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Abstract 

During the past decades, visible light photoinitiators have been extensively studied 

due to the development of cheap and energy-saving irradiation sources, namely light-emitting 

diodes (LEDs). With aim at developing chromophores with absorption perfectly fitting the 

emission of LEDs, triphenylamine has been identified as a versatile building block for 

designing Type I and Type II photoinitiators of polymerization. In this review, an overview of 

different photoinitiators comprising a triphenylamine unit is presented. To evidence the 

interest of these structures, comparisons with benchmark photoinitiators is presented. 
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 Introduction 

 During the past decades, photoinitiators of polymerization activable under low light 

intensity and in the visible range have been the focus of intense research efforts.[1–8] Interest 

for molecules activable in the visible range and under low-light intensity is supported by the 

recent safety concerns raised by the use of UV light and the need to use energy efficient 

irradiation setups. As a consequence, photopolymerists are now enforced to investigate new 

and greener polymerization conditions. Efforts for elaborating new photoinitiating systems 

are also supported by the wide range of applications in which photopolymerization is 

involved, ranging from adhesives, dentistry, microelectronics and 3D/4D printing.[9–15] 

Interest for photopolymerization is also supported by the different advantages this 

polymerization technique offers compared to the traditional thermal polymerization. Notably, 

a spatial and a temporal control can be obtained during the polymerization process (See Figure 

1).[16,17] Photopolymerization can also be carried out without solvents, avoiding the release 

of volatile organic compounds (VOCs).[2] Release of ozone can also be advantageously 

avoided by use of visible light, what also constitutes a characteristic of UV-induced 

polymerization processes.[18] Finally, one of the main advantages to replace the traditional 

UV light by visible light is directly related to the light penetration inside the photocurable 
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resin.[19,20] Indeed, as shown in the Figure 2, light penetration remains limited in the UV 

range, not exceeding 600 µm.  

 

Figure 1. The different characteristics of photopolymerization. 

This drawback can be overcome in the visible range. Indeed, if the light penetration is 

of a few millimeters at 405 nm, this latter can reach 5 cm at 800 nm, enabling the polymerization 

of thick and filled polymers. With aim at developing highly efficient photoinitiating systems, 

a wide range of structures have been examined over the years and porphyrins,[21,22] push-

pull dyes,[23–36] iodonium salts,[37–43] carbazoles,[44–51] phenothiazines,[52,53] 

cyanines,[54–58] zinc complexes,[59] diketopyrrolopyrroles,[60–62] iridium complexes,[63–

69] pyrenes,[70–76] 2,3-diphenylquinoxaline derivatives,[77,78] chromones and flavones,[79–

81] squaraines,[82–85] coumarins,[86–97] helicenes,[98,99] polyoxometalates,[100,101]  metal 

organic framework (MOFs),[102–104] dihydroanthraquinones,[105] benzophenones,[106–114] 

camphorquinones,[115,116] acridones,[117,118] thioxanthones,[119–128] 

naphthalimides,[37,129–143] perylenes,[144–147], iron complexes,[23,103,148–152] 

chalcones,[153–165] copper complexes,[166–179] acridine-1,8-diones,[180–182] Schiff Bases 

[183] and cyclohexanones[184–187] can be cited as the main families of dyes examined for 

photoinitiation during the last decade. Indeed, with aim at designing visible light 

photoinitiators, the search for new structures disconnected to the traditional photoinitiators 

such as benzophenone or thioxanthone that are historical photoinitiators has been the focus of 

intense research efforts during the last decade. Indeed, from a synthetic viewpoint, shift of the 

absorption spectra of traditional UV photoinitiator until the visible range is a hard work so 

that new structures disconnected from these historical structures and exhibiting a strong 

absorption in the visible range are mow commonly investigated.  
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Figure 2. Light penetration in a polystyrene latex with an average diameter of 112 nm. 

Reprinted with permission from Bonardi et al.[19] 

Among dyes that can be used for photoinitiation, triphenylamine is a promising 

scaffold for the design of visible dyes. Indeed, triphenylamine is a strong electron-donating 

group that can be used for the design of push-pull dyes when connected to an electron 

accepting group.[188–192] By its tridimensional structure, triphenylamine is also capable to 

drastically improve the solubility of the resulting dyes compared to those prepared with its 

parent structure, namely carbazole.[193,194] Indeed, contrarily to carbazole which is a planar 

structure favoring π-π staking interactions, tridimensionality of triphenylamine is a serious 

advantage addressing this issue. Aromatic rings of triphenylamine are also sites of choice for 

various chemical modifications.[188,195–197] Especially, most of the common chemical 

transformations constituting the basis of Organic Chemistry can be applied to 

triphenylamine.[198] Triphenylamine also exhibits a low oxidation potential so that 

triphenylamine-based dyes can easily fit the redox potentials of additives introduced into the 

photocurable resins.[199,200] Indeed, most of the photoinitiating systems comprise additives 

and interaction efficiency is the key element to produce efficient photoinitiating systems. 

Triphenylamine also exhibits biological activities that can be used for the design of bioactive 

photoinitiators.[201–203] Compared to the aforementioned dyes, triphenylamine-based 

photoinitiating systems exhibit advantages and disadvantages that are listed in the Table 1. 

Table 1. Comparisons between ferrocene-based photoinitiating systems and other 

photoinitiating systems. 

Parameters Triphenylamine-based 

photoinitiating systems 

Other organic dyes 

Cost/synthesis Triphenylamine is a cheap 

compound. Triphenylamine 

can also be easily chemically 

modified. As an interesting 

feature, triphenylamines are 

Depending on the 

structures, starting 

compounds can be 

expensive. Parallel to this, 

solubility can be a major 



highly soluble in most of the 

common organic solvents 

issue, especially when 

polyaromatic structures are 

targeted. 

Environmental impact Triphenylamine derivatives 

can be purified by column 

chromatography or 

recrystallization. 

The same purification 

procedures can be 

developed than for 

ferrocene derivatives 

Photochemical stability Triphenylamine derivatives 

are photochemically stable. 

Synthetic dyes are also 

photochemically stable.  

Absorption range Absorption spectra of 

triphenylamines can be easily 

tuned so that dyes absorbing 

over the whole visible range 

can be designed 

The same holds true for 

synthetic dyes. 

Photoinitiating ability Triphenylamines can compete 

with benchmark 

photoinitiators. Besides, the 

reversibility of the redox 

process occurring on the 

ferrocene side can be a crucial 

advantage for the design of 

photocatalytic systems. 

Synthetic dyes can compete 

with benchmark 

photoinitiators. Besides, 

reversibility of the redox 

process is not still ensured. 

Availability Triphenylamine is available 

from numerous suppliers. 

Most of the chemical used to 

elaborate dyes are also 

accessible. The limitation 

can be the cost for some of 

the starting materials. 

 

In this review, an overview of the different photoinitiators comprising a 

triphenylamine unit is presented. Over the years, numerous structures have been designed, 

ranging from Type I photoinitiators to Type II photoinitiators activable under visible light and 

under low light intensity. More precisely, triphenylamines were incorporated in push-pull 

dyes, benzophenone derivatives, dithienophospholes, polythiophenes, pyrene derivatives, 

curcuminoids, flavonols, chalcones, hexaarylbiimidazole derivatives and oxime esters. To 

evidence the interest of these structures, numerous comparisons with benchmark 

photoinitiators have been established, evidencing the pertinence of the approach. 

1. Triphenylamine-based photoinitiators of polymerization 

1.1. Push-pull dyes 

 As mentioned in the introduction section, triphenylamine constitutes a good electron 

donating group that can be used for the design of push-pull dyes when combined with the 

appropriate electron-withdrawing group. In 2020, a comparison was notably established 

between four dyes (2-5) comprising indane-1,3-dione or 1H-cyclopentanaphthalene-1,3-dione 



as the electron-withdrawing groups (See Figure 3).[204] For comparison, two dyes i.e. 1 and 6 

comprising 4-dimethylaminophenyl as the electron-donating groups were designed. 

Interestingly, all dyes showed a broad absorption over the visible range, extending between 

400 and 600 nm. By elongating the aromaticity of the electron withdrawing group in 4, 5 and 

6, a red-shift of the absorption maxima by ca. 30 nm could be determined for all dyes compared 

to their analogues 1-3, combined with a significant increase of the molar extinction coefficient 

(See Figure 4).[205] Indeed, by elongating the π-conjugation within the dyes, an improvement 

of the oscillation strength can be obtained, increasing the molar extinction coefficients.[206] 

Based on their absorption spectra, all dyes were suitable candidates for photoinitiation at 405 

nm. When tested as photosensitizers for the free radical polymerization (FRP) of Ebecryl 40 in 

three-component dye/Iod/amine (0.1%/2%/2% w/w/w), low monomer conversions were 

obtained with dyes 1-3 comprising indane-1,3-dione as the electron acceptor. Conversely, high 

monomer conversions and short polymerization times could be determined with 4 and 5 

bearing a different electron accepting group, peaking at 92 and 95% respectively after 400 s of 

irradiation at 405 nm. Notably, a polymerization ended after only 20 s could be determined 

for these two dyes. Besides, low monomer conversion was obtained with 6, despites the 

presence of 1H-cyclopentanaphthalene-1,3-dione as the electron-withdrawing group. It 

therefore clearly indicates the crucial importance of carefully selecting both the electron donor 

and the electron-acceptor for designing efficient photosensitizers. While getting a deeper 

insight into the polymerization mechanism, photolysis experiments done in acetonitrile 

solution with the three-component dye/Iod/amine combination revealed that almost no 

photolysis occurred with 4 whereas the formation of a photoproduct could be clearly 

evidenced with 5. Considering that an oxidative or a reductive process can concomitantly 

occur with the three-component systems, interaction of dyes with the iodonium salt and the 

amine were separately examined. When tested in dye/Iod and dye/EDB combinations, a faster 

photolysis rate was determined for the dye/Iod combination, indicating that the oxidative 

process was the main reaction pathway to generate radicals.  



 

Figure 3. Chemical structures of dyes 1-6, monomer and additives. 
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Figure 4. UV-visible absorption spectra of dyes 1-6 in chloroform. Adapted with permission 

from Sun et al. [204]. 



Overall, the following mechanism could be proposed with the three-component 

photoinitiating system, based on five equations (See Scheme 1). Notably, strength of the three-

component systems relies in the coexistence of the oxidative and reductive processes 

(equations r2 and r3), optimizing the generation of initiating radicals.  

(r1)   Dye → *Dye    (h)                                                 

(r2)   *Dye + Ar2I+ → Dye●+ + Ar2I● → Dye●+ + Ar● + ArI                         

(r3)   *Dye + EDB →Dye●- + EDB●+ → Dye-H● + EDB●(-H)                       

(r4)   Dye●+ + EDB → Dye + EDB●+    

(r5)   Dye-H● + Ar2I+ → Dye + Ar● + ArI + H+                                     

Scheme 1. Proposed photoinitiation step mechanisms for the three-component 

dyes/iodonium salt/amine redox combination. 

 In 2020, two push-pull dyes (7 and 8) exhibiting a weaker electronic delocalization than 

dyes 2-5 were proposed as visible light photoinitiators of polymerization (See Figure 5).[207] 

Indeed, in this last case, electron-withdrawing groups were directly introduced onto the 

triphenylamine core. Notably, the phenyl rings of triphenylamine were substituted with nitro 

and cyano groups in dye 7 and 8 respectively. From the absorption viewpoint, surprisingly, 

dye 7 which exhibits the strongest electron-withdrawing groups showed a slightly blue-

shifted absorption spectrum compared to that of dye 8 bearing cyano groups. Thus, absorption 

maxima located at 352 and 357 nm could be respectively determined for dye 7 and dye 8. If 

differences in their molar extinction coefficients could be determined at their absorption 

maxima (26610 M-1.cm-1 for dye 7 vs. 17700 M-1.cm-1 for dye 8), almost similar molar extinction 

coefficients could be determined at 405 nm for the two dyes. 



 

Figure 5. Chemical structures of dyes 7 and 8, monomers and additives. 

Comparison of the efficiency trend during the cationic polymerization of (3,4-

epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX) upon irradiation at 405 nm 

with the two-component dye/Iod (0.5%/1% w/w) systems revealed dye 8 to exhibit a higher 

reactivity than dye 7. Indeed, a faster polymerization rate could be determined for dye 8 at the 

beginning of the polymerization. However, after 800 s of irradiation at 405 nm, a final 

monomer conversion of 66% could be however obtained with dye 7, higher than that obtained 

with the more reactive dye 8 (57%). This efficiency trend was confirmed during the FRP of 

trimethylolpropane triacrylate (TMPTA). Notably, four different combinations were used, 

namely dye/Iod, dye/NPG, dye/EDB or dye/Iod/NPG where NPG and EDB respectively stands 

for N-phenylglycine and ethyl 4-(dimethylamino)benzoate. Noticeably, the dye/NPG 

combination could outperform the dye/EDB two-component system and the lower 

performance of the second system was assigned to a back-electron transfer phenomenon 

adversely affecting the generation of initiating radicals. Upon introduction of the iodonium 

salt, almost similar final monomer conversions were observed with the three-component 

dye/Iod/NPG system compared to that obtained with the two-component dye/NPG 

combination (See Table 2). High efficiency of the two-component dye/NPG system was 

assigned to the decarboxylation reaction occurring on NPG, avoiding any back electron 



transfer reaction and generating additional initiating radicals.[95,208] As a result of this, Ar●, 

NPG(−H;−CO2)● were considered as the initiating species during the FRP of acrylate, and dye●+ as 

the initiating species for the CP. Compared to the previous mechanism and considering that 

the sacrificial amine can decarboxylate, four additional equations (r6-r9, see Scheme 2) were 

proposed to support the polymerization efficiency. 

(r6) *Dye + NPG → (Dye-H)● + NPG(-H)●    

(r7) NPG(-H)● → NPG(-H;-CO2)●   + CO2    

(r8) NPG(-H;-CO2)● + Ar2I+ → NPG(-H;-CO2)+ + Ar● + ArI  

(r9)  (Dye-H)● +  Ar2I+ → Dye + H+ + Ar● + ArI   

Scheme 2. Proposed photoinitiation step mechanisms of dyes/iodonium/amine redox combination. 

 

Table 2. Final TMPTA conversion using different two (0.5%/1% w/w) and three-component 

(0.5%/1%/1% w/w) photoinitiating systems after 100 s of irradiation at 405 nm. 

 Dye/Iod Dye/NPG Dye/EDB Dye/Iod/NPG 

Dye 7 25% 62% 55% 59% 

Dye 8 48% 61% 52% 57% 

 

1.2. Benzophenone derivatives 

Benzophenone (BP) is an historical UV photoinitiator of polymerization.[109,209–211] 

To improve the photochemical reactivity of benzophenone and/or in order to provide 

additional properties to this well-known photoinitiator, an efficient strategy consisted in 

designing hybrid structures.[106,212] This strategy was notably applied by combining 

benzophenone to triphenylamine.[110] Indeed, by combining traditional UV sensitive 

photoinitiators to dyes absorbing in the visible range, chromophores onto which these UV 

sensitive photoinitiators can provide a sufficient absorption in the visible range in order the 

resulting hybrid structure to be capable to initiate a polymerization in the visible range, but 

also to increase the molar extinction coefficient of the UV sensitive photoinitiators by extension 

of aromaticity. As a result of this combination, benzophenone-based hybrid structures can 

absorb at wavelengths where benzophenone do not naturally absorbs.[74,107,135,213–215] 

This point was notably examined with 9 and 10 (See Figure 6).[110] Comparisons were notably 

established with benzophenone (BP) and thioxanthone (2-ITX) that are two benchmark 

photoinitiators.[216] As shown in the Figure 7 and the Table 3, benefits of the combination of 

benzophenone and triphenylamine could be clearly evidenced. Indeed, if 9 and 10 showed 

red-shifted absorption maxima compared to that of BP (361 and 375 nm vs. 340 nm for BP), 

http://www.chemspider.com/Chemical-Structure.9873.html


jointly, a significant enhancement of the molar extinction coefficient could be detected, 

benefiting from the contribution of triphenylamine.  

 

Figure 6. Chemical structures of benzophenone derivatives 9 and 10, BP and 2-ITX. 

 

 

Figure 7. UV-visible absorption spectra of dyes 9 and 10, BP and 2-ITX in acetonitrile. 

inset: UV-Visible absorption spectrum of BP. Reprinted with permission from Liu et al. [110] 

Thus, molar extinction coefficients of 21900 and 39800 M-1.cm-1 were respectively 

determined for 9 and 10 in acetonitrile, far from the value determined for BP (160 M-1.cm-1). 

Interest of these combinations was evidenced at 405 nm, BP not absorbing at this wavelength, 

contrarily to 9 and 10. 

Table 3. Light absorption properties of different dyes in acetonitrile. 

 λmax 

(nm) 

εmax 

(M-1.cm-1) 

ε at 405 nm 

(M-1.cm-1) 

9 361 21900 3100 

10 375 39800 8700 

BP 340 160 0 

2-ITX 383 5900 600 

 

9        

10     



FRP experiments carried out to evaluate the photoinitiation ability of 9 and 10-based 

photoinitiating systems at 405 nm with a LED during the FRP of TMPTA revealed the two-

component systems based on EDB to exhibit better photoinitiating abilities than those 

prepared with BP or 2-ITX as the dyes. As shown in the Figure 8, the two-component dye/Iod 

and dye/EDB (0.3%/1%, w/w) could both furnish high monomer conversions, higher than 57% 

in all cases. As anticipated, use of the three-component photoinitiating system could give 

higher final monomer conversions than that obtained with the two two-component systems, 

consistent with the presence of both the oxidative and the reductive pathways contributing to 

generating initiating species. Comparisons of the performance obtained with BP and 2-ITX 

revealed the two hybrid structures to furnish higher monomer conversions than the 

benchmark photoinitiators. However, if significant differences of conversion were found for 

BP, 9 and 10 could however outperform 2-ITX, but only with a slight improvement of the 

monomer conversions (See Table 4). 

 

Figure 8. Photopolymerization profiles of TMPTA  in laminate upon irradiation at 405 nm with 

a LED in the presence of (a) dye/Iod (0.3%/1%, mol/mol), (b) dye/EDB (0.3%/1%, mol/mol), (c) 

dye/Iod/EDB (0.3%/1%/1%, mol/mol/mol); Photopolymerization profiles of EPOX upon 

irradiation at 405 nm with a LED under air (~ 25 μm) in the presence of (d) dye/Iod (0.3%/1%, 

mol/mol): curve 1: 9; curve 2 : 10; curve 3 : BP; curve 4 : 2-ITX. Reprinted with permission from 

Liu et al. [110] 

 



Table 4. Final monomer conversions determined for TMPTA and EPOX upon irradiation at 

405 nm with a LED. 

photoinitiating system 
TMPTA /% EPOX /% 

dye dye/Iod dye/EDB dye/EDB/Iod PI/Iod 

9 53 64 57 66 38 

10 54 69 71 75 45 

BP  5 10 12 4 

2-ITX  58 55 61 40 

 

 Interestingly, 9 and 10 could also be used as monocomponent systems, furnishing 

monomer conversions comparable to that obtained with 2-ITX, demonstrating that the two 

structures exhibit a high ability for H-abstraction from the monomer upon irradiation. Besides, 

with regards to the monomer conversions obtained with Iod and EDB, 9 and 10 nevertheless 

exhibit a better bimolecular reactivity than as mono-component systems. Examination of 

photoinitiating ability of the two dyes during the CP of EPOX revealed the two-component 

10/Iod (0.3%/1%, mol/mol) system to furnish a higher EPOX conversion than the 2-ITX/Iod 

system (45 vs 40% monomer conversion after 200 s of irradiation at 405 nm under air). Even if 

a slightly lower EPOX conversion was obtained with 9 (38%), this conversion remains however 

of significance compared to that obtained with BP/Iod (4% conversion). Finally, considering 

the high reactivity of 10 in FRP and CP, direct laser write experiments were carried out. As 

shown in the Figure 9, a remarkable spatial resolution could be obtained during the FRP of 

TMPTA and the CP of EPOX. 

 

Figure 9. 3D printed structures obtained upon irradiation with a laser diode emitting at 405 

nm characterized by numerical optical microscopy (a) TMPTA-based polymer prepared by 

using 10/Iod/EDB system; (b) EPOX-based polymer prepared by using 10/Iod system. 

Reprinted with permission from Liu et al. [110] 

 In 2021, the same authors examined a series of triphenylamine substituted with one, 

two and three 4-methoxybenzoyl groups (See Figure 10).[109] Compared to the previous 

series, no modification of the absorption maxima could be demonstrated, despites the presence 

of methoxy substituents onto 11-13. Among the most interesting finding, migratability of 13 

was determined as being considerably reduced compared to 11 and 12, as a result of its 

tridimensional character. Thus, a 3-fold reduction of extracted photoinitiators could be 

determined for TMPTA resins prepared with three-component dyes/Iod/EDB (0.3%/1%/1% 



w/w/w) systems. Ratios of 2%, 1.54% and 0.61% of extractability were determined for 11-13 

respectively.    

 

Figure 10. Chemical structures of 11-13. 

 Considering the remarkable photoinitiating ability of 9, comparisons were also 

established between 9 and different triphenylamine-based benzophenones differing by the 

substitution pattern of the triphenylamine moiety.[217] Influence of the distance between the 

triphenylamine moiety and benzophenone was notably examined as exemplified with the dye 

17 (See Figure 11). Here again, benefits of the triphenylamine moiety on the absorption spectra 

of 14-17 were clearly evidenced. Thus, if the absorption of benzophenone was inexistent after 

300 nm, an onset of absorption at 450 nm could be determined for 9, and 14-17. Notably, 

absorption maxima located at 341, 368, 369 and 374 nm could be found for 14-17 respectively 

in dichloromethane (See Figure 12). All dyes showed a remarkable thermal stability, 

decomposition temperatures ranging from 256 to 301°C being determined under nitrogen. The 

highest decomposition temperature was determined for 17 (301°C), followed by 16 (300°C), 15 

(287°C), 14 (258°C) and 9 (256°C). These values are greatly higher than that determined for 

benzophenone (115°C). The higher decomposition temperature of 16 and 17 compared to the 

others was assigned to the higher polyaromaticity of these two dyes. Among the five dyes, the 

highest monomer conversion determined during the FRP of TMPTA under UV light 

irradiation were obtained with benzophenone and 9 while using the two-component 

dye/TEOA combination. Especially, a two-fold reduction of the monomer conversion was 

obtained with the two-component 17/TEOA system. Interestingly, the worse monomer 

conversion was obtained with 15, bearing electron donating methoxy groups. As a result of 

this substitution, 15 was more difficult to oxidize than 9 and 17, adversely affecting its 

photoinitiating ability. Efficiency of the electron transfer was also determined as being 

dependent of the steric hindrance of triphenylamines. Thus, compared to dye 9, a severe 

reduction of the monomer conversion was determined with 16 bearing a naphthalene 

substituent. These trends were confirmed upon irradiation with a white LED. 

 



 

Figure 11. Chemical structures of 9, 14-17.  

 

 

Figure 12. UV-visible absorption spectra of 9, 14-17 in dichloromethane. Reproduced with 

permission of Huang et al.[217] 

Finally, the covalent linkage of benzophenone and triphenylamine by mean of an 

acetylene bridge was examined with 18 (See Figure 13).[218] By using an acetylene bridge as 

the spacer, an efficient electronic communication could be obtained between the two partners. 

Evaluation of the solvatochromic properties of 18 in solvents of different polarities revealed a 

positive solvatochromism, consistent with a significant electronic redistribution upon 

photoexcitation. As a result of this, the excited state of 18 showed clear intramolecular charge 

transfer features. Noticeably, 18 could not initiate FRP processes when combined with TEOA 

in two-component systems. Conversely, when combined with an iodonium salt, the resulting 

BP
9
14   
15
16
17



two-component system was more competitive than the reference camphorquinone/TEOA 

combination. 

 

Figure 13. Chemical structure of 18. 

 

1.3. Dithienophosphole derivatives 

Organic Electronics is a source of inspiration for photopolymerists as the requirements 

for dyes usable in Molecular Electronics are similar to those needed for designing 

photoinitiators of polymerization. Notably, dyes should exhibit a broad absorption over the 

visible range. Dyes should also be capable to easily oxidize or reduce in order to exchange 

electrons with the adjacent layers in multilayered devices. In 2018, dithienophospholes 

previously used for the design of Organic Light-Emitting Diodes[219] were used as visible 

light photoinitiators of polymerization.[220] Two dyes i.e. 19 and 20 were examined, with and 

without triphenylamine moiety (See Figure 14). 

 

Figure 14. Chemical structures of dithienophosphole derivatives 19 and 20, and monomers. 



 As shown in the Figure 15, major differences could be found between 19 and 20 in 

acetonitrile. Notably, if an absorption maximum located at 420 nm was determined for 19, a 

redshift by ca 45 nm was found for 20, peaking at 465 nm. Jointly, a 3-fold enhancement of the 

molar extinction coefficient could be found for 20. Considering that the two dyes exhibit the 

same molar extinction coefficients at 405 nm, around 12 000 M-1.cm-1, polymerization tests 

were carried out at this wavelength (See Table 5). During the CP of EPOX at 405 nm with two-

component dye/Iod combinations (0.5%/1% w/w), the efficiency trend was determined as 

being directly related to the molar extinction coefficient at 405 nm so that the following order 

of reactivity was determined : 20 >> 19 >> BAPO, going from 53% monomer conversion for 20 

to 15% for BAPO.  

 
Figure 15. UV-visible absorption spectra of dithienophospholes 19 and 20 in acetonitrile, and 

BAPO in dichloromethane. Reprinted with permission from Al Mousawi et al.[220] 

Table 5. Absorption properties for dithienophospholes 19 and 20, and BAPO. 

Absorption 

properties 

19 20 BAPO 

λmax (nm)/ε@λmax 

(M-1cm-1) 

420/~12600 465/~30000 ----- 

ε@λ = 405nm 

(M-1cm-1) 

~12000 ~12800 ~500 

n.a: No absorption of light. 

 This efficiency trend was confirmed during the FRP of TMPTA. As shown in the Figure 

16, in two-component dye/Iod (0.5%/1% w/w) systems, higher performances were obtained 

with 20 (47% conversion after 100 s in laminate) vs. 41% for 19. Upon introduction of an amine 

(EDB), a significant enhancement of the final monomer conversion was obtained, reaching 80% 

for the three-component 20/Iod/EDB (0.01%/1%/1% w/w/w) vs. 30% for the two-component 
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20/Iod (0.01%/1% w/w). Conversely, only a low monomer conversion was obtained with the 

two-component 20/EDB (0.01%/1% w/w), around 2%. Therefore, the role of EDB as a sacrificial 

amine to regenerate the oxidized photosensitizer without participating in the production of 

radicals via a reductive pathway could be clearly evidenced. Considering the high reactivity 

of 20, a photosensitizer concentration as low as 0.01% could be used, without adversely 

affecting the monomer conversion. 

The BisGMA/TEGDMA (70%/30% w/w) blend is widely used in dentistry [221–226] so that 

polymerization of this resin was examined under air upon irradiation at 405 nm with a LED. 

Remarkably, tack free polymers could be obtained, even for thick samples. Here again, 

addition of EDB as the electron donor contributed to increase of the final monomer conversion, 

up to 63% for the three-component 20/Iod/EDB (0.01%/1%/1%) system instead of 53% for the 

two-component 20/Iod (0.01%/1% w/w) system (See Figure 17). 

 

Figure 16. Polymerization profiles of TMPTA in laminate (thickness = 25 μm) upon exposure 

to LED@405 nm in the presence of (1) 19/Iod (0.5%/1% w/w) and (2) 20/Iod (0.5%/1% w/w). 

Reprinted with permission from Al Mousawi et al.[220] 
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Figure 17. Polymerization profiles of BisGMA/TEGDMA under air (1.4 mm thick sample) in 

the presence of (1) 20/Iod (0.01%/1% w/w), (2) 20/Iod/EDB (0.01%/1%/1% w/w), and (3) 20/EDB 

(0.01%/1% w/w). Reprinted with permission from Al Mousawi et al.[220] 

 These values are greatly higher than what can be obtained with the reference four-

component system based on camphorquinone (50% monomer conversion in the same 

irradiation conditions).[227]  

 

1.4. Polythiophene derivatives 

Thiophene is a structure widely used for the design of semiconductors used in Organic 

Electronics. Due to its remarkable electron-donating ability, numerous thiophene derivatives 

have also been used for the design of chromophores used in Organic Photovoltaics. In 2015, a 

series of star-shaped tris(4-(thiophen-2-yl)phenyl)amine derivatives was tested as 

photoinitiators at 405 and 455 nm (See Figure 18).[136]  Due to their important π-electron 

delocalization, 21 and 22 exhibit a broad absorption band ranging between 300 and 500 nm, 

making these polythiophene structures suitable candidates for photoinitiation at different 

wavelengths (See Figure 19). Especially, the huge molar extinction coefficients (129 600 

M−1.cm−1 and 141 700 M−1.cm−1 for 21 and 22 respectively) at the absorption maxima were 

notably assigned to the presence of the three branches contributing to enhance the molar 

extinction coefficients.[228] 
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Figure 18. Chemical structures of polythiophene derivatives 21 and 22, and additives. 

 
Figure 19. UV-visible absorption spectra of 21 in acetonitrile/toluene (50%/50%, V/V) and 22 

in tetrahydrofuran. Reprinted with permission from Zhang et al. [136] 

When tested as photoinitiators for the CP of EPOX, the 21/Iod2 (0.5%/2% w/w) 

combination furnished the best conversion at 455 nm (60% conversion vs 49% with a halogen 

lamp), this wavelength corresponding to the maximum absorption of the dye. A lower 

conversion was obtained upon irradiation at 455 nm with 22, due to the low solubility of this 

dye in EPOX. Additionally, a lower reactivity was also expected for this dye, due to the 

presence of additional thiophene units favouring the delocalization of the positive charge and 
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lowering the reactivity of 22•+. While using the three-component dye/Iod2/NVK (0.5%/2%/3% 

w/w/w) systems (where NVK stands for N-vinylcarbazole), on a slight improvement of the 

final monomer conversions were obtained upon irradiation with a halogen lamp compared to 

the two-component dye/Iod2 (0.5%/2% w/w) system excited in the same conditions, 

evidencing the high reactivity of the dye•+ radical cation towards EPOX. Indeed, NVK is 

classically used in photocurable resins to generate the highly reactive Ph-NVK•+ radical 

cations.[2,65,173,229] Interestingly, upon irradiation at 405 nm, an improvement of the 

monomer conversion was obtained for the 22/Iod2/NVK system, peaking at 55% vs 41% with 

the halogen lamp. Noticeably, irrespective of the photoinitiating systems used, the two dyes 

clearly outperformed the camphorquinone-based photoinitiating system since no 

polymerization could be detected at 405, 455 nm or upon irradiation with a halogen lamp with 

this reference system. Lastly, stability of the photocurable resins prepared with 22 over time 

was also examined. Thus, after one month of storage, only a decrease of 4% of the monomer 

conversion was obtained for the EPOX resin comprising the 22/Iod2/NVK photoinitiating 

system (See Table 6). The high reactivity of 22 over 21 was confirmed during the FRP of 

BisGMA/TEGDMA under air. If the two-component 21/Iod2 system furnished a moderate 

conversion upon irradiation at 405 and 455 nm with a LED, an improvement of the monomer 

conversion was obtained while replacing the iodonium salt by 2-(4-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazine (R–Cl) or 2,4,6-tris(trichloro-methyl)-1,3,5-triazine (R′–Cl). 

An enhancement of the monomer conversion by ca 20% could be determined. Remarkably, 

upon irradiation at 405 and 455 nm, 16-based photoinitiating systems can efficiently overcome 

the oxygen inhibition, contrarily to the camphorquinone-based photoinitiating systems and 

bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide) BAPO that can only furnish low monomer 

conversions. Here again, a good stability of the BisGMA/TEGDMA resins upon storage was 

demonstrated since only a minor variation of the monomer conversion was demonstrated after 

one month of storage (~ 3%) (See Table 7). 

Table 6. EPOX conversions obtained under air upon exposure to different light sources for 800 

s in the presence of 21/22-based PISs; CQ/Iod2 or CQ/Iod2/NVK as references; 21/22 or CQ: 0.5 

wt%; Iod2: 2 wt%; NVK: 3 wt%. 

PIS 
LED 

(385 nm) 

LED 

(405 nm) 

LED 

(455 nm) 

LED 

(470 nm) 

Halogen 

lamp 

21  npa    

21/Iod2  55% 60% 54% 49%b 

21/Iod2/NVK 63% 57%   57% | 61%c 

22/Iod2  43% 41% 30% 31% 

22/Iod2/NVK    55%   41% 

CQ/Iod2     npa 

CQ/Iod2/NVK     npa 
a no polymerization; b tack free coatings are obtained when conversions are ≥ 49%; c measured 

after storage at room temperature for one week. 

 



Table 7. Photopolymerization conversions of BisGMA/TEGDMA blend (70%/30%, w/w) 

obtained under air upon exposure to LED at 385 nm, 405 nm or 455 nm, or halogen lamp for 

300 s in the presence of 21/22-based PISs; BAPO or CQ based PISs as references. 21/22, BAPO, 

or CQ: 0.5 wt%; Iod2, EDB or MDEA: 2 wt%; NVK, R-Cl or R’-Cl: 3 wt%. 

. 

PISs 
Halogen 

lamp 

LED 

(385nm) 

LED 

(405nm) 

LED 

(455 nm) 

21/Iod2   37% 26% 

21/Iod2/NVK 18% 35% 50% | 48%a 42% 

22/Iod2/NVK   24%  

21/EDB   npb  

21/EDB/R-Cl 8%  55% | 58%a 34% 

21/EDB/R’-Cl   56%  

BAPO   44%  

CQ/Iod2/NVK    npb 

CQ/MDEA    8% 
a measured after storage at room temperature for one week. 
b no polymerization. 

 

Based on photolysis experiments, the following mechanism could be proposed for 

tris(4-(thiophen-2-yl)phenyl)amine (TPAD). Notably, in the context of the oxidative process, 

Ph● and Ph-NVK● are the two initiating radicals for the FRP of BisGMA/TEGDMA (See 

equations r10-r14 in scheme 3). Conversely, for the reductive pathway, EDB(-H)● and R● are 

produced and constitute excellent initiating species  (See equations r15-r18 in Scheme 3).  

 

TPAD → 1TPAD (hν)   and   1TPAD → 3TPAD                                              (r10) 

1,3TPAD + Ph2I+ → TPAD●+ + Ph2I●                                                                    (r11) 

Ph2I● → Ph● + Ph-I                                                                                              (r12) 

Ph● + NVK → Ph-NVK●                                                                                     (r13) 

Ph-NVK● + Ph2I+ → Ph-NVK+ + Ph● + Ph-I                                                      (r14) 

1,3TPAD + EDB → TPAD●- + EDB●+ →   TPAD-H● + EDB(-H)●                          (r15) 

TPAD●- + R-Cl →   TPAD + (R-Cl)●-                                                                   (r16) 

TPAD-H● + R-Cl →   TPAD + H+ + (R-Cl)●-                                                       (r17) 

(R-Cl)●- → R● + Cl-                                                                                               (r18) 

Scheme 3. Mechanism supporting the polymerization efficiency of thiophene-substituted 

triphenylamine. 

 

 



1.5. Pyrene derivatives 

 One efficient strategy to significantly increase the molar extinction coefficient of well-

known photoinitiators consists in obtaining a strong coupling of its molecular orbitals with 

that of a polyaromatic structure that will contribute to drastically increase the molar extinction 

coefficient.[214,230] In this field, pyrene is a promising photoinitiator of polymerization but 

suffers from a lack of absorption in the visible range.[75] This issue was addressed by 

generating a hybrid pyrene-triphenylamine structure (See Figure 20).[71] By connecting three 

pyrene units to triphenylamine, improved absorption properties in the visible range could be 

obtained. Thus, if pyrene does not absorb in the visible range (λmax = 334 nm in acetonitrile), 

conversely, an absorption spectrum extending until 450 nm could be determined in toluene 

for 23 (λmax = 365 nm in toluene). Especially, a redshift of the absorption maximum of 31 nm 

could be obtained for 18 compared to pyrene. When tested as photoinitiators for the CP of 

EPOX-Si, no major difference was found between pyrene and 18. Indeed, when tested in two-

component 23/Iod (0.2%/2% w/w) system upon irradiation with a Xe-Hg lamp under air, a 

final monomer of 52% being obtained after 200 s of irradiation with 23, close to that obtained 

with pyrene (51% conversion). Noticeably, a thermal polymerization process could be 

evidenced with 23. Indeed, after 24 h, a final monomer conversion of 55% was determined for 

EPOX-Si with the two-component 23/Iod (0.2%/2% w/w) system. This ability to proceed 

smoothly was evidenced by EPR experiments, the presence of 23●+ being detected even 24h 

after the polymerization test. Conversely, no polymerization was detected for the pyrene-

based resin, even after several days. 

 

Figure 20. Chemical structures of pyrene-based triphenylamine 23, different additives and 

monomers. 



1.6. Curcuminoid derivatives 

Recently, biosourced or bioinspired photoinitiators of polymerization have been the 

focus of intense research efforts due to their low costs and easy availability.[208] In this field, 

curcumin is a yellow-orange pigment that can be found in Indian spice plant and this molecule 

exhibits promising anti-tumoral, anti-HIV, anti-inflammatory, and anti-oxidant 

properties.[231–233] Parallel to its pharmalogical properties, curcumin has been extensively 

used as photoinitiators of polymerization,[234–238] its absorption maximum ranging between 

410 and 430 nm depending of the organic solvent used.[239] Curcumin is also soluble in most 

of the common monomer and this molecule is also none toxic, making this molecule an 

appealing scaffold for the design of various derivatives. Notably, curcumin was used as 

photoinitiator as soon as 2005 by Crivello and coworkers for the sensitization of iodonium 

salts.[240,241] In 2018, a curcuminoid comprising two triphenylamine units standing at both 

ends (24) was designed and compared with its dimethylamino analogue 25 (See Figure 

21).[242] Interestingly, by elongating the π-conjugation in 24 and 25, dyes absorbing in the  

350-600 nm range were obtained, with an absorption maximum located at 467 and 470 nm 

respectively for 24 and 25. While examining the solvatochromism of 24 and 25 in solvents of 

different polarities, a positive solvatochromism could be evidenced, the enol form being 

favored over the ketone form in polar solvents. 

 
Figure 21. Chemical structures of curcuminoid derivatives 24 and 25, different monomers 

and additive.  

 Interestingly, 25 could not initiate the CP of diglycidyl ether of bisphenol A (DGEBA), 

the dimethylamino groups contributing to terminate the propagating cationic chains.[243] 

Conversely, using the two-component 24/Iod (0.2%/3% w/w) system, a final monomer 



conversion of 56% could be obtained after 300 s upon irradiation with a blue LED. For 

comparison, a conversion of 42% was obtained with curcumin in the same condition. While 

irradiation with a green LED, a significant decrease of the conversion (46% for 24, 24% for 

curcumin) was detected, attributable to a reduction of the molar extinction coefficient of the 

different dyes at this wavelength. Upon addition of NVK, an improvement of the monomer 

conversion was obtained with the different three-component dye/Iod/NVK (0.2%/3%/2% 

w/w/w) systems (61% for 24, 47% with curcumin) and this enhancement was assigned to the 

formation of the highly reactive Ph-NVK+ species. During the FRP of tripropylene glycol 

diacrylate (TPGDA), a different order or reactivity could be determined upon irradiation with 

a blue LED. Indeed, using the same two-component systems, a similar monomer conversion 

was obtained with 25 and curcumin (87%) outperforming that of 24 (83%). However, upon 

irradiation with a green LED and due to the lack of absorption of curcumin at this wavelength, 

no polymerization could be detected anymore. Conversely, due to the specific lateral 

substitution of 24 and 25, a final monomer conversion of 77 and 73% could be determined after 

150 s of irradiation. Introduction of triphenylamine (TPP) (2% w) into the previous 

photoinitiating system increased markedly the monomer conversion, triphenylamine being 

capable to overcome the oxygen inhibition.[234,244] Thus, upon irradiation with a blue LED, 

a monomer conversion of 70% was obtained with the three-component 24/Iod/TPP 

(0.2%/3%/2% w/w/w) system after 20 s of irradiation contrarily to 21% with the two-

component 24/Iod (0.2%/3% w/w) system. Interestingly, a good bleaching was observed 

during the polymerization process, enabling to get colorless coatings (See Figure 22). 

 
Figure 22. Modification of the sample colors during polymerization for TPGDA-based resins, 

using two-component dye/Iod (0.2%/3% w/w) systems. Top : 24, Bottom : 25. Reprinted with 

permission from Han et al. [242] 

 

1.7. Benzylidene ketone derivatives 

The search for photoinitiating systems exhibiting photobleaching properties is a long-

standing issue.[245,246] Especially, this issue is of crucial importance for the 

photopolymerization of ceramic suspension. Indeed, to achieve the polymerization of thick 

sample, a decrease of the optical density should be obtained during the polymerization process 

so that a higher light penetration within the sample can be obtained.[247,248] In this field, the 

camphorquinone/amine system is a popular combination but requires long irradiation time to 



get a reduction of the optical density by ca 50% (around 1000 s).[249–254] Therefore, the search 

for new dyes capable to bleach more rapidly and more efficiently than the 

camhorquinone/amine combination have been actively researched. In this field, a family of 

structures strongly related to curcumin was identified as being promising, namely 

benzylidene ketones.[215,255–269] In 2019, a benzylidene ketone comprising a triphenylamine 

unit was examined as photoinitiator for the polymerization of ceramic suspensions (See Figure 

23).[270] Interestingly, 26 showed a broad absorption band extending between 350 and 500 

nm, making this dye a suitable candidate for long-wavelength irradiation with LEDs emitting 

at 460 and 520 nm. As interesting feature, polymerization efficiency of TPGDA in the presence 

of two-component 26/TEA (where TEA stands for triethanolamine) could be improved by 

increasing the amine content from 0.75% to 6%, from 40 to 70% upon irradiation at 460 nm. 

Using the two-component 26/TEA (0.1%/3% w/w) system, an efficient photobleaching of the 

resin was observed, within 20 s upon irradiation at 460 nm. Considering that efficient 

photoinitiating system could be prepared with an amine, the mechanism depicted in the 

Scheme 4 was proposed. Notably, after promoting a photoinduced electron transfer from TEA 

to the dye, a proton transfer from the oxidized amine TEA●+ towards the radical anion 26●- can 

occur, producing a radical 26● in which the π-conjugation was interrupted, suppressing the 

color to the dye and enabling to get colorless coating. 

 
Figure 23. Chemical structure of 21 and TEA. 

 
Scheme 4. Mechanism supported the photobleaching observed during photopolymerization. 



 Considering that the light penetration is the key element for the curing of thick sample, 

deep photopolymerization experiments were carried out with TPGDA using 26, and 

concentrations ranging between 1 wt% to 0.016 wt% were examined in two-component 

system, the amine content being maintained to 3 wt%. Thus, upon irradiation at 460 nm, the 

cure depth could vary from 0.3 cm at 1 wt% to 6.8 cm upon reduction of the dye concentration 

until 0.016%. Conversely, upon irradiation at 560 nm, the best conversion was obtained at 0.031 

wt%, with a polymerization depth of 6.1 cm (See Figure 24). In the case of ceramic suspensions, 

presence of fillers severely impedes light penetration within the sample. Consequently, a 

drastic reduction of the cure depth could be evidenced. Thus, cure depth ranging from 0.45 

mm at 1 wt% to 0.95 mm at 0.016 wt% could be determined at 460 nm. Conversely, upon 

irradiation at 560 nm, a cure depth of 1 mm was obtained at the concentration of 0.063 wt%. 

While reducing the dye concentration to 0.016 and 0.008 wt%, a reduction of the cure depth to 

0.8 and 0.6 mm was observed, resulting from less radicals produced within the resin at low 

concentration. 

 
Figure 24. Depth of photocured samples determined as a function of the dye concentration 

upon irradiation with LEDs at 460 nm and 520 nm. a): 21/TEA under 460 nm LED; b): 26/TEA 

under 520 nm LED. TPGDA: 100 wt%; TEA: 3 wt%; dye: A:1.000 wt %; B:0.500 wt %; C:0.250 wt 

%; D:0.125 wt %; E:0.063 wt %; F:0.031 wt %; G:0.016 wt %. Reprinted with permission from Fu 

et al. [270] 

 

1.8. Flavonol derivatives 

 In photopolymerization technology, dyes acting as photosensitizers are facing 

numerous concerns. Indeed, most of the time, dyes are not consumed during the 

polymerization process so that their potential toxicity, their migratability out of the polymers 

can constitute major impediment for future uses of the resulting polymers. To address this 

issue, use of natural products as photoinitiators are more and more widely studied. Flavonols 

can be found in numerous fruits and vegetables and these structures are well-known to exhibit 

a low cytotoxicity and a good biocompatibility so that flavonols were candidates of choice for 

photoinitiation.[271–279] However, flavonols also suffer from an excited state intramolecular 

a) b)



electron transfer (ESIPT) that can adversely affect the photoinitiating properties.[79–81,280–

282] Indeed, ESIPT process can be competitive with photoinitiation. To overcome this 

problem, the hydroxyl group of flavonols can be substituted with various groups, inhibiting 

the proton transfer, reducing the fluorescence quantum yield and elongating the excited state 

lifetime. Overall, better photoinitiating properties can be anticipated. In 2021, triphenylamine 

substituted flavonols were designed to redshift its absorption compared to its parent flavonol. 

Parallel to this, the hydroxyl group was functionalized with a benzoate or a sulfonate group 

so that ESIPT could be advantageously avoided (See Figure 25).[283] 

 
Figure 25. Chemical structures of flavonols 27-29 and Iod4. 

From the absorption viewpoint, no modification of the absorption spectra was found 

between 27, 28 and 29, the three dyes exhibiting absorption maxima located at 396, 386 and 

384 nm respectively. Indeed, the benzenesulfonate or the benzoate groups are introduced in 

lateral positions and do not participate to the electronic delocalization. All dyes exhibited high 

molar extinction coefficients, ranging between 23 000 M-1.cm-1 for 29 to 23800 M-1.cm-1 for 28. 

Interestingly, by replacing the benzoate group in 29 by a sulfonate group in 28, a drastic 

modification of the solubility properties was evidenced, 29 being soluble in organic solvents 

and 28 in water. Considering the broadness of the intramolecular charge transfer band ranging 

between 350 and 470 nm, photopolymerization tests could be carried out at 405 and 460 nm. 

Photoacid generation was examined using Rhodamine B as the pH indicator.[284] Comparison 

of the photolysis rates of 29 and 28 in acetonitrile revealed the photolysis process to be faster 

for 28. Therefore, a higher production of H+ can be obtained with 28. To support the efficient 

production of proton, the mechanism depicted in the Scheme 5 was proposed by the authors. 

Notably, a homolytic cleavage of the sulfonate group can occur upon irradiation, generating a 

radical pair [dye-O•+ •SO2Ph]. The sulfonyl PhSO2• radical can then react with water, 

producing benzenesulfonic acid. 



 
Scheme 5. Chemical mechanism supporting photoacid generation by 28. 

Interestingly, all flavonols could act as single component photoinitiator during the FRP 

of TPGDA upon irradiation at 460 nm. Indeed, as shown during photoacid generation, 

photoexcitation of the dyes can produce radicals. Dye concentration as low as 0.125 wt% could 

be used, evidencing the reactivity of the generated radicals. Comparison between 27, 28, 29 

and camphorquinone revealed the final monomer conversion of 28 to outperform that of 

camphorquinone (80% vs. 41% conversion). Conversely, a lower monomer conversion was 

obtained with 29 (20% conversion after 180 s of irradiation at 460 nm) (See Figure 26). This 

efficiency trend is consistent with that determined during photoacid generation. Indeed, the 

first step of photoacid generation consists in a homolytic cleavage of the sulfonate or the 

carboxylate bond. Flavonols were also tested in more conventional conditions, as 

photosensitizers for two-component systems with an iodonium salt (Iod4) or triethanolamine 

(TEA). Using the two-component dye/TEA (0.125%/3% w/w) system, monomer conversion 

higher than 80% could be obtained within 20 s, greatly higher than that obtained when using 

flavonols as mono-component systems.  

 

Figure 26. Photopolymerization profiles of TPGDA in the presence of 27-29/Iod4 

(0.125%/1.0% w/w) and CQ/Iod4 (0.125%/1.0% w/w) upon irradiation with a 405 nm LED. 

Reprinted with permission from You et al. [283] 

28 + Iod4            
29 + Iod4
27 + Iod4
CQ + Iod4



Finally, biocompatibility of the resulting polymers was demonstrated by examining the 

cells viability of HeLa cells. For these experiments, a BisGMA/TEGDMA blend was used, this 

mixture of monomers being classically used in dentistry. When using these polymers as a 

culture medium for HeLa cells for seven days, a cell viability higher than 80% was found for 

polymers prepared with 29, 28 and camphorquinone. Therefore, the aforementioned 

photoinitiating systems have great potential for the design of biomaterials. By combining 

photolysis experiments, cyclic voltammetry and EPR experiments, mechanisms could be 

deduced for flavonols used in combination with triethanolamine. Notably, aminoalkyl 

radicals can be formed by photoinduced electron transfer from flavonol (See Figure 27, 

mechanism B). Parallel to this, homolytic cleavage of the sulfonate group can produced 

benzenesulfonyl radicals, further evolving as phenyl radical by release of sulfur dioxide (See 

Figure 27, mechanism A). Finally, in the case of the oxidative process, photoinduced electron 

transfer from the excited dye towards the iodonium salt can produce initiating aryl radicals 

(See Figure 27, mechanism C). 



 
Figure 27. The different photochemical mechanism involved in the FRP of TPGDA using 

flavonols as the photosensitizers. Reprinted with permission from You et al. [283] 

1.9. Chalcone derivatives 

 Chalcones are promising candidates for photoinitiation and the recent interest for this 

family of structures is supporting by their bioinspired scaffolds that could provide 

biocompatibility properties to the resulting polymers.[159,161] In 2020 and 2021, around 100 

chalcones have been examined as photoinitiators od polymerization.[153–163] Concerning 

triphenylamine-based chalcones, six dyes 30-35 have been examined in several studies done 

by the group of Lalevée and coworkers (See Figure 28).[156,160,285] One year later, Wang and 

28

28

28



coworkers revisited the photoinitiating ability of chalcone 34, previously tested by Lalevée and 

coworkers as visible light photoinitiator of polymerization.[286] 

 

 

Figure 28. Chemical structures of triphenylamine-based chalcones 30-35. 

 

 Among all triphenylamine-based chalcones, only dye 35 showed an absorption 

maximum centered in the UV range (λmax = 340 nm). For all the other dyes, absorption maxima 

ranging between 405 nm for chalcone 30 to 434 nm for 34 were determined in acetonitrile (See 

Table 8). Among all dyes, 34 exhibited the highest molar extinction coefficient (ε = 30800 M-

1.cm-1), due to the presence of two triphenylamine units in this chalcone. 

 

 

 

 

 



Table 8. Light absorption properties of chalcones 30-35 in acetonitrile: maximum absorption 

wavelengths λmax; extinction coefficients at λmax (εmax) and extinction coefficients at the emission 

wavelength of the LED@405 nm (ε@405nm). 

 λ
max (nm)

 
ε

max
(M

-1

cm
-1

) ε
@405nm 

(M
-1

cm
-1

) 

chalcone 30 405 18740 18740 

chalcone 31 430 7990 6760 

chalcone 32 428 8540 7200 

chalcone 33 430 10500 9020 

chalcone 34 434 30800 23000 

chalcone 35 340 29840 15340 

 

Chalcones 30-33 were tested in four different photoinitiating systems, namely, 

chalcone/Iod/EDB (1.5%/1.5%/1.5%, w/w/w) chalcone/Iod (1.5%/1.5%, w/w), chalcone/EDB 

(1.5%/1.5%, w/w) and chalcones alone (1.5% w/w). Considering that these dyes were tested for 

4D printing experiments, the FRP of a hydrophilic monomer was notably examined for dyes 

30-33, namely PEG-diacrylate. Two different conditions were also examined i.e. the 

polymerization of thin (0.1 mm) and thick (2 mm) samples. Among the four polymerization 

conditions tested, no polymerization was detected with the chalcones, and only a 

polymerization in thin films was detected with the two-component chalcone/EDB (1.5%/1.5%, 

w/w) systems. Conversely, efficient monomer conversions were detected with the three-

component chalcone/Iod/amine (1.5%/1.5%/1.5%, w/w/w) system as well as the two-

component chalcone/Iod (1.5%/1.5%, w/w) systems in thin films. Surprisingly, no 

improvement of the final monomer conversion was detected between the two and the three-

component system, evidencing the high reactivity of the two-component systems. 

Comparisons with the blank experiments done with the reference Iod/amine (1.5%/1.5% w/w) 

system revealed the two and three-component systems to outperform the reference system in 

thin films. Conversely, in thick films, only chalcone 30 could furnish a monomer conversion 

on par with that of the reference system (See Table 9). 

 

 

 

 



Table 9. Acrylate conversions determined upon irradiation at 405 nm with a LED using 

chalcone/Iod/amine (1.5%/1.5%/1.5%, w/w/w) and chalcone/Iod (1.5%/1.5%, w/w) systems. 

chalcones chalcone/Iod/EDB  chalcone/ Iod  

 Thin films Thick 

molds 

Thin 

films 

Thick 

molds 

 

30 71% 92% 82% 94% PEG-diacrylate 

31 58% 53% 77% 52% PEG-diacrylate 

32 85% 17% 93% 21% PEG-diacrylate 

33 85% 77% 93% 92% PEG-diacrylate 

35 96%a -   PEG-diacrylate 

Blank 50% 93% - - PEG-diacrylate 

a chalcone/Iod/amine (0.1%/1.5%/1.5%, w/w/w) 

Considering the high reactivity of the two-component chalcone 30/Iod (1.5%/1.5%, 

w/w) system at 405 nm, 3D/4D printing experiments were carried out with this system. 

Notably, upon immersion of polymer in water for 24h, a swelling ratio of 60% was determined, 

enabling the volume of the 3D patterns to increase by about two times compared to their initial 

volume. Interestingly, all patterns could return to their initial shapes and sizes upon heating 

at 50°C, enabling to design 3D patterns with form memory. This point was notably examined 

with the combination of swelling and thermally induced dehydration of polymers (See Figure 

29). Thus, upon swelling the 3D-printed cross in water for 1 min, a curvature of the cross was 

observed, what can be suppressed by dehydrating the polymer at 100°C for 100 s. 

Interestingly, while maintaining the heating at 100°C during 10 min., an inverted curvature of 

the cross was obtained, resulting from a complete dehydration of the polymer. Finally, while 

letting the polymer cooling down to room temperature, the cross could return to its initial 

shape, enabling to design shape-memory objects. Ability to design 3D objects with chalcones 

were confirmed with chalcone 30.[160] Interestingly, if ferrocene derivatives are often reported 

as being poor candidates for FRP experiments,[152] in the present case, a PEG-diacrylate 

conversion as high as 96% could be obtained, outperforming the conversions obtained with 

chalcones 30-33. Noticeably, this high monomer conversion could only be obtained while 

reducing the dye concentration to 0.1 wt%, this dye exhibiting a high molar extinction 

coefficient at 405 nm (See Table 8). 

 



 

Figure 29. Swelling and dehydration induced actuation of PEG-polymers obtained using the 

two-component 30/Iod system at 405 nm. (a) the designed geometrical form of the  cross; (b) 

cross of PEG-polymer after photopolymerization; (c) shape of the cross after water swelling 

for 1 min; (d) shape of the cross after 100 seconds of dehydration (heating at 100°C); (e) shape 

of the cross after 10 mins of dehydration (heating at 100°C); (f) cross after stay at room 

temperature for 10 mins; (g) shape of the cross after water swelling again for 1 min; (h) shape 

of the cross after 100 seconds of dehydration (heating at 100°C); (i) shape of the cross after 10 

mins of dehydration (heating at 100°C). Reprinted with permission from Chen et al.[285] 

 

Finally, chalcone 34 was investigated for the polymerization of another acrylic 

monomer i.e. di(trimethylolpropane) tetraacrylates (TA).[156] Thank to its strong absorption 

at 405 nm, the dye concentration could be reduced to 0.1 wt%. Using a three-component 

34/Iod/EDB (0.1%/2%/2%, w/w/w) for the polymerization of thin TA films, a final monomer 

conversion of 56% could be determined, higher than the reference system Iod/EDB system 

(39% conversion after 400 s of irradiation). 

 

1.10. Hexaarylbiimidazole derivatives 

Hexaarylbiimidazoles (HABI) also named lophine dimers are historical photoinitiators 

of polymerization and the first report mentioning their uses was published in 1960.[287] As 

specificities, hexaarylbiimidazoles possess a carbon-nitrogen bond that can be readily cleaved 

H2O, 1 min. 100°C, 100 s 100°C, 10 min. Tamb., 10 min.



photochemically and thermally so that hexaarylbiimidazoles can act as thermal and/or 

photochemical initiators of polymerization. Hexaarylbiimidazoles are also characterized by a 

low sensitivity to oxygen, which has stimulated the industrial interest for this family of 

structures.[288–291] To end, the high yield of lophyl radicals i.e. 2,4,5-triarylimidazolyl 

radicals make these structures appealing candidates to initiate the FRP of acrylates when 

combined to hydrogen donor (See Scheme 6). Upon photoexcitation, two lophyl radicals can 

be formed which can then abstract hydrogens from coinitiators such as amines, enabling to 

produce initiating radicals. Among HABI, the most common structure is undoubtedly 2-

chlorohexaarylbiimidazole. However, absorption of this dye is strongly UV centered[292–294] 

so that derivatives of this structure exhibiting a red-shifted absorption located in the visible 

range were designed and synthesized.[295–299] 

 
Scheme 6. Mechanism involved in the production of radicals upon photocleavage of HABI.  

 In 2020, a series of triphenylamine-based hexaarylbiimidazoles was examined as 

photoinitiators for the FRP of acrylates (See Figure 30).[300] Interestingly, modification of the 

number of methoxy groups on triphenylamine enabled to finely tune both the solubility of 

dyes in resins but also to modify the position of the absorption maxima. In this study, a series 

of four dyes was examined (See Figure 30). 



 

Figure 30. Chemical structures of hexaarylbiimidazole derivatives 36-39. 

Upon introduction of methoxy groups onto HABI, a redshift of the absorption spectra 

was found so that an onset of the absorption spectra at 520, 480 and 470 nm could be 

determined for 39-37 respectively, consistent with a reduction of the electron donating groups 

on triphenylamines (See Figure 31). Comparison of the solubility of the different HABI in 

TMPTA revealed 36 to exhibit a poor solubility contrarily to 37-39. Analysis of the thermal 

properties by thermogravimetric analysis (TGA) revealed all dyes 37-39 to exhibit similar 

decomposition temperature than 36. The highest decomposition temperature was found for 

34 bearing the greatest number of methoxy groups. 

 
Figure 31. UV-visible absorption spectra of hexaarylbiimidazole derivatives 36-39 in THF. 

Reprinted with permission from Li et al. [300]. 

36
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39



 When tested in two-component dye/NPG systems for the FRP of TMPA, despites their 

absorptions extending until 500 nm, best conversions were obtained upon irradiation in the 

UV range than in the visible range and these results were assigned to the lower intensity of 

the white LED (1.75 lm) compared to that of the UV lamp (10 W/m²). Interestingly, increase of 

the number of methoxy groups resulted in a significant decrease of the polymerization 

efficiency. Thus, upon irradiation for 11 min. with the white LED, the monomer conversion 

decreased from 58 to 49% for 37 and 38. Conversely, no polymerization was detected with 39. 

This counter-performance was assigned to a quenching process of 39 with NPG, but also to 

the fact that the methoxy group could act as internal hydrogen donors. However, examination 

of the photoinitiating ability of 38 with and without NPG revealed the presence of NPG to be 

crucial, no polymerization of TMPTA being detected without NPG. Besides, comparison of the 

photoinitiating ability of 36 with that of 38 revealed upon visible light irradiation 38 to furnish 

the same monomer conversions than 36 after 11 min. of irradiation. 

1.11. Oxime ester derivatives 

 Simplification of the photocurable resins is at present the focus of intense research 

efforts. Indeed, if Type II photoinitiators can furnish highly efficient photoinitiating systems, 

the necessity to introduce one or two co-initiators in complement to the photosensitizer can 

constitute a major impediment for future use in industry.[154,301–303] Ideally, a great 

simplification of the photocurable resin can be obtained while using a mono-component 

system. In this field, oxime esters that are a specific family of Type I photoinitiators are capable 

to generate initiating radicals upon homolytic cleavage of a N-O bond.[304–313] Indeed, upon 

cleavage, an iminyl and a carbonate radical can be formed. Subsequently, the carbonate radical 

can undergo a decarboxylation reaction, producing carbon-centered radicals. As interesting 

feature, the carbon dioxide released during the decarboxylation reaction can also contribute to 

reduce the oxygen inhibition during FRP, CO2 impeding dioxygen to penetrate inside the 

resin.[290,314] Concerning triphenylamine-based oxime esters, four structures 35-38 were 

reported for the first time in 2021.[315] Here again, the substitution of triphenylamine by 

methoxy groups was examined (See Figure 32).  

 
Figure 32. Chemical structures of triphenylamine-based oxime esters 40-43.  



From the absorption viewpoint, influence of the substitution pattern of triphenylamine 

did not significantly modify the position of the absorption maxima. Thus, absorptions ranging 

between 360 nm for 40 and 42 to 362 nm for 43 and 364 nm for 41 could be determined in 

dichloromethane (See Figure 33). 

 
 

Figure 33. UV-visible absorption spectra of 40-43 in dichloromethane. Reprinted with 

permission from Lee et al. [315] 

 

 Examination of the photoinitiating ability revealed major differences between the four 

dyes. Thus, while using 2 wt% oxime esters in TMPTA, a severe variation of the final monomer 

conversions was observed, ranging from 92 to 78, 74 and 72% for 40, 42, 51 and 43 respectively 

after 6 minutes of irradiation at 405 nm. Besides, until 80 s, similar polymerization kinetics 

could be evidenced (See Figure 34). The higher monomer conversion obtained with 40 was 

assigned to first the contribution of the carbon-centered radicals to the polymerization process 

followed by the contribution of the iminyl radicals to the polymerization process in a later 

stage.[316] In the case of 41-43, and due to the presence of electron-donating groups onto 

triphenylamine, a lower contribution of the iminyl radicals to the polymerization process was 

thus proposed, resulting from shorter radical lifetimes. Considering the low molar extinction 

coefficient of 41-43 at 405 nm, the sensitization by isopropylthioxanthone (ITX) exhibiting a 

higher molar extinction coefficient than 40-43 was examined. As anticipated, an efficient 

sensitization of oxime esters could be obtained, improving the monomer conversion. Thus, 

upon sensitization of 41, a 4-fold enhancement of the TMPTA conversion could be obtained 

while using the two-component ITX/41 (1%/0.1% w/w) system compared to 41 (0.1 wt%). Laser 

flash photolysis experiments revealed the sensitization to occur via the triplet state of ITX. 

40
41
42
43



 
Figure 34. TMPTA conversion obtained with 40-43 upon irradiation at 405 nm and by using 2 

wt% dye. Reprinted with permission from Lee et al. [315] 

 

Oxime esters are type I photoinitiators, but these structures can also be used for the 

sensitization of iodonium salt. This strategy where oxime esters are used as Type II 

photoinitiators was notably applied to a phenothiazine-based oxime ester i.e. 44 (See Figure 

35).[306] When applied to the FRP of TPGDA, introduction of the iodonium salt as the co-

initiator enabled to improve the TPGDA conversion from 71% for 44 (1 wt%) alone up to 96% 

with the two-component 44/Iod (0.2%/2% w/w) upon irradiation at 405 nm with a laser diode. 

 

Figure 35. Chemical structure of 44. 

A summary of the different monomer conversions obtained with the different 

triphenylamine-based photoinitiating system is provided in the Table 10. 
 

Table 10. Monomer conversions obtained with the different triphenylamine-based 

photoinitiating systems. 

Dye 
Photoinitiating systems Monomers 

Light 

source 

Monomer  

conversion 

Ref. 

1 1/Iod/amine (0.1%/2%/2% w/w/w) Ebecryl 40 405 nm 67% (400 s) 204 

2 2/Iod/amine (0.1%/2%/2% w/w/w) Ebecryl 40 405 nm 60% (400 s) 204 

3 3/Iod/amine (0.1%/2%/2% w/w/w) Ebecryl 40 405 nm 90% (400 s) 204 

4 4/Iod/amine (0.1%/2%/2% w/w/w) Ebecryl 40 405 nm 92% (400 s) 204 

5 5/Iod/amine (0.1%/2%/2% w/w/w) Ebecryl 40 405 nm 95% (400 s) 204 

6 6/Iod/amine (0.1%/2%/2% w/w/w) Ebecryl 40 405 nm 58% (400 s) 204 

7 7/Iod (0.5%/1% w/w) EPOX 405 nm 66% (800 s) 207 
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8 8/Iod (0.5%/1% w/w) EPOX 405 nm 57% (800 s) 207 

7 7/Iod (0.5%/1% w/w) TMPTA 405 nm 25% (100 s) 207 

7 7/NPG (0.5%/1% w/w) TMPTA 405 nm 62% (100 s) 207 

7 7/EDB (0.5%/1% w/w) TMPTA 405 nm 55% (100 s) 207 

7 7/Iod/EDB (0.5%/1% w/w) TMPTA 405 nm 59% (100 s) 207 

8 8/Iod (0.5%/1% w/w) TMPTA 405 nm 48% (100 s) 207 

8 8/NPG (0.5%/1% w/w) TMPTA 405 nm 61% (100 s) 207 

8 8/EDB (0.5%/1% w/w) TMPTA 405 nm 52% (100 s) 207 

8 8/Iod/EDB (0.5%/1% w/w) TMPTA 405 nm 57% (100 s) 207 

9 9/Iod (0.3%/1%, w/w) TMPTA 405 nm 64% (200 s) 110 

10 10/Iod (0.3%/1%, w/w) TMPTA 405 nm 69% (200 s) 110 

9 9/EDB (0.3%/1%, w/w) TMPTA 405 nm 57% (200 s) 110 

10 10/EDB (0.3%/1%, w/w) TMPTA 405 nm 71% (200 s) 110 

9 9/Iod/EDB (0.3%/1%/1% w/w/w) TMPTA 405 nm 66% (200 s) 110 

10 10/Iod/EDB (0.3%/1%/1% w/w/w) TMPTA 405 nm 75% (200 s) 110 

9 9/Iod (0.3%/1%, w/w) EPOX 405 nm 38% (200 s) 110 

10 10/Iod (0.3%/1%, w/w) EPOX 405 nm 45% (200 s) 110 

11 11/Iod/EDB (0.3%/1%/1% w/w/w) TMPTA 405 nm 68% (200 s) 109 

12 12/Iod/EDB (0.3%/1%/1% w/w/w) TMPTA 405 nm 72% (200 s) 109 

13 13/Iod/EDB (0.3%/1%/1% w/w/w) TMPTA 405 nm 77% (200 s) 109 

11 11/Iod (0.3%/1% w/w) TMPTA 405 nm 65% (200 s) 109 

12 12/Iod (0.3%/1% w/w) TMPTA 405 nm 68% (200 s) 109 

13 13/Iod (0.3%/1% w/w) TMPTA 405 nm 72% (200 s) 109 

11 11/EDB (0.3%/1% w/w) TMPTA 405 nm 60% (200 s) 109 

12 12/EDB (0.3%/1% w/w) TMPTA 405 nm 62% (200 s) 109 

13 13/EDB (0.3%/1% w/w) TMPTA 405 nm 69% (200 s) 109 

11 11/Iod (0.3%/1% w/w) EPOX 405 nm 43% (200 s) 109 

12 12/Iod (0.3%/1% w/w) EPOX 405 nm 41% (200 s) 109 

13 13/Iod (0.3%/1% w/w) EPOX 405 nm 47% (200 s) 109 

9 9/TEOA (1%/1% w/w) TMPTA 405 nm 98% (1200 s) 217 

14 14/TEOA (1%/1% w/w) TMPTA 405 nm 83% (1200 s) 217 

15 15/TEOA (1%/1% w/w) TMPTA 405 nm n.p. 217 

16 16/TEOA (1%/1% w/w) TMPTA 405 nm 65% (1200 s) 217 

17 17/TEOA (1%/1% w/w) TMPTA 405 nm 65% (1200 s) 217 

18 18/Iod (0.1%/1% w/w) TPGDA 405 nm 98% (60 s) 218 

19 19/Iod (0.5%/1% w/w) EPOX 405 nm 41% (800 s) 220 

20 20/Iod (0.5%/1% w/w) EPOX 405 nm 53% (800 s) 220 

19 19/Iod (0.5%/1% w/w) TMPTA 405 nm 41% (800 s) 220 

20 20/Iod (0.5%/1% w/w) TMPTA 405 nm 47% (800 s) 220 

20 20/Iod/EDB (0.01%/1%/1% w/w/w) TMPTA 405 nm 80% (800 s) 220 

20 
20/Iod/EDB (0.01%/1%/1%) 

BisGMA/TEGD

MA 

405 nm 65% (800 s) 220 

21 21/Iod2 (0.5%/2% w/w) EPOX 455 nm 60% (800 s) 136 

21 
21/Iod2 (0.5%/2% w/w) 

EPOX halogen 

lamp 

49% (800 s) 136 

22 22/Iod2 (0.5%/2% w/w) EPOX 455 nm 41% (800 s) 136 

22 
22/Iod2 (0.5%/2% w/w) 

EPOX halogen 

lamp 

31% (800 s) 136 

22 22/Iod2/NVK (0.5%/2%/3% w/w/w) EPOX 405 nm 55% (800 s) 136 



22 
22/Iod2/NVK (0.5%/2%/3% w/w/w) 

EPOX halogen 

lamp 

41% (800 s) 136 

23 
23/Iod (0.2%/2% w/w) 

EPOX-Si Xe-Hg 

lamp 

52% (200 s) 71 

24 24/Iod (0.2%/3% w/w) DGEBA 405 nm 56% (300 s) 242 

24 24/Iod (0.2%/3% w/w) DGEBA 455 nm 46% (300 s) 242 

24 24/Iod/NVK (0.2%/3%/2% w/w/w) DGEBA 455 nm 61% (300 s) 242 

24 24/Iod (0.2%/3% w/w) TPGDA 405 nm 87% (300 s) 242 

25 25/Iod (0.2%/3% w/w) TPGDA 405 nm 83% (300 s) 242 

24 24/Iod (0.2%/3% w/w) TPGDA 455 nm 77% (300 s) 242 

25 25/Iod (0.2%/3% w/w) TPGDA 455 nm 73% (300 s) 242 

24 24/Iod/TPP (0.2%/3%/2% w/w/w) TPGDA 405 nm 70% (20 s) 242 

24 24/Iod (0.2%/3% w/w) TPGDA 405 nm 21% (20 s) 242 

26 26/TEOA (0.1%/6% w/w) TPGDA 460 nm 70% (20 s) 270 

26 26/TEOA (0.1%/0.75% w/w) TPGDA 460 nm 40% (20 s) 270 

27 27/TEOA (0.125%/3% w/w) TPGDA 405 nm 85% (160 s) 283 

28 28/TEOA (0.125%/3% w/w) TPGDA 405 nm 85% (20 s) 283 

29 29/TEOA (0.125%/3% w/w) TPGDA 405 nm 75% (120 s) 283 

27 27/TEOA (0.125%/3% w/w) TPGDA 460 nm 70% (180 s) 283 

28 28/TEOA (0.125%/3% w/w) TPGDA 460 nm 80% (60 s) 283 

29 29/TEOA (0.125%/3% w/w) TPGDA 460 nm 75% (180 s) 283 

27 27/TEOA (0.125%/3% w/w) TPGDA 405 nm 80% (150 s) 283 

28 28/TEOA (0.125%/3% w/w) TPGDA 405 nm 75% (150 s) 283 

29 29/TEOA (0.125%/3% w/w) TPGDA 405 nm 55% (150 s) 283 

27 27/TEOA (0.125%/3% w/w) TPGDA 460 nm 48% (150 s) 283 

28 28/TEOA (0.125%/3% w/w) TPGDA 460 nm 65% (150 s) 283 

29 29/TEOA (0.125%/3% w/w) TPGDA 460 nm 45% (150 s) 283 

30 30/Iod/EDB (1.5%/1.5%/1.5%, w/w/w) PEG-diacrylate 405 nm 71% (200 s) 286 

31 31/Iod/EDB (1.5%/1.5%/1.5%, w/w/w) PEG-diacrylate 405 nm 58% (200 s) 286 

32 32/Iod/EDB (1.5%/1.5%/1.5%, w/w/w) PEG-diacrylate 405 nm 85% (200 s) 286 

33 33/Iod/EDB (1.5%/1.5%/1.5%, w/w/w) PEG-diacrylate 405 nm 85% (200 s) 286 

30 30/Iod (1.5%/1.5%, w/w) PEG-diacrylate 405 nm 82% (200 s) 286 

31 31/Iod (1.5%/1.5%, w/w) PEG-diacrylate 405 nm 77% (200 s) 286 

32 32/Iod (1.5%/1.5%, w/w) PEG-diacrylate 405 nm 93% (200 s) 286 

33 33/Iod (1.5%/1.5%, w/w) PEG-diacrylate 405 nm 93% (200 s) 286 

34 34/Iod/EDB (0.1%/2%/2%, w/w/w) PEG-diacrylate 405 nm 56% (400 s) 146 

35 35/Iod/EDB (0.1%/2%/2%, w/w/w) PEG-diacrylate 405 nm 96% (400 s) 160 

36 36/NPG (2%/0.1%, w/w) TMPTA  white LED 37% (8 min) 300 

37 37/NPG (2%/0.1%, w/w) TMPTA white LED 80% (8 min) 300 

38 38/NPG (2%/0.1%, w/w) TMPTA white LED 45% (8 min) 300 

39 39/NPG (2%/0.1%, w/w) TMPTA white LED n.p. 300 

40 40 (2 wt%) TMPTA 405 nm 90% (260 s) 315 

41 41 (2 wt%) TMPTA 405 nm 70% (260 s) 315 

42 42 (2 wt%) TMPTA 405 nm 75% (260 s) 315 

43 43 (2 wt%) TMPTA 405 nm 72% (260 s) 315 

44 44 (1 wt%) TPGDA 405 nm 71% (60 s) 306 

44 44/Iod (0.2%/2%, w/w) TPGDA 405 nm 96% (60 s) 306 
a np: no polymerization. 

 



Conclusion 

 To conclude, triphenylamine is a versatile scaffold that was at the basis of numerous 

visible light photoinitiators of polymerization. Ability to design Type I and type II 

photoinitiators was strongly related to the facile chemical modifications of this scaffold. Over 

the years, more than 10 different families of dyes have been examined as photoinitiators of 

polymerization. A clear evolution of the photoinitiator structures can be evidenced. Indeed, if 

triphenylamine-based photoinitiators were mostly Type II photoinitiators, recently, with aim 

simplifying the composition of the photocurable resins, Type I photoinitiators are now widely 

studied. Notably, oxime esters were developed as promising candidates for photoinitiation. 

However, other families of Type I photoinitiators based on benzoin derivatives, phosphine 

oxides, benzyl ketals, hydroxyacetophenones or α-aminoalkylacetophenones can be 

developed in the Future. Future works will also consist in developing water-soluble dyes. In 

this field, triphenylamines bearing sulfonic groups, carboxylates or ammonium groups could 

allow to develop interesting dyes. Indeed, with aim at developing more environmentally 

friendly polymerization conditions and face to the scarcity of water-soluble visible light 

photoinitiators of polymerization currently available on the market, this family of dyes 

deserves to be more widely studied in the future. Finally, another interesting research topic 

could consist in developing bioactive molecules capable to act as bactericides, fungicides or 

virucides, the search for cleaning products capable to kill COVID-19 being currently an active 

research field.   
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