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Abstract: In this work, photoinitiation systems based on dibenzo[a,c]phenazine sensitivity to visible
light were designed for their potential application in dentistry. Modification of the structure of
dibenzo[a,c]phenazine consisted of introducing electron-donating and electron-withdrawing sub-
stituents and heavy atoms into position 11. The synthesized compounds are able to absorb radiation
emitted by dental lamps during photoinitiation of the polymerization process. In the presence of
acrylates, dibenzo[a,c[phenazines show excellent photoinitiating abilities in systems containing an
electron donor or a hydrogen-atom donor as a second component. The developed systems initiate the
polymerization process comparable to a commercial photoinitiator, i.e., camphorquinone. Moreover,
the performed studies showed a significant shortening of the polymerization time and a reduction
in the amount of light absorber. This indicates that polymeric materials are obtained at a similar
rate despite a significant reduction in the concentration of the newly developed two-component
photoinitiating systems.

Keywords: dibenzo[a,c]phenazine derivatives; dye photoinitiators; photopolymerization; dental
filling compositions

1. Introduction

Over the last decades, polymer photochemistry has become a field of central im-
portance in polymer science and technology. Applications such as photopolymerization,
photocrosslinking, photostabilization, and solar energy devices have evolved from basic
research to industrial products [1]. Photopolymerization is the process of linking monomers
into polymers under the influence of a photoinitiator, which, under UV-visible irradiation,
decomposes to form active centers that initiate the polymerization reaction. Currently,
photochemically initiated processes constitute the basis for most modern technologies for
the production of polymeric materials [2,3]. Moreover, the synthesis of polymeric materials
carried out by photopolymerization is one of the most productive methods. That is why this
technique is widely used and constantly modernized [4-8]. Nowadays, its most popular
applications are medicine, including dentistry, coating, and 3D /4D printing [8-22]. Due
to low energy consumption, a lack of solvents, and a high rate at ambient temperatures,
photopolymerization is considered an ecological method compared to other techniques.

The two most important methods of photochemically initiated chain reactions are
widely used in industry, i.e., radical and cationic polymerization [23]. They differ primarily
in the mechanism but also in the type of monomers and initiators used.

Radical polymerization takes place in the presence of acrylate and methacrylate
monomers [24], which are relatively highly reactive and can produce materials with desired
properties. Photoinitiators for this type of polymerization must be sensitive to light in
the UV-visible region [2,25]. Following the absorption of a quantum of electromagnetic
energy, radicals are generated from the initiator, which can start the polymerization pro-
cess [26]. Depending on the mechanism of radical formation, there are two main groups of

Materials 2024, 17, 2597. https:/ /doi.org/10.3390/mal7112597

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma17112597
https://doi.org/10.3390/ma17112597
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-3406-5828
https://doi.org/10.3390/ma17112597
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17112597?type=check_update&version=1

Materials 2024, 17, 2597

2 of 20

photoinitiators, i.e., type I and type II [27-29]. In type I photoinitiators, upon irradiation, a
direct bond homolytic cleavage occurs resulting in the formation of two highly reactive
radicals [30,31]. Generally, these photoinitiators, on the one hand, should have a bond with
a dissociation energy lower than the excitation energy of the reactive excited state, and,
on the other hand, high enough to ensure thermal stability [1,32]. Depending on the type
and position of the functional group, photodissociation takes place in the o (x-cleavage
photoinitiators) or 3 (3-cleavage photoinitiators) position in relation to the carbonyl group.
There are also known type I photoinitiators containing weak bonds between heteroatoms,
e.g., 0-O, 5-5,N-S, C-N, and others [30,31]. Type II photoinitiators generate radicals in the
electron transfer process (PET) between the photoinitiator and co-initiator [33-37], or in the
hydrogen-atom transfer process [37-39]. Type II photoinitiators include aromatic ketones,
such as benzophenone [40], thioxanthone [41], ketocoumarin [42], and their derivatives,
as well as a-diketones (e.g., camphorquinone) [43—45] and various dyes: cyanines [46],
phenazines [47], quinoxalines [37], and many others [36,48-52]. Co-initiators are com-
pounds that react with an excited initiator, resulting in the formation of a radical capable
of initiating free-radical polymerization. These are most often aromatic amines or sulfur
compounds [25,43,53].

Photopolymerization is now widely used in dentistry for in vivo hardening of polymer
fillings that recreate lost hard-tooth tissues [54,55]. After introducing the photosensitive
monomer composition into the defect, the material layers are hardened using light. Polymer
composite materials used for fillings consist of a mixture of single- and multifunctional
monomers, initiator—co-initiator systems (camphorquinone-aromatic amine), and reinforc-
ing fillers (quartz, silicate glass, silicon nitrides, etc.). In addition to fillers, other additives
such as antioxidants, photostabilizers, and dyes are sometimes added. They can signifi-
cantly influence the course of polymerization because most of them absorb UV radiation or
visible light. Radiation may also be dispersed and limited in its penetration into the poly-
merization mixture, which is why cross-linking photopolymerization is usually conducted
in thin layers from 0.1 pm to 1-5 mm.

Modern dentistry is looking for universal, high-performance photoinitiating systems
useful for obtaining composite materials that rebuild hard tooth tissues. The desired
properties of composites can be obtained by modifying the composition of the polymer
matrix. Therefore, attempts have been made to develop new, highly efficient photoinitiating
systems that will demonstrate better light sensitivity to light sources used in dentistry. To
achieve this goal, compounds based on a dibenzo[a,c]phenazine skeleton were synthesized,
the structures of which were modified to improve absorption properties in the visible
region. Additionally, currently used aromatic amines acting as co-initiators were replaced
with acetic acid derivatives. This significantly accelerated the photopolymerization process
and shortened its duration, as well as reduced the amount of photoinitiator used.

2. Materials and Methods
2.1. Reagents

All reagents and solvents, namely 1,2-diaminobenzene, 9,10-phenanthrenequinone,
4-bromo-1,2-diaminobenzene, 4-iodo-2-nitroaniline, 4-methyl-o-phenylenediamine, 3,4-
diaminobenzoic acid, 3,4-diaminobenzonitrile, 4-methoxy-o-phenylenediamine dihydrochlo-
ride, methyl 3,4-diaminobenzoate, 3,4-diaminobenzophenone, sodium hydroxide, acetic
acid, ethyl acetate, cyclohexane, 1-methyl-2-pyrrolidinone (MP), chloroform, deuterated
chloroform (CDCl3), acetonitrile (CD3CN), and dimethyl sulfoxide (DMSO-d) were pro-
vided by Alfa Aesar Co. (Haverhill, MA, USA) or Merck Co. (Rahway, NJ, USA).

A commercial photoinitiator, camphorquinone (CQ), the co-initiators (phenylthio)acetic
acid (PhTAA), phenylacetic acid (PhAA), N,N-dimethylaniline (DMA), and
2-mercaptobenzoxazole (MBO), and the monomer trimethylolpropane triacrylate (TMPTA)
were purchased from Merck Co.

Figure 1 illustrates the chemical structures of the co-initiators and monomer used in
the study.
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Figure 1. Co-initiators and monomers used in the research.

2.2. Synthesis

Many research groups have attempted to synthesize dibenzo[a,c]phenazine and
its derivatives using various reagents [4,56—60]. Our proposed method for obtaining
dibenzo[a,c]phenazine derivatives is simple and easy to perform. Moreover, the efficiency
of about 80-93% is high. The synthesis proceeded according to the reaction shown in
Figure 2.

R NH, 0 ‘ R N ‘
CH;COOH X
+ e + 2 H0
~
NI, 0 ‘ N ‘

R: H; CHs; OCHs; COOH; C(O)OCHs; C(O)CsHs; CN; Br; 1
Figure 2. Synthesis of dibenzola,c]phenazine (DBPh1-DBPh9) derivatives.

To assess the progress of the synthesis, thin-layer chromatography was performed on
silica gel 60F 254 using chloroform as the eluent. The products were identified spectroscop-
ically. The 'H and '*C NMR spectra are shown as images before Figure S1 in the ESI file
whereas their interpretation is presented below.

The new peak at 140.0-160.0 ppm in the 3C NMR spectra indicating the formation of
the imine group (CN) containing a carbon—nitrogen double bond, as well as the disappear-
ance of the signal at 3.0-5.0 ppm in the 'H NMR spectra originating from the amino group
confirms that the intended compounds have been obtained.

2.2.1. Procedure for Obtaining Dibenzo|a,c]phenazine (DBPh1) and Its Derivatives
(DBPh2-DBPh9)

DBPh1: Dibenzo[a,c]phenazine

Dibenzo[a,c]phenazine (DBPh1) was prepared by refluxing 0.519 g (4.8 mmol) 1,2-
diaminobenzene with 1.0 g (4.8 mmol) phenanthrenequinone in the presence of glacial
acetic acid (80 mL) for 2 h. The crude product was recrystallized from ethyl acetate to
give 1.34 g (80%) of pale-yellow crystals, CooHio2N», 280.33 g/mol, m.p. 224-225 °C lit.
224-226 °C [61].
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'H NMR (400 MHz, CDCl3) & (ppm): 9.34 (d, 3y 1 = 8 Hz, 2H), 9.32 (d, 3] i = 8 Hz,
2H), 8.50-8.48 (d, 3]y i = 8 Hz, 2H), 8.27-8.24 (m, 2H), 7.870-7.65 (m, 4H).

13C NMR (200 MHz, CDCl3) § (ppm): 141.8, 141.3, 132.0, 130.7, 130.2, 129.3, 128.9,
128.0, 126.5, 122,9.

DBPh2: 11-methyldibenzo[a,c]phenazine

DBPh2 was obtained in an analogous way to the DBPh1 compound, using 4-methyl-o-
phenylenediamine instead of 1,2-diaminobenzene. The crude product was recrystallized
from ethyl acetate to give 1.17 g (83%) of pale-yellow crystals, Cp1H14N3, 294.30 g/mol,
m.p. 220-222 °C lit. 220-221 °C [61].

'H NMR (400 MHz, CDCl3) & (ppm): 9.32-9.29 (m, 2H), 8.50, 8.48 (d, °]}; ;; = 8 Hz, 2H),
8.15-8.13 (d, *Jy i = 8 Hz, 2H), 8.02 (s, 1H), 7.73-7.59 (m, 5H), 2.60 (s, 3H).

13C NMR (200 MHz, CDCl3) § (ppm): 142.23, 142.16, 141.68, 140.74, 140.45, 132.46,
132.03, 131.84, 130.37, 130.32, 130.19, 130.05 128.09, 127.95, 127.89, 127.87, 126.23, 126.09,
122.89, 22.07.

DBPh3: 11-methoxydibenzo[a,c]phenazine

DBPh3 was obtained in an analogous way to the DBPh1 compound, using 4-methoxy-o-
phenylenediamine dihydrochloride instead of 1,2-diaminobenzene. The crude product was
recrystallized from ethyl acetate to give 1.17 g (91%) of pale-yellow crystals, C1H14N>O,
310.35 g/mol, m.p. 200-202 °C lit. 201-203 °C [58].

'H NMR (400 MHz, CDCl3) § (ppm): 9.46-9.44 (d, 3]y i =8 Hz, 1H), 9.37-9.35 (dd,
3]y = 8 Hz, 1H), 8.60-8.57 (t, 2H), 8.23-8.21 (d, *Jy,y =8 Hz, 1H), 7.84-7.73 (m, 5H),
7.55-7.52 (dd, 3] i =8 Hz, 1H), 4.09 (s, 3H).

13C NMR (200 MHz, CDCl3) § (ppm): 161.24, 143.09, 141.54, 140.28, 138.82, 132.22,
131.38, 130.66, 130.44, 130.37, 129.77, 129.65, 127.94, 127.87, 126.34, 125.74, 124.42, 122.95,
122.86, 105.42, 56.00.

DBPh4: Dibenzo[a,c]phenazine-2-carboxylic Acid

DBPh4 was obtained in an analogous way to the DBPhl compound, using 3,4-
diaminobenzoic acid instead of 1,2-diaminobenzene. The crude product was recrystallized
from ethyl acetate to give 1.44 g (93%) of pale-yellow crystals, Co1H12N»O,, 324.33 g/mol,
m.p. 310-312 °C.

'H NMR (400 MHz, DMSO-dg) § (ppm): 9.26-9.24 (d, *Jy i =8 Hz, 2H), 8.82 (s, 1H),
8.80-8.78 (d, 3]y 1 =8 Hz, 2H), 8.38-8.37 (t, 2H), 7.93-7.89 (m, 2H) 7.84-7.80 (t, 2H).

13C NMR (200 MHz, DMSO-dy) & (ppm): 167.18, 143.54, 143.48, 143.07, 141.10, 132.82,
132.45, 132.15,131.93, 131.72, 131.57, 129.96, 129.91, 129.54, 128.93, 128.90, 126.45, 126.25,
124.20, 124.16.

DBPh5: Dibenzo[a,c]phenazine-2-carboxylic Acid Methyl Ester

DBPh5 was obtained in an analogous way to the DBPh1l compound, using methyl
3,4-diaminobenzoate instead of 1,2-diaminobenzene. The crude product was recrystallized
from ethyl acetate to give 1.46 g (90%) of pale-yellow crystals, C2oH14N>O», 338.36 g/mol,
m.p. 296-298 °C.

'H NMR (400 MHz, DMSO-dg)  (ppm): 9.32-9.30 (d, *Jy i = 8 Hz, 2H), 8.91 (s, 1H),
8.91-8.83 (d, ] 1y = 8 Hz, 2H), 8.48-8.40 (m, 2H), 7.97-7.93 (m, 2H), 7.93-7.85 (m, 2H), 4.02
(s, 3H).

13C NMR—the spectrum was not recorded due to too-low solubility.

DBPhé6: 11-benzoyldibenzo[a,c]phenazine

DBPh6 was obtained in an analogous way to the DBPhl compound, using 3,4-
diamonobenzophenone instead of 1,2-diaminobenzene. The crude product was recrystal-
lized from ethyl acetate to give 1.46 g (84%) of pale-yellow crystals, Co7H14N>O, 384.43 g/mol,
m.p. 244-246 °C lit. 245-247 °C [62].
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'H NMR (400 MHz, CDCl3) & (ppm): 9.46-9.44 (d, 3]y i = 8 Hz, 1H), 9.38-9.36 (d,
3]y g = 8 Hz, 1H), 8.71 (d, 3y i = 8 Hz, 1H), 8.60-8.58 (d, *Jy iy = 8 Hz, 2H), 8.47-8.45 (d,
3]y i = 8 Hz, 1H), 8.38-8.35 (dd, %]y iy = 8 Hz, 1H), 8.00~7.98 (m, 2H), 7.88-7.74 (m, 5H),
7.73-7.71 (d, 3]y 1 = 8 Hz, 1H), 7.63-7.59 (t, 2H).

13C NMR (200 MHz, CDCl3) & (ppm): 195.98, 143.90, 143.78, 143.51, 141.09, 137.98,
137.40, 132.92, 132.82, 132.53, 132.22, 131.00, 130.77, 130.21, 129.99, 129.95, 12941, 128.57,
128.14, 126.72, 126.39, 123.03.

DBPh7: 11-carbonitriledibenzo[a,c]phenazine

DBPh7 was obtained in an analogous way to the DBPhl compound, using 3,4-
diaminobenzonitrile instead of 1,2-diaminobenzene. The crude product was recrystallized
from ethyl acetate to give 1.20 g (82%) of pale-yellow crystals, C;H;1N3, 305.33 g/mol,
m.p. 274-275 °C lit. 275-276 °C [58].

'H NMR (400 MHz, DMSO-dg) & (ppm): 9.30-9.25 (m, 2H), 8.97 (s, 1H), 8.85-8.83 (d,
3]y y = 8 Hz, 2H), 8.50-8.48 (d, *Jy i = 8 Hz, 1H), 8.27-8.25 (d, *Jy i = 8 Hz, 1H), 7.98-7.93
(m 2H), 7.89-7.84 (m, 2H).

13C NMR (200 MHz, DMSO-dy) & (ppm): 143.80, 143.20, 140,84, 136.07, 132.74, 132.45,
132.38, 132.16, 131.29, 131.22, 129.38, 129.08, 126.07, 126.42, 124.35, 113.02.

DBPh8: 11-bromodibenzo[a,c]phenazine

DBPh7 was obtained in an analogous way to the DBPh1 compound, using 4-bromo-
1,2-diaminobenzene instead of 1,2-diaminobenzene. The crude product was recrystallized
from ethyl acetate to give 1.50 g (87%) of light-yellow crystals, CooH11BrN,, 359.22 g/mol,
m.p. 274-275 °C lit. 274-276 °C [58].

'H NMR (400 MHz, CDCl3) § (ppm): 9.38-9.35 (m, 2H), 8,59-8.57 (d, *Jy 1 = 8 Hz,
2H), 8.53 (d, 1H), 8.21-8.19 (d, *Jy i = 8 Hz, 1H), 7.94-7.91 (m, 1H), 7.85-7.74 (m, 4H).

13C NMR (200 MHz, CDCl3) & (ppm): 133.7, 132.3, 132.26, 131.2, 131.0, 130.9, 130.2,
128.2,128.1,126.6, 126.6, 123.0, 123.0.

DBPh9: 11-iododibenzo[a,c]phenazine

11-iododibenzo[a,c]phenazine (DBPh8) was obtained in a two-step reaction.

Step 1: synthesis of 4-iodo-1,2-diaminobenzene

To a stirred solution of tin(Il) chloride (4.6 g) in concentrated hydrochloric acid
(354 mL), 1.5 g (5.7 mmol) of 4-iodo-2-nitroaniline was added in portions over a pe-
riod of approx. 40 min. The reaction mixture was held at 65-70 °C for 1 h. Then, it was
cooled to 0-5 °C and left for 16 h to crystallize the tin complex. The complex was dissolved
in water, and then a sodium hydroxide solution (5.9 g in 14.7 mL of water) was added with
intensive stirring. The reaction temperature was kept below 20 °C. The separated product
was washed with water to neutral pH and recrystallized from cyclohexane to obtain 1.07 g
(81%) of pale-yellow crystals, C¢H7IN,, 234.039 g/mol, m.p. 76-78 °C lit. 75-77 °C [63].

Step 2: synthesis of 11-iodoodibenzo[a,c]phenazine

The compound 11-iododibenzola,c]phenazine was obtained by refluxing 1.12 g
(4.8 mmol) 4-iodo-1,2-diaminobenzene with 1.0 g (4.8 mmol) phenanthrenequinone in
the presence of glacial acetic acid (80 mL) for 1 h. The crude product was recrystallized
from ethyl acetate to obtain 1.71 g (88%) of pale-yellow crystals, CooH;1IN>, 406.22 g/mol,
m.p. 231-233 °C lit. 232-234 °C [58].

'H NMR (400 MHz, CDCl3) & (ppm): 9.32-9.28 (m, 2H), 8,72-8.707 (d, 3]sz 1 = 8 Hz,
1H), 8.52-8.50 (d, *Jy i = 8 Hz, 2H), 8.03-8.75 (m, 2H), 7.77-7.66 (m, 4H).

13C NMR (200 MHz, CDCl3) § (ppm): 133.8, 132.2, 132.2, 131.1, 131.0, 130.7, 130.1,
128.3,128.0,126.5, 126.4, 123.0, 123.1.

2.3. Methods

A Bruker AscendTM 400 NMR spectrophotometer (Billerica, MA, USA) was used
to obtain NMR spectra. They were recorded in deuterated chloroform (CDCl3) for the
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compounds DBPh1, DBPh2, DBPh3, DBPh6, DBPhS, and DBPhY, or in deuterated dimethyl
sulfoxide (DMSO-d) for the compounds DBPh4, DBPh5, and DBPh?. Spectra of the selected
compounds carried out under photoreduction conditions were recorded in deuterated
acetonitrile (CD3CN).

Steady-state absorption measurements were performed on a Shimadzu UV-Vis Multispec-
1501 spectrophotometer (Kioto, Japan) in ethyl acetate.

Polymerization kinetics were studied using the microcalorimetric method [28,64]. The
tested photocurable compositions consisted of 1-methyl-2-pyrrolidone (MP; 0.1 mL) and
trimethylolpropane triacrylate monomer (TMPTA; 0.9 g). The chain reaction was photoini-
tiated using two-component donor-acceptor systems. The role of an electron acceptor (pho-
toinitiator) was played by synthesized dyes with a concentration of 2.00 x 10™4-5.4 x 1074 M
(with regard to molar absorptivity). The co-initiators (an electron donors) were PhTAA,
PhAA, DMA, and MBO with a concentration of 0.1 M. The photocurable composition was
placed in a mold prepared from a Teflon ring (diameter 10 mm x thickness 3 mm) protected
on one side with a glass plate using a Pasteur pipette (Paris, France). A thermocouple (RTD
Thermometer Delta OHM HD 2107.1, Atlanta, GA, USA) was used as a temperature change
sensor, which was immersed in the tested sample. After a 10 s delay, the polymerizing
mixture was irradiated from the bottom with an LED dental lamp (Cromalux 75 Mega
Phisik Dental, Rastatt, Germany), emitting blue light in the range of 390-500 nm, with an
intensity of 20 mW/ cm?2. A Coherent Field Master meter (Minneapolis, MN, USA) was
used to set the appropriate radiation intensity falling on the sample located at a constant
distance from the light source. Temperature changes were recorded every 1 s for 1 min
with a recorder (Delta OHM HD 40.1; reading accuracy £0.1°) with three repetitions for
each sample.

The effectiveness of the tested systems for initiating the triacrylate chain reaction was
checked in comparison to camphorquinone (CQ)—a commercially used photoinitiator. Its
concentration in the tested photocurable compositions was 0.675 M.

3. Results and Discussion
3.1. Selection and Modification of the Compounds Tested

Nine compounds based on the dibenzo|a,c]phenazine (DBPh1-DBPh9) skeleton were
synthesized. This structure was chosen because it is highly stiffened due to having five
fused aromatic rings. Stiffening of the molecule prevents rotation of the benzene rings and
blocks the possibility of isomerization, as is the case with phenyl rings separated by a poly-
methine bridge. Thanks to this, excited-state deactivation channels are eliminated, which is
extremely important when using these compounds in photochemical processes [34,43,65].
Moreover, the biological activity of dibenzola,c]phenazine was also documented. This
compound, due to the presence of nitrogen-based heterocyclic fragments in its structure, is
used to design compounds with pharmacological, [66,67] especially anticancer, [68] activity.

The designed compounds also had to exhibit appropriate spectroscopic properties,
mainly absorption. Therefore, the structure of dibenzo|a,c]phenazine was modified by
introducing electron-donating (DBPh2, DBPh3) and electron-withdrawing (DBPh4-DBPh7)
substituents, and heavy atoms (DBPh8-DBPh9) at position 11, which made it possible to ob-
tain potentially effective radical polymerization initiators active in the visible light region.

3.2. Photophysical Data

Electronic absorption spectra of the tested compounds (DBPh1-DBPh9) recorded in
ethyl acetate are presented in Figures 3-5. Basic spectroscopic data including the wave-
length at the absorption maximum (Amax) and molar absorptivity are collected in Table 1.
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Figure 3. Normalized electronic absorption spectra of DBPh1, DBPh3, and CQ in ethyl acetate. The
background color in the figure indicates the light emission area of the Cromalux 75 lamp.
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Figure 4. Kinetic curves of TMPTA polymerization photoinitiated by camphorquinone (CQ) coupled
with a co-initiator—thiophenoxyacetic acid (0.1 M)—and without an electron donor. The light
intensity emitted by the dental lamp was 20 mW cm 2.

The electronic absorption spectra of the synthesized dyes are characterized by more
than one absorption maximum, which results from the presence of several fused aromatic
rings in the molecule. Unsubstituted dibenzo[a,c]phenazine (DBPh1) has an absorption
maximum at 395 nm. The introduction of a substituent into the parent molecule causes
the absorption band to shift towards longer wavelengths, so that the dyes DBPh3 and
DBPh5-DBPh9 absorb in the visible region, while the absorption bands of the remaining
ones (DBPh2 and DBPh4) overlap the visible region. The data collected in Table 1 prove
that the presence of electron-donating (-CHjs, -OCH3z) and electron-accepting (COOH,
COOCHs3, -C(O)C¢Hs, —CN) substituents and heavy atoms (Br, I) in the structure of the
dye, compared to the parent compound (DBPh1), shift the absorption bands to the red by
approximately 3-11 nm (bathochromic effect) without changing their shape.
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Figure 5. Kinetic curves of TMPTA polymerization photoinitiated by dibenzo[a,c]phenazine (DBPh1)
coupled with a co-initiator—thiophenoxyacetic acid (0.1 M)—and without an electron donor. The
light intensity emitted by the dental lamp was 20 mW cm 2.

Table 1. Structure and absorption properties of the tested compounds measured in ethyl acetate;
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Dye Structure Amax € Dye Structure Amax €

0]
s ‘ 375 9700 @ ¢ S ‘ 385 14,900
DBPhl1 @:N/ % 395 11,400 DBPh6 \©:N/ 406 20,500
e S ‘ 378 11,500 N=e S ‘ 393 19,400
DBPh \C[N/ 308 18300  DBPR7 @N/ 413 20,600
o S i 384 15,600 o S ' 382 20,500
PBPh3 \C[N . % 25 21100 ~ DBPRS \C[N . ! 403 25600
(0]
Ho/é s 377 23,500 : NS 385 20,400
DBPh4 \C[N/ ! 300 27000  DPPR \CEN/ ' 406 26,900

[0}
o ) ‘ 383 19200
3 A
’ O
DBFhS \C[N/! 404 28,300 «Q = 472 40

The introduction of an electron-donating substituent into the structure of dibenzo[a,c]
phenazine (Figure S1), i.e., a methyl or methoxy group, causes a red shift of approximately
3 nm or 9 nm, respectively (DBPhl vs. DBPh2, DBPh1 vs. DBPh3). These substituents
can donate a lone electron pair to the system of conjugated double bonds of the aromatic
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ring. As a result, a partial charge transfer occurs from the oxygen atom (-OCH3) or
carbon atom (—-CHj3) to the phenyl ring. Therefore, DBPh2 and DBPh3 absorb visible light
more effectively compared to DBPhl. A similar bathochromic effect in relation to the
long-wavelength absorption band is observed in the case of the introduction of electron-
withdrawing substituents, such as carboxyl, ester, benzoyl, and cyano groups, which have
the ability to accept an electron from the aromatic ring (DBPh1 vs. DBPh4, DBPh5, DBPhé,
and DBPh7—Figure S2).

The introduction of a heavy atom, i.e., bromine or iodine, into the structure of
dibenzo[a,c]phenazine also causes a shift of the absorption maximum towards longer
wavelengths. It is approximately 7-10 nm (DBPh1 vs. DBPh8 and DBPh9—Figure S3).

The consequence of modifying the structure of dibenzo[a,c]phenazine is the shift of the
absorption bands toward longer wavelengths and their overlap with the visible area. This
guarantees effective absorption of radiation emitted by the dental lamp (390 nm-500 nm)
used in the photopolymerization process.

Camphorquinone, which is a photoinitiator commonly used in dentistry, absorbs
radiation in the range of 200-300 nm (7r7t* transition) and 400-500 nm (n7t* transition) [69].
The presence of this long-wavelength absorption band makes this compound widely used
as a photoinitiator of photocurable dental materials [44,70]. However, absorption in the
visible region is responsible for its intense yellow color. This, in turn, affects the aesthetics
of the reconstruction of hard dental tissues and the quality of the final product. Figure 3
compares the position of the absorption bands of the tested dyes and camphorquinone in
relation to the radiation emitted by the dental lamp.

In the emission area of the Cromalux 75 dental lamp, there is an absorption band of
camphorquinone with a maximum at 472 nm. The longer-wavelength band position of the
parent compound (DBPh1) occurs at 395 nm. However, its arm overlaps the lamp emission
area. The introduction of a methoxy group to the structure of dibenzo[a,c]phenazine shifts
the maximum absorption band to 405 nm. Additionally, the molar absorption coefficient
of the synthesized compounds (DBPh1-DBPh9) for the long-wavelength band ranges
from 11,400 to 28,300 M~'ecm~!, while for commercial camphorquinone this parameter at
472 nm is 40 M~ em ™. In practice, this means the possibility of lowering the amount of
photoinitiator used, and thus, greater savings resulting from the reduced costs of electricity
and materials.

3.3. Photopolymerization

Commercially available initiating systems used in dentistry are two-component sys-
tems consisting of camphorquinone acting as a photoinitiator and a tertiary aromatic
amine—a co-initiator. When exposed to a dental lamp, the camphorquinone molecule is ex-
cited. As a result of the interaction with the amine molecule in the excited state, the process
of electron transfer (PET) occurs from the co-initiator to the photoinitiator [25,43,53]. Then,
subsequent reactions take place, i.e., proton transfer, proton transfer and decarboxylation,
and others. The free radicals that can start a chain reaction come mainly from the amine.
Their generation is determined by the rate of the primary process, i.e., PET. In the case of
electron donor—acceptor systems without electrostatic interactions in the ground state, the
PET process is controlled by diffusion and, therefore, depends on the distance between the
components of the photoredox pair.

Camphorquinone can initiate radical polymerization itself without a co-initiator, but
the rate is unsatisfactory and insufficient (R, = 29.86 pmol s~1). The introduction of a
second component—a co-initiator, e.g., PhTAA—into the photocurable composition causes
a fivefold increase in the rate of this process (R, = 144.10 umol ) (Figure 4).

In the photocurable compositions tested in this work, the presence of the second com-
ponent is necessary (Figure 5) because samples without a co-initiator do not photoinitiate
the polymerization process (R, &~ 2 umol s~ 1).
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3.3.1. Role of the Photoinitiator

The dominant role of the photoinitiator in the initiating systems is related not only to
determining the rate of photopolymerization but also to the influence on the physical and
mechanical properties of polymeric materials [71]. Figure 6 shows the influence of the type
of photoinitiator and co-initiator on the initial rate of TMPTA polymerization in the form
of a heatmap.

195.0

cQ 99.3
DBPh9 119.21
156.4
0 DBPh8 116.55
O DBPh7 :
2 143.11 e
‘S DBPh6 117.2
c
‘o DBPh5 122.06
'.6 79.20
& DBPh4 121.22
o

DBPh3 { 136.63 101.2
DBPh24 101.13 72.91
DBPh1-{ 115.35 83.21

40.60

2.000

DMA PhAA MBO
Co-initiators

PhTAA

Figure 6. Influence of the type of photoinitiator and co-initiator on the initial rate of TMPTA
polymerization (umol s~!) in the form of a heatmap. The light intensity emitted by the dental lamp
was 20 mW cm 2.

Analysis of the data presented in Figure 6 proves that the ability to photoinitiate radical
polymerization depends significantly on the structure of the tested dibenzo[a,c]phenazines.
The most effective photoinitiators of TMPTA polymerization are compounds containing
electron-withdrawing substituents (DBPh4-DBPh7) and heavy atoms (DBPh8 and DBPh9).
When designing the structures of these compounds, we took into account previous re-
search results on the heavy-atom effect based on the skeleton of pyridopyrazinoindole,
pyrazolo[3,4-b]quinoxaline [72], pyrazoloquinoline [73], quinolineimidazopyridine [74],
styrylbenzothiazole [75], naphthoylenebenzimidazolone [76], and quinoxaline[2,3-b]
quinoxaline [77]. Chlorine, bromine, or iodine atoms are also often present in the structure
of dyes used in photochemistry, e.g., Rose Bengal [78], RBAX [79], or 3-hydroxy-6-fluorone
derivatives [80].

The substituent effect in the tested photoinitiators was verified using empirically deter-
mined Hammett substituent constants (Figure 7) [81]. The data presented in
Figure 7 indicates a linear correlation between the Hammett substituent constants and the
initial rate of TMPTA polymerization. This means that when designing the structure of
dibenzola,c]phenazine derivatives, the influence of the substituent on the photoinitiating
capacity of the final product can be easily predicted. The choice of research objects resulted
from the fact that Hammett substituent constants characterize the different nature of in-
tramolecular interactions of the introduced substituents. Electron-donating substituents,
e.g., a methoxy group or a methyl group, have lower values of Hammett substituent con-
stants compared to electron-withdrawing substituents, e.g., a carboxyl, cyano, ester, or
benzoyl groups. According to the data presented in Figures 6 and 7, they should reduce
the rate of the TMPTA photopolymerization process.
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Figure 7. Dependence of Hammett substituent constants on the initial rate of TMPTA photopolymerization.

A comparison of the photoinitiating abilities of DBPh7 with derivatives of quinoxaline,
indenoquinoxaline, indoloquinoxaline, and quinolinopyridine described in our previous
papers [37,64,72,74,82] is presented in Figure S4. Analysis of the initial rates of TMPTA
polymerization initiated by the above-mentioned photoinitiators indicates that a system
containing dibenzo[a,c]phenazine as a photoinitiator is highly efficient (Table S1).

3.3.2. Role of the Co-Initiator

The heatmap presented in Figure 6 shows that the initial rate of TMPTA polymerization
is determined not only by the chemical structure of the photoinitiator but primarily by
the type of co-initiator. The choice of electron donors was dictated by the elimination of
tertiary amines from the photocurable composition used in commercial products, which
are often genetic and cytotoxic agents. [83]. Therefore, phenylthioacetic acid (PhTAA)
and phenoxyacetic acid (PhAA) were used as co-initiators instead. For comparison, N,N-
dimethylaniline (DMA) was tested as well.

A careful analysis of the presented heatmap (Figure 6) confirms that the PET process
is more efficient in photoredox pairs containing electron donors with a sulfur (PhTAA) or a
nitrogen (DMA) atom. However, the initial polymerization rate is slower when phenoxy-
acetic acid is used as a co-initiator. This is related to the type of reactive species formed in
secondary reactions following the electron transfer process and their activity in initiating

the polymerization reaction. Two radicals, C6H5SCH COOH and C6H5SCH2, are formed
from thiophenoxyacetic acid, which are more reactive than the radicals generated from phe-

noxyacetic acid, C6H5OCH COOH and C6H5OCH2 [34,82,84]. However, these radicals may
undergo secondary reactions producing various products. An analysis of products formed
under photoreduction conditions from thiophenoxyacetic acid was carried out. Figure 8
presents the most important fragments of the 'H NMR spectra of the sample containing
the DBPh1-PhTAA photoredox pair, obtained before and after 90 min of irradiation.

The resulting products were identified by comparison with reference compounds (H
NMR spectra included in the ESI file). Table 2 collects the chemical shifts of protons typical
for the compounds present in the tested sample.

The presence of thioanisole, thiophenol, diphenyl disulfide, bis(phenylthio)methane,
and bis(phenylthio)ethane was confirmed in the tested samples. Based on the identi-
fied compounds, a mechanism for the transformation of thiophenoxyacetic acid under
photoreduction conditions was proposed (Figure 9).
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Table 2. Values of characteristic chemical shifts of protons for products formed under photoreduction
conditions from thiophenoxyacetic acid (\H NMR).
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Diphenyl disulfide C¢Hs5S-SCgHs -
bis(phenylthio)methane Ce¢HsS-CH,-SCgHs 447
bis(phenylthio)ethane CeH5S-CH,-CH,-SCHs 3.12
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Figure 8. 'H NMR spectra of a mixture of dibenzo[a,c]phenazine (DBPh1) and (phenylthio)acetic
acid in CD3CN before and after 90 min of irradiation.

However, as a result of the photoreduction of N,N-dimethylaniline, N-methylformanilide,
N-methylaniline, aniline, and small amounts of other compounds are formed [85]. Using
phenoxyacetic acid as an electron donor, anisole, phenol, CO,, and 1,2-diphenoxyethane
are obtained [86,87].

Moreover, another key parameter influencing the rate of the photopolymerization pro-
cess is the concentration of the electron donor. Figure 10 shows the effect of electron donor
concentration on the initial rate of TMPTA polymerization for an exemplary composition
containing DBPh? as a photoinitiator.
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Figure 9. Mechanism of thiophenoxyacetic acid transformation under photoreduction conditions.
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Figure 10. The effect of the concentration of the electron donor on the initial rate of TMPTA poly-
merization; photoinitiator: DBPh7, co-initiator: PhTAA, light intensity: 20 mW cm~2. The pink
dots in the figure indicate the initial polymerization rate at a specific electron donor concentration,
determined from the kinetic curves shown as an example in the inset.

Analysis of the data presented in Figure 10 indicates that the photopolymerization
rate rises with an increase in the electron donor concentration up to 0.1 M. Above this value,
a further increase in the co-initiator concentration does not affect photopolymerization
efficiency; a plateau is observed. This proves that at a concentration of about 0.1 M, the

excited state of the photoinitiator is completely quenched, so the optimal concentration is
0.1M.

3.3.3. Influence of the Light Intensity of the Dental Lamp

The kinetic Equation (1) describing the rate of photoinitiated polymerization shows
that an important parameter influencing the rate of this process is the intensity of light
absorbed by the photocurable composition.

M I,
Rp=—%:kp[M} — (1)
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where: M—molar concentration of monomer, k,—polymerization rate constant, [,—absorbed
radiation intensity, ®7—quantum yield of triplet state formation, and k;—macroradical
termination rate constant

Figure 11 shows the effect of light intensity on the initial rate of TMPTA photopoly-
merization initiated by the DBPh7 dye irradiated with a Cromalux 75 dental lamp.
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Figure 11. The effect of light intensity on the initial rate of TMPTA photopolymerization initiated
by DBPh? irradiated with a Cromalux 75 dental lamp; co-initiator: PhTAA (c = 0.1 M), the light
intensity changed from 10 to 30 mW cm 2. The initial polymerization rate at a given light intensity
was determined from the kinetic curves shown as an example in the inset.

The observed correlation is consistent with Equation (1). The rate of photoinitiated
polymerization depends linearly on the square root of the light intensity. Therefore, the
chain termination process takes place between two macroradicals. This means that primary
radicals are not involved in it.

3.3.4. Photoinitiation via the Hydrogen-Atom Transfer Mechanism

Apart from the PET process, free radicals initiating polymerization can be generated
as a result of other photochemical reactions, e.g., hydrogen-atom transfer (HAT) [37-39,43].
The excited dye molecule abstracts the hydrogen atom from the co-initiator. This creates
radicals that can recombine to form different products. The basic parameter determining
the rate of hydrogen-atom transfer is the energy necessary to detach the hydrogen atom
from the co-initiator. Amines, alcohols, and thiols are usually used as hydrogen-atom
donors [88].

Based on data in the literature [1] and our previous works [34,37], in which MBO
was used as the hydrogen-atom donor, a general mechanism for the HAT process can be
proposed as shown in Figure 12.

DBF(S,) + hv —» DBF'(S;) °» DBF'(T,)

hydrogen atom

DBF(T;)+ DH =€, DBF'H + D' """, polymer
Figure 12. General mechanism for the HAT process for the tested dibenzo[a,c]phenazine derivatives
and 2-mercaptobenzoxazole (MBO); DBF—dibenzo[a,c]phenazine, DH—hydrogen-atom donor.

The absorption of a quantum of electromagnetic radiation leads to the excitation of
the dye molecule to a singlet excited state. The singlet excited dye is converted to the
triplet excited state by an intersystem crossing. This triplet excited dye may abstract
the hydrogen atom from 2-mercaptobenzoxazole (MBO) that, in turn, can polymerize
acrylic monomers. Thus, two reactive radicals are formed after the HAT process. In the
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succeeding reactions, these radicals may recombine with each other or other subsequent
reactions may occur leading to different products. However, further research is required to
properly establish the mechanism. Nevertheless, the developed photoinitiating systems
based on dibenzo[a,c]phenazine derivatives and 2-mercaptobenzoxazole (MBO) effectively
initiate TMPTA polymerization through the hydrogen-atom transfer mechanism. This is
evidenced by the R;, values, which are comparable to the values obtained for photoredox
pairs containing PhTAA as an electron donor (Figure 6).

To sum up, it can be stated that dibenzo[a,c]phenazine derivatives can be used as
visible light photoinitiators in systems containing both electron donors and hydrogen-atom
donors as co-initiators. Radicals initiating TMPTA polymerization in the tested systems
may be formed by a mechanism of intermolecular electron transfer, followed by a transfer
of protons between the components of the radical ion pair or decarboxylation, depending
on the polarity of the solvent, or by hydrogen-atom transfer from 2-mercaptobenzoxazole
in the case of hydrogen-atom-transfer photoinitiators.

3.3.5. Comparative Experiments with a Commercial Photoinitiator

To verify the photoinitiating abilities of the tested systems, experiments were per-
formed using a commercial photoinitiator. The comparative samples included photoredox
pairs (synthesized dibenzo[a,c]phenazine derivative (DBPh1-DBPh9)—co-initiator) and a
CQ—co-initiator (Figures 6 and 13). In all experiments, the number of photons absorbed by
the obtained dyes and CQ was the same. As research has shown, the photopolymerization
process is significantly influenced by factors that include not only the appropriate selection
of the photoinitiator but also its concentration, which should be selected to ensure complete
absorption of the light emitted by the dental lamp. In the tested systems, the concentration
of photoinitiators (DBPh1-DBPh9) ranged from 2.0 x 107%t05.4 x 107¢ M, depending on
the molar absorption coefficient. However, the concentration of the commercial photoinitia-
tor camphorquinone in analogous tests was 0.675 M. Thanks to this, in the compositions we
have developed, it is possible to obtain thick polymer layers (3 mm) without the remains
of unreacted photoinitiator, and products formed during its decomposition. Moreover, a
too-high concentration of the photoinitiator in dental composites is undesirable because
it also affects the aesthetics of the restoration and the quality of the final product. The
presence of unreacted camphorquinone that remains in the composite may generate a
yellow color.

120
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Figure 13. Comparison of the photoinitiating abilities of systems containing dibenzo[a,c]phenazine-
2-carboxylic acid (DBPh4) and 11-carbonitriledibenzo[a,c]phenazine (DBPh?) as photoinitiators to
camphorquinone (CQ). The tested photoredox pairs have the same electron donor, (phenylthio)acetic
acid (PhTAA), at a concentration of 0.1 M; the light intensity of the dental lamp was 20 mW cm 2.
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The data presented in Figures 6 and 13 indicate that the initial rates of TMPTA polymer-
ization for systems containing DBPh3-DBPh9 are higher or comparable to those obtained
for the commercial photoinitiator—CQ. In the case of the tested photoinitiators, a hard
polymer glass is obtained after approximately 20 s of irradiation (Figure 13). Moreover, the
lower temperature increase during polymerization initiated by the dibenzo[a,c]phenazine
derivative—thiophenoxyacetic acid system compared to CQ is essential for their potential
application in dentistry.

4. Conclusions

In this work, dibenzo[a,c]phenazine was synthesized, which was then modified to ob-
tain eight derivatives containing electron-donating and electron-withdrawing substituents
and heavy atoms. The new compounds were characterized structurally by 'H and 3C
NMR techniques. They were used in two-component photoinitiating systems in which the
second component was an acetic acid derivative. These systems effectively initiate TMPTA
polymerization upon irradiation with visible light, induced by a dental lamp through both
electron transfer or hydrogen-atom transfer mechanisms. Good photoinitiation abilities
have been confirmed by comparative tests with systems containing the photoinitiator com-
monly used in dentistry—camphorquinone (CQ). Six of the designed dyes, DBPh4-DBPh9,
show higher values of the initial rate of acrylates polymerization compared to CQ. In the
case of the tested photoinitiators, a hard polymer glaze is obtained after approximately
20 s of irradiation. Moreover, the concentration of the commercial photoinitiator cam-
phorquinone in the photocurable composition is several thousand times higher than that of
the tested compounds. Thanks to this, the compositions we test make it possible to obtain
thick polymer layers (3 mm) without the remains of unreacted photoinitiator, and products
formed during its decomposition. This also affects the aesthetics of the reconstruction and
the quality of the final product. In the case of newly developed photoredox systems, much
smaller amounts of photoinitiator can be used without slowing down the rate of obtaining
polymeric materials.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma17112597 /s1. 'H NMR, '3C NMR spectra; Figures S1-S3: UV—~
visible spectra for all tested compounds; Figure S4: Kinetic curves of photoinitiated polymeriza-
tion of TMPTA initiated by a photoredox pair containing different initiators; Table S1: Initial rate
of photoinitiated free radical polymerization of TMPTA initiated by photoredox pairs containing
different photoinitiators.

Author Contributions: Conceptualization, I.P.; methodology, I.P,; validation, I.P.; formal analysis,
LP. and B.J.; investigation, I.P,; data curation, I.P.; writing—original draft preparation, I.P,; writing—
review and editing, B.J.; visualization, I.P. and B.].; supervision, B.]. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to privacy.

Acknowledgments: Thank you Zdzistaw Kucybata for helpful discussions and support regarding
determining the mechanism of initiation of free-radical polymerization by the dye-thiophenoxyacetic
acid system.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Allen, N.S.; Ranby, B.G.; Rabek, J.F.; Hogskolan, K.T. New Trends in the Photochemistry of Polymers; Springer: Dordrecht,
The Netherlands, 1985; ISBN 978-0-85334-365-3.


https://www.mdpi.com/article/10.3390/ma17112597/s1
https://www.mdpi.com/article/10.3390/ma17112597/s1

Materials 2024, 17, 2597 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

Yagci, Y.; Jockusch, S.; Turro, N.J. Photoinitiated Polymerization: Advances, Challenges, and Opportunities. Macromolecules 2010,
43, 6245-6260. [CrossRef]

Dumur, F. Recent Advances on Phenothiazine-Based Oxime Esters as Visible Light Photoinitiators of Polymerization. Eur. Polym.
J. 2024, 202, 112597. [CrossRef]

Oliveira, PEM.; Haruta, N.; Chamayou, A.; Guidetti, B.; Baltas, M.; Tanaka, K.; Sato, T.; Baron, M. Comprehensive Experimental
Investigation of Mechanically Induced 1,4-Diazines Synthesis in Solid State. Tetrahedron 2017, 73, 2305-2310. [CrossRef]
Tawagi, E.; Ganesh, T.; Cheng, H.-L.M.; Santerre, ].P. Synthesis of Degradable-Polar-Hydrophobic-Ionic Co-Polymeric Micro-
spheres by Membrane Emulsion Photopolymerization: In Vitro and in Vivo Studies. Acta Biomater. 2019, 89, 279-288. [CrossRef]
[PubMed]

Messaddeq, S.H.; Bonnet, A.-S.; Santagnelli, S.H.; Salek, G.; Colmenares, Y.N.; Messaddeq, Y. Photopolymerized Hybrids
Containing TiO2 Nanoparticles for Gradient-Index Lens. Mater. Chem. Phys. 2019, 236, 121793. [CrossRef]

Wei, L.; Shang, S.; Zheng, Y.; Liu, J.; Zhu, P. Iridescent Structural Colors Printing on Cellulose Fabrics with Robust Structural
Coloration. Dye. Pigment. 2024, 221, 111824. [CrossRef]

Dumur, F. The Future of Visible Light Photoinitiators of Polymerization for Photocrosslinking Applications. Eur. Polym. ]. 2023,
187, 111883. [CrossRef]

Mavila, S.; Sinha, J.; Hu, Y.; Podgorski, M.; Shah, PK.; Bowman, C.N. High Refractive Index Photopolymers by Thiol-Yne “Click”
Polymerization. ACS Appl. Mater. Interfaces 2021, 13, 15647-15658. [CrossRef]

Imran, O.Q.; Kim, N.K.; Bodkin, L.N.; Dwulet, G.E.; Feng, X.; Kawabata, K.; Elimelech, M.; Gin, D.L.; Osuji, C.O. Nanoscale
Thickness Control of Nanoporous Films Derived from Directionally Photopolymerized Mesophases. Adv. Mater. Interfaces 2021,
8,2001977. [CrossRef]

Chen, H.; Noirbent, G.; Zhang, Y.; Sun, K ; Liu, S.; Brunel, D.; Gigmes, D.; Graff, B.; Morlet-Savary, E; Xiao, P.; et al. Photopolymer-
ization and 3D /4D Applications Using Newly Developed Dyes: Search around the Natural Chalcone Scaffold in Photoinitiating
Systems. Dye. Pigment. 2021, 188, 109213. [CrossRef]

Vivero-Lopez, M.; Xu, X.; Muras, A.; Otero, A.; Concheiro, A.; Gaisford, S.; Basit, A.W.; Alvarez-Lorenzo, C.; Goyanes, A.
Anti-Biofilm Multi Drug-Loaded 3D Printed Hearing Aids. Mater. Sci. Eng. C 2021, 119, 111606. [CrossRef] [PubMed]

Jandt, K.D.; Mills, R.W.; Blackwell, G.B.; Ashworth, S.H. Depth of Cure and Compressive Strength of Dental Composites Cured
with Blue Light Emitting Diodes (LEDs). Dent. Mater. 2000, 16, 41-47. [CrossRef] [PubMed]

Esposito Corcione, C.; Striani, R.; Frigione, M. UV-Cured Siloxane-Modified Methacrylic System Containing Hydroxyapatite as
Potential Protective Coating for Carbonate Stones. Prog. Org. Coat. 2013, 76, 1236-1242. [CrossRef]

Striani, R.; Esposito Corcione, C.; Dell’Anna Muia, G.; Frigione, M. Durability of a Sunlight-Curable Organic-Inorganic Hybrid
Protective Coating for Porous Stones in Natural and Artificial Weathering Conditions. Prog. Org. Coat. 2016, 101, 1-14. [CrossRef]
Sun, K.; Xu, Y,; Dumur, E; Morlet-Savary, E; Chen, H.; Dietlin, C.; Graff, B.; Lalevée, J.; Xiao, P. In Silico Rational Design by
Molecular Modeling of New Ketones as Photoinitiators in Three-Component Photoinitiating Systems: Application in 3D Printing.
Polym. Chem. 2020, 11, 2230-2242. [CrossRef]

Kowalska, A.; Sokolowski, J.; Bociong, K. The Photoinitiators Used in Resin Based Dental Composite—A Review and Future
Perspectives. Polymers 2021, 13, 470. [CrossRef] [PubMed]

Lalevee, ].; Fouassier, ].P. Dyes and Chromophores in Polymer Science; ISTE Ltd. and John Wiley & Sons Inc.: Hoboken, NJ, USA, 2015.
Ma, Q.; Zhang, Y; Launay, V.; Le Dot, M.; Liu, S.; Lalevée, ]. How to Overcome the Light Penetration Issue in Photopolymerization?
An Example for the Preparation of High Content Iron-Containing Opaque Composites and Application in 3D Printing. Eur.
Polym. . 2022, 165, 111011. [CrossRef]

Dickens, S.H.; Stansbury, ] W.; Choi, K.M.; Floyd, C.J.E. Photopolymerization Kinetics of Methacrylate Dental Resins. Macro-
molecules 2003, 36, 6043—6053. [CrossRef]

Noe, C.; Hakkarainen, M.; Sangermano, M. Cationic UV-Curing of Epoxidized Biobased Resins. Polymers 2021, 13, 89. [CrossRef]
Dikova, T.; Maximov, J.; Todorov, V.; Georgiev, G.; Panov, V. Optimization of Photopolymerization Process of Dental Composites.
Processes 2021, 9, 779. [CrossRef]

Lalevée, J.; Allonas, X.; Jradi, S.; Fouassier, ].-P. Role of the Medium on the Reactivity of Cleavable Photoinitiators in Photopoly-
merization Reactions. Macromolecules 2006, 39, 1872-1879. [CrossRef]

Andrzejewska, E. Free Radical Photopolymerization of Multifunctional Monomers. In Three-Dimensional Microfabrication Using
Two-Photon Polymerization: Fundamentals, Technology, and Applications; William Andrew Publishing: Norwich, NY, USA, 2016;
pp. 62-81. ISBN 978-0-323-35321-2.

Paczkowski, J.; Neckers, D.C. Photoinduced Electron Transfer Initiating Systems for Free-Radical Polymerization. In Electron
Transfer in Chemistry; Wiley: Hoboken, NJ, USA, 2008; Volume 5.

Zhang, J.; Zivic, N.; Dumur, F; Xiao, P; Graff, B.; Gigmes, D.; Fouassier, J.P; Lalevée, J. A Benzophenone-Naphthalimide
Derivative as Versatile Photoinitiator of Polymerization under near UV and Visible Lights. J. Polym. Sci. Part A Polym. Chem. 2015,
53, 445-451. [CrossRef]

Lalevée, J.; Telitel, S.; Tehfe, M.A.; Fouassier, J.P.; Curran, D.P,; Lacote, E. N-Heterocyclic Carbene Boranes Accelerate Typel
Radical Photopolymerizations and Overcome Oxygen Inhibition. Angew. Chem. Int. Ed. 2012, 51, 5958-5961. [CrossRef] [PubMed]


https://doi.org/10.1021/ma1007545
https://doi.org/10.1016/j.eurpolymj.2023.112597
https://doi.org/10.1016/j.tet.2017.03.014
https://doi.org/10.1016/j.actbio.2019.03.014
https://www.ncbi.nlm.nih.gov/pubmed/30853610
https://doi.org/10.1016/j.matchemphys.2019.121793
https://doi.org/10.1016/j.dyepig.2023.111824
https://doi.org/10.1016/j.eurpolymj.2023.111883
https://doi.org/10.1021/acsami.1c00831
https://doi.org/10.1002/admi.202001977
https://doi.org/10.1016/j.dyepig.2021.109213
https://doi.org/10.1016/j.msec.2020.111606
https://www.ncbi.nlm.nih.gov/pubmed/33321650
https://doi.org/10.1016/S0109-5641(99)00083-4
https://www.ncbi.nlm.nih.gov/pubmed/11203522
https://doi.org/10.1016/j.porgcoat.2013.03.024
https://doi.org/10.1016/j.porgcoat.2016.07.018
https://doi.org/10.1039/C9PY01874C
https://doi.org/10.3390/polym13030470
https://www.ncbi.nlm.nih.gov/pubmed/33540697
https://doi.org/10.1016/j.eurpolymj.2022.111011
https://doi.org/10.1021/ma021675k
https://doi.org/10.3390/polym13010089
https://doi.org/10.3390/pr9050779
https://doi.org/10.1021/ma052173k
https://doi.org/10.1002/pola.27451
https://doi.org/10.1002/anie.201200975
https://www.ncbi.nlm.nih.gov/pubmed/22565779

Materials 2024, 17, 2597 18 of 20

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Paczkowski, J.; Kucybala, Z. Generalization of the Kinetic Scheme for a Dye-Photosensitized Free-Radical Polymerization
Initiating System via an Intermolecular Electron-Transfer Process. Application of Marcus Theory. Macromolecules 1995, 28, 269-273.
[CrossRef]

Wrzyszczynski, A.; Bartoszewicz, J.; Hug, G.L.; Marciniak, B.; Paczkowski, J. Photochemical Studies of a Photodissociative
Initiator Based on a Benzophenone Derivative Possessing a Thioether Moiety. J. Photochem. Photobiol. A Chem. 2003, 155, 253-259.
[CrossRef]

Abu-Abdoun, LL; Thijs, L.; Neckers, D.C. Nonketonic Perester Photoinitiators. Macromolecules 1984, 17, 282-288. [CrossRef]
Sakota, N.; Kishiue, K.; Shimada, S.; Minoura, Y. Photosensitized Copolymerization of Optically Active N-1-Menthylmaleimide
with Styrene and Methyl Methacrylate. |. Polym. Sci. Polym. Chem. Ed. 1974, 12, 1787-1797. [CrossRef]

Miiller, S.M.; Schlogl, S.; Wiesner, T.; Haas, M.; Griesser, T. Recent Advances in TypeI Photoinitiators for Visible Light Induced
Photopolymerization. ChemPhotoChem 2022, 6, €202200091. [CrossRef]

Pyszka, I.; Jedrzejewska, B. Photoinitiation Abilities of Indeno- and Indoloquinoxaline Derivatives and Mechanical Properties of
Dental Fillings Based on Multifunctional Acrylic Monomers and Glass Ionomer. Polymer 2023, 266, 125625. [CrossRef]

Pyszka, I.; Jedrzejewska, B. Acenaphthoquinoxaline Derivatives as Dental Photoinitiators of Acrylates Polymerization. Materials
2021, 14, 4881. [CrossRef]

Kucybata, Z.; Wrzyszczynski, A. Photolysis of N-[(4-Benzoyl)Benzenesulfonyl]Benzenesulfonamide. J. Phofochem. Photobiol. A
Chem. 2002, 153, 109-112. [CrossRef]

Fouassier, J.P; Allonas, X.; Burget, D. Photopolymerization Reactions under Visible Lights: Principle, Mechanisms and Examples
of Applications. Prog. Org. Coat. 2003, 47, 16-36. [CrossRef]

Pyszka, L; Jedrzejewska, B. Design of Dyes Based on the Quinoline or Quinoxaline Skeleton towards Visible Light Photoinitiators.
Int. ]. Mol. Sci. 2024, 25, 4289. [CrossRef]

Ghorbani, E; Harry, S.A.; Capilato, J.N.; Pitts, C.R.; Joram, J.; Peters, G.N.; Tovar, ].D.; Smajlagic, I.; Siegler, M.A.; Dudding, T.;
et al. Carbonyl-Directed Aliphatic Fluorination: A Special Type of Hydrogen Atom Transfer Beats Out Norrish II. . Am. Chem.
Soc. 2020, 142, 14710-14724. [CrossRef]

Zhu, J.L.; Schull, C.R;; Tam, A.T,; Renteria-Gémez, A.; Gogoi, A.R.; Gutierrez, O.; Scheidt, K.A. Photoinduced Acylations Via
Azolium-Promoted Intermolecular Hydrogen Atom Transfer. J. Am. Chem. Soc. 2023, 145, 1535-1541. [CrossRef]

Kabatc, J.; Kucybata, Z.; Pietrzak, M,; Scigalski, F.; Paczkowski, J. Free Radical Polymerization Initiated via Photoinduced
Intermolecular Electron Transfer Process: Kinetic Study 3. Polymer 1999, 40, 735-745. [CrossRef]

Jiang, X.; Luo, J.; Yin, ]. A Novel Amphipathic Polymeric Thioxanthone Photoinitiator. Polymer 2009, 50, 37—41. [CrossRef]
Tang, J.; Xu, X.; Shen, X.; Kuang, C.; Chen, H.; Shi, M.; Huang, N. Ketocoumarin-Based Photoinitiators for High-Sensitivity
Two-Photon Lithography. ACS Appl. Polym. Mater. 2023, 5, 2956-2963. [CrossRef]

Pyszka, I.; Kucybata, Z.; Paczkowski, J. Reinvestigation of the Mechanism of the Free Radical Polymerization Photoinitiation
Process by Camphorquinone-Coinitiator Systems: New Results. Macromol. Chem. Phys. 2004, 205, 2371-2375. [CrossRef]

Cook, W.D. Photopolymerization Kinetics of Dimethacrylates Using the Camphorquinone/Amine Initiator System. Polymer 1992,
33, 600-609. [CrossRef]

Jakubiak, J.; Allonas, X.; Fouassier, ].P; Sionkowska, A.; Andrzejewska, E.; Linden, L.A.; Rabek, J.E. Camphorquinone—-Amines
Photoinitating Systems for the Initiation of Free Radical Polymerization. Polymer 2003, 44, 5219-5226. [CrossRef]

Jedrzejewska, B.; Wejnerowska, G. Highly Effective Sensitizers Based on Merocyanine Dyes for Visible Light Initiated Radical
Polymerization. Polymers 2020, 12, 1242. [CrossRef] [PubMed]

Pyszka, I.; Kucybala, Z.; Jedrzejewska, B. Effective Singlet Oxygen Sensitizers Based on the Phenazine Skeleton as Efficient Light
Absorbers in Dye Photoinitiating Systems for Radical Polymerization of Acrylates. Materials 2021, 14, 3085. [CrossRef] [PubMed]
Jedrzejewska, B.; Osmiatowski, B. Difluoroboranyl Derivatives as Efficient Panchromatic Photoinitiators in Radical Polymerization
Reactions. Polym. Bull. 2018, 75, 3267-3281. [CrossRef]

Strzelczyk, R.; Podsiadty, R. Naphthoylenebenzimidazolone Dyes as One-Component Photoinitiators. Color. Technol. 2017, 133,
178-183. [CrossRef]

Kabatc, J. The Influence of a Radical Structure on the Kinetics of Photopolymerization. J. Polym. Sci. Part A Polym. Chem. 2017, 55,
1575-1589. [CrossRef]

Balcerak, A.; Kabatc, J. The Photooxidative Sensitization of Bis(p-Substituted Diphenyl)lodonium Salts in the Radical Polymeriza-
tion of Acrylates. RSC Adv. 2019, 9, 28490-28499. [CrossRef] [PubMed]

Mousawi, A.A.; Dietlin, C.; Graff, B.; Morlet-Savary, F; Toufaily, J.; Hamieh, T.; Fouassier, J.P.; Chachaj-Brekiesz, A.; Ortyl,
J.; Lalevée, J. Meta-Terphenyl Derivative/lodonium Salt/9H-Carbazole-9-Ethanol Photoinitiating Systems for Free Radical
Promoted Cationic Polymerization upon Visible Lights. Macromol. Chem. Phys. 2016, 217, 1955-1965. [CrossRef]

Allen, N.S. Photochemistry and Photophysics of Polymer Materials; Wiley: Hoboken, NJ, USA, 2010.

Ferracane, ].L. Current Trends in Dental Composites. Crit. Rev. Oral Biol. Med. 1995, 6, 302-318. [CrossRef]

Ferracane, ].L. Resin Composite—State of the Art. Dent. Mater. 2011, 27, 29-38. [CrossRef]

Carlier, L.; Baron, M.; Chamayou, A.; Couarraze, G. Use of Co-Grinding as a Solvent-Free Solid State Method to Synthesize
Dibenzophenazines. Tetrahedron Lett. 2011, 52, 4686—4689. [CrossRef]

Niknam, K.; Zolfigol, M.A; Tavakoli, Z.; Heydari, Z. Metal Hydrogen Sulfates M(HSO4)n: As Efficient Catalysts for the Synthesis
of Quinoxalines in EtOH at Room Temperature. J. Chin. Chem. Soc. 2008, 55, 1373-1378. [CrossRef]


https://doi.org/10.1021/ma00105a036
https://doi.org/10.1016/S1010-6030(02)00391-X
https://doi.org/10.1021/ma00133a004
https://doi.org/10.1002/pol.1974.170120819
https://doi.org/10.1002/cptc.202200091
https://doi.org/10.1016/j.polymer.2022.125625
https://doi.org/10.3390/ma14174881
https://doi.org/10.1016/S1010-6030(02)00273-3
https://doi.org/10.1016/S0300-9440(03)00011-0
https://doi.org/10.3390/ijms25084289
https://doi.org/10.1021/jacs.0c07004
https://doi.org/10.1021/jacs.2c12845
https://doi.org/10.1016/S0032-3861(98)00282-1
https://doi.org/10.1016/j.polymer.2008.10.038
https://doi.org/10.1021/acsapm.3c00141
https://doi.org/10.1002/macp.200400218
https://doi.org/10.1016/0032-3861(92)90738-I
https://doi.org/10.1016/S0032-3861(03)00568-8
https://doi.org/10.3390/polym12061242
https://www.ncbi.nlm.nih.gov/pubmed/32486061
https://doi.org/10.3390/ma14113085
https://www.ncbi.nlm.nih.gov/pubmed/34200054
https://doi.org/10.1007/s00289-017-2201-1
https://doi.org/10.1111/cote.12266
https://doi.org/10.1002/pola.28525
https://doi.org/10.1039/C9RA05413H
https://www.ncbi.nlm.nih.gov/pubmed/35529669
https://doi.org/10.1002/macp.201600224
https://doi.org/10.1177/10454411950060040301
https://doi.org/10.1016/j.dental.2010.10.020
https://doi.org/10.1016/j.tetlet.2011.07.003
https://doi.org/10.1002/jccs.200800206

Materials 2024, 17, 2597 19 of 20

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

Go, A,; Lee, G.;Kim, ].; Bae, S.; Lee, B.M.; Kim, B.H. One-Pot Synthesis of Quinoxalines from Reductive Coupling of 2-Nitroanilines
and 1,2-Diketones Using Indium. Tetrahedron 2015, 71, 1215-1226. [CrossRef]

Kawauchi, D.; Noda, K.; Komatsu, Y.; Yoshida, K.; Ueda, H.; Tokuyama, H. Aerobic Dehydrogenation of N-Heterocycles with
Grubbs Catalyst: Its Application to Assisted-Tandem Catalysis to Construct N-Containing Fused Heteroarenes. Chem. A Eur. J.
2020, 26, 15793-15798. [CrossRef] [PubMed]

Tamarkin, D.; Yoram, C.; Rabinovitz, M. Ring Closure of Heterocyclic Systems by Potassium-Graphite Intercalat-C8K. Synthesis
2002, 1987, 196-197. [CrossRef]

Patil, M.U.; Shinde, S.K; Patil, S.P,; Patil, S.S. [BBSA-DBN][HSO4]: A Novel -SO3H Functionalized Bronsted Acidic Ionic Liquid
for Easy Access of Quinoxalines. Res. Chem. Intermed. 2020, 46, 4923—4938. [CrossRef]

Karami, B.; Khodabakhshi, S. A novel and simple synthesis of some new and known dibenzo phenazine and quinoxaline
derivatives using lead dichloride. J. Chil. Chem. Soc. 2013, 58, 1655-1658. [CrossRef]

Wilson, J.; Hunt, F. Iminodiacetic Acid Derivatives of Benzimidazole. Synthesis of N-(Benzimidazol-2-Ylmethyl)Iminodiacetic
Acids. Aust. J. Chem. 1983, 36, 2317-2325. [CrossRef]

Pyszka, I.; Skowrorniski, L.; Jedrzejewska, B. Study on New Dental Materials Containing Quinoxaline-Based Photoinitiators in
Terms of Exothermicity of the Photopolymerization Process. Int. ]. Mol. Sci. 2023, 24, 2752. [CrossRef]

Chen, J.; Chen, Y.; Wu, Y,; Wang, X.; Yu, Z.; Xiao, L.; Liu, Y,; Tian, H; Yao, J.; Fu, H. Modulated Emission from Dark Triplet
Excitons in Aza-Acene Compounds: Fluorescence versus Phosphorescence. New J. Chem. 2017, 41, 1864-1871. [CrossRef]
Jabali, B.; Abu Ali, H. New Zinc(II) Complexes of the Non-Steroidal Anti-Inflammatory Drug (Indomethacin) and Various
Nitrogen Donor Ligands. Synthesis, Characterization and Biological Activity. Polyhedron 2016, 117, 249-258. [CrossRef]

Jaman, Z.; Karim, M.R.; Siddiquee, T.A.; Mirza, A.H.; Ali, M.A. Synthesis of 5-Substituted 2, 9-Dimethyl-1,10-Phenanthroline
Dialdehydes and Their Schiff Bases with Sulfur-Containing Amines. Int. J. Org. Chem. 2013, 3, 214-219. [CrossRef]

Ajani, O.0.; Nlebemuo, M.T.; Adekoya, J.A.; Ogunniran, K.O.; Siyanbola, T.O.; Ajanaku, C.O. Chemistry and Pharmacological
Diversity of Quinoxaline Motifs as Anticancer Agents. Acta Pharm. 2019, 69, 177-196. [CrossRef] [PubMed]

Nie, J.; Andrzejewska, E.; Rabek, J.F.,; Lindén, L.A.; Fouassier, J.P; Paczkowski, J.; Scigalski, F.; Wrzyszczynski, A. Effect of
Peroxides and Hydroperoxides on the Camphorquinone-Initiated Photopolymerization. Macromol. Chem. Phys. 1999, 200,
1692-1701. [CrossRef]

Nie, J.; Lindén, L.A.; Rabek, ].E; Ekstrand, J. Photocuring Kinetic Studies of New Dental Restorative Resins Based on Poly(Ethylene
Glycol) Diacrylate and Tris[2-(Acryloyloxy)-Ethyl]Isocyanurate. Die Angew. Makromol. Chem. 1998, 257, 47-52. [CrossRef]
Corrigan, N.; Yeow, J.; Judzewitsch, P.; Xu, J.; Boyer, C. Seeing the Light: Advancing Materials Chemistry through Photopolymer-
ization. Angew. Chem. Int. Ed. 2019, 58, 5170-5189. [CrossRef]

Kucybata, Z.; Pyszka, I.; Paczkowski, J. Development of New Dyeing Photoinitiators for Free Radical Polymerization Based on
the 1H-Pyrazolo[3,4-b]Quinoxaline Skeleton. Part 2. ]. Chem. Soc. Perkin Trans. 2 2000, 1559-1567. [CrossRef]

Kucybala, Z.; Przyjazna, B.; Linden, L-A; Paczkowski, J. Development of New Dyeing Photoinitiators for Free Radical Polymer-
ization Based on 1H-Pyrazolo[3,4-b]Quinoline Skeleton. IV. Polym. Bull. 2000, 45, 327-334. [CrossRef]

Pyszka, L; Kucybata, Z. Quinolineimidazopyridinium Derivatives as Visible-Light Photoinitiators of Free Radical Polymerization.
Polymer 2007, 48, 959-965. [CrossRef]

Kabatc, J.; Gruszewska, M.; Jedrzejewska, B.; Paczkowski, ]J. Novel 6-Bromo-3-Ethyl-2-Styrylbenzothiazolium n-Butyl-
Triphenylborates as Photoinitiators of Trimethylolopropane Triacrylate (TMPTA) Polymerization. Polym. Bull. 2007, 58, 691-701.
[CrossRef]

Podsiadty, R.; Sokotowska, J.; Koliriska, J.; Grzelakowska, A. Synthesis and Photochemical Reaction of Benzo[a]Quinoxalino[2,3-
c]Phenazine Dyes. Color. Technol. 2017, 133, 498-505. [CrossRef]

Podsiadly, R.; Szymczak, A.M.; Podemska, K. The Synthesis of Novel, Visible-Wavelength, Oxidizable Polymerization Sensitizers
Based on the 8-Halogeno-5,12-Dihydroquinoxalino[2,3-b]Quinoxaline Skeleton. Dye. Pigment. 2009, 82, 365-371. [CrossRef]
OSTER, G. Dye-Sensitized Photopolymerization. Nature 1954, 173, 300-301. [CrossRef]

Linden, S.M.; Neckers, D.C. Fundamental Properties of Rose Bengal. 25. Bleaching Studies of Rose Bengal Onium Salts. ]. Am.
Chem. Soc. 1988, 110, 1257-1260. [CrossRef]

Polykarpov, A.Y.; Hassoon, S.; Neckers, D.C. Tetramethylammonium Tetraorganylborates as Coinitiators with 5,7-Diiodo-3-
Butoxy-6-Fluorone in Visible Light Polymerization of Acrylates. Macromolecules 1996, 29, 8274-8276. [CrossRef]

Hansch, C.; Leo, A.; Taft, RW. A Survey of Hammett Substituent Constants and Resonance and Field Parameters. Chem. Rev.
1991, 91, 165-195. [CrossRef]

Pyszka, I.; Kucybata, Z. The Effect of Co-Initiator Structure on Photoinitiating Efficiency of Photoredox Couples Composed of
Quinoline[2,3-b]-1H-Imidazo[1,2-a]Pyridiniumbromide and Phenoxyacetic Acid or N,N-Dimethylaniline Derivatives. Polym.
Bull. 2008, 61, 553-562. [CrossRef]

Borjigin, T.; Schmitt, M.; Giacoletto, N.; Rico, A.; Bidotti, H.; Nechab, M.; Zhang, Y.; Graff, B.; Morlet-Savary, F; Xiao, P; et al. The
Blue-LED-Sensitive Naphthoquinone-Imidazolyl Derivatives as Type II Photoinitiators of Free Radical Photopolymerization. Adv.
Mater. Interfaces 2023, 10, 2202352. [CrossRef]

Brimage, D.R.G.; Davidson, R.S.; Steiner, P.R. Use of Heterocyclic Compounds as Photosensitisers for the Decarboxylation of
Carboxylic Acids. J. Chem. Soc. Perkin Trans. 11973, 526-529. [CrossRef]


https://doi.org/10.1016/j.tet.2015.01.007
https://doi.org/10.1002/chem.202001961
https://www.ncbi.nlm.nih.gov/pubmed/32484596
https://doi.org/10.1055/s-1987-27889
https://doi.org/10.1007/s11164-020-04227-3
https://doi.org/10.4067/S0717-97072013000200002
https://doi.org/10.1071/CH9832317
https://doi.org/10.3390/ijms24032752
https://doi.org/10.1039/C6NJ02747D
https://doi.org/10.1016/j.poly.2016.06.003
https://doi.org/10.4236/ijoc.2013.33029
https://doi.org/10.2478/acph-2019-0013
https://www.ncbi.nlm.nih.gov/pubmed/31259731
https://doi.org/10.1002/(SICI)1521-3935(19990701)200:7%3C1692::AID-MACP1692%3E3.0.CO;2-R
https://doi.org/10.1002/(SICI)1522-9505(19980601)257:1%3C47::AID-APMC47%3E3.0.CO;2-Z
https://doi.org/10.1002/anie.201805473
https://doi.org/10.1039/B000583P
https://doi.org/10.1007/s002890070003
https://doi.org/10.1016/j.polymer.2006.07.014
https://doi.org/10.1007/s00289-006-0707-z
https://doi.org/10.1111/cote.12300
https://doi.org/10.1016/j.dyepig.2009.02.008
https://doi.org/10.1038/173300a0
https://doi.org/10.1021/ja00212a038
https://doi.org/10.1021/ma960597w
https://doi.org/10.1021/cr00002a004
https://doi.org/10.1007/s00289-008-0978-7
https://doi.org/10.1002/admi.202202352
https://doi.org/10.1039/P19730000526

Materials 2024, 17, 2597 20 of 20

85. Bartholomew, R.E; Davidson, R.S. The Photosensitised Oxidation of Amines. Part I. The Use of Benzophenone as a Sensitiser.
J. Chem. Soc. C 1971, 2342-2346. [CrossRef]

86. Davidson, R.S.; Harrison, K.; Steiner, PR. The Photosensitised Decarboxylation of Carboxylic Acids by Aromatic Ketones. J. Chem.
Soc. C 1971, 3480-3482. [CrossRef]

87. Davidson, R.S.; Steiner, P.R. The Photosensitized Decarboxylation of Carboxylic Acids by Benzophenone and Quinones. J. Chem.
Soc. C 1971, 1682-1689. [CrossRef]

88.  Gruber, H.F. Photoinitiators for Free Radical Polymerization. Prog. Polym. Sci. 1992, 17, 953-1044. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/J39710002342
https://doi.org/10.1039/J39710003480
https://doi.org/10.1039/J39710001682
https://doi.org/10.1016/0079-6700(92)90006-K

	Introduction 
	Materials and Methods 
	Reagents 
	Synthesis 
	Procedure for Obtaining Dibenzo[a,c]phenazine (DBPh1) and Its Derivatives (DBPh2–DBPh9) 

	Methods 

	Results and Discussion 
	Selection and Modification of the Compounds Tested 
	Photophysical Data 
	Photopolymerization 
	Role of the Photoinitiator 
	Role of the Co-Initiator 
	Influence of the Light Intensity of the Dental Lamp 
	Photoinitiation via the Hydrogen-Atom Transfer Mechanism 
	Comparative Experiments with a Commercial Photoinitiator 


	Conclusions 
	References

