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Abstract

Visible light photopolymerization is facing a revolution with the development of
energy-efficient light sources, namely LEDs. With the ongoing efforts to develop
photoinitiating systems outperforming the existing ones in terms of polymerization rates and
monomer conversions, the search for new families of dyes that have not been investigated yet
in the context of photopolymerization is still very active from the academic viewpoint.
Recently, naphthoquinone-imidazolyl and naphthoquinone-thiazole derivatives have been
identified as interesting structures for designing both Type I and Type II photoinitiators
activable under artificial light sources or Sun. Naphthoquinones are biosourced compounds
that can greatly reduce the carbon footprint of photopolymerization. Naphthoquinones are
also cheap precursors for the design of photoinitiators, enabling to design low-cost light
absorbing structures. By their broad absorption spectra, naphthoquinones are also excellent
candidates for the design of sunlight photoinitiators. In this review, the different structures
developed with these two scaffolds are reported and comparisons of photoinitiating abilities
are presented.
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1. Introduction

Photopolymerization is a popular polymerization technique nowadays used in
applications such as dentistry, adhesives, microelectronics or coatings.[1-12] Its scope of
applications has been greatly expanded in recent years thanks to the development of
inexpensive and energy-efficient light sources emitting in the visible range, namely LEDs.[13—
20] Indeed, for decades, UV photopolymerization has been predominant but the high cost of
the irradiation setups, the elevated energy consumption,[21-26] as well as the safety concerns
raised by the use of UV light have irremediably discarded UV photopolymerization in favour
of visible light photopolymerization. [27-36] Use of visible light is not only beneficial in terms
of safety for the manipulator but also for the depth of cure. Indeed, if the light penetration in
the UV range is limited to a few hundreds of micrometers, this value can increase up to a few
centimeters in the near infrared range.[37] Parallel to this first advantage, other benefits such
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as a temporal and a spatial control can also be mentioned, making photopolymerization an
interesting polymerization technique for numerous applications. However, a spatial and a
temporal control is only required for applications such as 3D-printing and dentistry. In the
case of adhesives or paints used in outdoor applications, such a control is totally useless,
evidencing the broadness of applications of visible light photopolymerization. By optimizing
the design of photoinitiators, excellent monomer conversions can nowadays be obtained
under sunlight, paving the way for costless polymerization processes and outdoor
applications.[38—44] Besides, compared to photoinitiators that are activated with artificial light
sources and for which the excitation wavelength can be selected in order to perfectly fit the
absorption spectra of photoinitiators and the light intensity adjusted in order to improve the
reactivity of the photoinitiating systems, such an adaptation of the reaction conditions is not
possible with sunlight. The development of sunlight photoinitiators is thus more difficult than
LED-activated photoinitiators. Notably, the low light intensity of Sun (around 5 mW/cm?), and
the broadness of its absorption spectrum can be cited as the two main parameters rendering
the development of sunlight photoinitiators challenging. At present, most of sunlight
photoinitiators still lack of reactivity, and comparisons of the polymerization kinetics obtained
with LEDs and sunlight are still disfavorable for sunlight experiments.[2,44-48] Face to these
considerations, the development of sunlight photoinitiators could only be achieved by
screening a wide range of structures. Considering that the chemical modification of UV
photoinitiators was a hard task to redshift their absorptions towards the visible range and that
the basic scaffold of these structures was not adapted for elaborating dyes with extremely
broad absorption spectra, structures totally disconnected from these historical UV
photoinitiators had to be developed. Among the most popular scaffolds investigated in the
literature for the design of visible light photoinitiators, carbazole,[49-52] pyrenes,[53-55]
naphthalimides,[56,57] iridium complexes,[58,59] copper complexes,[60-64] iron
complexes,[65-67] cyanines,[68-72] chalcones,[73-77] or truxene derivatives,[78] have been
examined for designing dyes enabling to polymerize at different irradiation wavelengths. In
some cases, panchromatic photoinitiators that can be indifferently excited at different
irradiation wavelengths while maintaining an excellent polymerization efficiency have even
been reported in the literature.[79-90] Nowadays, another topic of interest concerns the design
of biosourced photoinitiators, enabling to reduce the carbon footprint of photoinitiators.
Notably, chromones and flavones,[91-93] camphorquinones,[94,95] curcumin,[96-99]
chlorophyll,[100,101] vanillin,[102,103] 3-carotene,[104-107] riboflavin (vitamin B2),[108-121]
or paprika[122] have been examined for this purpose. Among biosourced compounds, the
family of naphthoquinones is another source of biosourced photoinitiators and derivatives
such as vitamins K1 and K3 proved to be efficient photoinitiators activable at 405 nm.[123-
131] Two naturally derived naphthoquinone derivatives, namely 5-hydroxy-1,4-
naphthoquinone (5HNQ) and 2-hydroxy-1,4-naphthoquinone (2HNQ) could initiate the free
radical polymerization (FRP) of acrylates or the cationic polymerization (CP) of epoxides upon
excitation at 410 and 455 nm.[128] With aim at redshifting their absorptions towards the visible
range, the extension of m-conjugation is an efficient strategy. Notably, the design of 1H-
naphtho[2,3-d]imidazole-4,9-dione (NAP-I)[132-136] and naphtho|[2,3-d]thiazole-4,9-dione
(NAP-T)[137] resulting from the fusion between the naphthoquinone moiety, an imidazole



and a thiazole ring has been reported in the literature (See Figure 1). However, these structures
have been investigated for their biological activities[134,135] or for the development of new
synthetic methodologies,[133,136] and none of these structures have been examined for their
photophysical, electrochemical or optical properties. Concerning the synthesis of NAP-I and
NAP-T, the specific synthetic routes developed for preparing these 1,4-naphthoquinone
derivatives are unique and cannot be transposed to the synthesis of analogues based on 1,4-
benzoquinone. In this case, other synthetic routes have to be wused, using 1,4-
dimethoxybenzene as the starting materials and not para-benzoquinone.[138] To end, no
benzoquinone analogues of NAP-T have been reported yet in the literature, evidencing the
challenge existing in the synthesis of these structures.

In 2022, the scope of application of 1H-naphtho|[2,3-d]imidazole-4,9-dione (NAP-I) and
naphtho[2,3-d]thiazole-4,9-dione (NAP-T) has been extended to visible light and sunlight
photopolymerization. Notably, the 2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione scaffold
was examined in order to design a series of Type I photoinitiators derived from the well-
known oxime esters. Following this pioneering work, 2-phenyl-1H-naphtho[2,3-d]imidazole-
4,9-dione and 2-phenylnaphtho[2,3-d]thiazole-4,9-dione derivatives have been designed as
Type I and Type II photoinitiators, but also as solar photoinitiators. Choice of the
naphthoquinone scaffold was notably justified by the strong colour of the precursor (i.e. 1,4-
naphthoquinone is a deep brown solid), and the elaboration of dyes that can strongly absorb
in the visible range can thus be anticipated. Considering that the investigation of such
structures was unprecedented in the literature, their polymerization efficiencies could not be
anticipated, deserving thus to be studied. These different structures have been investigated by
Lalevée and coworkers who is THE world leader group in the search for photoinitiators of
innovative structures disconnected from historical photoinitiators. Interesting results could
thus be expected/anticipated with these naphthoquinone derivatives. Considering that the
precursor is deep yellow, dyes strongly absorbing at 405 nm can thus be expected, perfectly
fitting with the wavelength under use in 3D-printers. The strong expertise of this group is thus
once again highlighted. It has to be noticed that, in the different works detailed in this review,
only multifunctional monomers have been investigated. Insoluble crosslinked polymers are
thus obtained after polymerization. Even if different reaction pathways can be envisioned, the
most important feature for crosslinked polymers and thus coatings is to produce tack-free
polymers with the shortest irradiation time.

OO OO

2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione 2-phenylnaphtho[2,3-d]thiazole-4,9-dione

Figure 1. Structures of different naphthoquinone with fused structures (imiadazole or
thiazole)

In terms of photoinitiation, two distinct categories of photoinitiators exist. The first one,
named Type I photoinitiators are capable to generate radicals by photocleavage of a specific
bond introduced in their scaffold. These structures are thus monocomponent systems.



Conversely, Type II photoinitiators can only generate radicals by mean of a hydrogen
abstraction mechanism (as observed with benzophenone see Scheme 1), but also by a
photoinduced electron transfer towards an electron-deficient onium salt. Even if a few
examples of monocomponent systems have notably been reported with benzophenone
derivatives,[139,140] sulfonium[141] or iodonium salts,[142-144] Type II photoinitiators are
mostly used in two or three-component systems.[145-148]
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Scheme 1. Radical generation with Type I and Type II photoinitiators.

In this review, the different photoinitiators reported since 2022 as structures activable
under artificial light sources and/or sunlight and comprising these two scaffolds are presented.
Even if some of these structures only showed moderate photoinitiating abilities, from my
viewpoint, the quest for new photoinitiators exhibiting improved photoinitiating abilities at
405 nm and under sunlight should remain the focus of intense research efforts. Considering
that these photoinitiators have been investigated in similar conditions, comparisons between
phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione and 2-phenylnaphtho[2,3-d]thiazole-4,9-dione
derivatives can be established.

2. Derivatives of 2-phenyl-1H-naphthol2,3-d]limidazole-4,9-dione
2.1. Type I photoinitiators

Type I photoinitiators are extensively studied both in academy and in industry due to
their unique abilities to generate initiating radicals without additives.[13,149-152] These
monocomponent systems are numerous in the literature and among the most popular
structures, trichloromethyl-S-triazine glyoxylates, acyloximino esters, phosphine oxides,
hydroxyacetophenones, «-aminoalkylacetophenones, benzoin derivatives, benzylketals,
oxime esters, glyoxylates, o0-acyl-a-oximino ketones, hexaaryl biimidazoles (HABIs) and «a-
haloacetophenones were reported in the literature.[153] The first report mentioning the use of
the 2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione scaffold for the design of Type
photoinitiators was published in 2022.[154] Two series of Type I photoinitiators were
prepared, differing by the substitution pattern of the phenyl ring (See Figure 2). As a control
product, a non-cleavable compound was synthesized, namely compound 1. Contrarily to Type



II photoinitiators that can only generate initiating species by mean of a two- or a three-
component system, Type I photoinitiators can generate radicals by homolytic cleavage of a
specific bond introduced in their scaffolds. Among Type I photoinitiators, oxime esters that
can homolytically cleave and generate initiating radicals by homolytic cleavage of the N-O
bond have been extensively studied during the last three years, these compounds acting as
monocomponent photoinitiators.[155-166] Additionally, oxime esters can be prepared in a few
steps starting from cheap and easily available reagents, making these structure highly
attractive.[167-171] From a mechanistic viewpoint, the advantage of the monocomponent
systems are numerous compared to the multicomponent. Indeed, with monocomponent
systems, the generation of radical is not dependent of the viscosity of the resin, the efficiency
of the photoinduced electron transfer which are key elements governing the ability of the
multicomponent photoinitiating systems to generate radicals.
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Figure 2. Structure of oxime-esters like structures 1-15.

In the present case, oxime-esters like structures 1-15 were obtained, differing from the
oxime esters by the presence of an imidazolyl group connected to the photocleavable group.
The two precursors of these structures (C6 and C7) could be prepared in two steps, first by
Mickael addition of the appropriate benzylamine derivatives (C2 and C3) on 1,4-
naphthoquinone C1.[172-179] C4 and C5 could be obtained in 92 and 85% yield respectively.
By a cyclization reaction done in the conditions previously reported by Lavrikova and
coworkers using nitric acid and acetic acid,[136] the cyclized compounds C6 and C7 were
obtained in 67 and 84% yield respectively. Finally, by esterification with the appropriate acid
chlorides, compounds 2-15 could be obtained with reaction yields ranging between 71% for



compound 4 up to 95% for compound 11. Using these different acid chlorides, and based on
the photomechanism of oxime esters, namely, the decarboxylation reaction, the generation of
primary, secondary, tertiary aliphatic radicals, but also of stabilized and destabilized aryl
radicals can thus be formed, evidencing the interest of this series of 15 oxime esters. As a
reference compound, compound 1 was obtained by alkylation of the alcohol group using
iodomethane and potassium tert-butoxide as the base (See Scheme 2).[177,180,181] Since its
establishment, the concept of green chemistry has developed plethora of metrics for measuring
the greenness of reactions and thus of the obtained products.[182] In this field, the E-factor
that determines the ratio between the total waste (kg) / total product (kg) constitutes one of
the metrics of green chemistry. For all these photoinitiators, a E-factor higher than 200 could
be determined,[183,184] consistent with the environmental impact of fine chemistry and
pharmaceutical chemistry.[184] Even if high E-factors can be determined, these values are
acceptable, with regards to the value of products (i.e. photoinitiators that can be used at low
content) and the scope of applications of photoinitiators/photopolymerization (3D-printing,
dentistry with the dental restorations, medicines with the reconstruction of the structural and
functional complexity of human tissues including protheses). To end, photopolymerization is
nowadays used in aerospace and aeronautics, rendering such E-factors acceptable.
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Scheme 2. Synthetic route to compounds 1-15.

Table 1. Reaction yields determined during the synthesis of compounds 2-15.



Compound 2 3 4 5 6 7 8
Yield 78 82 71 84 85 88 76
Compound 9 10 11 12 13 14 15
Yield 76 81 95 78 88 84 80

From the absorption viewpoint, introduction of methoxy groups on the phenyl ring
induced a significant blueshift of the absorption spectra compared to the phenyl analogues
(See Figure 3 and Table 2), since a shift by ca 55 nm could be detected for compounds 12-15
compared to compounds 2-11.
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Figure 3. Absorption spectra of compounds 1-15 in acetonitrile. Reproduced with permission
of Ref.[154]

Table 2. Absorption characteristics of compounds 1-15 in acetonitrile at different
wavelengths.

Pls Amax (Nm) emax(M1.cm?) €105 (M1.cm™?) &155 (M1.cm™?)
(1) 330 500 260 30
) 380 1950 1500 90
) 382 1350 1070 100
4) 378 1980 1510 40
5) 383 970 810 100
(6) 388 2300 2010 260
(7) 383 2000 1670 130
8) 382 1700 1360 170
) 387 1800 1550 210
(10) 385 1800 1630 570

(11) 388 2370 2110 360




(12) 333 3960 810 220

(13) 334 6110 1100 120
(14) 336 5700 960 70
(15) 339 4670 1290 360

Despites this blueshift, all structures were appropriate candidates for
photopolymerization experiments done at 405 and 455 nm.
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Figure 4. Structures of monomers and additives used with 1-15 as Type I photoinitiators.

Photopolymerization experiments done at 405 nm using
(trimethylolpropane)tetraacrylate (TA) as the tetrafunctional monomer revealed the different
photoinitiators to furnish lower monomer conversions in thin samples than TPO (0.5 wt%). A
different behavior was found upon irradiation at 455 nm since compounds 2, 3, 4, 7 and 8 could
outperform TPO. Thus, conversions of 80, 71, 83, 76 and 87% could be determined after 100s
of irradiation contrarily to 61% for TPO. A similar trend could be determined in thick films.
Here again, a few photoinitiators (compounds 2-4, 7, 8, 12 and 13) could furnish higher
monomer conversions than diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) (See
Table 3). While comparing compounds 8 and 12 bearing the same photocleavable groups, a
strong influence of the substitution pattern was evidenced since compound 8 outperformed
compound 12, irrespective of the polymerization conditions and the irradiation wavelengths.
The lower reactivity of compound 12 compared to compound 1 can be assigned to the
blueshifted absorption of compound 12, resulting in lower molar extinction coefficients at 405
and 455 nm (810 and 220 M.cm™! for compound 12 vs. 1360 and 170 M.cm™ for compound 8
at 405 and 455 nm respectively).



Table 3. Final conversions determined during the FRP of TA using 1-15 as monocomponent
systems (0.5 wt%) after 100 s of irradiation with LEDs (A = 405 and 455 nm).

Thin Samples Thin Samples Thick Samples Thick Samples

PIs in laminate in laminate under air under air
405 nm 455 nm 405 nm 455 nm
TPO 90% 61% 95% 77%
(1) 65% 48% 25% 1%
(2) 82% 80% 78% 78%
(3) 68% 71% 84% 81%
4) 81% 83% 83% 85%
(5) 49% 55% 78% 74%
(6) 34% 53% 48% 68%
(7) 79% 76% 86% 80%
(8) 88% 87% 88% 84%
9) 42% 24% 48% 65%
(10) 18% 32% 54% 54%
(11) 39% 32% 63% 66%
(12) 56% 65% 76% 78%
(13) 71% 73% 74% 78%
(14) 68% 59% 78% 61%
(15) 54% 48% 76% 67%

Among all structures investigated in this work, compound 8 proved to be the most
efficient Type I photoinitiator. Notably, in thin films and upon excitation at 455 nm, compound
8 furnished a TA double bond conversion of 87%, higher than the conversions obtained with
TPO (61%), the camphorquinone (CQ)/ ethyl dimethylaminobenzoate (EDB) system (63%) or
titanocene (76%) at similar concentrations (See Figure 5). Besides, if excellent TA conversions
could be obtained by using 0.5 wt% photoinitiators, this photoinitiator content is comparable
than that used with oxime esters bearing other chromophores such as coumarins (0.1
wt%),[185] 5,12-dialkyl-5,12-dihydroindolo[3,2-a]carbazoles,[186] pyrene or anthracene.[187]
These structures thus do not exhibit an improved reactivity compared to those previously
reported in the literature.[188] But considering that the use of such naphthoquinone
derivatives was unprecedented in the literature in photopolymerization, from my viewpoint,
examination of their photoinitiating abilities was primordial, with aim at identifying highly
efficient photoinitiators activable at 405 nm or at longer wavelength.
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Figure 5. TA double bond conversions obtained with different photoinitiating systems upon
excitation at 455 nm in thin films: compound 8 (0.5% w/w), CQ/EDB (0.5%/0.5% w/w); TPO
(0.5% w/w) and titanocene (0.5% w/w). Reproduced with permission of Ref.[154]

By theoretical calculations, the bond dissociation energy (BDE) as well as the energy of
the triplet state could be determined. Parallel to this, energy level of the singlet excited state
was estimated from the crossing point of the UV-visible absorption and photoluminescence
spectra. As shown in Table 4, a more negative value for the enthalpy of cleavage was
determined for the photocleavage of the N-O bond from the singlet state compared to the
triplet state, evidencing that the cleavage was certainly occurring from the singlet excited state.
By infrared spectroscopy, release of CO2 was evidenced by the appearance of a peak at 2337
cm”, and these results were confirmed by electron spin resonance spin trapping (ESR-ST)
experiments. By combination of these complementary techniques, the mechanism depicted in
the Scheme 3 was proposed. Subsequent to the photocleavage of the N-O bond upon
photoexcitation, an homolytic cleavage of the N-O can occur, producing alkyloxy radicals and
imidazolyl radicals. Subsequent to fragmentation, a decarboxylation can occur, generating
alkyl radicals. Interestingly, among all alkyl radicals, the methyl radicals are undoubtedly the
most reactive ones, and this point has been evidenced by different research groups with
various oxime esters.[149,156-158,160-162,189,190] Parallel to the logical reaction pathway
proposed by Lalevée and coworkers, speculations can also be proposed concerning the
occurrence of self-recombination reactions (See Supporting information). Notably the
recombination of alkyl radicals subsequent to decarboxylation can be suggested. Similarly,
imidazolyl radicals can also dimerize, even if no proof of occurrences of such reactions has
been given by the authors (See Scheme 3). Even if the determination of occurrence of self-
recombination reactions is of interest for photopolymerists interested in controlled
photopolymerization, such investigations become out of interest for photocrosslinking, all
side-reactions being beneficial for the crosslinkage of polymer chains.



Table 4. Bond dissociation energy BDE (N-O), triplet state energy Er, enthalpy (AHdeavager1) of
Cleavage from Ti (AHcleavageTl =BDE - ET]), enthalpy (AHCIeavageSl) of Cleavage from Si (AHCIeavageSl
= BDE - Es1), and excited state lifetime.

PIs BDE Es: ©(S1) AHoeavages1 Er AHoleavageT1
(kcal/mol) (kcal/mol) (ns) (kcal/mol) (kcal/mol) (kcal/mol)
1) 41.78 62.3 3.45 -20.51 50.98 9.2
(2) 35.76 63.5 2.49 -27.74 50.57 -14.81
3) 36.54 63.8 2.46 -27.26 50.69 -14.15
@) 34.95 63.5 1.76 -28.55 50.76 -15.81
(5) 34.90 62.2 2.75 -27.3 50.77 -15.87
(6) 34.94 62.6 2.63 -27.66 50.76 -15.82
(7) 35.03 62.8 3.09 -27.77 50.53 -15.50
(8) 36.19 65.13 2.36 -28.94 50.71 -14.52
) 34.92 64.3 2.41 -29.38 50.47 -15.55
(10) 34.87 61.8 2.56 -26.93 50.75 -15.88
11 34.78 62.6 2.57 -27.82 50.77 -15.99
(12) 32.68 - - - 47.12 -14.44
(13) 32.38 - - - 47.56 -15.18
(14) 31.41 - - - 47.29 -15.88
(15) 31.89 - - - 47.82 -15.93
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Scheme 3. Mechanism of photoinitiation with the naphthoquinone-imidazolyl esters and
unverified speculations about self-recombination reactions.



Interest of the most reactive structure i.e. compound 8 was demonstrated during the
direct laser write experiments done at 405 nm. As shown in Figure 6, 3D patterns with an
excellent spatial resolution could be obtained using TA as the monomer.

R
10707

Figure 6. 3D pattern obtained using compound 8 as the Type I photoinitiator. Reproduced
with permission of Ref.[154]

In 2024, a different strategy was used to prepare a series of Type I photoinitiators
starting from 2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione scaffold.[191] Contrarily to
compounds 2-15 in which the photocleavable group was introduced close to the
naphthoquinone chromophore, in the present case, the oxime ester groups were introduced
on the opposite side of the naphthoquinone imidazolyl group so that the impact of the
distance between the chromophore and the photocleavable group could be examined. A series
of nine structures C1-C9 were prepared, differing by the group introduced on the oxime ester
side (See Figure 7).

Type I photoinitiators
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Figure 7. Series of oxime esters based on the 2-phenyl-1H-naphthol[2,3-d]imidazole-4,9-dione
scaffold and the monomer used in this study (TMPTA).



The nine oxime esters could be prepared in four steps, starting from 2,3-
diaminonaphthalene-1,4-dione R1[192-201] and 4-(1,3-dioxolan-2-yl)-2,5-bis(dodecyloxy)
benzaldehyde R2. The condensation product R3 could be isolated in 24% yield. After
hydrolysis of the acetal in acidic conditions, R4 was converted as an oxime by reaction with
hydroxylamine hydrochloride in basic conditions. Finally, R5 could be esterified with different
acid chloride, providing C1-C9 (See Scheme 4). For the different aforementioned
photoinitiators C1-C9, a E-factor higher than 200 could be calculated.[183,184] The amount of
waste byproducts thus formed during the synthesis of the photoinitiators is consistent with
that produced in fine chemical and specialty chemical industry.
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Scheme 4. Synthetic route to C1-C9.

with R =

As anticipated, the group introduced on the oxime ester side did not influence the
position of the absorption spectra and similar absorption maxima were determined for C1-C9,
peaking between 372 and 376 nm in dichloromethane (See Figure 8 and Table 5). Only weak
variations of the molar extinction coefficients could be determined between oxime esters.
Based on their absorption characteristics, the different compounds were tested as
photoinitiators upon excitation at 365, 385 and 405 nm for the FRP of trimethylolpropane
triacrylate (TMPTA).
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Figure 8. Absorption spectra of C1-C9 in dichloromethane. Reproduced with permission of
Ref.[191]

Table 5. Absorption characteristics of C1-C9 in dichloromethane.

PIs Amax (Nm) Emax (M1-cm™) €405 nm (M1-cm™?)
C1 375 16710 6530
C2 373 18020 6390
C3 372 20280 7190
C4 375 15850 6680
C5 374 16700 6930
Cé6 372 17510 6200
Cc7 376 16730 6580
C8 376 17270 7640
9 375 20320 8800

Noticeably, the final monomer conversions obtained with oxime esters bearing alkyl
groups on the oxime ester side furnished higher monomer conversions than their aromatic
analogues. If all oxime esters exhibited excellent light absorption properties at 365 nm, their
photoinitiating abilities were low. Conversely, at 385 and 405 nm, the monomer conversions
increased for almost all Type I photoinitiators despite a severe reduction of the molar
extinction coefficients, evidencing that the reactivity of oxime esters was disconnected from
the molar extinction coefficients (See Table 6). Besides, even at 405 nm, the TMPTA double
bond conversions remained low, ranging between 20% for C1 and 63% for C4 in thin samples.
The only remarkable structures of this series were C8 and C3, enabling to reach a TMPTA
double bond conversion of 72 and 865% respectively in thin samples. In thick samples, a
reduction of the monomer conversion was detected, resulting from inner filter effects
impeding light penetration within the resins. The lack of reactivity is directly related to the
distance between the chromophore and the photocleavable group. Due to the distance
between the naphthoquinone moiety and the oxime ester group, efficiency of the energy



transfer between the two partner is considerably reduced, adversely affecting the
polymerization efficiency.

Table 6. TMPTA double bond conversions determined by using C1-C9 (0.1 wt%) after 300 s of
irradiation with different LEDs (365, 385 and 405 nm).

Thin samples Thick samples Thick samples Thick samples
PIs in laminate under air under air under air
405 nm 405 nm 365 nm 385 nm
C1 20% 49% 15% 43%
C2 34% 49% 7% 28%
C3 85% 53% 3% 24%
C4 63% 44% 1% 5%
C5 62% 39% 1% 16%
Cé 26% 45% 4% 32%
Cc7 39% 38% 1% 9%
C8 72% 29% 2% 14%
C9 62% 30% 1% 10%

Considering that the best monomer conversions were obtained at 405 nm but were still
low for a monomer such as TMPTA, the different oxime esters were tested in combination with
EDB and Iod at this specific wavelength, and thus tested as Type II photoinitiators. As shown
in Table 7, a significant improvement of the monomer conversions could be detected while
using the dye/lod and dye/EDB combinations. The best performances were obtained with the
two-component dye/EDB systems. Thus, in thick films and under air, an increase of the
TMPTA double bond conversion from 48% as monocomponent system up to 68 and 74% were
determined for the two-component C1/Iod and C1/EDB photoinitiating systems respectively.
The highest improvement of the monomer conversions was determined for C9, increasing
from 62% (as monocomponent system) to 93% with the two-component dye/lod system in thin
films (See Figure 9).

(a) (b)

100+ 100+
90 90
80 1+EDB 80
704 70
60 60
50 1 50
40 40
30 30
20 20
10 10

0 T T y 0 T T y
0 100 200 300 0 100 200 300

Time (s) Time (s)

9+lod

9+EDB

1+lod

Conversion (%)
Conversion (%)

Figure 9. Photopolymerization profiles of TMPTA upon irradiation at 405 nm using a) C1
(0.1 wt%), C1/Iod (0.1%/2% w/w) and C1/EDB (0.1%/2% w/w) in thick films and under air; b)
C9 (0.1 wt%), C9/Iod (0.1%/2% w/w) and C9/EDB (0.1%/2% w/w) in thin films and in
laminate. Reproduced with permission of Ref.[191]



Table 7. TMPTA double bond conversions obtained by using dye/Iod (0.1%/2%, w/w) and
dye/EDB (0.1%/2% w/w) after 300 s of irradiation with a LED@405 nm.

PIs Thin samples (25 pum) in laminate Thick samples (1.5 mm) under air
Compounds/lod Compounds/EDB Compounds/lod Compounds/EDB
C1 38% 48% 68% 74%
C2 67% 40% 61% 72%
C3 82% 71% 57% 72%
C4 54% 85% 43% 57%
C5 85% 52% 57% 63%
Co 48% 87% 65% 72%
Cc7 78% 50% 48% 68%
C8 88% 62% 56% 69%
C9 93% 80% 46% 62%

By combining the results obtained during the steady state photolysis and electron spin
resonance spin trapping experiments, the photochemical mechanism could be elucidated.
Thus, when used as monocomponent systems, a classical photocleavage of oxime esters could
be evidenced, with the cleavage of the N-O bond generating an alkyloxy radical and an iminyl
radical. When used in combination with Iod and EDB, Phe radicals[202-206] and EDBn)®
radicals[207-210] are respectively formed, enabling to initiate the FRP of TMPTA (See Scheme
5).
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Scheme 5. Photochemical mechanisms occurring with C1-C9 as the oxime esters and
speculations concerning the occurrence of additional self-recombination reactions not detailed
by the authors.



But speculations concerning additional self-recombination reactions can also proposed.
For instance, PI-He can self-dimerize, impeding the propagation of the polymerization
process. Similarly, after photocleavage and decarboxylation reactions of oxime esters, R® can
recombine, producing R-R structures. Concerning iminyl radicals, these structures can also
contribute to polymerization,[161] even if recent studies have demonstrated these structures
to be capable to dimerize or to generate nitrile derivatives (See Scheme 5).[211] Besides, no
HPLC analyses supports such occurrences. To end, radicals formed by the photoinduced
reduction of the iodonium salts can also dimerize (when oxime esters are used as Type II
photoinitiators), as shown in Scheme 5. However, once again, identification of such structures
has not been carried out by the authors and these conjectures are pure speculations. Besides,
my opinion concerning the occurrence of additional self-recombination reactions is that in the
coming years, no works should be published without investigating this point. The formation
of side-products during photopolymerization is more important to investigate than the
polymer itself.

2.2. Type II photoinitiators

As evidenced with oxime esters C1-C9, naphthoquinone-imidazolyl derivatives can act
as efficient photosensitizers for an iodonium salt, improving in turn the monomer conversions.
In the case of Type I photoinitiators of low photoinitiating ability, these structures besides
contain a chromophore that can be used as a photosensitizer for additives such as Iod or EDB.
These low-reactive Type I photoinitiators are thus recycled as Type II photoinitiators. In light
of these results, a more straightforward approach consists in directly designing Type II
photoinitiators using the 2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione scaffold. In 2023, a
series of naphthoquinone derivatives (Dye 1-Dye 10) specifically designed for acting as Type
II photoinitiators was proposed by Lalevée and coworkers (See Figure 10).[191]

[ —o [0} o o 0/
N, N, N, N
N N N N
H H H o 1

o o o / 0 \

Dye 1 Dye 2 Dye 3 Dye 4

[0) BuO o o
N N N
| 3 OBu | \>—@N | @oclzﬂzs
N N N

o CH o CH; o CH

Dye 6 Dye7 Dye$

o
N
N O CizHas
N b Q
o 7Y B
o

Dye 9 Dye 10

Figure 10. Structures of naphthoquinone-imidazolyl derivatives investigated as Type II
photoinitiators.

The synthesis of Dye 1-Dye 4, Dye 6-Dye 10 was straightforward, and the different dyes
could be obtained after a one-step imidazole ring formation of 2,3-diaminonaphthalene-1,4-



dione R1 with the appropriate aldehyde, furnishing the dyes with reaction yields ranging
between 48% for Dye 10 up to 87% for Dye 2.[133-135] In the second step, and in order to
improve the solubility of the dyes, the desired compounds Dye 4, Dye 6-Dye 9 were obtained
via the alkylation of the imidazole ring with iodomethane in the presence of a base (See Scheme
6).[135,212,213] For all these photoinitiators, a E-factor higher than 200 could be determined,

comparable to that
structures.[183,184]
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Scheme 6. Synthesis of Dye 1-Dye 4, Dye 6-Dye 10.

All dyes exhibited a broad absorption extending up 600 nm (See Figure 11). Besides,
these structures were only tested at 405 nm for polymerization experiments. The highest molar

extinction coefficient was determined for Dye 10, bearing a 5,12-dihexyl-6,7-diphenyl-5,12-
dihydroindolo[3,2-a]carbazole moiety (See Figure 11 and Table 8). This is directly related to
the polyaromaticity of the group attached to this structure. Thus, at 405 nm, a molar extinction
coefficient as high as 19 000 M1.cm™ could be determined for Dye 10.
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Figure 11. Absorption spectra of Dye 1-Dye 4, Dye 6-Dye 10 in chloroform. Reproduced with

permission of Ref.[191]



Table 8. Absorption characteristics of Dye 1-Dye 4, Dye 6-Dye 10 in chloroform.

Compounds Amax(nm) emax(M?1-cm™) €a405nm(M1-cm)
Dye1 414 1840 1790
Dye 2 430 1850 1540
Dye 3 410 1470 1460
Dye 4 380 1300 1000
Dye 6 401 1460 1450
Dye 7 456 1890 1380
Dye 8 405 1600 1600
Dye 9 441 2510 2060
Dye 10 413 19370 19000

Photolysis experiments done at 405 nm with the two-component dye/lod, dye/EDB
systems and the three-component dye/lod/EDB revealed the photolysis rate to be slow for the
dye/lod combination. Notably, no photolysis could be detected for the dye alone or the dye/Iod
combination after 300 s of irradiation at 405 nm. In contrast, a slow photolysis rate was
obtained with the dye/EDB combination (around 300 s with Dye 1), evidencing that the dyes
were easier to reduce than oxidize. Finally, the photolysis rate was greatly improved with the
three-component system and a complete photolysis of the solution could be detected within
20 s (notably with Dye 1 for which the fastest photolysis rate was determined). A different
behavior was found for Dye 4. In this case, the photolysis rate for the Dye 4/Iod combination
was faster than that determined for the Dye 4/EDB system and even outperformed the
photolysis rate of the three-component Dye 4/lod/EDB system. Considering that Dye 1 and
Dye 4 only differ by the alkylation of the imidazole group, it was thus concluded that a minor
structural variation on the naphthoquinone-imidazole group could drastically modify the
reactivity of the dyes while letting the absorption characteristics almost unchanged. When
tested as photoinitiators of polymerization for the FRP of TMPTA, the trend of reactivity
determined in solution during the photolysis experiments were different from those obtained
during the polymerization of TMPTA. Thus, if the polymerization rate was higher for the
Dye/EDB combination, in turn, higher monomer conversions were obtained with the dye/lod
systems (See Figure 12).
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Figure 12. Polymerization profiles of TMPTA in thick films under air upon excitation
at 405nm using (a) dyes/Iod (0.2%/2% w/w) b) dyes/EDB (0.2%/2% w/w). Reproduced
with permission of Ref.[191]



Among all structures investigated, Dye 4, Dye 6 and Dye 8 furnished the highest
TMPTA double bond conversions (higher than 65% after 400 s of irradiation). By using
the three-component Dye/lod/EDB systems, an improvement of the monomer
conversion was detected, consistent with the photolysis experiments. In order to
determine the role of dyes in photoinitiation, blank experiments were done with the
two-component Iod/EDB system, at the same concentrations than that used in the
three-component systems. In this case, a TMPTA double bond conversion of 85% was
obtained with the blank experiment, higher than that obtained with the three-
component systems (See Figure 13). However, the polymerization rate was much
faster with the three-component systems, evidencing the role of the dyes in the
generation of initiating species. If excellent TMPTA double bond conversions could be
obtained with the three-component systems, as a drawback of this strategy, no
photobleaching could be detected so that colored polymer films were obtained after
polymerization (See Figure 13).
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Figure 13. TMPTA double bond conversions obtained with different two and three-
component systems upon excitation at 405 nm. Reproduced with permission of Ref.[191]

Comparisons with two other benchmark photoinitiators i.e. benzophenone (BP) and
ITX revealed Dye 4 to furnish TMPTA double bond conversions on par with that obtained
with BP and ITX using the two-component dye/lod systems while using 0.1 or 0.2 wt%
photoinitiator. However, by using a photoinitiator content as low as 0.05%, a TMPTA double
bond conversion of ca. 80% could be still obtained with the Dye 4/Iod (0.05%/2% w/w) system
(See Figure 14), whereas BP and ITX were ineffective at such concentration. The superiority of
Dye 4 in photoinitiation was thus demonstrated.
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Figure 14. TMPTA double bond conversions obtained with different two-component dye/lod
photoinitiating systems upon excitation at 405 nm. Reproduced with permission of Ref.[191]

Interest of Dye 4 as a photosensitizer was finally demonstrated during direct laser write
(DLW) experiments. Using different two-component dye/lod and dye/EDB systems, the 3D

patterns obtained with Dye 4 were better defined than those obtained with ITX (See Figure
15).

(c) (d)

Figure 15. 3D patterns obtained with the two-component (a) dye 4/Iod; (b) dye 4/EDB; (c)
ITX/Iod; (d) ITX/EDB systems and examined by optical microscopy. Reproduced with
permission of Ref.[191]



3. Derivatives of 2-phenylnaphtho[2,3-d]thiazole-4,9-dione
3.1. Type I photoinitiators

If various derivatives of 2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione have been
designed as type I and type II photoinitiators, the related structures i.e. 2-phenylnaphtho(2,3-
d]thiazole-4,9-diones have also been investigated for this purpose. Interest of 2-
phenylnaphtho(2,3-d]thiazole-4,9-diones compared to 2-phenyl-1H-naphtho[2,3-d]imidazole-
4,9-diones relies in the absence of the NH group, greatly improving the solubility of these
derivatives. Additionally, by replacing the five-membered ring imidazole by a thiazole group,
no acidic proton is present in the structure, what can drastically modify the reactivity of
photoinitiators. In 2024, a series of eight 2-phenylnaphtho(2,3-d]thiazole-4,9-diones was
designed and tested as Type I photoinitiators (See Figure 16).[214]
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Figure 16. Structures of OXE-1 and OXE-8 designed as Type I photoinitiators.

Compared to the previous 2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione derivatives
C1-C9, a different synthetic route had to be used for the design of OXE-1-OXE-9. Starting from
the biosourced 1,4-naphthoquinone, aminonaphthalene-1,4-dione RP1 could be prepared in
one step starting from 1,4-naphthoquinone and sodium azide, furnishing the product in 64%
yield.[215] By reaction of RP1 and 4-(1,3-dioxolan-2-yl)-2,5-bis(dodecyloxy)benzaldehyde RP2
in the presence of S8 and NaHCOs, the intermediate RP3 could be prepared in 64% yield.[137]
By treatment of RP3 under acidic conditions, RP4 could be obtained in 88% yield. Then, the
oxime group was introduced using cheap and easily available reagents, using the procedure
developed by Lachman and Noller in 1930 (See Scheme 7).[216] The oxime OXE-0 could be
prepared in almost quantitative yields. Finally, by esterification of OXE-O using the
appropriate acid chlorides and a base, OXE-1-OXE-8 could be obtained with reaction yields
ranging between 74% for OXE-6 and 92% for OXE-4. For all these photoinitiators, a E-factor
higher than 200 could be determined, comparable to that determined for other
naphthoquinone structures.[183,184]
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Scheme 7. Synthesis of OXE-1-OXE-8.

While comparing the absorption properties of OXE-1-OXE-8 with that of C1-C9, a
redshift of the absorption maximum by ca. 20 nm could be determined for the thiazole
derivatives. Thus, absorption maxima located between 393 and 397 nm could be determined
for the OXE-1-OXE-8 series contrarily to 372-376 nm for the C1-C9 series (See Tables 5 and 9,
Figure 16).
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Figure 16. Absorption spectra of OXE-01~08 in DCM. Reproduced with permission of Ref.
[214]

This redshift of the absorption maxima for the thiazole series compared to the
imidazole series can assigned to the specific electronic distribution detected for the frontier
orbitals of the thiazole series. As shown in Figure 17, the highest occupied molecular orbitals
(HOMO) of OXE-1-OXE-3 extend from the electron-donating bis-decyloxyphenyl group up to
the thiazole group, increasing the energy level of the HOMO levels and thus decreasing the
HOMO-LUMO gap (where LUMO stands for lowest unoccupied molecular orbital). Indeed,



the thiazole ring exhibit a higher electron-donating ability than the imidazole group,
destabilizing the HOMO energy levels.

Table 9. Light absorption properties of OXEs in DCM.

PI Amax (NM) emax (M.cm™) ea0s (MLem™)  ess0 (MEom™)
OXE-0 393 10000 8500 7200
OXE-1 393 13000 11700 7900
OXE-2 394 10300 9300 6100
OXE-3 395 11100 10200 6600
OXE-4 396 11500 10600 6800
OXE-5 394 14000 12800 8500
OXE-6 397 12000 11400 7700
OXE-7 396 10300 9700 6900
OXE-8 394 10500 9500 6500

Lumo Homo

Q  CyHx0
N N )=\ Nou
~ ~s \ 7
OCH )
o 12H2s
OXE-0 4
o
o
Cy2H250, \
A~ AN ): NiO -
\ [ > >
A Y M s
o OCy2H2s
OXE-1
ry

T
OCq2H;
o OXE-2 12H2s

o
§ caMao -
AN )=\ NiQ
v
}\V\I;/T'S> <§J> ’
0 OC1zHas :
OXE-3

Figure 17. Contour plots of the HOMO and LUMO energy levels of OXE-1-OXE-3. Reproduced
with permission of Ref. [214]

As a result of this redshift, OXE-1-OXE-8 were tested at 405 and 450 nm contrarily to
the previous imidazole derivatives C1-C9 that were tested at short irradiation wavelengths,
namely 365, 385 and 405 nm. Investigation of the bond dissociation energy (BDE) of OXE-1-
OXE-9 by theoretical calculations revealed the BDE to around 43-45 kcal/mol (See Table 10).



For comparison, slightly higher BDEs were determined for the C1-C9 series, with values
ranging between 48 and 49 kcal/mol (See Table 11). Irrespective of the series, the photocleavage
of the N-O bond was determined as being more favorable from the singlet excited state than
from the triplet states, with negative AHcieavage s1 values (See Tables 10 and 11).

Table 10. Bond dissociation energy (BDE) of the N-O bond, energy of the singlet excited state
(Es1), energy of the triplet excited state (Er), enthapy of cleavage from the singlet or the triplet
excited state (AHCleavage st and AHCleavage Tl) of different OXEs.

PI (Eggr]igﬁ) Es (keal.mol™) ﬁgg{e?ﬁ _i; Er (kcal.mol) ﬁggl'e?nagi[;
OXE-0 66.5 59.6 6.9 43.7 22.8
OXE-1 51.0 / / 39.2 11.8
OXE-2 435 / / 415 2.0
OXE-3 43.9 / / 434 0.5
OXE-4 39.5 / / 38.9 0.6
OXE-5 432 / / 414 1.8
OXE-6 452 59.9 14.7 2.7 2.5
OXE-7 433 60.2 169 414 1.9
OXE-8 432 61.0 17.8 2.6 0.6

Table 11. Bond dissociation energy (BDE) of the N-O bond, Energy of the singlet excited state

(Es1), Energy of the triplet excited state (Er), Enthapy of cleavage from the singlet or the triplet
excited state (AHcleavage s1 and AHcieavage T1) OF different OXEs

PI BDE Esi AHuceavages1  Emi (kcal/mol)  AHudleavagert

(kcal/mol) (kcal/mol)  (kcal/mol) (kcal/mol)
C1 49.53 66.88 -17.35 48.46 1.07
C2 48.08 69.88 -21.8 48.48 -0.4
C3 49.19 64.58 -15.39 48.48 0.71
C4 48.59 63.19 -14.6 48.48 0.11
C5 48.35 63.88 -15.53 48.38 -0.03
Cé6 49.12 61.81 -12.69 48.47 0.65
C7 48.11 63.65 -15.54 48.25 -0.14
C8 47.22 68.49 -21.27 49.64 -2.42
C9 45.74 68.72 -22.98 48.54 -2.8

Considering that OXE-1-OXE-8 are oxime esters, these structures were first tested as
monocomponent photoinitiators, at low photoinitiator content (0.1 and 0.05 wt%), in thick
films and upon excitation at 405 and 450 nm (See Table 12). Noticeably, similar monomer



conversions were obtained at 0.1 and 0.05 wt% in thick samples evidencing the interest of these
structures. Only a slight improvement of the monomer conversion was detected at 450 nm at
0.05 wt%, resulting from a higher transparency of the resins. As observed for the C1-C9 series,
higher TMPTA double bond conversions were obtained with all oxime esters bearing aliphatic
groups on the oxime ester side. Thus, if a TMPTA double bond conversion of 41% was
obtained with OXE-2, this value was reduced to 22% with OXE-6. Comparisons of the
monomer conversions with that obtained with two references photoinitiators (ITX, TPO)
revealed the new structures to be less efficient at 405 nm. Conversely, at 450 nm, OXE-1-OXE-
8 were still active, contrarily to ITX and TPO that do not absorb at this wavelength. However,
due to lower molar extinction coefficients at 450 nm, a reduction of the TMPTA double bond
conversions could be determined. For comparison, in the same conditions (405 nm, 0.1 wt%),
the previous C1-C9 series could furnish higher TMPTA double bond conversions, despites less
favorable absorption properties at this wavelength (See Table 6).

Table 12. Final monomer conversions (FCs) determined during the FRP of TMPTA in thick
samples upon excitation at 405 and 450 nm after 400 s of irradiation

405 nm 450 nm
PI 0.1 wt% 0.05 wt% 0.1 wt% 0.05 wt%
FC (%) FC (%) FC (%) FC (%)

OXE-0 1 0.7 2 2
OXE-1 37 41 26 26
OXE-2 41 40 28 33
OXE-3 32 37 24 33
OXE-4 36 30 4 2
OXE-5 30 33 5 12
OXE-6 22 22 3 3
OXE-7 23 24 2 3
OXE-8 31 34 10 27

ITX 58 54 - -

TPO 74 68 - -

OXE-1-OXE-9 were also tested in two-component systems in combination with EDB
and Iod. In this case, the most significant enhancement of the TMPTA double bond conversion
was obtained with the two-component OXE/EDB systems. Thus, the TMPTA double bond
conversion increased from 37 to 44 and finally 64% using OXE-1 alone, the two-component
OXE-1/Iod system and the OXE-1/EDB combination. A further improvement could be
obtained by using a three-component OXE-1/lod/EDB system, peaking at 73% after 400 s of
irradiation (See Table 13).



Table 13. TMPTA double bond conversions obtained at 405 nm with different two-component
OXE/Iod and OXE/EDB systems. For the additive, the concentration was set to 0.1 wt%.

Tod EDB Iod/EDB

PI 0.1 wt% 0.05 wt% 0.1 wt% 0.05 wt% 0.1 wt%
FC (%) FC (%) FC (%) FC (%) FC (%)

OXE-0 0.9 2 48 48 57
OXE-1 44 52 64 67 73
OXE-2 26 50 62 68 70
OXE-3 55 49 62 69 73
OXE-4 39 41 62 67 72
OXE-5 42 45 63 63 72
OXE-6 49 38 56 60 65
OXE-7 33 32 60 63 68
OXE-8 9 46 60 66 63
ITX 63 71 76 71 78

Considering the high TMPTA double bond conversions that could be obtained with
the three-component OXE/Iod/EDB systems upon excitation at 405 nm, their abilities to initiate
polymerization processes under sunlight was examined. Contrarily to the artificial light that
exhibits a narrow emission, the emission spectrum of Sun is broad. Parallel to this, light
intensity of Sun is considerably lowered compared to that of artificial light sources, what can
adversely affect the polymerization efficiency.[43,217] When tested under sunlight,
photoinitiating systems based on OXE-1, OXE-2 and OXE-3 furnished a conversion of ca 40%
within 5 min. of exposure, evidencing the reactivity of these systems. After 40 min. of
irradiation, this conversion could increase up to 50%. Noticeably, OXE-4 and OXE-8 could
furnish comparable monomer conversions (50% TMPTA double bond conversion after 40
min.) and these conversions are remarkable, considering their low reactivities under artificial
light (See Figure 18). This is directly related to the broad emission spectrum of Sun enabling
to better excite the dyes.
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Figure 18. Sunlight-initiated photopolymerization of thick TMPTA samples using different
three-component OXE/Iod/EDB  (0.05%/0.1%/0.1% w/w/w) photoinitiating systems.
Reproduced with permission of Ref. [214]

3.2. Type II photoinitiators

The design of solar photoinitiators is an active research field, considering the numerous
outdoor applications of photopolymerization.[38—44,218-221] If various derivatives of 2-
phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione capable to act as Type I photoinitiators and
activable under sunlight have been designed and synthesized, Type II photoinitiators have
also been proposed, still with aim at developing solar photoinitiators. A series of fifteen dyes
B1-B15 was proposed in 2024 by Lalevée and coworkers (See Figure 19).[47] The synthesis of
the different dyes was straightforward, using 2-aminonaphthalene-1,4-dione RP1 as a
common reagent (See Scheme 8).[215,222-225] By using the appropriate aldehyde ALD1-
ALD15 in the presence of Ss and NaHCOs, B1-B15 could be obtained with reaction yields
ranging from 65% for B13 up to 92% for B10 (See Table 14). For all these structures, a E-factor
higher than 200 could be determined,[183,184] consistent with values determined for products
prepared in fine and pharmaceutical chemistry. Examination of the optical properties of B1-
B15 in dichloromethane revealed their absorption maxima to be strongly influenced by the
electron withdrawing ability of the aldehyde used to prepare the different dyes. As shown in
Figure 20 and in Table 15, the different dyes could be divided in two groups that later
demonstrated severe differences of polymerization efficiency. Thus, B1, B2, B3, B10, and B11
exhibited absorption maxima located at 420, 400, 410, 410, and 400 nm, respectively i.e. the
400-420 nm range and proved to be highly reactive structures in photopolymerization.
Conversely, B5, B7-B9, and B13-B15 strongly absorbs in the 450-600 nm range and only showed
a poor photoinitiation ability. Comparisons with the absorption properties of the imidazole
analogues Dyel-Dyel0 revealed a blueshift of the absorption maxima by ca 10 nm by replacing
the imidazole ring by a thiazole ring. Thus, if an absorption maximum located at 410 nm was
determined for Dye 3, this value shifted to 400 nm for its analogue B2. These results can be
assigned to the higher electron-donating ability of the thiazole ring compared to the imidazole
ring, reducing the electron-accepting ability of the naphthoquinone moiety (See Tables 8 and
15).
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Scheme 8. Synthetic route to B1-B15.
Table 14. Reaction yields obtained during the synthesis of B1-B16.

Compounds B1 B2 B3 B4 B5 B6
Reaction yield (%) 81 77 89 80 67 88

Compounds B7 B8 B9 B10 B11 B12
Reaction yield (%) 88 91 58 92 81 88

Compounds B13 B14 B15
Reaction yield (%) 65 85 85
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Figure 20. Absorption spectra of (a) B1-B8, (b) B9-B15 and ITX in dichloromethane.
Reproduced with permission of Ref. [47]

Table 15. Light absorption characteristics of the dyes

Pls Amax €max €405 moiety
(nm)  (M-Lcm-?) (M-L.cm-1)

Bl 420 2610 2310 4-dodecyloxyphenyl

B2 400 4170 3870 3-methoxyphenyl

B3 410 1320 1320 2-methoxyphenyl

B4 410 5600 5410 2-hydroxyphenyl

B5 510 7990 4110 4-dimethylaminophenyl
B6 430 6340 5630 4-methylthiophenyl

B7 510 4810 4570 4-piperidinylphenyl

B8 480 7830 2400 tert-butyl-(N-ethyl)carbazolyl
B9 450 11690 8760 naphthothiazoledione-

bis(dodecyloxy)phenylene

B10 410 4690 4690 2-dodecyloxyphenyl
B11 400 4920 4730 p-tolyl
B12 410 4660 4570 thiophenyl
B13 530 8630 12120 2-butoxy-4-(diethylamino)phenyl
Bl4 500 6130 11240 N-hexyl-phenothiazinyl
B15 460 9460 4530 2,4,5-trimethoxyphenyl
ITX 390 5890 1000

As anticipated, B1-B15 were unable to initiate any polymerization processes without
additives such as Iod or EDB at 405 nm. When introduced in two-component dye/lod and
dye/EDB systems, an optimal concentration of 0.1 wt% was determined for the polymerization
experiments. Noticeably, B1 furnished in the best TMPTA double bond conversion in thick
sample (72%) what could be slightly improved in thin films (77%). Surprisingly, B2, B3, B10
and B11 that could furnish a TMPTA double bond conversion ranging between 62 and 70% in



thick films were less efficient in thin samples (between 43 and 53%, see Table 16). Finally, B4,
B6 and B16 that were moderate photoinitiators in thick samples (56, 55 and 48% respectively)
proved to be exceptional photoinitiators in thin samples (89, 88 and 90% respectively).
Interestingly, all dyes could also promote the FRP of TMPTA with the two-component dye/Iod
system so that the photoinitiating ability of the three-component dye/Iod/EDB systems was
examined. Thus, for B3, the TMPTA double bond conversion in thick films increased from 65%
with the two-component dye/EDB (0.1%/1% w/w) system up to 91% for the three-component
dye/lod/EDB (0.1%/1%/1% w/w/w) system (See Figure 21). This value is slightly higher than
that obtained with ITX (87%). Considering that the best monomer conversions were obtained
with B1, B2, B3, B10 and B11 in thick films, these structures were then tested as solar
photoinitiators.

Table 16. FCs of TMPTA for thick and thin samples using the two-component dye/EDB
(0.1%/1% w/w) systems upon excitation at 405 nm.

Thick sample Thin sample
Dye/EDB FCs Dye/EDB FCs
(0.1%/1% wiw) (%)  (0.1%/1% wiw) (%)

ITX 82 ITX -
Bl 72 B1 77
B10 70 B10 51
B3 65 B3 53
B2 62 B2 43
B11 62 B11 48
B12 57 B12 -
B4 56 B4 89
B6 55 B6 47
B9 49 B9 88

B16 48 B16 90
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Figure 21. TMPTA double bond conversions obtained with the three-component
dye/Iod/EDB (0.1%/1%/1% w/w/w) systems upon excitation at 405 nm of thick samples.
Reproduced with permission of Ref. [47]

Interestingly, in the case of B10, a TMPTA double bond conversion higher than 50%
could be obtained within 10 s, evidencing the high reactivity of this structure. Even if B1, B2,
B3 and B11 were slightly less reactive than B10, a complete curing of the resins could be
obtained after 60 s of sunlight exposure (See Figure 22). In turn, this family of 2-
phenylnaphtho[2,3-d]thiazole-4,9-diones is exceptional in terms of reactivity. Indeed, as
shown in Table 17, previous dyes reported in the literature could furnish higher TMPTA
double bond  conversions than the  2-phenylnaphtho[2,3-d]thiazole-4,9-dione
derivatives,[44,226,227] but after long irradiation time (around 30 min.)
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Figure 22. TMPTA double bond conversions using the three-component dye/lod/EDB
(0.1%/1%/1% w/w/w) systems under sunlight and under air. Reproduced with permission of
Ref. [47]

Table 17. TMPTA double bond conversions obtained at 405 nm and sunlight (30 min) using
three-component photoinitiating dye/lod/EDB (0.1%/2%/2% w/w/w) systems.
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Conclusion

In the search for new photoinitiators that could enable to polymerize monomers in
greener synthetic conditions than that currently used, 2-phenyl-1H-naphtho[2,3-d]imidazole-
4,9-dione and 2-phenylnaphtho[2,3-d]thiazole-4,9-dione have been identified as promising
scaffold for design sunlight photoinitiators. Besides, these different works have clearly
evidenced that in type I photoinitiators, the distance between the photocleavable group and
the chromophore is an important parameter to consider in order to design efficient
photoinitiators. By increasing the distance, the cleavage efficiency is reduced. Comparison
between the two families of chromophores have evidenced that 2-phenylnaphthol2,3-
d]thiazole-4,9-dione was a better scaffold due to the absence of the acidic NH proton that is
present in 2-phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione that was adversely affecting the
solubility in organic solvents but also in resins.

In order to polymerize in more environmentally friendly conditions, future works will
consist in designing water-soluble photoinitiators, enabling to polymerize hydrogels. Parallel



to this, visible light photoinitiators are still the focus of criticisms, especially with regards to
their strong colours which is important since it enables these structures to harvest visible light
but adversely impact the colour of the final polymers by providing an undesired colour. The
development of photobleachable structures will be necessary to expend the scope of
applications of visible light photopolymerization. The development of such innovative
structures will be obtained at the price of an extensive synthetic works.

Nowadays, polymer recycling is an active research field, with regards to the polymer
waster produced daily. The development of photoinitiators that could be used as
photoinitiators of depolymerization after polymer use should be developed in the Future.
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