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Abstract

Photopolymerization is currently facing a revolution with the development of new
light sources that are light-emitting diodes. Considering the low light intensity of these light
sources, new photoinitiators exhibiting a higher reactivity than those used in the past have to
be developed. Parallel to this, a great deal of efforts is also devoted to simplify the
photocurable resins. With aim at simplifying the composition of the resins, monocomponent
systems are actively researched. Indeed, if Type II photoinitiators are efficient structures, these
compounds need besides to be combined with additives, complexifying the composition of
the resins. In this field, oxime esters that are monocomponent Type I photoinitiators are
extensively studied since a few years. In this field, the most impressive developments have
been obtained for carbazole-based oxime esters since not less than 100 structures have been
proposed during the last three years, demonstrating the intense research activity. In this
review, an overview of the recent development concerning carbazole-based oxime esters is
presented. Comparisons with reference compounds will also be presented to evidence the

interest of these new structures.
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1. Introduction

Photopolymerization is currently facing a profound revolution as the traditional UV
photoinitiators are progressively discarded in favor of visible light photoinitiating systems.[1-
19] Interest for developing new photoinitiators is supported by the wide range of applications
in which photopolymerization is involved. To illustrate this, photopolymerization is used in
research fields such as adhesives, microelectronics, dentistry, coatings, 3D and 4D
printing.[20-29] Setting aside the UV technology is supported by the numerous drawbacks of
UV light. Notably, dangerousness of UV light can be cited as the primary cause of eviction of
UV photopolymerization. Indeed, long-term effects of UV radiation exposure include eye
damages (cataracts and eyelid cancers) but also skin cancers.[30-32] Parallel to this,

photopolymerization under UV light can result in the release of ozone during polymerization,
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constituting another severe drawback.[33] To end, UV photopolymerization can only be done
while using expensive and energy-intensive irradiation setups, entailing high running costs.
With aim at better controlling the energy usage, new polymerization approaches have to be
found. Interest for photopolymerization is also related to the specificities of photo-
polymerization compared to the traditional thermal polymerization. Thus, a spatial and a

temporal control of the polymerization process can be obtained by photopolymerization (See
Figure 1).
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Figure 1. The different advantages of photopolymerization compared to the solution-phase
polymerization.

Photopolymerization can also be carried out in solvent-free conditions, limiting the
release of volatile organic compounds (VOCs).[33] Recently, the development of energy-
saving, cheap and compact light sources with long-operating lifetimes have emerged on the
market, namely light-emitting diodes.[34] Contrarily to UV light sources that were well-
known to release heat during operation, LEDs also enable to polymerize temperature-sensitive
monomers. Replacement of UV light by visible light is also related to the higher light
penetration which can be achieved in the visible range, as shown in the Figure 2. Indeed, if the
light penetration is limited to 600 um at 350 nm, this latter can achieve several centimetres at
800 nm.[35] Face to these considerations, polymerization of thick samples and even of resins
containing fillers can be achieved.
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Figure 2. Light penetration in a polystyrene latex with an average diameter of 112 nm.

Reprinted with permission from Bonardi et al.[35]

Considering that the light penetration is the key parameter for achieving high
monomer conversions, a wide range of structures have been examined ranging from truxene
derivatives[36] to copper complexes,[37-53] carbazoles,[54-65] chalcones,[28,66-78] zinc
complexes,[79] acridones,[80,81] iridium complexes,[82-89] cyanines [90-95] phenazines,[96]
push-pull dyes,[97-111] anthracene,[112] porphyrins,[113,114] triphenylamines,[115]
thioxanthones,[116-128]  dihydro-anthraquinones,[129] metal organic  framework
(MOFs),[130-132] diketopyrrolopyrroles,[133-135] pyrenes,[136-144] perovskites,[145,146]
acridine-1,8-diones.[147-149] perylenes,[150-153] dithienophospholes,[154,155] iodonium
salts,[156-163] iron complexes,[97,131,164-169] helicenes,[170,171] pyrrole derivatives,[172]
2,3-diphenylquinoxaline derivatives,[173,174] thiophene derivatives,[175]
polyoxometalates,[176-178] = camphorquinones,[179,180]  phenothiazines,[181]  Schiff
bases,[182] coumarins,[183-194] naphthalimides,[156,195-211] chromones and flavones,[212-
214]  curcumin,[215-218] squaraines,[219-222] benzophenones,[223-230]  conjugated
polymers,[231] and cyclohexanones.[232-235] If these structures could enable to develop
highly efficient photoinitiating systems, high monomer conversions could only be obtained by
using multicomponent systems, resulting in complex formulations. To illustrate this, several
four-component systems were notably reported in the literature, demonstrating the limitations

of the photosensitization approach and therefore of the type II photoinitiators.[169,236]

Recently, Type I photoinitiators that are monocomponent photoinitiating systems have
been the focus of intense research efforts. Indeed, these unimolecular photoinitiators are
capable to undergo a direct photoinduced fragmentation upon absorption of light, generating
initiating species. Among Type I photoinitiators that notably include hydroxyacetophenones,
benzylketals, benzoin derivatives, a-aminoalkylacetophenones, phosphine oxides, o-acyl-a-

oximino ketones, hexaaryl biimidazoles (HABIs), acyloximino esters, a-haloacetophenones,



trichloromethyl-S-triazine glyoxylates or oxime esters.[237] Among these compounds, the
most widely examined structures are undoubtedly oxime esters that are characterized by an
easy synthetic access and a relatively good thermal stability.[238,239] The first report
mentioning the design of oxime esters has been reported as soon as 1904 by Piguet and
coworkers.[240] However, use of oxime esters as photoinitiators of polymerization is more
recent since the pioneering works in this field have been carried out by Peeters and coworkers
in 1970.[241] From the mechanistic viewpoint, oxime esters are capable to initiate the cleavage
of the N-O bond upon photoexcitation, leading to the formation of an iminyl and an acyloxy
radical. Subsequent to fragmentation, a decarboxylation reaction can undergo, producing
initiating radicals.[239,242-246] Concerning oxime esters and based on the structures
commonly used for the design of Type II photoinitiators, carbazole has been identified as a
promising scaffold due to its polyaromatic structure exhibiting a good thermal and
photochemical stability but also a good solubility in most of the monomers. Carbazole can also
be easily chemically modified and carbazole is a cheap starting material enabling to develop
low-cost Type I photoinitiators. Numerous carbazole-based oxime esters have been reported
during the last three years since not least than 100 structures have been reported during the
last three years. In this review, an overview of the recent developments concerning carbazole-
based oxime esters is provided. Comparisons with reference systems will also be provided to

evidence the interest of these structures.
1. Carbazole-based oxime esters
1.1. Carbazole-benzophenone hybrid oxime esters

In 2004, the first carbazole-based oxime ester i.e. OXE-02 was reported by Ohwa and
coworkers.[247] Interestingly, OXE-02 displayed an outstandingly high sensitivity in resins
containing black pigments so that OXE-02 was immediately commercialized by the color filter
resist manufacturers.[248-253] From the mechanistic viewpoint, examination of the
fragmentation mechanism of OXE-02 by time-resolved electron spin resonance (ESR) and
electron spin resonance spin-trapping experiments revealed OXE-02 to undergo a
photoinduced cleavage of the N-O bond in first step. Following the photoinduced cleavage, a
fast decarboxylation reaction of the acetyloxy radicals can occur, avoiding the regeneration of
the starting materials, as classically observed for mononuclear photoinitiators. In the present
case and due to the decarboxylation reaction, the recombination of the initially formed radicals

can be efficiently avoided (See Figure 3).
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Figure 3. Chemical structure of OXE-02, the fragmentation mechanism and the monomer used
in this study (R is an undefined group, iminyl radicals being capable to undergo various

reactions after photocleavage).

Noticeably, only one initiating and reactive species is formed by photodecomposition
of OXE-02. Indeed, iminyl radicals formed in first step cannot undergo a further
fragmentation, furnishing radicals unable to add onto acrylic double bonds. Conversely, by
decarboxylation of benzoyloxy or acetyloxy radicals, very reactive radicals can be formed,
initiating the polymerization process.[254] Examination of the terminal groups obtained
during the photopolymerization of 2-phenoxyethyl acrylate (PEA) revealed the initiating
methyl radicals to also act as end groups, methyl groups being found at the extremity of the
polymer chain. [255] Presence of hydrogen atoms as end groups of polymeric chains and
resulting from the recombination and the chain transfer of polymeric chains under growth was

also evidenced.

More recently, OXE-02 was revisited by the group of Jun Nie and coworkers with other
carbazole derivatives (See Figure 4).[256] In this work, a series of three dyes differing by the
solubilizing groups were designed and synthesized. Interestingly, examination of the
solubility properties in various solvents and monomers revealed OXE-3 and OXE-5 to exhibit
the highest solubility in monomers such as trimethylopropane trimethacylate (TMPTMA),
tripropylene glycol diacrylate (TPGDA) and trimethylolpropanetriacrylate (TMPTA) (See
Table 1).
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Figure 4. Synthetic routes to OXE-02, OXE-03, OXE-05 and OXE-04. Chemical structures of

the monomers used in this study.

From the synthetic viewpoint, OXE-02, OXE-03 and OXE-05 could be prepared in 4
steps. Following the functionalization of 2-ethylcarbazole by mean of two consecutive Friedel
and Craft reactions, the oxime ester OXE-02 could be obtained by first preparing the ketoxime

using hydroxylamine hydrochloride in the presence of sodium acetate, followed by an



esterification with acetyl anhydride in basic conditions. A similar procedure was used for
OXE-03. Conversely, a different synthetic approach was used for OXE-05, consisting first to
undergo an a-oximation of R6 with isoamyl nitrite. Finally, esterification with benzoyl
chloride using triethylamine as the base enabled to produce OXE-05. Concerning OXE-04, a
similar procedure to that used for OXE-05 was used, except that diphenyl sulfide was

employed as the starting material instead of carbazole (See Figure 4).

Table 1. Solubility of oxime esters in different monomers and solvents (Solubility was
determined by calculating the mass (in gram) of photoinitiator dissolved in 100 g of solvent).

Solubility OXE-02 OXE-03 OXE-04 OXE-05
PGMEA- 2.6 13 27.5 16
cyclohexanone 16.5 26 30 23
toluene 12.5 23 28 16
methanol 21 19 5.8 1.2

acetonitrile 12 15 9 8

TPGDA 3.6 3.2 45 29
TMPTA 2.8 3.2 4.4 3.1

a Propylene glycol monomethyl ether acetate

From the absorption viewpoint, all OXEs showed UV-centered absorption spectra,
with absorption maxima located at 336, 337 and 358 nm. Based on their absorption spectra, the
different oxime esters were thus adapted for UV photopolymerization experiments.
Examination of their photoinitiating abilities using HDDA as the monomer revealed OXE-03
and OXE-05 to furnish monomer conversions as high as 96%. Conversely, a lower monomer
conversion (90%) combined with a low polymerization rate was found for OXE-02. Superiority
of OXE-03-OXE-05 was assigned to the introduction of the diphenyl sulfide moiety in OXE-04
which extends the m-conjugated system and can induce a stronger intramolecular electron
transfer than in OXE-02. Conversely, higher monomer conversions were obtained with OXE-
03 and OXE-05 compared to OXE-02 and can be assigned to a higher solubility of these oxime
esters in resins due to the presence of longer solubilizing chains, improving the monomer
conversion. Examination of the influence of OXE concentrations on the monomer conversion
revealed 0.5 wt% to be the optimum concentration. At higher concentration, presence of an
inner filter effect adversely affecting the monomer conversion could be clearly demonstrated.
By increasing the light intensity from 10 to 50 mW/cm?, the HDDA conversion could be tripled
using OXE-03 as the dye at 0.3 wt%. A severe reduction of the induction period was also found,
resulting from more radicals produced enabling to overcome oxygen inhibition.[257] Finally,
by increasing the light intensity to 80 mW/cm?, a clear reduction of the monomer conversion
was found, resulting from radicals recombination or chains transfer. Finally, comparison of
the polymerization profiles of bifunctional and trifunctional monomers revealed the monomer
conversion of bifunctional monomers to be greatly higher than that of the trifunctional ones.
Indeed, more than a two-fold reduction of the monomer conversion was observed between
HDDA, TPGDA and TMPTMA (See Figure 5).
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Figure 5. Final monomer conversions obtained for different monomers upon irradiation in
the UV range while using OXE-05 (0.3 wt%) as the dye. Reproduced with permission of ref.
[256].

In 2017, photochemistry and photophysics of OXE-02 were examined in details, this
oxime ester being well-known to exhibit excellent performance in pigmented
formulations.[258] Indeed, photodecomposition of oxime esters is definitely more complex
than that observed for other Type I photoinitiators such as bisacylphosphane oxides, DMPA
or benzoin.[259,260] In this work, Barner-Kowollik and coworkers evidenced wavelength-
dependent photopolymerization properties of OXE-02 during the polymerization of methyl
methacrylate (MMA) upon irradiation between 285 and 435 nm. To determine the different
fragments generated upon photoexcitation, photo-CIDNP i.e. photo-chemically induced
dynamic nuclear polarization was used. As the main findings, the authors could confirm the
fragmentation of OXE-02 via an excited triplet state as mentioned in previous works.[244,245]
The excited singlet states S1 and Sz of OXE-02 were determined as being dominated by a mixed
n—7t*/mt—mt* character. By '"H CIDNP spectroscopy, presence of four compounds resulting from
the photocleavage of OXE-02 could be identified in deuterated acetonitrile. As shown in the
Figure 6, presence of ethane (compound 2d) resulting from the recombination of methyl
radicals, but also of methyl acetate (compound 2e) resulting from the recombination of methyl
radical and acetyloxy radicals could be identified. Parallel to this, two imines (Z/E isomers i.e.
Z-2f and E-2f) were also detected. Therefore, the CIDNP results confirmed the
photofragmentation of OXE-02 to be based on the cleavage of the N-O bond. Polymerization
of methyl methacrylate (MMA) done by pulsed-laser polymerization using a wavelength-
tunable laser enabled here again to analyze the polymer end-groups as well as the monomer
to polymer conversion at each wavelength. Interestingly, end-groups of the polymer chains
remained the same, irrespective of the irradiation wavelength (from 285 to 435 nm). Acetyloxy
and methyl groups were clearly determined as end groups of all polymer chains, consistent
with the photoproduct obtained in NMR tubes. Examination of the MMA conversion as a
function of the irradiation wavelength revealed 405 nm to furnish the highest monomer
conversion, at identical number of photons (See Figure 7). These results are counter-intuitive,
considering that the monomer conversions significantly mismatch from the absorption
properties of OXE-02. To explain this, modification of the light penetration at the different



wavelengths examined was suggested as a possible hypothesis. However, use of the Lambert-
Beer law to calculate the amount of absorbed light at the different wavelengths revealed still a
mismatch between monomer conversion and light absorption. As other explanation and
considering that the MMA conversion was not strictly correlated to the concentration of
initiating radical, a lower concentration of radicals favoring the formation of longer polymer
chains by reducing the probability of chain termination was also suggested. Finally, formation
of radicals via pathways possibly involving conical intersections was also proposed to support
the exceptional monomer conversion obtained at 405 nm.[261] Overall, it was determined that
the wavelength-reactivity correlations was more complex than anticipated.
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Figure 6. (a) "HNMR and (b) 'H CIDNP spectra of OXE-02, recorded in CDsCN upon excitation
at 355 nm with a laser. Reproduced with permission of Ref.[258]
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pumol) per irradiation wavelength. Reproduced with permission of Ref.[258]

In 2021, a series of five bicarbazole-based oxime esters BC-OXE-1-BC-OXE-5 was
designed and synthesized with analogy to the benchmark oxime ester OXE-02 (See Figure



8).[262] Choice of bicarbazole as the chromophore was supported by previous works of the
same groups on another family of type I photoinitiators, namely bicarbazole-based
oxalates.[263] Noticeably, by using a bicarbazole structure, a slight redshift of the absorption
maxima was found for all oxime esters compared to the parent OXE-02 (See Figure 9 and Table
2). Even if only a minor variation of the absorption maxima was found between the different
compounds, absorption spectra extending until 400 nm for BC-OXE-1-BC-OXE-3, 450 nm for
BC-OXE-4 and BC-OXE-5 could be determined. Especially, introduction of a-carbonyl groups
in BC-OXE-4 and BC-OXE-5 exerted positive effects on the absorption maxima, shifting the
position of the absorption maxima of 5 nm. Interestingly, photoinitiating abilities of BC-OXE-
2 and BC-OXE-3 could be compared respectively to that of BC-OXE-4 and BC-OXE-5 bearing
a-carbonyl groups. Indeed, these two families of dyes differ by the presence or not of of a-

carbonyl groups.

BC-OXE-1 BC-OXE-2

N
S
BC-OXE-3 BC-OXE-4 BC-OXE-5
Figure 8. Chemical structures of bicarbazole-based oxime esters BC-OXE-1-BC-OXE-5 and
monomers.

Table 2. Absorption characteristics of bicarbazole-based oxime esters and OXE02 in

acetonitrile.
Pls Ama@ (Nm) EmaxP €365° 3850 €a05P €a25P €a50P
OXE 02 335 18 400 2700 100 0 0 0
BC-OXE-1 339 24 600 12 500 2 600 400 100 0
BC-OXE-2 339 23 800 12 400 2 500 300 100 0
BC-OXE-3 339 25 800 13 400 2700 300 50 0
BC-OXE-4 344 26 000 21 700 11 500 3 500 700 80
BC-OXE-5 344 25900 21 600 11 600 3800 1100 200

a Maximum absorption wavelength (Amax) ® molar extinction coefficient (&) (L.mol-.cm™1).

Interestingly, introduction of alkyl chains of different lengths in BC-OXE-1 - BC-OXE-
3 and introduction of a-carbonyl groups in BC-OXE-4 and BC-OXE-5 could strongly influence
the photolysis properties of oxime esters. In this work, authors also investigated the
degradation products formed upon photodecomposition of OXE. In accordance with the well-
established photolysis mechanism, cleavage of the N-O bond first produced iminyl and



acetyloxy radicals. Then, by liquid chromatography-mass spectrometry (LC-MS) analyses,
different structures resulting from radical recombination could be identified during the
photodecomposition of BC-OXE-3 and BC-OXE-5 as shown in the Figure 10.
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Figure 9. UV-visible absorption spectra of bicarbazole-based oxime esters and the reference
compound in OXE-02 in acetonitrile. Reproduced with permission of Ref.[262]
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Photopolymerization experiments carried out for HDDA, TPGDA, and TMPTA upon
irradiation at 365, 385, 405 and 425 nm (I = 45 mW/cm*) revealed all o-acyl-a-oxooximes BC-
OXE-4 and BC-OXE-5 to exhibit low photoinitiating abilities, irrespective of the irradiation
wavelength. This counter-performance was assigned to photoinduced isomerization of the
imine group adversely affecting their photoinitiating ability.[239] On the opposite, for o-
acyloximes BC-OXE-1 - BC-OXE-3, photofragmentation of the N-O bond can undergo instead
of the undesired photoisomerization. Except at 365 and 385 nm where OXE-02 could furnish
monomer conversions on par with that of BC-OXE-3, a different situation was found at 405
nm, the conversion being reduced of 15% compared to BC-OXE-3 (See Figure 11). Overall,
these different experiments revealed the detrimental impact of introducing a-carbonyl groups
in ortho-position of the ketone group in BC-OXE-4 and BC-OXE-5 on the photoinitiating ability
with regards to the performances obtained with their analogues BC-OXE-2 and BC-OXE-3.
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Figure 11. Photopolymerization performance of TPGDA in the presence of OXEs (1 wt%) upon
irradiation at (a) 365, (b) 385, and (c) 405 nm. Reproduced with permission of Ref.[262]



In TMPTA, all OXEs could outperform OXE-02, irrespective of the irradiation
wavelength. Logically, a reduction of the monomer conversions was observed for all OXEs by
irradiation from 365 nm to 405 nm, consistent with a reduction of the molar extinction
coefficients along with increasing the irradiation wavelength. Finally, due to the strongly
redshifted absorption of BC-OXE-4 and BC-OXE-5 compared to the other oxime esters, these
two OXE were the only ones capable to initiate a polymerization process at 425 and even 450
nm. Therefore, even if these two OXEs exhibit lower reactivity than the other BC-OXEs,
polymerization processes at long irradiation wavelengths are still possible. Investigation of
the stability of resins over time revealed the new OXE to give highly stable formulations. For
these experiments, TMPTA was used as the monomer. Indeed, after seven months of storage
in the dark, similar monomer conversions were obtained between the stored formulations and
the freshly prepared formulations. By Differential Scanning Calorimetry (DCS) experiments,
all resins showed a good stability until 150°C, no polymerization reaction being detected until
this temperature.

By theoretical calculations, red-shifted absorptions of BC-OXE-4 and BC-OXE-5
compared to that of BC-OXE-1-BC-OXE-3 could be explained by mean of differences of
electronic transitions involved in the main absorption peak. Thus, comparison of the HOMO
energy levels of BC-OXE-3 and BC-OXE-5 revealed a similar electronic distribution mainly
centered onto the bicarbazole structure. Conversely, major differences could be found
concerning their LUMO and LUMO+1 energy levels since their respective electronic
distributions were found in different subunits of the molecule, as shown in the Figure 12.
Notably, upon introduction of the a-carbonyl group in BC-OXE-5, a reduction of the LUMO
and LUMO+1 energy levels were found compared to that of BC-OXE-3. Overall, a redshift of
the absorption can be determined for BC-OXE-5, resulting from a decrease of the LUMO
energy level.

-1- BC-OXE-3 , BC-OXE-5 3,
——......... Ly %50 s L 2 “‘QJ e
-1.20 ® - -1.62 0 90
Y. . N P e
g, 520 NS, — T
AAEN N9 b s b @ o 0 3P
9 29 9 9 J
...2- %" LY’ ;] ? )
s ‘Qf.: J'&éa

Sy—S; L

1
w
1
1
=
o
~
-

.

S &b
[
~
L
o

So—S, - & P Sy—S,

|
=
1

Energy (eV)
&"“
. s ¢
G"‘
Ce
&
L
N
&
&
G“t.
&g"
&0
&“,.“
s. o
.
< ‘s
‘t

"5" P, ) J‘ 5.9 %~y
A 2 N 2@, 9 5%
R A oy o

Figure 12. Frontier orbitals of BC-OXE-3 and BC-OXE-5.



Parallel to this, if the LUMO+1 orbital of BC-OXE-3 was mostly located onto the oxime
ester group, an opposite situation was found for BC-OXE-5 and this is the LUMO energy level
of BC-OXE-5 that was located on the cleavable group and not the LUMO+1 energy level as
observed in BC-OXE-3. Based on the polymerization results, the lowest photoinitiating ability
of BC-OXE-5 compared to that of BC-OXE-3 can be explained by different electronic
repartitions of the LUMO and LUMO+1 energy levels, the two dyes exhibiting a similar
electronic distribution for their HOMO energy levels.

In 2022, an original approach consisted in developing benzocarbazole-based oxime
esters in order to redshift their absorption towards the visible range (See Figure 13).[264]

Photoinitiators
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Figure 13. Chemical structure of PI-3 and reference compounds OXE-01 and OXE-02.

By extending the aromaticity of carbazole in PI-3, a redshift of the absorption of PI-3
could be obtained compared to the benchmark OXE-01 and OXE-02 (359 nm vs. 327 and 337
nm for OXE-01 and OXE-02 respectively) (See Figure 14). Interestingly, benzocarbazole
derivative PI-3 showed a high sensitivity for the polymerization of black and blue resists.
Notably, the redshifted absorption of PI-3 compared to that of OXE-01 and OXE-02 contributed
to greatly increase the polymerization depth.
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Figure 14. UV-visible absorption spectra of OXE-01, OXE-02 and PI-3 in acetonitrile.
Reproduced with permission of Ref. [264]



1.2. Carbazole-phenothiazine hybrid oxime esters.

Even if OXE-02 proved to be efficient at 405 nm and thus in the visible range, the search
for new structures exhibiting a high reactivity was intense. In 2017, a phenothiazine
substituted by a carbazole moiety was proposed by the group of Tao Wang.[265] Interest for
using a phenothiazine for the design of CZ-PTZ-OXE is directly related to the strong
absorption of phenothiazine in the visible range, contrarily to carbazole which possesses a
strongly UV-centered absorption.[181,266-268] Therefore, the design of visible dyes is strongly
facilitated. To evidence the interest of introducing a carbazole substituent in CZ-PTZ-OXE,
triphenylamine or more simply a phenyl ring were introduced in TPA-PTZ-OXE and Ph-PTZ-
OXE for comparison respectively (See Figure 15). From the absorption viewpoint, the three
oxime esters exhibited absorption spectra dominated by the contribution of the phenothiazine
moiety so that the three dyes showed an absorption extending until 475 nm (See Figure 16).
Thus, absorption maxima located at 378, 382 and 382 nm were respectively determined for Ph-
PTZ-OXE, PA-PTZ-OXE and CZ-PTZ-OXE. These absorptions are greatly redshifted
compared to that of BC-OXE-3 and OXE-04, their absorptions being centered at 337 and 329
nm respectively. Based on the absorptions of the different dyes, polymerization experiments
of tripropylene glycol diacrylate (TPGDA) were carried out with laser diodes emitting at 405
nm (60 mW/cm?) and 455 nm (30 mW/cm?).
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Figure 15. Chemical structures of CZ-PTZ-OXE, TPA-PTZ-OXE, Ph-PTZ-OXE, the reference
compound OXE-04 and BC-OXE-3, different monomers and additives.
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Figure 16. UV-visible absorption spectra of CZ-PTZ-OXE, TPA-PTZ-OXE and Ph-PTZ-OXE,
BC-OXE-3 and OXE-04 in THF solutions (10* mol.L'). Reproduced with permission of
Ref.[265]

As shown in the Figure 17, at 405 nm, all oxime esters could furnish high final monomer
conversions, the highest conversions being obtained for TPA-PTZ-OXE and CZ-PTZ-OXE (96
and 94% respectively after 50 s of irradiation). Comparison with the reference compounds BC-
OXE-3 and OXE-04 revealed these two oxime esters to furnish TPGDA conversions as high as
91 and 96%, despites their extremely low molar extinction coefficients at 405 nm (See Figure
16). As previously mentioned for the different works done by Barner-Kowollik and
coworkers,[258] no direct correlation could be established between the molar extinction
coefficients of these oxime esters and the obtained monomer conversions. Noticeably, upon
irradiation at 455 nm, no monomer conversion could be detected anymore for BC-OXE-3 and
OXE-04, due to the lack of absorption at this wavelength. Concerning Ph-PTZ-OXE, TPA-PTZ-
OXE and CZ-PTZ-OXE, monomer conversions of 62, 71 and 68% could be determined
respectively after 100 s of irradiation. Comparison with the two-component camphorquinone
(CQ)/triethanolamine (TEA) system and camphorquinone revealed the oxime esters to furnish
higher final monomer conversions. Indeed, conversions of 52 and 10% were obtained with the
reference systems CQ/TEA and CQ, far behind that of the oxime esters. Examination of the
influence of the concentration revealed the optimum concentration to be between 0.3 and 1
wt%.

Finally, the authors examined the possibility to use the different oxime esters as Type
II photoinitiators for the sensitization of an iodonium salt i.e. bis(4-methylphenyl)iodonium
hexafluorophosphate (ION). At 405 nm, final monomer conversions around 90% could be
obtained with the two-component OXE/ION (0.2%/2% w/w) systems. These conversions are
slightly lower than that obtained for OXE alone (1 wt%). At 455 nm, only the two-component
Ph-PTZ-OXE/ION, TPA-PTZ-OXE/ION (0.2%/2% w/w) systems could furnish higher
monomer conversions than that obtained for the same dyes used as unimolecular



photoinitiating system (See Figure 18). Conversely, a severe reduction of the conversion was

determined for the two-component CZ-PTZ-OXE/ION system. The reduced polymerization

efficiencies obtained with oxime esters when tested as Type II photoinitiators can be assigned

to less favorable rate constants of interaction of the photosensitizers with the iodonium salt

compared to the sensitization of the photocleavage of the N-O bond, reducing the

polymerization efficiency. This can also be assigned to a lower photoinitiator content (0.2 wt%

in two-component systems), enabling the two-component photoinitiating system to generate

less initiating radicals than when oxime esters are used as mono-component systems (1 wt%).

Finally, examination of the thermal stability of oxime esters revealed OXE to be stable until

120°C, what is sufficient for numerous applications.
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Figure 17. Photopolymerization profiles of TPGDA using different dyes (1.0 wt%) upon
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Ref.[265]
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In 2019, another phenothiazine-based oxime ester PTZ-OXE-2 bearing a carbazole

moiety was reported by the same group, differing from the previous ones by the position of

the carbazole group with regards to the photocleavable group.[269] Here again, a



triphenylamine analogue i.e. TPA-OXE-1 was designed and synthesized for comparison (See
Figure 19).
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Figure 19. Chemical structures of oxime esters TPA-OXE-1 and PTZ-OXE-2, monomers and
additives.

As shown in the Figure 20, if the two OXE exhibited almost similar absorption maxima
(350 and 357 nm for TPA-OXE-1 and TPZ-OXE-2 respectively in THF), presence of the
phenothiazine group enabled TPZ-OXE-2 to display an absorption extending until 450 nm.

Conversely, for TPA-OXE-1, a more limited absorption could be determined, not extending
beyond 420 nm.
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Figure 20. UV-visible absorption spectra of carbazole oxime esters and co-initiator in THF.

Reproduced with permission of Ref. [269]



Considering that only few reports were available concerning the photoinitiating ability
of OXE in multicomponent systems, TPA-OXE-1 and PTZ-OXE-2 were thus examined as
photosensitizers for the sensitization of bis(4-methylphenyl)iodonium hexafluorophosphate
(ION). Steady state photolysis experiments done in THF revealed the photolysis rate of the
two-component OXE/ION (1.5%/1.5% w/w) system to be faster than that observed for OXE
alone. It therefore indicates that an efficient electron transfer can occur between OXE and ION.
Surprisingly, upon addition of a third component such as ethyl 4-dimethylaminobenzoate
(EDB), triphenylphosphine (TPP) or N-vinylcarbazole (NVK), a remarkable decrease of the
photolysis rate was detected. This unexpected behavior was assigned to secondary reactions
occurring between the additives (EDB, TPP or NVK) and the different species formed in first
step by photoinduced electron transfer between OXE and ION. Determination of the free
energy change for TPA-OXE-1 (AG = - 1.53 eV) and PTZ-OXE-2 (AG = - 0.93 eV) revealed the
electron transfer process between OXE and ION to be thermodynamically favorable from the
singlet state. Similarly, the possibility of an electron transfer reaction between OXE and EDB
was also determined, free energy changes of — 0.96 eV and - 0.68 eV being determined for the
TPA-CZ-OXE/EDB and PTZ-CZ-OXE/EDB systems. Finally, NVKis an interesting additive for
the design of three-component system as it allows to produce the highly reactive Ph-NVK*
radicals, by addition of NVK on the phenyl Ph* radicals.[155,231] Therefore, the following
mechanisms could be proposed, based on the EPR, steady state photolysis and cyclic
voltammetry experiments (See Figure 21). In the case of the three-component dye/ION/EDB
system, formation of Ph* radicals is promoted by photoinduced electron transfer between the
excited dye and the iodonium salt, generating radicals capable to initiate the free radical
polymerization (FRP) of acrylates. Parallel to this, EDB can also react with the excited dye,
inducing the formation of EDB** radical cations. These latter can interact with dye*-, which by
hydrogen abstraction can form EDBn* and dye-H* radicals. Overall, three different types of
radicals can be concomitantly formed. In the case of the three-component dye/ION/NVK
system, Ph* radicals can be advantageously converted to the more reactive Ph-NVK" radicals,
initiating the FRP process. These radicals can also react with ION, forming additional Ph*
radicals but also Ph-NVK?* cations capable to initiate the cationic polymerization of epoxides.
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Figure 21. Photochemical mechanisms involved by two different three-component
photoinitiating systems.

Polymerization tests of TPGDA carried out at 405 nm with the two-component
OXE/ION (0.2%/1.0% w/w) and OXE/additives (1.0 wt%/1.0 wt%) revealed the two-
component systems to furnish monomer conversions on par with that of OXE used alone.
Among all systems investigated, only the OXE/ION combination could outperform the other
photoinitiating systems and thus the unimolecular OXE system (See Figure 22). Addition of a
third component enabled to improve the final monomer conversion by ca 10% compared to
the previous two-component systems. Jointly, an improvement of the polymerization rates



could be observed (See Figure 23). It was thus concluded that a synergetic effect could be
obtained by combining oxime esters with additives. In fact, due to the concomitant generation
of initiating radicals by photodecomposition of oxime esters and the use of oxime esters as
photosensitizers for the photodecomposition of the iodonium salt, the multiple generation of
radicals contributed to improve the overall final monomer conversion.
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Figure 22. Polymerization profiles of TPGDA done at 405 nm using (a) TPA-OXE-1 (1.0 wt%),
TPA-OXE-1/ION (0.2%/1.0% w/w), TPA-OXE-1/co-initiator (0.2%/1.0% w/w), (b) PTZ-OXE-2
(1.0wt%) and PTZ-OXE-2/ION (0.2%/1.0% w/w) and PTZ-OXE-2/co-initiator (0.2%/1.0%
w/w). Reproduced with permission of Ref. [269]
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Figure 23. Polymerization profiles at 405 nm of TPGDA using (a) TPA-OXE-1/ION (0.2%/1.0%
w/w) and TPA-OXE-1/ION/co-initiator (0.2%/1.0%/1.0% w/w/w), (b) PTZ-OXE-2/ION
(0.2%/1.0% w/w) and PTZ-OXE-2/ION/co-initiator (0.2%/1.0%/1.0% w/w/w). Reproduced
with permission of Ref. [269]

Finally, the possibility to initiate a free radical promoted cationic polymerization of
epoxides was examined with the polymerization of a bisphenol A epoxy resin i.e. E51. Using
the three-component OXE/ION/NVK (0.2%/1.0%/1.0% w/w/w), final monomer conversions of
75% and 72% at 200 s could be obtained with TPA-OXE-1 and PTZ-OXE-2 (See Figure 24).
These results are thus in agreement with the photochemical mechanism discussed above (See
Figure 21).



80

(=)
(]
1

>
]
1

—=— TPA-OXE-1/ION
—o— TPA-OXE-1/ION/NVK|
—&— PTZ-OXE-2/I0ON
—¥— PTZ-OXE-2/ION/NVK

Epoxy conversion(%)

0 v T - T - T v T v
0 40 80 120 160 200
Irradiation time(sec.)
Figure 24. Photopolymerization profiles of E51 under air using OXE/ION(0.2%/1.0% w/w)
and OXE/ION/NVK(0.2%/1.0%/1.0% w/w/w) upon irradiation at 405 nm. Reproduced with

permission of Ref. [269]

1.3. Carbazole-based ether ring fused oxime esters.

In 2018, a series of ether ring-fused oxime esters was proposed by Tsuchimura and
coworkers.[270] Introduction of ether rings at the periphery of the oxime function aimed at
increasing the rigidity of the dye scaffold and to improve the radical generation quantum yield
(See Figure 25).[271] Indeed, in order to improve the decomposition quantum efficiency of
oxime esters, all processes of thermal inactivation enabling the dye to return from its excited
state to its ground state have to be efficiently suppressed, what can be achieved by rigidifying
the structure.
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Figure 25. Chemical structures of ether ring-fused carbazole-based oxime esters.

From a mechanistic viewpoint, photodecomposition of oxime esters occurs after
absorption of a photon of appropriate energy, so that oxime esters were promoted in the
excited state (See Figure 26). By intersystem crossing, the electron transits from the singlet
excited state to the triplet state. Upon decomposition, a biradical is formed by homolytic



cleavage of the N-O bond which evolves towards a carbon-centered radical acting as the
initiating species.
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Figure 26. Mechanism of photocleavage of oxime esters.

Rigidification of the structures of 2a, 3a and 6a contributed to greatly improve the light
absorption properties since a significant enhancement of the molar extinction coefficients
could be determined, compared to OXE-02. Parallel to this, the more extended conjugation in
2a, 3a and 6a redshifted their absorptions to 360, 365 and 375 nm respectively (See Figure 27).
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Figure 27. UV-visible absorption spectra of different oxime esters in ethyl acetate.
Reproduced with permission of Ref.[270]

Photopolymerization experiments of HDDA at 365 nm revealed 2a and 6a to furnish
lower monomer conversions than the reference compound OXE-02. An opposite situation was
found for 3a, for which an enhancement of the monomer conversion by ca. 10% could be
obtained compared to OXE-02 (See Figure 28).
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Figure 28. HDDA conversion obtained upon irradiation at 365 nm. Reproduced with
permission of Ref.[270]

1.4. Nitrocarbazole-based oxime esters

Development of visible light photoinitiating system is an active research field and one
efficient strategy to redshift the absorption of carbazole consists in introducing electron-
withdrawing groups. This strategy was notably applied by Lalevée and coworkers who
developed a series of three nitrocarbazole-based oxime esters (See Figure 29).[61] In this work,
the authors demonstrated their nitrocarbazole-based oxime esters to exhibit a dual
photochemical and thermal initiating ability.
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Figure 29. Chemical structures of nitrocarbazole-based oxime esters OXE-M, OXE-V, OXE-P
and OXE-H

Interestingly, all carbazole dyes showed an absorption maximum located at 376 nm, no
influence of the substitution pattern of the oxime ester group being detected. The highest molar
extinction coefficient was determined for OXE-P (13 800 M-'.cm™) due to the presence of the
additional aromatic ring compared to OXE-M (13 000 M".cm™) and OXE-V (12 400 M'.cm™).
molar extinction coefficients of 4100, 3900, and 4100 M".cm™ were respectively determined at
405 nm so that polymerization tests could be carried out at this wavelength. Photolysis
experiments done in acetonitrile clearly evidenced the release of CO: during irradiation.
Indeed, a new peak appearing at 2337 cm could be detected during the photolysis of oxime
esters by real time Fourier transformed infrared spectroscopy (RT-FTIR) analyses during



irradiation.[272,273] Conversely, no release of CO2 was detected for OXE-H, this oxime being
not esterified and thus not capable to initiate any decarboxylation reaction upon irradiation.
By theoretical calculations, the bond dissociation energy could be determined. Thus, N-O bond
energies of 49.50, 48.62 and 48.07 kcal mol! could be determined for OXE-V, OXE-M and OXE-
P respectively. Markedly, energy of the triplet excited states of OXE-M, OXE-V, and OXE-P
was determined by theoretical calculation and revealed the triplet state to be higher than their
N-O bond dissociation energies, suggesting that photocleavage of oxime esters is favorable
from the triplet excited state. Enthalpies of - 4.03, - 3.16 and -5.29 kcal mol*! were respectively
calculated for the cleavage process of OXE-M, OXE-V, and OXE-P respectively.
Photopolymerization experiments of TMPTA using the different OXEs at 2x10-* mol/g revealed
OXE-M to overcome the final monomer conversion obtained with diphenyl(24,6-
trimethylbenzoyl)phosphine (TPO) (69% vs 65% for TPO). This is directly related to the
formation of methyl radicals after photocleavage. These radicals are the most reactive carbon-
centered radicals.[274,275] This is the reason why the best monomer conversions were
obtained with OXE-M. Conversely, lower monomer conversions were found for OXE-P and
OXE-V (61 and 57% respectively). In this case, aryl and vinyl radicals exhibiting a lower
reactivity that the methyl radicals are produced by decarboxylation, supporting the lower
monomer conversions obtained with OXE-P and OXE-V. Finally, the lowest conversion was
obtained for OXE-H (18%), consistent with the fact that OXE-H is not an oxime ester and can
therefore not induce any photocleavage (See Figure 30). Higher monomer conversion obtained
with OXE-M was assigned to the formation of methyl radicals which are more reactive than
aryl radicals (formed by photodecomposition of OXE-P) or vinyl radicals (produced by OXE-
V). This reactivity trend is consistent with previous results reported in the literature.[276]
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Figure 30. Photopolymerization profiles of TMPTA upon irradiation at 405 nm using OXE (2
x 105 mol/g). Reproduced with permission of Ref. [61]

Considering the high reactivity of OXE-M, direct laser write experiments but also 3D
printing experiments were carried out (See Figure 31). In the two cases, patterns with a high
spatial resolution could be obtained.



Figure 31. (a) The letter pattern “OXE” obtained by direct laser write; (b) Characterization of
the letter pattern “OXE”; (c) 3D printed object of square frame (7 X7 X7 mm). Reproduced
with permission of Ref. [61]

Finally, among the most interesting finding, OXE-M, OXE-V and OXE-P exhibited a
dual photo/thermal initiating behavior. DSC experiments done in the dark revealed OXE-M to
exhibit the lowest initiating temperature (113°C). For OXE-V and OXE-P, initiating
temperatures higher than 150°C was determined. Due to the thermal initiation behavior of
OXE-M, preparation of composites could be successfully achieved. By mixing TMPTA with
50% carbon fiber, prepregs were first irradiated at 395 nm to polymerize the surface then
exposed to heat (150°C for 30 min.) to achieve a polymerization in depth. In turn, fully cured
carbon fiber-based composites could be obtained (See Figure 32).
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Figure 32. (a) Prepregs with resin/carbon fiber (50/50, wt%/wt%); (b) Surface cured prepregs;
(c) Carbon fiber composite. Reproduced with permission of Ref. [61]

This year, the same authors examined a series of 50 nitrocarbazole-based oxime esters
divided in five different series (See Figure 33).[63] In this work, influence of the oxime ester
groups (acyloxy or aryloxy groups) on the photoinitiating ability, fine tuning of the solubility
of oxime esters in resins by modifying the length of carbazole chains or the length of the lateral
chains were examined in details. The key parameter to develop this large series of oxime esters
was to use nitrocarbazole as the common scaffold for the design of all these dyes.
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Figure 33. Chemical structures of nitrocarbazole-based oxime esters. Reproduced with
permission of Ref. [63]

Interestingly, all oxime esters exhibited similar absorption maxima, ranging between
370 and 372 nm (See Figure 34 and Table 3). Considering that all dyes also possess comparable
molar extinction coefficients, influence of the solubility, of the functionalizing groups used to
form oxime esters on the photoinitiating ability could be examined in detail.
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Figure 34. UV-visible absorption spectra of oxime esters in acetonitrile (a) OXEs based on
Series B; (b) OXEs based on Series C; (c) OXEs based on Series D; (d) OXEs based on Series E;
(e) OXEs based on Series F. Reproduced with permission of Ref. [63]

Table 3. Light absorption properties of some OXEs.

Amax Emax €405 nm
PI

(M) (Miem1)  (Mlem?)
Bl 371 12500 4800
B2 371 12700 4700
Cl 370 11900 4500
C2 370 12900 4600
DI 372 13000 5200
D2 372 14000 5400
El 370 12700 5000
E2 370 13300 5100
FI 370 13000 4300
F2 370 13500 4200

Examination of the photoinitiating ability of oxime esters B1-B9, C1-C9, D1-D9, E1-E9
and F1-F9 was carried out by using TMPTA as the monomer and upon irradiation of the resins
at 405 nm. As shown in the Table 4, oxime esters exhibiting the highest monomer conversions



were still OXEs 1 and 2 bearing acetyl or benzoyl groups. The worse monomer conversions
were still obtained for OXEs 8 bearing a nitrobenzoyl group. In that case, the lower reactivity
of the nitrobenzoyl radicals was assigned to the electron-withdrawing ability of the nitro
group, deactivating the radicals. Noticeably, by comparing the different series, the best
monomer conversions were obtained with the series D, bearing a dodecyl chain on carbazole
and a butyryl group as the lateral chain. Overall, the best conversions were obtained for the
carbazole derivatives bearing a maximum of solubilizing chains. Comparison of the monomer
conversions of oxime esters with that of TPO (66% conversion) revealed that only OXEs
bearing an acetyl substituent (B1, C1, D1, E1 and F1) could outperform the benchmark
photoinitiator. Once again, C1, D1 and F1 are the oxime esters bearing the longest solubilizing
chains of the five series. Some OXEs such as D4 and D5 showed remarkable performances
compared to their analogues of the other series. Considering that all dyes have been designed
to exhibit similar absorption properties, other parameters such as the decarboxylation reaction
but also the reactivity of the generated radicals drastically impact the photoinitiation ability.
Determination of the enthalpy for the decarboxylation reaction revealed the decarboxylation
process to only be favorable for oxime esters bearing an acetyl group. For all the other, a less
favorable decarboxylation process was evidenced, supporting the lower reactivity of the
B/C/D/E/F 2-9 series compared to the B/C/D/E/F 1 series (See Table 5).

Table 4. The final function conversions (FCs) of TMPTA in the presence of OXEs.

PI Bl B2 B3 B4 B5 B6 B7 B8 B9 B10

FC (%) 64 54 30 50 42 43 48 15 47 23

PIs C1 C2 C3 C4 C5 Ceé Cc7 C8 9 C10

FC (%) 67 58 53 61 50 46 54 37 54 34

PI D1 D2 D3 D4 D5 Deé D7 D8 D9 D10

FC (%) 68 62 56 61 59 58 58 41 55 35

PI E1 E2 E3 E4 E5 Eé6 E7 E8 E9 E10

FC (%) o4 53 55 51 40 48 50 35 41 34

PI F1 F2 F3 F4 F5 Fé6 F7 F8 F9 F10

FC (%) 68 56 54 58 45 51 53 36 57 38




Table 5. Enthalpies for the decarboxylation reactions for different acyloxy and aryloxy
groups. Reproduced with permission of Ref. [63]
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Examination of the thermal initiating ability of B1, C1, D1, E1 and F1 revealed B1 and
D1 to exhibit low initial temperature of polymerization. Indeed, temperatures as low as 83 and
82°C were determined for Bl and D1 respectively. Overall, this series of 50 oxime esters
exhibited an unprecedented dual thermal/photochemical initiating behavior.

1.5. Carbazole-coumarins hybrid oxime esters.

Carbazoles and coumarins have been extensively used for the design of Type II
photoinitiators.[60,194] Their combination for the design of Type I photoinitiators was thus
logical, what was done by Joyeux and coworkers.[277] Four coumarin-carbazole fused
structures were designed, bearing an acetyl or a benzoyl group as functionalizing agents of
oximes (See Figure 35). Noticeably, photodecomposition rate of oxime esters was clearly
influenced by the group attached the carbon of the oxime group. Thus, by replacing an
isopropyl by an ethyl group, higher photodecomposition rates were determined. Parallel to
this, photoinitiating ability of OXE was mainly driven by the ester group of oximes. Thus, as



previously observed, replacement of the O-benzyl group by an O-acetyl group furnished
radicals exhibiting a higher reactivity. Once again, photoinitiating efficiencies of OXEs largely
departed from their absorption properties. Thus, photopolymerization performances
increased by more than two orders of magnitude by shifting the irradiation wavelength from
365 nm by 425 nm.

Examination of the UV-visible absorption characteristics of the different OXEs in
acetonitrile revealed the dyes to exhibit similar absorption properties, with absorption maxima
at 374 nm. Logically, no influence of the lateral chains (ethyl or isopropyl) nor the
functionalizing group of the oxime was found (See Figure 36). A long tail extending until 425
nm could be determined, enabling to perform polymerization tests in the visible range. In
order to get insight into the photodissociation mechanism of OXEs, attempts to identify by-
products and transient species formed during irradiation of oxime esters was carried out. By
combining real-time "H NMR in CDCls and ESR-ST experiments in fert-butylbenzene.

-0 -0
HiC \ o J \N‘O HiC \ o J \N‘O
OXE-EM OXE-IM

OXE-EP OXE-IP

Figure 35. Chemical structures of coumarin-carbazole based oxime esters. From ref. [277]
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Figure 36. Left : Normalized UV-visible absorption spectra of carbazole-coumarin fused
oxime esters in acetonitrile. Right : theoretical UV-visible absorption spectra. Reproduced

with permission of Ref. [277]

Notably, formation of propanenitrile during irradiation could be evidenced. Parallel to
this, identification of a product corresponding to the recombination of iminyl radicals and
methyl radicals could be identified as another structure (See Scheme 1).

OXE-EM

Scheme 1. By-products formed during irradiation of OXE-EM.

Free radical polymerization experiments of TPGDA carried out with the different OXEs
revealed these oxime esters to act as thermal initiators. Thus, polymerization reactions could
be heated at temperatures higher than 140°C. A remarkable stability of the resins could be
evidenced. Thus, after several months of storage in the dark, similar final monomer
conversions could be determined with the different dyes. Evaluation of the monomer
conversions obtained upon irradiation of TMPTA at 365, 385, 405 and 425 nm (I =5 mW/cm?)
revealed a similar to that observed by Barner-Kowollic. Thus, the best monomer conversions
were reached in spectral regions where oxime esters only hardly absorb.[258] Therefore, once
again, a wavelength-dependent reactivity departing from the absorption properties of the
different dyes was evidenced. Interestingly, if OXE-02 could outperform the different OXEs at



365 and 385 nm, an opposite trend was found at 405 and 425 nm for which no polymerization
could be detected anymore for OXE-02. Therefore, interest for these carbazole-coumarin fused
structures was clearly evidenced by enabling to initiate polymerization processes at 425 nm,
at an irradiation wavelength where the benchmark OXE-02 does not operate anymore.

Analysis of the ground state properties of the different OXE by theoretical calculations
revealed several interesting features. Thus, all compounds exhibited a planar conformation
enabling an efficient m-electronic delocalization within the structures. Second, the C-C bond
twist angles between the coumarin core and the adjacent ketone varied between 0.3 and 8.1°,
letting the two groups almost co-planar. Third, the C-C bonds between the C=O and the C=N
groups are clearly more twisted than the previous angles since a twist angle ranging between
19 and 23° for the ethyl derivatives. This value increased up to 43°C for all isopropyl
derivatives (See Figure 37). Consequently, the important twist angle in OXE-EP and OXE-IP
precludes any electronic coupling with the rest of the molecules, adversely affecting their
photoinitiating abilities.

Pl O 0,
OXE-EM 7.6° 19.4°
OXE-IM 0.3° 43.1°
OXE-EP  8.1° 23.1°
OXE-IP L 42.7°

Figure 37. Twist angles determined by theoretical calculations for the different carbazole-
fused coumarins. Reproduced with permission of Ref. [277]

By theoretical calculations, absorption band detected at low energy was determined as
encompassing two electronic transitions. Thus, the So—51 was determined as mainly arising
from a HOMO-LUMO transition admixed with a charge transfer character. Notably, a mtrt*-
delocalization from the coumarin core towards the oxime ester group was found. Parallel to
this, the So—5: transition exhibited a nm* character and was mainly located onto the oxime
ester group.

After cleavage of the N-O bond, an iminyl and an acyloyl group are produced. Crucial
role of the imine-based transient species which can react with the acrylic monomer was also
evidenced, promoting an alternative competing reaction sequence to polymerization. Notably,
photolysis experiments revealed OXE-EM to exhibit similar photobleaching rates when
irradiated at 365 nm or 405 nm. An opposite situation was found in the presence of methyl
methacrylate (MMA) and divergent photolysis behaviors could be detected, depending of the
irradiation wavelength. Thus, formation of an imine-based derivative could be determined at
405 nm, with an absorption band located in the 320-400 nm range. Conversely, upon
irradiation at 365 nm, no apparent formation of this imine derivative could be detected.



Photolysis experiments of OXE-EM at 405 nm revealed two distinctive regimes corresponding
tirst to a rapid production of imines in first step followed in second step by a progressive
decrease of this by-product in the presence of MMA, resulting from its consumption. Overall,
both reactants and imine byproducts can induce additional reaction pathways compared to
that observed at 365 nm that can strongly impact the polymerization process and therefore the
final monomer conversions. Indeed, at 405 nm, both reactants and imine byproducts strongly
absorb, contributing to photopolymerization whereas the imine byproducts only weakly
absorb at 365 nm. At 365 nm, imine-based transient species can also promote an alternative
photoinduced reaction to the detriment of the photoinitiation step, adversely affecting the
polymerization efficiency.

1.6. Carbazole-based oxime esters.

With aim at developing original carbazole-based oxime esters, several groups
examined the possibility to introduce the oxime ester moiety at other positions of carbazole
than the usual 3 and 6-positions. Thus, the group of Zhiquan Li examined two families of
oxime esters differing by the position of oxime functions at the 3,6- or 2,7-positions with
regards to the carbazole central group (See Figure 38).[278] In order to redshift the absorption
spectra of oxime esters, a A-mt-D-7t-A structure was employed. These structures reported in
2020 were also the first examples of bifunctional oxime esters to be reported. Noticeably, by
changing the position of the m-bridge from the 3,6-positions to the 2,7-positions, a redshift of
the absorption spectra was found for 4c and 4d compared to their analogues 4a and 4b. Besides,
no major change was found for the positions of the absorption maxima, ranging from 377 nm
for 4a and 4b to 371 nm for 4c and 4d. As a result of this redshift, higher molar extinction
coefficients were found for 4c and 4d at 405 nm (42 and 38 x 10° M-".cm™) compared to 4a and
4b (7 and 6 x 10° M.cm™) (See Figure 39).

4a 4b

4c 4d

Figure 38. Chemical structures of oxime esters developed by Li and coworkers. From ref.
[278]
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Figure 39. UV-visible absorption spectra of oxime esters in chloroform. Reproduced with
permission of Ref. [278]

As observed for the previous oxime esters detailed in this review, photolysis of Type I
photoinitiators resulted in a blueshift of their absorptions together with a significant decrease
of the optical density in the visible range, what is beneficial for the polymerization depth.
Polymerization tests carried out at 405 nm using TMPTMA as the resin revealed 4c to be
unable to initiate any polymerization due to the lack of solubility in resins. Replacement of the
benzoyl group in 4a by a vinyl group in 4b greatly improved the monomer conversion from
40 to 57% after 300 s of irradiation. This trend is consistent with the results obtained by other
groups for which none-aromatic radicals are more inclined to add on the carbon-carbon bond
of monomers. Noticeably, on a marginal improvement of the monomer conversion was
observed by changing the m-bridge from the 3,6-position in 4b to the 2,7-position in 4d.
Comparisons with the reference compound TPO revealed the different carbazole derivatives
to give lower monomer conversions (See Figure 40). Considering that 4d is the most efficient
oxime ester, 3D printing experiments were carried out, giving 3D patterns with an excellent
spatial resolution, even at very low photoinitiator content (0.5 wt%).
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Figure 40. Polymerization profiles of TMPTMA upon irradiation at 405 nm and using the
different OXE at 1.3 x 10-° mol/g resin. Reproduced with permission of Ref. [278]

From a mechanistic viewpoint, occurrence of a triplet photodecomposition pathway
was proposed for the different photoinitiators. Thus, theoretical calculations revealed the S
and Ti excited states to be populated by a HOMO-LUMO nimt*-electron excitation (where
HOMO and LUMO respectively stand for highest occupied molecular orbital and lowest
unoccupied molecular orbital). Noticeably, examination of the electronic distribution on the
different molecules revealed the HOMO energy level to be located onto the carbazole moiety
whereas the LUMO energy level was centered onto the oxime moiety. Upon excitation of the
molecule, one electron is promoted in the singlet excited state and by intersystem crossing, the
triplet excited state can be populated. By structural relaxation and molecular geometry
rearrangement, the Ti state can undergo a relaxation resulting from electron distribution
changes induced by the excitation. The relaxed triplet state can thus undergo an exergonic
formation of reactive radicals capable to start polymerizations (See Figure 31). Notably, a bond
dissociation energy of 63 k]J/mol from the triplet state and an enthalpy of decarboxylation of
39 kJ/mol could be determined by theoretical calculations.
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Figure 41. Reaction pathway enabling the formation of initiating species. Calculated in
acetonitrile at the TDM06-2X/6-31G(d,p)/PBF level. Reproduced with permission of Ref. [278]

Finally, the different dyes proved also to be excellent candidates for two-photon
polymerization. Following this work, the same authors investigated another family of
carbazole where the oxime function was connected to carbazole by mean of the nitrogen atom
(See Figure 42).[279]

Ph-N-Cz-1 Ph-N-Cz-2 Ph-N-Cz-3 Ph-N-Cz-4

Figure 42. Chemical structures of Ph-N-Cz-1- Ph-N-Cz-4.

Among the most interesting findings, Ph-N-CZ-2 clearly outperformed Ph-N-CZ-3
during the FRP of TMPTA. As the main difference, Ph-N-CZ-2 has been prepared starting from
an aldehyde whereas Ph-N-CZ-3 was obtained from a ketone. Parallel to this, the higher
reactivity of the methyl radicals compared to the vinyl radicals was confirmed in this work.
Comparison with OXE-02 and TPO also revealed Ph-N-CZ-2 to give lower monomer
conversions than the reference compounds (See Figure 43). Besides, it has to be noticed that
TPO can produce simultaneously four radicals contrarily to carbazole-based OXEs that can
only produce one. Therefore, the only 10% reduction of the monomer conversion for the
carbazole-based OXEs highlight their high reactivities.
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Figure 43. Polymerization profiles of TMPTA obtained with the carbazole based
photoinitiators (a) and the reference compounds (b) upon irradiation at 405 nm (I = 10
mW/cm?). Reproduced with permission of Ref. [279]

Calculated frontier orbitals of photoinitiators revealed a good coplanarity between the
carbazole moiety and the cleavable groups. As shown in the Figure 44, the substitution pattern
of the oxime function did not significantly influence the electronic distribution of the frontier
orbitals. Noticeably, theoretical calculations revealed the electronic cloud initially distributed
onto the carbazole moiety to be shifted towards the oxime group after excitation, facilitating
the cleavage of the N-O bond. Introduction of fert-butyl groups at the 3,6-positions of
carbazole significantly reduced the energy required for the HOMO-LUMO transition in Ph-N-
CZ-2 and Ph-N-CZ-4, rendering these two oxime esters to be more prone to photocleavage
than the others.
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Figure 44. Frontier orbitals of Ph-N-CZ-1-Ph-N-CZ-4. Reproduced with permission of Ref.
[279]



1.6. Bis-carbazole-based oxime esters.

This year, improvement of the molar extinction coefficients in the visible range could
be obtained by fusing carbazole units together.[280] In this work reported by Lalevée and
coworkers, a series of nine structures were designed, differing by the substitution of the oxime
ester function (See Figure 45). Thus, O-acyloxy or O-benzoyloxy derivatives were designed
and synthesized. It has to be noticed that if the 5,12-dialkyl-5,12-dihydroindolo[3,2-a]carbazole
has been reported for the first time in 2019,[281] only few works were devoted to investigate
the chemistry of this interesting building block, and especially to asymmetrize the substitution
of this bis-carbazole structure.[62,64] From the absorption viewpoint, all oxime esters exhibit
similar absorption properties, enabling to determine exactly the reactivity of the different
groups attached to the oxime function (See Figure 46). Thus, for all dyes, absorption maxima
located at 379 nm could be determined. All dyes showed a long tail extending in the visible
range. Especially, the best absorption was found for the nitrobenzoyl derivatives (dye 9),
outperforming the other dyes in terms of molar extinction coefficients (See Table 5). Based on
their absorption at 405 nm, polymerization tests could be carried out at this wavelength.
Solubility of photoinitiators is a major issue in photopolymerization as it can adversely affect
the monomer conversion. For this reason, a second series of compounds 2’-10" was designed,
differing from the series 2-10 by the length of the alkyl chain (a methyl chain for 2’-10" vs. a
hexyl chain for 2-10). No modification of the absorption spectra was found between the 2-20
and 2’-10’ series.
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Figure 45. Chemical structures of 5,12-dialkyl-5,12-dihydroindolo[3,2-a]carbazole-derived
oxime esters 2-10 and 2°-10" and the monomer (TA). From ref. [280]

Polymerization tests carried out in TMPTA upon irradiation with a LED emitting at
405 nm confirmed the superiority of the methyl radicals over the others in thick and thin films.
As shown in the Figure 47, an improvement of ca 20% of the TMPTA conversion could be
obtained with dye 3 (See Table 6). The lowest TMPTA conversions were obtained for 7/7” and
9/9’, bearing respectively an electron-withdrawing or an electron-releasing group.
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Figure 46. UV-visible absorption spectra of oxime-esters (1)-(10) in toluene. Reproduced with
permission of Ref. [280]

Table 5. Light absorption properties of the proposed structures (1)-(10); maximum absorption
wavelengths (Amax), extinction coefficients at emax and extinction coefficients at 405 nm.

PI Amax (nm) &max (M1 cm™) € wosnm (M.cm™)
® 378 16000 1260
(2) 379 16200 1720
3) 378 16700 1145
@) 379 18450 1200
(5) 379 17800 1535
(6) 379 17900 1930
(7) 379 18650 1400
(8) 379 18000 1335
9) 379 19800 4780

(10) 379 19000 1395




As anticipated, reduction of the solubilizing chain in 2’-10" resulted in a severe
reduction of the monomer conversion, demonstrating once again that the reactivity is
governed by the solubility of oxime esters in resins.
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Figure 47. (A) Polymerization profiles of oxime esters (1)-(10) (0.5% w) in TMPTA in laminate
(thickness = 25 um) upon exposure to LED light A = 405 nm using OXE (0.5% w). (B)
Polymerization profiles of oxime esters (1)-(10) (0.5% w) in TMPTA under air (thickness = 1.4
mm) upon exposure to LED light A =405 nm using OXE (0.5% w). Reproduced with permission
of Ref. [280]

Table 6. Final acrylate function conversions (FCs) and polymerization rates for TMPTA
using one component (0.5% w) photoinitiators after irradiation with LED light (e= 405 nm).

Thin sample Thin sample Thick sample Thick sample
OXE (25 pum) OXE (25pum) OXE (14mm) OXE (1.4 mm)
in laminate in laminate under air under air
1) 42% 1) 29% (1) 8% 1) 15%
(2) 58% (2) 38% (2) 50% (2) 61%
3) 81% (3) 82% (3) 84% (3) 81%
4) 64% @) 66% 4) 58% 4) 38%
5) 52% (5) 49% (5) 39% (5’) 34%
(6) 51% (6) 41% (6) 45% (6) 58%
(7) 35% (7’) 47% (7) 21% (7) 35%
®) 57% 8’) 54% 8) 65% 8) 54%
9 45% 9) 28% 9 5% 9) 19%

(10) 48% (10" 49% (10) 39% (10" 41%




For all oxime esters, a bond dissociation energy around 41-43 kcal/mol were
determined by theoretical calculations for the N-O bond. Determination of the enthalpy of
cleavage also revealed the photocleavage to occur from the singlet excited state, the process
being unfavorable from the triplet excited state (See Table 7).

Table 7. Parameters characterizing the investigated OXEs (1)-(10). Some parameters were
calculated by molecular modelling: the bond dissociation energy BDE (N-O), the triplet state
energy Em and the enthalpy AHucavage 1 for the cleavage from Ti. The singlet excited state
energy Esi, the enthalpy AHdeavage s1 for the cleavage from Si, and the fluorescence lifetime of
the OXEs were measured experimentally.

OXE BDE (N-O) Es1 AH eavage s1 Em AHaeavage T1
(kcal.mol- ") (kcal mol ) (kcal mol?)  (kcal mol?) (kcal mol?)
D - 74.25 - 62.21 -
(2) 41.55 73.1 -31.55 62.22 -20.67
3 47.02 73.56 -26.54 52.15 -5.13
4) 40.56 72.87 -32.31 58.09 -17.53
(5) 41.35 73.33 -31.98 52.14 -10.79
(6) 41.28 73.33 -32.05 62.16 -20.88
(7) 40.88 73.33 -32.45 62.15 -21.27
)] 41.25 73.1 -31.85 62.20 -20.95
9 43.71 - - 62.07 -18.36
(10) 42.97 66.88 -23.91 52.45 -9.48
Conclusion

The design of carbazole-based oxime esters is an active research field since more than
100 structures have been proposed during the last three years. Various combinations have
been examined including fused carbazole/coumarins, fused bis-carbazole structures or
carbazole/phenothiazine structures. Noticeably, in these different works, the higher reactivity
of the aliphatic radicals with regards to the aryl radicals has been clearly demonstrated. If
numerous high-performance photoinitiating systems have been designed, the solubility issue
has adversely affected the photoinitiating ability of numerous dyes. At present, oxime esters
only exhibiting absorption in the 450-500 nm range were reported. With aim at getting an
improved light penetration within the photocurable resins, future works will consist in
designing oxime esters with absorptions more redshifted than that achieved at present. Future
works will also consist in developing oxime esters exhibiting this dual thermal/photochemical
initiating ability. By combining the two polymerization processes, a good conversion at the
surface of the sample could be obtained photochemically whereas the thermal polymerization



could allow to get a good monomer conversion in depth where the light penetration is more
limited. After years of optimization, influence of the distance between the photocleavable
group and the chromophore has been clearly evidenced and future works will consist in
getting a deeper insight into this point. At present, no water-soluble oxime esters have been
reported in the literature, what constitutes a real challenge for developing greener
polymerization processes.
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