change (G) bbetween BPC excited state and different additives.

		Φ et	(EDB)	Φ et	(Iod)	G(*BPC/BPC) /eV	G(*BPC/EDB) /eV c	G(*BPC/Iod) /eV d
	From 1 BPC	0.99	0.78	+0.08	-0.32	-1.07
	From 3 BPC					+0.26	-0.14	-0.89

a Φ et = Ksv[additive]/(1+Ksv[additive]), Ksv is obtained from Stern-Volmer treatment for fluorescence quenching. b G = Eox -Ered -E* 180 , E* = ES1 for reaction from 1 BPC = 3.17 eV and E* = ET1 for reaction from 3 BPC = 2.99 eV. 178 c Oxidation potential of 1.0 V was used for EDB. 135 d Reduction potential of -0.7V was used for Iod. 181

2.1. Materials

  

	Chemical structures of PIs are presented in the Scheme 1. Bis(4-tert-
	butylphenyl)iodonium hexafluorophosphate (Iod), ethyl 4-(dimethylamino)benzoate
	(EDB), benzophenone (BP) and 2-isopropylthioxanthone (ITX) were obtained from
	Lambson Ltd (Wetherby, United Kingdom). Phenyl-N-tert-butylnitrone (PBN) used as
	free radical trapping agent was purchased from TCI-Europe (Paris, France).
	Trimethylolpropane triacrylate (TMPTA), (3,4-epoxycyclohexane)methyl 3,4-
	epoxycyclohexylcarboxylate (EPOX) and 1,6-Hexanediol diacrylate (HDDA) were
	obtained from Allnex (Ivry sur Seine, France) and used as monomers for the free

radical photopolymerization and the cationic photopolymerization respectively. The structures of some compounds used in this study are given in Scheme 2. Scheme 1. The structures of PIs studied in this study. Scheme 2. The structures of other chemicals used in this study.

Table 1 .

 1 Light absorption properties of the different PIs.

	PI	λmax/nm	εmax/M -1 cm -1 ε405nm/M -1 cm -1
	BT1	359	21000	1800
	BT2	373	27200	5000
	BT3	370	41600	6100
	BT4	377	21700	6700
	BC1	338	19700	20
	BC2	369	24100	160
	BC3	409	26700	26500
	BP	340	160	0
	ITX	383	5900	600
	3.2			

. Free radical photopolymerization and cationic photopolymerization

  

Photopolymerization profiles of the acrylate functions of TMPTA in the presence of PI alone, PI/Iod, PI/EDB and PI/Iod/EDB systems are presented in Figure

2

and the final function conversions (FC) are summarized in Table 2. The polymerization was carried out under LED@405 nm irradiation in laminate. Because of the poor polymerization profiles, BP-based PISs are not discussed in this study (almost no conversion with very poor polymerization profiles; see Figure 2, curves 9; final acrylate conversion < 10%).

Table 2 .

 2 Final acrylate function conversion for TMPTA and epoxy function conversion for EPOX under LED@405 nm irradiation at t = 200 s.

			TMPTA/%		EPOX/%
	PIS					
		PI	PI/Iod	PI/EDB PI/Iod/EDB	PI/Iod
	BT1	40	65	60	68	43
	BT2	51	68	62	72	41
	BT3	56	72	69	77	47
	BT4	49	69	63	70	45
	BC1	7	39	11	51	26
	BC2	15	60	28	58	27
	BC3	37	67	48	70	38
	ITX	43	58	56	61	40
	BP	0	5	6	11	4

Table 3 .

 3 The electron transfer quantum yields in the

	excited singlet state (Φ et ) for BT3/additives system are higher than those of
	BT1/additives, BT2/additives and BC3/additives systems. Such as the electron
	transfer quantum yields Φ et	(EDB) for BT1/EDB, BT2/ EDB, BT3/ EDB, BT4/ EDB and
	BC3/EDB systems are 0.46, 0.51, 0.56, 0.52 and 0.37 respectively. It demonstrates
	that BT3 has a higher reactivity with EDB than BT1, BT2, BT4 and BC3. The results
	are in full agreement with the performances of photopolymerization. The electron
	transfer quantum yield Φ et	(EDB) for BC3/EDB is 0.37 which is the lowest than that of
	other PI/EDB systems. It is the same with PI/Iod systems (Φ et	(Iod) for BC3/Iod is 0.68).

Table 3 .

 3 Some parameters characterizing the reactivity of PIs with the additives.

	PI	KSV(Iod) /M -1	KSV(EDB) /M -1	kq(Iod) /×10 9 M -1 s -1	kq(EDB) /×10 9 M -1 s -1	τ0 /ns	 et	(Iod)  et	(EDB)
	BT1	63	23	12.9	4.7	4.90 0.70	0.46
	BT2	76	28	17.2	6.3	4.43 0.74	0.51
	BT3	79	34	19.6	8.4	4.04 0.75	0.56
	BT4	69	29	-	-	-	0.72	0.52
	BC3	57	16	-	-	-	0.68	0.37

Table 4 .

 4 Redox potentials (Eox and Ered) and singlet state energy (ES1) for PIs; free energy changes (ΔG S1 ) between PIs and additives in the excited singlet state.

	PI	Eox /V	Ered /V	ES1 /eV	ΔG S1 /eV Iod	ΔG S1 /eV EDB
	BT1	1.39	-0.35	2.92	-0.83	-1.57
	BT2	1.07	-1.38	2.99	-1.22	-0.61
	BT3	1.35	-1.13	3.01	-0.96	-0.88
	BT4	0.94	-	3.00	-1.36	-
	BC3	0.69	-1.42	2.64	-1.25	-0.22

Table 5 .

 5 Migration of PIs in acetonitrile after 3 days of storage in acetonitrile.

	PI	BT1	BT2	BT3	ITX
	Migration /%	2.00	1.54	0.61	1.91

Table 1 .

 1 Light absorption properties of chalcone-anthracenes.

	PI	λmax /nm	εmax /M -1 cm -1	ε405nm /M -1 cm -1	ε470nm /M -1 cm -1
	A1	389	8300	7300	400
	A2	388	7600	6900	550
	A3	388	8100	7400	450
	A4	387	7300	6800	1350
	A5	389	9300	8000	600
	A6	387	8700	7200	650
	A7	389	6800	7000	900
	DBA	384	11000	9400	0

Table 2 .

 2 Final acrylate function conversion for TMPTA under LED@405 nm

	irradiation and epoxy function conversion for EPOX under LED@405 and 470 nm
	irradiation.			
		FC (TMPTA)%	FC (EPOX)%
	PIS	anthracene/Iod/EDB	anthracene/Iod a	anthracene/Iod b
	A1	57	39	21
	A2	51	37	24
	A3	45	21	15
	A4	60	43	33
	A5	60	52	36
	A6	61	47	27
	A7	45	33	19
	Blank c	5		
	DBA		38	6

Table 3 .

 3 Stern-Volmer coefficients (KSV) and electron transfer quantum yields (Φet(s1))

	in the excited singlet state for the anthracene/Iod systems.
	PI	KSV (M -1 )	Φet (S1)
	A5	260	0.84

Table 4 .

 4 The redox potentials (Eox and Ered) and singlet state energy (ES1) of chalcone-

	anthracenes; free energy changes (ΔG S1 ) between chalcone-anthracenes and additives
	(Iod and EDB) in the singlet excited singlet state.

Table 1 .

 1 Light absorption properties of some OXEs.

	PI	λmax (nm)	εmax (M -1 cm -1 )	ε405 nm (M -1 cm -1 )

Table 2 .

 2 The final function conversions (FCs) and the maximum polymerization rate

	(Rp) of TMPTA in the presence of OXEs.	
	PI	FC (%)	Rp/[M]0×100 (s -1 )
	B1	64	18.6
	B2	54	15.0

Table 3 .

 3 Some parameters of the interesting OXEs.

	PI	N-O BDE (kcal mol -1 )	ES1 (kcal mol -1 )	Hcleavage S1 (kcal mol -1 )	ET (kcal mol -1 )	Hcleavage T1 (kcal mol -1 )
	B1	44.16	64.98	-20.73	58.19	-14.03
	B2	44.15	64.55	-20.40	58.11	-13.96
	C1	44.98	65.65	-20.67	58.21	-13.23
	C2	44.59	65.58	-20.99	58.11	-13.52
	D1	45.03	65.21	-20.18	58.25	-13.22
	D2	44.60	65.58	-20.98	58.18	-13.58
	E1	44.61	68.24	-23.63	58.24	-13.63
	E2	44.16	65.14	-20.98	58.14	-13.98
	F1	46.21	65.89	-19.68	58.12	-11.91
	F2	45.56	66.50	-20.94	58.31	-12.75

Table 4 .

 4 Some parameters about thermal polymerization.

	PI	Tinitial (℃)	Tmax (℃)	FC (%)
	B1	83	181	68.0
	C1	97	174	67.9
	D1	82	182	70.7

Table 1 .

 1 Light absorption properties of NPIEs and NPIMO.

	PI	λmax (nm)	εmax (M -1 cm -1 )	ε405 nm (M -1 cm -1 )
	NPIE1	397	16000	15000
	NPIE2	398	15200	14400
	NPIE3	398	15600	14900
	NPIE4	397	14100	13100
	NPIE5	397	15300	14500
	NPIE6	397	14700	13800
	NPIE7	397	13500	12800
	NPIE8	397	12900	12000
	NPIE9	397	14900	14000
	NPIMO	394	11600	10200

Table 2 .

 2 The final function conversions (FCs) of TMPTA at t = 200 s upon exposure to LED@405 nm in the presence of PIs.

	PI	NPIE1 NPIE2 NPIE3 NPIE4 NPIE5 NPIE6 NPIE7 NPIE8 NPIE9 NPIMO TPO
	FC (%)	68	65	63	32	59	61	66	36	64	41	66

Table 3 .

 3 Some parameters characterizing the cleavage process for N-O bond.

	NPIEs	N-O BDE (kcal mol -1 )	ES1 (kcal mol -1 )	Hcleavage S1 a (kcal mol -1 )	ET (kcal mol -1 )	Hcleavage T1 (kcal mol -1 )	τ0 (ns)
	NPIE1	63.17	65.72	-2.55	50.63	12.54	6.09
	NPIE2	62.00	65.49	-3.49	50.68	11.32	5.89
	NPIE3	61.85	65.58	-3.73	50.67	11.18	5.75

Migration study

The migration of PIs from the synthesized polymer using the PI/Iod/EDB (0.3%/1%/1%, mol/mol/mol) systems in TMPTA was evaluated in the UV-visible spectra. The generated polymer was immersed in acetonitrile for 3 days to extract the possible remaining photoinitiator. UV-visible absorption spectra of the solution obtained after the immersion of the polymer in acetonitrile are depicted in Figure 9 and the percentage of migration of PIs is shown in Table 5. The amounts of photoinitiators extracted in acetonitrile were 2.00%, 1.54%, 0.61% and 1.91% for the BT1-based system, BT2-based system, BT3-based system and ITX-based system respectively. As shown in r6 (see Scheme 4), in the presence of EDB, BT3 with the trifunctional character could generate more free radical BT3-H˙. Through radicalradical self-couple, more dissociative BT3-H˙ could be fixed. Meanwhile, because of the high molecular weight of BT3 and the high crosslink density of the polymer 

Part Ⅲ: Chalcone Derivatives

In this chapter, seven novel chalcone derivatives (noted A1-A7) were proposed and evaluated in photosensitive systems. Three of them were never synthesized before (A1, A2 and A7) and the other derivatives were evaluated in other fields. The proposed chalcone-anthracenes showed a broad absorption band in the visible region with favorable molar extinction coefficients. The free radical polymerization of acrylates under LED@405 nm irradiation in laminate was evaluated and high final function conversions were obtained in the presence of three-component photoinitiating systems based on chalcone-anthracenes/iodonium salt/amine. Meanwhile, the chalcone-anthracene derivatives exhibited high photoinitiation abilities in cationic photopolymerization of epoxides in combination with an iodonium salt under LED@405 nm irradiation. The final function conversions of epoxy using some anthracene/iodonium salt systems were even higher than the wellestablished dibutoxyanthracene (DBA)/iodonium salt benchmark system. In addition, due to the good light absorption properties, the cationic photopolymerization also was carried out in the presence of the chalcone-anthracene/iodonium salt systems under LED@470 nm. The photochemical reactivity of anthracene derivatives was investigated through the steady state photolysis and fluorescence quenching experiments. Furthermore, the proposed interaction mechanisms of chalconeanthracene derivatives and additives (iodonium salt and amine) were discussed using the free energy changes of electron transfer reactions. Interestingly, the cationic photopolymerization of A5/iodonium salt system was applied in 3D printing and the 3D patterns showed a good spatial resolution.

The content of this chapter was published in journal European Polymer Journal, entitled "Design of Photoinitiating Systems Based on the Chalcone-Anthracene Scaffold for LED Cationic Photopolymerization and Application in 3D Printing". Scheme 2. The structures of other chemicals used in this study.

Experimental section

UV-visible absorption spectra

UV-visible absorption properties of the investigated chalcone-anthracenes were studied in acetonitrile using JASCO V730 spectrometer (JASCO, Lisses, France).

Steady state photolysis studies of the PISs were studied under LED@405 nm irradiation, and the concentration of chalcone-anthracenes was 10 -4 M, the concentration of Iod and EDB was 0.01 M. mW/cm 2 . In addition, the ESR spectra simulations could be obtained using the PEST WINSIM program.

3D printing

Direct laser write (DLW) experiments were carried out using a laser diode@405 nm (Thorlabs, UK). The intensity of laser was 110 mW/cm 2 and the spot size was 50 μm. The resin containing 1 wt% PI in TMPTA was irradiated under air to obtain the pattern which was observed through the numerical optical microscope (OLYMPUS DSX-HRSU). The 3D printer PHOTON S based on LCD screen @405 nm was obtained from Anycubic (China). The layer thickness was 0.02 mm and the exposure time was 20 s.

Thermal initiation behavior

The thermal initiation behavior of OXEs (1 wt%) 

Steady state photolysis

To study the photochemical mechanisms of OXEs, steady state photolysis of OXEs was performed upon exposure to a LED@405 nm. Steady state photolysis of D1 is illustrated in Figure 3 and the steady state photolysis of D2 is given in Figure S4. Based on the obtained results, a mechanism of Type Ⅰ PI behavior is proposed. Due to the good performance, NPIE1 is applied in 3D printing successfully. In addition, high thermal stability of NPIEs in monomers is found. This can be a great improvement for stable formulations.

The content of this chapter is in preparation to submit, entitled "Nnaphthalimide Ester Derivatives as Type Ⅰ Photoinitiators for LED Photopolymerization".

products of these photoinitiators are deserved to be investigated in detail. Secondly, yellow coloration occurs frequently in cured products. It has an adverse on curing depth and limits the transparent products obtained by photopolymerization. The author considers that some scaffolds with photo-bleaching character are potential option to the design of photoinitiators. Introducing the structures (e.g., oxime ester) which have photoinitiation ability onto photo-bleachable scaffolds is a feasible method.