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The design of biosourced and/or bioinspired photoinitiators is an active research field as it offers a unique
opportunity to develop photoinitiating systems exhibiting better biocompatibility as well as reduced toxicity. In this
field, flavonoids can be found in numerous fruits and vegetables so these structures can be of interest for
developing, in the future, polymerization processes, offering a reduced environmental impact but also better

biocompatibility of the polymers.

photoinitiator visible light photopolymerization

| 1. Flavonols

Flavonols have been extensively studied in health sciences, due to their low toxicities but also due to their
antioxidant and anticancer activities [H2BIIBIBIZIEIE Flavonols also possess excellent optical properties LA2112]
[13114] pye to the presence of the hydroxy group close to the ketone group, these dyes also exhibit excited state
intramolecular proton transfer (ESIPT) properties, enabling these dyes to have large Stokes shifts and a dual
emission associated with the formation of two excited states, the first one corresponding to the Franck—Condon
excited state and the second one attributed to the tautomeric form issued from ESIPT [L3I16I[L7][18]{19][20][21]22][23][24]
(25[26](27]  Despite these appealing features, several drawbacks can be cited, especially regarding the stability of
flavonols under light irradiation. In addition to the aforementioned intramolecular proton transfer [L3I[16][17][18][28][29]
[30I31](321(33] ' photooxidation [B4I33136]  reverse proton transfer BZ or photorearrangement reaction B839 can be
cited as the main photoinduced chemical reactions. Despite this attested instability under irradiation, flavonols were
used in photopolymerization. Notably, the remarkable fluorescence of a flavonol derivative was used for the real-
time monitoring of the FRP of an acrylate-based E-Shell 300 biocompatible polymer by using the flavanol derivative
as a fluorescent probe. However, this flavonol derivative was not used as a photoinitiator/photosensitizer but only

as a probe [,

The first report mentioning the use of flavonoids as photoinitiators of polymerization was reported in 2013 by
Lalevée and coworkers 49, In order to provide sufficient absorption in the visible range, different chromophores
were connected to the flavonol scaffold, namely pyrene, anthracene or a para-dimethylaminophenyl group (see
Figure 1).
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Figure 1. Chemical structures of flavonols CH_1-CH_5, different monomers and additives.

From the absorption viewpoint, modification of the side groups strongly impacted the absorption properties of the
dyes. All dyes exhibited an absorption maximum located in the near-UV-visible range, except for CH_4 for which an
absorption maximum located at 431 nm was determined in acetone. In the case of CH_1-CH_3 and CH_5, maxima
located at 394, 377, 325 and 385 nm were respectively measured in acetonitrile. Noticeably, alkylation of the
phenolic group in CH_1 blueshifted the absorption of CH_2 by ca. 17 nm, from 394 nm for CH_1 up to 377 nm for
CH_2. Improvement in the electron-donating ability of the side group contributed to the redshift of the absorption,
as exemplified with CH_2 exhibiting an absorption redshifted by ca. 50 nm compared to CH_3 bearing a weak
electron donor. Considering that the absorption of all dyes extends until the visible range, these dyes were thus
appropriate candidates for polymerization experiments performed at 457 nm with a laser diode (I = 100 mW/cm?),
at 462 nm with an LED (I = 15 mW/cm?) and upon irradiation with a halogen lamp (370-800 nm range, | = 12
mW/cm?). Two different mechanisms were investigated, an oxidative and a reductive pathway. Among the two
possible mechanisms, the oxidative pathway proved to be the most reactive one. By using the three-component
dye/lod/NVK systems (where lod and NVK respectively stand for [methyl-4-phenyl-(methyl-1-ethyl)-4-
phenylliodonium tetrakis(pentafluorophenyl)borate and N-vinylcarbazole), the phenyl radicals formed by
photoinduced electron transfer from the excited dye toward the electron-deficient iodonium salt can further react
with NVK, producing Ph-NVK®. These radicals can also react with lod, generating Ph-NVK* (41142431 Therefore,
this mechanism can contribute to promoting both the free radical polymerization (FRP) of acrylates and the free-
radical-promoted cationic polymerization (FRPCP) of epoxides (see Equations (r1)—(r3)). By UV-visible absorption
spectroscopy, the formation of CH_1°* could be detected at ca. 500 nm, supporting the oxidation step. The

formation of CH_1°* and Ph*® was also evidenced by electron spin resonance (ESR).
CH - 1CH (hv)ICH + Phyl* — CH ** + Ph,l® and Ph,l® — Ph® + Ph-I(r1)

Ph® + NVK - Ph-NVK*(r2)

https://encyclopedia.pub/entry/53062 2/26



Flavonoids as Visible Light Photoinitiators | Encyclopedia.pub

Ph-NVK® + Ph,l* - Ph-NVK* + Ph-I + Ph*(r3)

In the case of the three-component dye/MDEA/R-Br system (where MDEA and R-Br stand for N-
methyldiethanolamine and phenacyl bromide), the formation of phenacyl radicals could be identified as the unique

radicals formed with this three-component system during the ESR experiments (see Equations (r4) and (r5)).
1CH + MDEA — CH *~ + MDEA®*(r4)
CH®*™ + R-Br - CH + R*® + Br (r5)

Examination of the photoinitiating abilities of CH_1-CH_5 during the CP of (3,4-epoxycyclohexane)methyl 3,4-
epoxycyclohexylcarboxylate (EPOX) upon irradiation with a halogen lamp revealed CH_1 to outperform the other
dyes. Thus, a conversion of 60% after 800 s of irradiation was determined, contrarily to 30—40% for CH_2-CH_5 in
the same conditions. Using CH_1 as the chromophore, a slightly higher EPOX conversion was determined at 457

nm (65% conversion vs. 60% with the halogen lamp).

Comparison with the reference three-component phenylbis(2,4,6-trimethylbenzoyl)phosphine  oxide
(BAPO)/lod/NVK system revealed CH_1 to furnish similar monomer conversions to BAPO in three-component
systems. While examining the FRP of trimethylolpropane triacrylate (TMPTA) using the reductive pathway, only
CH_1 and CH_2 could furnish acceptable monomer conversions. If no monomer conversion could be detected with
the two-component CH_1 or CH_2/MDEA systems, a conversion of ca. 40 and 35% could be obtained after 300 s
of irradiation with a halogen lamp using the three-component CH_1/MDEA/R-Br (0.5%/4%/3% w/w) and
CH_2/MDEA/R-Br (0.5%/4%/3% wiw) systems. This conversion could be significantly increased by using a laser
diode emitting at 457 nm. In these conditions, a conversion of 60% could be determined using the three-
component CH_1/MDEA/R-Br (0.5%/4%/3% wiw) system. Comparison with the reference two-component Eosin-
Y/MDEA (0.1%/3% wiw) system (30% conversion after 300 s) revealed the two three-component systems based
on CH_1 and CH_2 to outperform the reference system. Considering that cations and radicals are both formed with
the three-component CH_1/lod/NVK system, the elaboration of interpenetrated polymer networks by the
concomitant polymerization of TMPTA and EPOX was examined under air. After 1000 s of irradiation at 457 nm
with a laser diode, photopolymerization of a TMPTA/EPOX blend (50%/50%) under air furnished tack-free
polymers. Using low light intensities (LED@462 nm and a halogen lamp), 30 min. was required to get tack-free

coatings.

In 2016, the first natural flavonoid dye, namely quercetin (3,5,7,3',4'-pentahydroxyflavone), was examined by
Versace and coworkers both as a photosensitizer and an antibacterial agent for the design of antibacterial coatings
(441 |ndeed, an efficient strategy to cause the apoptosis of bacteria consists in producing reactive oxygen species
(ROS) that will be capable of degrading cells “346l47]148] Among ROS, singlet oxygen constitutes the best
approach to prevent microorganism adhesion and proliferation on any surface. Several photoinitiators of
polymerization have been identified as providing antimicrobial properties to coatings such as hydroxyethyl
Michler’s ketone 42, rose Bengal RYB1, porphyrins and phthalocyanines 22331 epsin Y BIE4 toluidine blue B or
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methylene blue BIBECIT |f these synthetic dyes showed interesting properties, a step further consists in using

natural dyes to act as antibacterial agents, which constitutes a major environmental challenge.

Quercetin also exhibits antiviral, anti-inflammatory, anti-allergic and antioxidant activities, and this natural
compound is also beneficial to limit cancer risks and cardiovascular problems [B8l591601 Considering that quercetin
is responsible for the green color of oak leaves, an absorption extending up to 430 nm was determined in
acetonitrile, with an absorption maximum at 370 nm (¢ = 19,000 M~1.cm™). An emission peak was also determined
at 535 nm so that a Stokes shift of 8350 cm™ could be calculated. This large Stoke shift is indicative of a significant
electronic change between the ground state and the excited state. Photolysis experiments performed with the two-
component quercetin/lod1l system revealed the photogeneration of Bronsted acid (H*) using rhodamine B as an

acid indicator. Quercetin was thus identified as a promising candidate for CP.

Using glycerol triglycidyl ether (GTE) as the monomer and upon irradiation with a Xe lamp (I = 70 mW/cm?), a GTE
conversion of 75% could be determined after 1200 s of irradiation using the two-component quercetin/lodl
(2.5%/4% wlw) system (where lodl stands for 4-(2-methylpropyl)phenyl iodonium hexafluorophosphate).
Interestingly, the quercetin-based coatings exhibited remarkable thermal stability since a decomposition
temperature higher than 375 °C could be determined by thermogravimetric analysis (TGA). Examination of the
fluorescence of the polymer films revealed the presence of remaining quercetin that could be advantageously used
to generate reactive oxygen species upon light activation. Antibacterial properties were examined with Gram-
negative bacteria (E. coli) and Gram-positive bacteria (S. aureus). Noticeably, quercetin-based coatings only
exhibited antiproliferation properties for Gram-positive bacteria. In the case of E. coli, the development of bacteria
was neither inhibited by light nor affected by the presence of quercetin within the polymer film. On the contrary, a
total death of Gram-positive bacteria (S. aureus) was determined after 2 h of irradiation. The insensitivity of Gram-
negative bacteria to singlet oxygen was assigned to the presence of lipopolysaccharides in the cell wall offering

some protection against exogenous agents.

More recently, quercitin and morin, which are two isomers of position, were compared for their photoinitiating
abilities during the FRP of a BisGMA/TEGDMA (1/1) blend (where BisGMA and TEGDMA stand for bisphenol A-
glycidyl methacrylate and triethylene glycol dimethacrylate, respectively) or TMPTA, the cationic polymerization of
tri(ethylene glycol) divinyl ether (DVE-3), and the polymerization thiol-ene of a DVE-3/trimethylolpropane tris(3-
mercaptopropionate) (Trithiol) (1/1) blend or a 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (Trione)/Trithiol
(1/1) blend (see Figure 2) 81 Morin is a natural compound that can be extracted from Osage orange and is well

known to exert antioxidant, anti-inflammatory and anti-carcinogenic effects [621631[641(65]
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Figure 2. Chemical structure of quercetin and its isomer of position morin, different monomers and additives.

From the absorption viewpoint and despite the similarity of structures between quercetin and morin, totally different
absorption spectra were determined in ethanol. If no absorption peaks could be detected for morin, an absorption
peak could be clearly detected for quercetin (Apax = 372 nm, € = 23,300 M~t.cm™). In addition, the absorption
spectrum of morin extends up to 575 nm so that polymerization experiments could be carried out at 374, 394, 410
and 445 nm.

FRP experiments performed with morin and quercetin revealed the two-component morin/lod2 system to be unable
to initiate the FRP of the BisGMA/TEGDMA (70/30 w/w) blend upon irradiation at 410 and 445 nm. Conversely, a
conversion of 26% was obtained with the quercetin/lod2 system upon excitation at 410 nm (I = 110 mW/cm?) for
300 s. No polymerization was detected at 445 nm with quercetin due to the lack of absorption. A significant
improvement in the monomer conversion was obtained by using the three-component quercetin/lod2/N-
phenylglycine (NPG) (0.5%/2%/2% wiw/w) system. A conversion of 60% at 410 nm and 57% at 445 nm. These
values are higher than those obtained with the reference NPG/lod2 system (26% at 410 nm, 47% at 445 nm).
While examining the cationic polymerization (CP) of DVE-3, the best monomer conversion was obtained at 410 nm
with the two-component quercetin/lod2 (0.5%/2% w/w) system (89% after 300 s of irradiation) vs. 78% with the
morin/lod2 system. Parallel to this, an induction time of 25 s was determined with the quercetin-based system
contrarily to 110 s with morin. Finally, the two-component quercetin/lod2 (0.5%/2%, w/w) system was examined for
the thiol-ene polymerization of the DVE-3/Trithiol (1/1) and Trione/Trithiol (1/1) blends.

Interestingly, DVE-3 was entirely polymerized in the presence of Trithiol for which a trithiol conversion of only 51%
was detected. A shorter induction time was determined for DVE-3, reduced to only 8 s contrarily to 25 s for the
homopolymerization of DVE-3. By replacing DVE-3 with Trione, a similar conversion was obtained for Trione and

Trithiol, around 80% for the two monomers. To support the unequal monomer conversion determined during the
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thiol-ene polymerization of a DVE-3/Trithiol blend, the occurrence of a homopolymerization of DVE-3 concomitant
to the thiol-ene polymerization was suggested. Conversely, homopolymerization of Trione is difficult, avoiding this
undesired reaction [68I671[68]

In 2018, another flavonol, i.e., 3-hydroxyflavone (3HF) was used in combination with an amino acid, namely N-

phenylglycine (NPG), to produce free radicals upon irradiation at 385, 405 and 477 nm (see Figure 3) (62,

EDB lod3 4-DPPBA

EPOX

Figure 3. Chemical structures of 3HF, different monomers and additives.

From the absorption viewpoint, the absorption maximum of 3HF was blue-shifted by ca. 20 nm compared to
guercetin (350 nm vs. 370 nm for 3HF). Only low molar extinction coefficients could be determined in the visible
range, ranging between £ ~ 250 M~t.cm™ at 405 nm and € ~ 40 M~t.cm™ at 470 nm. Conversely, at 350 nm, a
molar extinction coefficient of e~14,000 M~1.cm™ could be calculated. The high reactivity of 3HF was evidenced
when combined with NPG. Thus, using the 3HF/NPG (0.5%/1% w/w) couple, a conversion as high as 71% could
be determined during the FRP of a BisGMA/TEGDMA (1/1) blend (where BisGMA and TEGDMA stand for
bisphenol A-glycidyl methacrylate and triethylene glycol dimethacrylate, respectively) upon irradiation at 405 nm
with an LED (I = 110 mW/cm?).

This value is higher than that obtained with the reference lod3/EDB (1%/1% wi/w) system (68% after 100 s of
irradiation at 405 nm) 9. |f an excellent monomer conversion could be obtained with the reductive pathway, a
different situation was found using the oxidative one. Thus, only a low monomer conversion of 19% was obtained
with the two-component 3HF/lod3 (0.5%/1% wiw) system upon irradiation at 405 nm. By using the three-
component 3HF/Iod3/NPG (0.5%/1%/1% wiw/w) system, high monomer conversions could be determined at 405
and 477 nm (79 and 65%, respectively). In particular, the monomer conversion of 65% obtained at 477 nm is
remarkable, considering the weak molar extinction coefficient of 3HF at 477 nm. The crucial role of the amine in the
monomer conversion was evidenced by replacing NPG with ethyl 4-(dimethylamino)benzoate (EDB). In this case,
the conversion was reduced to only 17%. The difference in reactivity for the three-component system based on
EDB and NPG can be ascribed to the decarboxylation reaction occurring with NPG, avoiding back electron transfer
7472 ypon irradiation at 385 nm, the CP of EPOX furnished the high conversion of 55% after 100 s of irradiation
with the three-component 3HF/I0od3/EDB (0.5%/1%/1% w/w/w) system. For comparison, only an EPOX conversion
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of 15% was obtained with the reference BAPO/lod3 (0.5%/1% wiw) system in the same conditions. Considering
the high performance of the different photoinitiating systems designed with 3HF as a photosensitizer, interest in
these photoinitiating systems was demonstrated during direct laser writing experiments and during the design of
composites. In the case of the direct laser writing experiments, 3D patterns exhibiting an excellent spatial

resolution could be evidenced.

Composites were obtained by impregnating a BisGMA/TEGDMA (70%/30%) resin with glass fibers (50% glass
fiber/50% resin). Using the 3HF/NPG combination, composites could be fully cured in only one pass (2 m/min belt

speed) upon irradiation with an LED emitting at 395 nm.

To support the high efficiency of the 3HF/NPG and 3HF/lod3 systems, the following mechanisms could be
determined by combining steady-state photolysis and fluorescence quenching experiments, ESR and

electrochemistry (see Equations (r6)—(r12)).
3HF - 133HF (hv)(r6)
133HF+ NPG — (3HF-H)* + NPG(1)*(r7)
NPG(1)* = NPG(.co2°(r8)
L33HF + lod — 3HF** + Ar,l® — Ar®(r9)
NPG + lod < [NPG- lod]ctc(r10)
INPG- lod]cte = = = Ar® (hv)(rll)
NPG(H.-coz)® + Aral™ = NPG(y..coz’ +Ar® +Arl(r12)

In 2020, 3HF was revisited by Wang and coworkers in a series of seven flavonols differing in the substitution
pattern (see Figure 4) 2. The influence of halogens on the photoinitiating ability of flavonols could be examined,

these groups being introduced at different positions on the flavonol core.
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Figure 4. Chemical structures of different derivatives of 3HF, the monomer and different additives.

Noticeably, the absorption of the different dyes was not significantly affected by the halogen substitution, and
absorption in the 280—-450 nm range could be determined for all dyes. Thus, absorption maxima between 342 nm
for 3HF and 3HF-B-F and 349 nm for 3HF-A-F were determined in methanol. Examination of the fluorescence
properties of the different 3HF revealed the presence of two emission peaks, the first one at ca. 450 nm,
corresponding to the Franck—Condon excited state, and the second one at 550 nm, corresponding to the emission
of the tautomer formed by ESIPT. In the case of 3HF-A-F and 3HF-A-Br, emission peaks at 450 nm could not be

detected for these tow dyes, attributable to a fast ESIPT process.

Based on their absorption spectra, photopolymerization experiments were carried out at 385 nm. Photolysis
experiments performed at 385 nm for the two-component dye/triethanolamine (TEOA) and dye/lod4 systems
revealed the photolysis rate to be higher for the two-component dye/lod4 systems. The different dyes are thus
easier to oxidize than to reduce. Fluorescence quenching experiments performed in methanol revealed the
fluorescence of the ESIPT tautomer to be drastically reduced by increasing the concentration of lod4 and TEOA,
evidencing the reaction with the additives to be faster than the ESIPT process. In the case of the two-component
dye/lod4 systems, the formation of three different 3HF-based toluene adducts resulting from the addition of the
toluene radical (formed by photoinduced electron transfer between the excited dye and the iodonium salt) to the

3HF dyes was detected by mass spectrometry.

Photopolymerization experiments were carried out on a difunctional monomer, namely tripropylene glycol diacrylate

(TPGDA). Among the four amines tested for the two-component dye/amine systems (TEOA, morpholine (MP),
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triethylamine (TEA) and NPG) and irrespective of the 3HF derivatives examined, the highest monomer conversions
were obtained with TEOA, whereas the lowest conversions were determined with NPG. Using TEOA as the amine,
the influence of the substitution pattern on the photoinitiating ability could be examined. Thus, it was found that the
introduction of halogens on the pendant phenyl ring was favorable for monomer conversions compared to the
flavonol core. higher monomer conversions were obtained with 3HF-B-F and 3HF-B-Br compared to their 3HF-A-F
and 3HF-A-Br analogs. Except for 3HF-B-CH; and 3HF-A-Br, which furnished monomer conversions around 70%
after 180 s of irradiation, all the other dyes furnished similar monomer conversions, peaking at 80%. While
examining the series of flavonols substituted with different groups on the pendant phenyl ring, the introduction of
electron-donating groups (such as 3HF-B-CHj3) reduced the monomer conversion and the polymerization rate,
whereas the introduction of electron-withdrawing groups improved both the conversion and the polymerization
rates. A different trend was found for the dye/lod3 system. Using the dye/lod4 (0.2%/1% w/w) system, the highest
polymerization rate was obtained with 3HF-B-CH3, followed by 3HF-B-CI, 3HF-B-Br, 3HF-B-F and 3HF. If different
polymerization rates were determined using lod4 as the co-initiator, similar conversions were obtained after 120 s
of irradiation at 385 nm. A comparison with identical halogen atoms revealed the brominated derivatives to be more
reactive than the fluorinated ones, and this trend of reactivity is comparable to that determined with the two-
component dye/TEOA systems.

In 2021, the same group developed an innovative strategy for the design of photoinitiating systems based on
flavonols. Considering that the presence of the OH group is responsible for the ESIPT process which is a
competitive process to photoinitiation, this intramolecular proton transfer could be efficiently avoided by etherifying
or esterifying the OH group with benzoyl or benzenesulfonyl groups 4. Using this strategy, the ESIPT process
could be suppressed, and the design of highly efficient Type | photoinitiators became possible (see Figure 5). In
particular, the triplet lifetime could be increased, and a reduction in the fluorescence intensity was jointly observed,

resulting in an improvement in the photopolymerization efficiency.

Figure 5. Chemical structures of flavonol-derived Type | photoinitiators.

Noticeably, 3HF-S and 3HF-C could act as efficient monocomponent systems during the FRP of TPGDA but also in
combination with TEOA or lod4 upon irradiation at 405 and at 460 nm with LEDs. Photopolymerization results also
revealed the polymerization efficiency of 3HF-S to be higher than that of 3HF-C and 3HF-OH. In particular, the
polymerization efficiency of 3HF-S could be greatly improved by decreasing the photoinitiator content, 3HF-S

exhibiting aggregation-induced emission (AIE) properties adversely affecting its polymerization efficiency. From the
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absorption viewpoint, the presence of the triphenylamine moiety was the key element to redshift the absorption of
3HF-C, 3HF-S and 3HF-OH compared to those previously reported by Lalevée and coworkers 49, Thus,
absorption maxima located at 384, 386 and 396 nm were determined for 3HF-C, 3HF-S and 3HF-OH. Interestingly,
the broad absorption band extending up to 480 nm enabled the polymerization tests to be carried out at 405 nm but
also at a longer wavelength, namely 460 nm. The solubility of photoinitiators is an important parameter governing
the reactivity. Indeed, a low solubility in monomers will adversely affect the polymerization efficiency. 3HF-S
exhibited the highest solubility of the three dyes. In particular, compared to 3HF-OH, an improvement in the
solubility was determined for the OH-substituted dyes, namely 3HF-C and 3HF-S. Among these dyes, 3HF-S
showed the best solubility in aqueous solutions, favorable to polymerization processes used in green conditions.
The photoacid generation abilities of 3HF—S and 3HF-C were also examined in acetonitrile using Rhodamine B as
an acid indicator upon irradiation with an LED at 405 nm. Interestingly, 3HF-S exhibited the best photoacid
generation ability (¢y+ = 0.2), significantly higher than that of 3HF-C for which a value of only 0.002 was
determined. This is directly related to the fact that benzenesulfonic acid is generated with 3HF-S after

photocleavage, contrary to benzoic acid in the case of 3HF-C.

FRP experiments of TPGDA performed at 405 and 460 nm revealed the photoinitiating ability of 3HF-C and 3HF-S
to outperform that of the reference 3HF-OH. Using 3HF-S as a monocomponent system at 405 nm, a photoinitiator
concentration as low as 0.125 wt% could be used while maintaining a high monomer conversion. Eighty-percent
conversions could thus be obtained after 180 s of irradiation at 405 nm using 3HF-S. Conversely, no monomer
conversion could be detected with 3HF-OH when used as a monocomponent system. The use of 3HF-S in a two-
component system enabled drastic shortening of the reaction time using additives such as triethanolamine (TEOA)
or triethylamine (TEA) as the amines. By using TEA and TOEA, 80% conversions could be obtained within 20 s. A
threefold elongation of the reaction time was determined by using MP and EDB as the amines. Finally, by using
NPG as the additive for 3HF-S, 180 s were required to get 80% TPGDA conversion (see Figure 19). Comparisons
of the TPGDA conversions obtained with camphorquinone (CQ) in one- and two-component systems revealed the
3HF-S-based systems to outperform those prepared with camphorquinone, irrespective of the irradiation
wavelength (405 nm or 460 nm). 3HFs were also used for the sensitization of lod4. In this case, short reaction
times (i.e., 20 s) were determined with all systems, evidencing that 3HFs were easier to oxidize than to reduce.

Conversions ranging between 85 and 90% could be obtained within 30 s.

Considering the good solubility of 3HF-S in water, the polymerization of hydrogels could be performed at 405 nm.
Using PEGDA (70% in water), an excellent monomer conversion could be determined by using a photoinitiator
content as low as 0.042 wt%. After 60 s of irradiation at 405 nm, final conversions of 33, 75 and 85% were
determined by using 3HF-S (0.042 wt%), 3HF-S/TEOA (0.042%/3% w/w) and 3HF-S/lod4 (0.042%/3% wiw),

respectively.

By ESR spin-trapping experiments, the photochemical mechanism involved with the one- and two-component

systems could be determined, and the results are summarized in Scheme 1.
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Scheme 1. Photochemical mechanism involved with the different one- and two-component systems (A) and (B)

The two possible mechanism of reaction of 3HF-S with TEOA and (C) reaction of 3HF-S with an iodonium salt.

Examination of the cytotoxicity of the polymer films prepared with CQ, 3HF-S and 3HF-C revealed the cell viability
of HeLa cells to be higher than 80%, whereas cell viability lower than 80% was determined for polymers prepared
with 3HF-OH. Considering that sulfonate derivatives can outperform all other derivatives, another sulfonate

derivative, i.e., 3HF-F, was examined, bearing a pendant carbazoyl group [, Using this high-performance
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photoinitiator in three-component 3HF-F/lod4/TEOA (0.5%/2%/1% wiwlw) systems, 4D-printed objects could be

designed and synthesized.

It has to be noticed that this strategy (hydration/dehydration) has been extensively used by Lalevée and coworkers

for designing 4D-printed objects by using chalcones as the chromophores Z8IZ7Z8I79],

In 2023, an interesting strategy was developed for the design of Type | photoinitiators, consisting in introducing a
camphorquinone derivative on the photocleavable side Y. Five derivatives were investigated, differing by the

substitution of the flavonol core (see Figure 6).

H-HF-Cas Me-HF-Cas F-HF-
Cas

OMe

Br-HF-Cas MeO-HF-Cas
Figure 6. Chemical structures of Type | photoinitiators based on camphorsulfonate.

The choice of camphorsulfonic acid as the additional chromophore was motivated by the different advantages this
photoinitiator exhibits such as low sensitivity to oxygen, good water solubility and low toxicity 182 From the
absorption viewpoint, almost similar absorption maxima were determined for the different dyes, except for MeO-
HF-Cas bearing an electron donating group and for which a redshifted absorption was determined. Thus,
absorption maxima located at 294, 295, 296, 300 and 313 nm were respectively determined for H-HF-Cas, F-HF-
Cas, Br-HF-Cas, Me-HF-Cas and MeO-HF-Cas.

Examination of their fluorescence properties also revealed that the different dyes exhibit a dual emission, with an

emission in the UV range and a second one in the visible range. Even if the ESIPT effect is hindered by the
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substitution of the OH group at the Cs-position, the intramolecular charge transfer still exists, with the presence of
tautomers in the excited state, as shown in Scheme 2. Considering the similarity of emission around 530 nm, the

low contribution of the aromatic ring on the fluorescence de-excitation process was determined.

B mE;
hw
e
-
Fluorescence
— K

Scheme 2. Rearrangement of flavonol camphorsulfonates in the excited state (*).

Photolysis experiments performed in acetonitrile confirmed the Type | behavior of the different flavonol
camphorsulfonates. Upon irradiation at 365 nm, photocleavage of flavonols can clearly be evidenced by NMR.
Investigation of the photolysis products by mass spectrometry enabled people to confirm the formation of
camphorsulfonic acid and the corresponding flavonol due to water traces in acetonitrile (see Scheme 3). Flavonol

camphorsulfonates can thus behave as photoacid generators 3],
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Scheme 3. Mechanism of photolysis of flavonol camphorsulfonates.

The highest photoacid generation quantum yield was determined for Br-HF-Cas bearing a halogen atom upon
excitation at 365 nm. In this context, the cationic polymerization of DVE-3 was examined with the different
photoinitiators. Upon excitation at 365 nm, only low monomer conversions were obtained using a 1 wt%
photoinitiator, consistent with the low photoacid generation ability of camphorsulfonic acid and the inability of the
flavonol moiety to initiate a cationic polymerization process. By using flavonol camphorsulfonates as
monocomponent systems (1 wt%), the free radical polymerization of PEGDA could be efficiently initiated, and
conversions of 80, 96, 91, 88 and 67% were respectively obtained with Me-HF-Cas, F-HF-Cas, Br-HF-Cas, MeO-
HF-Cas and H-HF-Cas. By using the different flavonol camphorsulfonates as photosensitizers for lod4, a slight
improvement in the PEGDA conversion could be detected with the two-component dye/lod4 (0.1%/0.1% w/w)
systems. Thus, PEGDA conversions of 90, 84, 86 and 85% could be obtained after 120 s of irradiation at 365 nm
using MeO-HF-Cas, Me-HF-Cas, Br-HF-Cas, F-HF-Cas and Me-HF-Cas.

| 2. Flavones

Flavonoids are composed of a large group of polyphenolic dyes, and flavone is one of them. Flavone was used as
early as 2016 for the photoinduced controlled/“living” polymerization of MMA 84, Using an LED emitting in the 350—
440 nm range, linear PMMA polymers with a polydispersity index (PDI) ranging between 1.34 and 1.42 could be
prepared by photopolymerization. Even if the approach is promising, the control of the polymerization process is
still lower than what can be currently obtained by thermal polymerization. Photopolymerization is more classically
used for the polymerization of multifunctional monomers, and this point was only recently examined by Lalevée and
coworkers for the FRP of a dental resin, i.e., a BisGMA/TEGDMA 70/30 blend (see Figure 7) [2, Different flavones
were investigated, all these derivatives being natural products. Notably, chrysin can be found in the flowers of blue

passionflower (Passiflora caerulea) and myricetin in various edible plants such as onion leaves, Semambu leaves,
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bird chili, black tea, papaya shoots and guava [BSIEZIBSIEIABOIONINGS]  As specificities, these dyes are also
(poly)phenolic dyes, and phenols are extensively used as stabilizers for monomers [R4195] |n addition, efficient

polymerization processes could be performed with these structures.

6-Hydroxyflavone: 6HF T-Hydroxyflavone: 7THF

Chrysin Myricetin

Figure 7. Chemical structures of different flavones used as photoinitiators of polymerization.

all dyes exhibit UV-centered absorption, except for myricetin for which a redshift of the absorption was detected for
this dye. It can be assigned to the presence of the numerous OH groups acting as electron-withdrawing groups,
improving the electronic delocalization existing in this structure. An absorption extending up to 450 nm could be
determined for Myricetin, whereas almost no absorption could be detected anymore for the other dyes. The
efficiency of the polymerization process is also strongly related to the solubility of the photosensitizers in resins.
This point was notably examined in TMPTA and BisGMA/TEGDMA. Noticeably, the increase in the OH groups per
dye adversely affected the solubility of dyes. Thus, the worse solubilities were determined for Chrysin and

Myricetin.

Examination of their photoinitiating abilities during the FRP of TMPTA in thin films revealed the two-component
dye/lod3 system to be inefficient for promoting any polymerization. Conversely, by using the two-component
dye/NPG system and the three-component dye/lod3/NPG system, a monomer conversion could be detected with
the different dyes. Among them, 6HF furnished good monomer conversions both at 385 and 405 nm. The highest
monomer conversion was obtained at 385 nm, using the three-component 6HF/10d3/NPG (0.5%/1%/1% w/w/w)
system, resulting from the perfect adequation between the emission of the LED and the absorption of the
chromophore. At 405 nm, a reduction in the monomer conversion by ca. 10% could be determined, consistent with
a decrease in the molar extinction coefficient. Noticeably, an important effect of the additives could be evidenced.
Thus, by using EDB as the amine in three-component systems, a severe reduction in the monomer conversion
could be determined, compared to that obtained with NPG. This was assigned to the strong oxygen inhibition
competing with initiation 22[96IR798I9IIL00N101] This point was evidenced by using 4-dppba as the additive. Indeed,
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phosphines are well known to convert the unreactive peroxyl radicals as initiating alkoxy! radicals [ZI102][103] ysjng
the three-component 6HF/Iod3/4-dppba (0.5%/1%/1% w/w/w) system at 385 nm, a conversion comparable to that
obtained with the three-component 6HF/Iod3/NPG (0.5%/1%/1% wiw/w) system could be obtained.

The high reactivity of the three-component 6HF/Iod3/NPG (0.5%/1%/1% wiwlw) system was confirmed during the
FRP experiments performed on another resin, i.e., a BiSGMA/TEGDMA blend. Surprisingly, if 3-hydroxyflavone
3HF previously studied proved to be an efficient photoinitiator for promoting the CP of EPOX at 385 nm, only a low
monomer conversion could be obtained with the two-component 6-hydroxyflavone/lod3 (0.5%/1% w/w) (40%
conversion after 800 s of irradiation at 385 nm vs. 55% for the three-component 3HF/Iod3/EDB (0.5%/1%/1%
wiwlw)) system, evidencing the strong influence of the substitution pattern on the overall reactivity of the
photoinitiating system. In addition, the high monomer conversion obtained during the FRP of BisGMA/TEGDMA
paves the way for dental applications of flavones [104],

| 3. Proanthocyanidins

Proanthocyanidins are flavonoids that can be found in black, red and purple rice, in other strongly colored fruits and
vegetables and also in cereals such as blueberries, grapes, red cabbages and purple sweet potatoes [105][106][107]
(208][109[110]1114]  Dye to their high molar extinction coefficients, proanthocyanidins were thus ideal candidates for
photopolymerization performed under visible light. In 2021, Wang and coworkers examined a series of

proanthocyanidins substituted with methacrylate groups (see Figure 8) [112I[113]

with MA :

RL Rz =Hor OH
Ry = gallate

Figure 8. Chemical structures of methacrylate-based proanthocyanidins.

By the presence of methacrylate groups, polymerizable crosslinkers could be obtained, and the resulting polymers

could be advantageously used for collagen stabilization in 2-hydroxyethylmethacrylate (HEMA)-based dental
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adhesive systems. In particular, an improvement in the longevity of the dental restoration could be evidenced by

using these modified proanthocyanins.
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