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Abstract: In this work, two novel acridone-based photoinitiators were designed and synthesized
for the free radical polymerization of acrylates with a light-emitting diode emitting at 405 nm.
These acridone derivatives were employed as mono-component Type II photoinitiators and as
multicomponent photoinitiating systems in the presence of an iodonium salt or an amine synergist
(EDB) in which they achieved excellent polymerization initiating abilities and high final conversions
of the acrylate group. Photoinitiation mechanisms through which reactive species are produced
were investigated employing different complementary techniques including steady-state photolysis,
steady-state fluorescence, cyclic voltammetry, UV-visible absorption spectroscopy, and electron spin
resonance spectroscopy. Finally, these molecules were also used in the direct laser writing process for
the fabrication of 3D objects.

Keywords: free radical polymerization; photoinitiators; visible range; light-emitting diodes; 3D patterns

1. Introduction

Acridones and their derivatives are considered as recognized molecules in the scientific
community owing to their highly fluorescent properties and excellent stability against
photodegradation, oxidation, and heat [1,2]. These compounds have been deployed as
fluorescent labels for amino acids [3], peptides [4], substrates for catalysis [5], and for the
preparation of highly photoresistant and selective chemosensors [6], and they were also
used as new DNA probes for DNA detection [7]. Moreover, the acridone molecule contains
an electron-accepting carbonyl group and an electron-donating amino group, which is a
contributive property for the formation of a photoexcited intramolecular charge transfer
state, thereby enhancing the electron transfer rates [8,9]. In this context, acridone derivatives
were utilized as photocatalysts to mediate the visible light-induced organocatalyzed atom
transfer radical polymerization (ATRP) of vinyl monomers [10] and the photo-induced
direct arylation of arenes and heteroarenes with aryl diazonium salts [11].

Free radical photopolymerization is considered nowadays a green technology that is
used in diverse applications. This technique offers many advantages over traditional ther-
mal polymerization techniques including fast polymerization rates, high spatial and tempo-
ral control, low energy consumption, and preparation of solvent-free formulations [12,13],
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and thus it has been advanced successfully to be used in different industrial applications
comprising adhesives, coatings, 3D printing, and electronics [14-18]. Type II photoinitia-
tors (PIs), well-known PIs in activating the free radical polymerization (FRP) process, are
often used [12]. They generate initiating radicals under light irradiation through electron
and proton transfer processes with another co-initiator component [17]. The majority of
commercial PIs used in this field have absorption properties in the 200-360 nm range, which
necessitates using UV exposure as an irradiation source [19,20], whereas recent efforts are
focusing on the development of photoinitiating systems that absorb at longer wavelengths
(near-UV to visible range), taking advantage of deeper penetration and the use of safe,
simple, cheap, environmentally friendly, and low power consumption light-emitting diodes
(LEDs) as irradiation sources [21,22].

In previous work, acridone was used along with diphenyliodonium chloride for the
FRP of methyl methacrylate (MMA) under UV exposure [23]. In another prior work,
two photoinitiating systems including the combination of acridone with chlorine (acridone-
Cl,) or bromine (acridone-Br,) were designed for the FRP of MMA under visible light [24,25].
Nevertheless, these former studies demonstrated some limitations in the polymerization condi-
tions including irradiation by UV light [23], a heating temperature reaching 40 °C, and exploita-
tion of CCly as a potently toxic solvent [24,25]. In order to activate the FRP of (meth)acrylates
and the cationic polymerization of epoxides following exposure to the irradiation of a laser
diode at 405 nm, Lalevée and colleagues have recently created two acridone derivatives
(Scheme 1) and employed them in the presence of iodonium salt or/and amine [26]. In this
work, two new mono-component Type II photoinitiating systems designated as Bn-Acr and
DPM-Acr (Scheme 1) have been synthesized and utilized for the FRP of di(trimethylolpropane)
tetraacrylate (TA). These PIs were also used in parallel as photosensitizers to sensitize an
iodonium salt (Iod) or an amine synergist (EDB). The resulting two-component photoiniti-
ating systems were then used for the FRP of TA with increased polymerization rates. The
photoinitiation capabilities of the above-mentioned suggested systems were examined when
they were exposed to an LED at 405 nm, and the mechanisms controlling the photoinitiation
process were studied using various approaches and characterization techniques. Moreover,
one of these photoinitiating systems was potentially used in laser writing applications for the
fabrication of 3D patterns as proof of its high photoreactivity.
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5 FeIoY
O, OO 0

A-2DPA A-2PTz
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35

Bn-Acr DPM-Acr

Scheme 1. Chemical structures and abbreviations of acridone derivatives: previously studied (A-
2DPA, A-2PTz) in [26], and the newly investigated ones in this work (Bn-Acr and DPM-Acr).



Molecules 2024, 29, 4715

3o0f14

2. Results and Discussion
2.1. Synthesis of Bn-Acr and DPM-Acr

The synthetic strategy employed for the synthesis of the target PIs (Scheme 2) is
based on previously reported methodologies for the N-functionalization of variously
decorated acridones and step-by-step described including the characterizations within the
supporting information [27]. Sodium hydride was found to be the most effective base for
the deprotonation of commercially available Acr-H and the formation of the corresponding
intermediate Acr~Na®™. The target products Bn-Acr and DPM-Acr were obtained with
moderate yields after electrophilic quenching of Acr~Na* by benzyl bromide or benzhydryl
bromide, respectively. Notably, to further enhance the reaction outcome, in both cases, a
substoichiometric amount of potassium iodide was added to the reaction medium. This
addition has proved to be beneficial to the reaction as it facilitates the transient formation of
the corresponding iodide [28]. The NMR properties of the synthesized acridone compounds
are as follows: Bn-Acr: 1TH NMR (600 MHz, CDCI3) 6 8.61 (d, ] = 8.0 Hz, 2H), 7.67-7.61
(m, 2H), 7.39-7.28 (m, 7H), 7.22 (d, ] = 7.5 Hz, 2H), 5.61 (s, 1H). 13C NMR (151 MHz,
CDCI3) 5 178.64, 142.97, 135.86, 134.43, 129.62, 128.19, 126.02, 123.00, 122.02, 115.55, 51.21;
DPM-Acr: 1H NMR (600 MHz, CDCI3) 6 8.52 (dd, ] = 8.0, 1.8 Hz, 2H), 7.43-7.38 (m, 2H),
7.38-7.30 (m, 7H), 7.29-7.27 (m, 6H), 7.24-7.17 (m, 2H). 13C NMR (151 MHz, CDCI3) &
179.01, 143.24, 137.76, 132.93, 128.95, 128.32, 128.10, 127.46, 123.87, 121.76, 118.04, 67.58 (see
more information and NMR data in the Supplementary Information).

0 0
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N THF, 0 °C to rt N
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H-Acr ‘

Br
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Y
54 %, Bn-Acr 24 %, DPM-Acr
Scheme 2. Synthesis of the target Pls.

2.2. UV-Visible Absorption Properties

The newly established acridone-based PIs optical absorption spectra in acetonitrile are
shown in Figure 1, and Table 1 compiles the related data (maximum absorption wavelengths
(Amax), molar extinction coefficients at Amax (¢émax), and the emission wavelength at 405 nm
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(€405nm))- The emission spectra of the near-UV and visible LEDs employed in this work
are compatible with the good absorption properties that the two PIs demonstrated in
the 325-415 nm range. The maximum absorption wavelengths (Amax) of the two Pls are
nearly the same with 395 nm and 376 nm for Bn-Acr and 392 nm and 375 nm for DPM-
Acr. Remarkably, both PIs showed high molar extinction coefficients at their Anax and at
A =405 nm, which is related to the 7-electron delocalization property attained due to the
presence of one benzene ring in Bn-Acr and two benzene rings in DPM-Acr.

10000 =
Bn-Acr
- DPM-Acr
o L J ' v ' L '
350 400 450 500
A(nm)

Figure 1. UV-visible absorption properties of compounds Bn-Acr and DPM-Acr in acetonitrile.

Table 1. Light absorption properties of the investigated compounds: maximum absorption wave-
length (Amax) and molar extinction coefficients at Amax and at 405 nm.

PIs Amax (nm) €max M~1em—1) £405 M~1 cm—1)
395 920
Bn-Acr 376 6900 2600
392 8100
DPM-Acr 375 6300 2000

2.3. Free Radical Polymerization (FRP) of Acrylates

The photoinitiation abilities of acridone-based compounds in the polymerization of
TA-acrylate monomer were studied using RT-FTIR in thin films (25 um, in laminate) upon
irradiation with LED@405 nm. These compounds acted as one-component Type II PIs (1%
w/w) and as multicomponent PI systems in the presence of lod as an additive (1%/1%
w/w) or in the presence of EDB as an additive (1%/1% w/w). Figure 2 displays acrylate
function conversion vs. irradiation duration profiles, and Table 2 provides a summary of
the corresponding final acrylate function conversions (FCs).
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Figure 2. Photopolymerization profiles of TA (acrylate function conversion vs. irradiation time) in
laminate (thickness = 25 pm) upon exposure to an LED (A = 405 nm) in the presence of PIs (1% w/w),
Pls/Tod (1%/1% w/w), PIs/EDB (1% /1% w/w), lod alone (1% w/w), and EDB alone (1% w/w). The
irradiation starts at t = 10 s.

Table 2. FCs of acrylate function using PIs (1%w/w), PIs/Iod (1%/1% w/w), PIs/EDB (1%/1% w/w),
Tod alone (1% w/w), and EDB alone (1% w/w) after 200 s of irradiation with an LED (A = 405 nm).

PI Systems Thin Samples (25 pm) in Laminate @405 nm
Bn-Acr 69%
DPM-Acr 68%
Bn-Acr/Iod 77%
DPM-Acr/Iod 81%
Bn-Acr/EDB 70%
DPM-Acr/EDB 60%
Tod 26%
EDB 19%

The obtained results showed that both compounds (Bn-Acr and DPM-Acr) functioning
as one-component Type II PIs were able to initiate the FRP of TA without the addition
of a co-initiator where they achieved relatively high acrylate function conversions (69%
and 68%, respectively) with moderate polymerization rates. It is known that Type II
PIs require a co-initiator to effectively generate free radicals which justifies the observed
attenuated behavior in the polymerization rates, whereas these acridone-based PIs can
undergo intramolecular or intermolecular proton transfer reactions to generate initiating
radicals (more details are mentioned in the photochemical mechanisms section; Scheme 3).
Moreover, we observed that the addition of an iodonium salt has a favorable impact on
the final acrylate function conversions and the rates of polymerization compared to those
obtained with PIs alone, where the FC increases from 69% to 77% for Bn-Acr and from 68%
to 81% for DPM-Acr and the rate of polymerization becomes faster for both systems (the
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maximum acrylate conversion is reached from the first few seconds of irradiation). The
same positive effect on the rates of polymerization was also noticed after the addition of the
amine synergist (EDB) to the acridone-based PIs, where we detected rapid polymerization
rates compared to the PIs alone, but not on the final acrylate function conversion where it
stayed nearly the same for Bn-Acr and decreased slightly for DPM-Acr. This difference in
the impact of both co-initiators on the FCs of the acrylate group could be related to stronger
electron transfer reactions that occurred between Bn-Acr and DPM-Acr with iodonium salt
(more details are mentioned in the photochemical mechanisms section; Equations (r1-r4)).
In addition, it is significant to mention that Iod or EDB tested separately could not initiate
the FRP of TA upon exposure to an LED@405 nm where low FCs were observed (26%
and 19%, respectively), evidently demonstrating the importance of the combination of
acridone-based PIs with the mentioned additives for an efficient process. Additionally,
these multi-component PI systems were also studied using RT-FTIR in thick films (2.3 mm,
under air) upon the same irradiation for the FRP of TA (Figure S1), and they achieved high
FCs of the acrylate group (68% and 82% for Bn-Acr and DPM-Acr with Iod, respectively,
and 83% and 77% for Bn-Acr and DPM-Acr with EDB, respectively) where tacky-free
polymers were also obtained.

%

OH

Intermolecular

o OH
g -
N N

L -

R R
Scheme 3. The proposed photochemical mechanism for acridone-based PIs as one-component
Type II Pls.

2.4. Photochemical Mechanisms
2.4.1. Steady-State Photolysis

Steady-state photolysis experiments of PIs alone and with Tod (10~ M) or EDB
(102 M) were performed in acetonitrile under light irradiation (LED@385 nm). Bn-Acr
and DPM-Acr have shown no photolysis occurring which could be attributed to the low
concentration of PIs used to perform these experiments, and rather the concentration of
the PIs must be relatively high for them to be acting as efficient one-component Type II
PIs (intermolecular reaction). On the other hand, Figure 3A,B show that we observed
a fast photolysis behavior and isosbestic points appearing for both PIs in the presence
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of Iod. This indicates that the investigated PIs in their excited states had a favorable
interaction with the iodonium salt and that photochemical processes occurred without side
reactions. These findings are consistent with the high photoinitiation abilities as shown in
the photopolymerization experiments. In addition, the photolysis experiments of both PIs
in the presence of EDB displayed a slight change in the original absorption spectra after
2 min of irradiation (Figure S2A,B), which could be linked to the fact that the photoproducts
obtained were not in the absorption range we were observing.

(B)

0.8 =

0s
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20s
40s
1 min
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10s o
20s
—A40s
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=2 mins

0.4+ .

Absorbance

0.2

0.0 ' '
350 400

— 0.0 v ' —_———
450 500 350 400 450 500
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Figure 3. Photolysis of (A) Bn-Acr with Iod (1072 M) and (B) DPM-Acr with Tod (1072 M) in
acetonitrile using LED at A = 385 nm.

2.4.2. Fluorescence Quenching and Cyclic Voltammetry

To construct an enhanced comprehension of the interaction between our newly investi-
gated acridone PIs and the co-initiators (Iod and EDB), fluorescence quenching experiments
were carried out in acetonitrile. The concentrations of Iod and EDB were elevated progres-
sively and each time a fluorescence spectrum was procured. Figure 4A,B show a prompt
fluorescence quenching occurring for both Bn-Acr and DPM-Acr by Iod, respectively. The
same behavior was also observed for both PIs by EDB (Figure 4C,D), which attests to the
strong interaction of our PIs with both Iod and EDB (as shown in Equations (r1-r4) below).
In addition, the associated Stern—Volmer plots (Figure S3A-D) allow us to calculate the
Stern—Volmer coefficients (Kgy) and the electron transfer quantum yields (®et), which are
gathered in Table 3. High electron transfer quantum yields were obtained (76% and 68%
for Bn-Acr and DPM-Acr with Iod, respectively; 80% and 74% for Bn-Acr and DPM-Acr
with EDB, respectively), which also verifies the strong PI/additive interaction.

Table 3. Parameters characterizing the chemical mechanisms associated with the PI/Iod and PI/EDB
interactions in acetonitrile.

E51 (eV)

Eox (V)

AGs1ey10d) AGgsipyeps) Koy (o) Ksv eDB) Dt (PVEDB)
(eV)? (eV) P M-1)¢ M-1)¢ d

Ereq (V) Dt (pr/10a)*

Bn-Acr 3.05

14 —0.95 -1.2 —0.85 56 0.76 40 0.8

DPM-Acr 3.08

1.46 —0.92 Not present 35 0.68 30 0.74

a: Evaluated from AGg; (PI/Iod) = Eox — Eq(lod) — Esp; Eeqod) = —0.7 V. b: Evaluated from
AGs; (PI/EDB) = Eox(EDB) — E;eq — Esi1; Eox (EDB) = 1 V. ¢: Stern—Volmer coefficient (Ksv): the slope of
the quenching curve (Ip/I =1 + Ky [lod]). d: Electron transfer quantum yield (®et): obtained according to the
following equation: ®e¢ = ksv[Iod]/(1 + ksv[lod]).
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Figure 4. Fluorescence quenching study of Bn-Acr (A) and DPM-Acr (B) by Iod in acetonitrile;
fluorescence quenching study of Bn-Acr (C) and DPM-Acr (D) by EDB in acetonitrile.

The oxidation and reduction potentials (Eox and E,.q) determined by cyclic voltam-
metry (Figure S4A,B), together with the singlet excited state energy ES1 (determined from
the crossing point of the absorption and fluorescence spectra; Figure S4C,D), enabled
the evaluation of the free energy change (AG) for the electron transfer reaction between
both PIs and the additives (Iod and EDB) (Table 3). Highly favorable AG is found fol-
lowing the strong PI/lod and strong PI/EDB interactions observed in the fluorescence
quenching experiments.

2.4.3. ESR Experiments

In the aim of thoroughly examining the photoinitiation mechanisms of acridone-
based Pls acting as mono-component Type II PIs or as multicomponent photoinitiating
systems, ESR spin trapping experiments of Bn-Acr alone, Bn-Acr/lIod, and Bn-Acr/EDB
were performed upon irradiation with LED@405 nm.

Radicals adjacent to the amine group were trapped by PBN for the Bn-Acr photolysis
after 180 s of irradiation (Figure 5). Values of the hyperfine coupling constants for the
detected radical adduct were o = 13.9 G, o1 = 1.4 G, and oqyp = 3.5 G, which could be
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assigned to the radicals close to the amine group (Acr-CH®-R). Therefore, according to all
the obtained former results and based on the literature [12,17], we can say that the ketone
group in this one-component Type Il initiating system was excited by light irradiation and
reached an excited state. Then, the hydrogen abstraction of the amine unit in the excited
molecule could proceed through intramolecular or intermolecular proton transfer reactions
to produce radicals near the amine group that could start polymerization reactions, as well
as ketyl radicals from the ketone group that are ineffective in starting the polymerization
reactions. The details of the proposed main mechanism leading to possible initiating
radicals related to acridone-based PIs acting as one-component Type II PIs are illustrated
in Scheme 3.

(A) (B)
= Bn-Acr [0s] —— BrHAcr [1805]
—— Bn-Acr [180s] —simulated
L . . I & Il " Il & J L N Il N Il N 1 N Il N 1 i )
3470 3480 3490 3500 3510 3520 3530 3470 3480 3490 3500 3510 3520 3530
Magnetic field (G) Magretic field (G)

Figure 5. ESR spectra for Bn-Acr recorded in the presence of PBN and tert-butylbenzene with an
LED@405nm: (A) before and after irradiation; (B) experimental and simulated spectra observed after
irradiation (at t = 180 s).

Furthermore, after 60 s of radiation, PBN trapped aryl radicals in the Bn-Acr/Iod
solution (Figure 6). The obtained radical adduct had hyperfine coupling constant values
of an = 14.3 G and ogy = 2.1 G. These values can be attributed to the aryl radical (Ar®),
which is formed through a photo-oxidation process in which an electron is transferred
from the excited state of the PI (*Acr) to Iod (Equations (r1) and (r2)). These radicals are
recognized as the initiating species for the FRP. In addition, PBN in Bn-Acr/EDB solution
revealed aminoalkyl radicals following 180 s of radiation (Figure S5). The radical adduct
obtained had values of an = 14.3 G and ayy = 2.1 G as hyperfine coupling constants. These
values can be attributed to the aminoalkyl radicals (EDB®(-H)) that are responsible for
starting the FRP process. They are formed by a photo-reduction process where an electron
is transferred from EDB to the excited state of the PI (! Acr) (Equation (r3)) followed by a
hydrogen abstraction (Equation (r4).

Acr (hv) — MAcr (r1)
LAcr + Aot — Acr® + ArI® — Acr®™ + Ar® + Arl (r2)
'Acr + EDB — Acr®~ + EDB** (r3)

Acr®*” + EDB**— Acr-H® + EDB® (—H) (r4)
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(A)

U

(B)

= Bn-Acrilod [0s] —— Bn-Acrflod [60s]
= Bn-Acrllod [60s] = Simulated

o

3500 3510 3520 470 3480 3490 3500 3510 3520

Magnetic field (G) Magretic field (G)

Figure 6. ESR spectra for Bn-Acr/Iod recorded in the presence of PBN and tert-butylbenzene with an
LED@405nm: (A) before and after irradiation; (B) experimental and simulated spectra observed after
irradiation (at t = 60 s).

2.5. Direct Laser Write (DLW) Experiments

The two-component system DPM-Acr/Iod (0.1%/1% w/w) was chosen to carry out
the direct laser write (DLW) tests because of its notable photoinitiation capabilities in the
FRP of TA among the investigated PI systems. DLW was used to obtain the denotation
“AG2” displayed in Figure 7 using a laser diode at 405 nm. Numerical optical microscopy
was used to describe the denotation. Remarkably, the created 3D pattern has a high spatial
resolution (polymerization process occurred only in the irradiated area), it has the following
dimensions (width ~ 11340 pum, height ~ 5066 pum, thickness ~ 1430 pm), and only requires
30 s of irradiation time to generate, confirming the system’s strong photosensitivity (DPM-
Acr/Tod).

1434015

77.008

5066
300

53

1267

8405 X
1340

Figure 7. Three-dimensional patterns for compound DPM-Acr with Iod (0.1%/1% w/w) in TA were
produced after exposure to a laser diode at 405 nm and were analyzed by numerical microscopy.

3. Experimental Part

3.1. Synthesis of the Investigated Acridone-Based Pls

The synthetic routes employed in the direction of getting the newly investigated
molecules (Bn-Acr and DPM-Acr) are given above in Section 2.1. In addition, the detailed
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experimental description of this synthetic procedure along with the characterization of
these compounds are provided in the supporting information.

3.2. Other Chemical Compounds

The chemical structures of the chemical compounds that were used to prepare the resin
formulations are displayed in Scheme 4. These compounds were chosen with the highest
purity available and used exactly as received. The monomer used (TA) was obtained from
Sartomer-Europe. The storage stabilizer of the acrylate was not removed. The additives
used—Bis-(4-tert-butylphenyl)iodonium hexafluorophosphate (Iod or SpeedCure 938) and
ethyl-4-(dimethyl amino) benzoatewere (Omnirad EDB)—were obtained from Lambson
Ltd., Wetherby, West Yorkshire, United Kingdom (UK).

(0] (0}

o (0}
TA (acrylate)
I@ PF6@ i
OEt
TIod EDB

Scheme 4. Chemical structures and abbreviations of the benchmark monomer TA, and the additives
(Iod) and (EDB).

3.3. Irradiation Sources

Two types of LEDs were used for the irradiation of samples: the first LED emits light
at 385 nm with an intensity of 100 mW-cm 2 at the sample surface, and the second LED
emits light at 405 nm with an intensity of 110 mW-cm~2 at the sample surface.

3.4. UV-Visible Absorption and Photolysis Experiments

We measured the UV-visible absorption spectra of Pls dissolved in acetonitrile using a
JASCO V730 spectrometer (from Paris, France) which has a 1 cm light path. The concentra-
tion of PIs used in these experiments was 5 x 10~> M. We conducted steady-state photolysis
experiments using different formulations in acetonitrile which include the following: the
PIs without any additive, PIs with iodine (102 M), and PIs with EDB (102 M). These
formulations were exposed to an LED that emits light at 385 nm, and we measured their
UV-vis spectra at different times using a JASCO V730 spectrometer (JASCO, Paris, France).
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3.5. Photopolymerization Kinetics (RT-FTIR)

All polymerization experiments were carried out at room temperature with an
LED@405 nm with irradiation beginning at time t = 10 s. The weight of the photoini-
tiating system was calculated from the monomer content (w/w). Overnight, the various
photoinitiating systems and resins were mixed in glass bottles away from light exposure.
Detailed experimental conditions for each formulation have been mentioned in the caption
of figures. Using real-time Fourier transform infrared spectroscopy (JASCO FTIR 6600; from
Paris, France), the conversion of the acrylate function of TA was continuously monitored.
In order to decrease O, inhibition, thin samples (~25 um) were subjected to FRP of TA
in laminate, where the formulations were sandwiched between two polypropylene films.
From 1581 to 1662 cm ™!, the C=C double bond band’s reduction was regularly monitored.
The formulations were deposited within a 2.3 mm mold for the thicker samples (~2.3 mm
in thickness). We continuously tracked the C=C band’s progression from 6117 to 6221 cm ™.
The final acrylate function conversion (t = tmax) of TA was calculated using Equation (1):

Ao — Ay
0

FC(t) = x 100% (1)
where FC(t) is the function conversion at the time t, Ay is the proportion of the peak area at
0's, and Ay is the portion of the peak area at t s. The procedure has been already described
by our group in references [26,27].

3.6. Steady-State Fluorescence

The fluorescence characteristics of PIs in acetonitrile were measured using a JASCO
FP-6200 spectrofluorometer (from Paris, France). Fluorescence quenching tests of PIs were
performed using the JASCO FP-6200 spectrofluorimeter with successive additions of lod or
EDB (concentrations specified in the figure captions). PI concentrations in acetonitrile were
4 x 107> M during lod addition and 5 x 10~> M during EDB addition.

3.7. Oxidation and Reduction Potentials

The oxidation and reduction potentials (Eox and E,.4) of PIs were assessed using cyclic
voltammetry, with tetrabutylammonium hexafluorophosphate dissolved in acetonitrile as
the electrolyte. Equation (2) was used to calculate the free energy change (AGegt) for the
electron transfer processes of PIs with both Iod and EDB [29]. The symbols Eox, Ereq, E*,
and C represent the electron donor’s oxidation potential, the electron acceptor’s reduction
potential, the energy level of the excited state under consideration, and the coulombic term
for the first-formed ion pair, respectively. In this case, C was disregarded as is customary
for polar solvents, the reduction potential of Iod is E;.q(Iod) = —0.7 V, and the oxidation
potential of EDB is Eox(EDB) =1V [29].

AGet = Eox — Ereq —E*+C )

3.8. ESR Spin-Trapping (ESR-ST) Experiments

The ESR-ST experiments were carried out using an X-Band spectrometer (Bruker
EMX-plus; from Karlsruhe, Germany). The experiments were conducted at room tem-
perature (RT) under Ny with a 405 nm LED irradiation within the ESR spectrometer’s
cavity. Using phenyl-N-tert-butylnitrone (PBN) from TCI-Europe, radicals were trapped
in tert-butylbenzene using a method outlined in references [26,29]. The ESR spectrum
simulations were obtained using the PEST WINSIM program.

3.9. Direct Laser Writing Experiments

A laser diode at 405 nm was employed for the spatially controlled irradiation in the
direct laser writing experiments. The laser’s spot size was 50 um, and its intensity was
110 mW. The photopolymerization process was conducted under air, as documented in the
literature [29]. The resin formulation was deposited on and between microscopic slides.
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The obtained three-dimensional patterns were well fixed on the microscopic slides where
ethanol was used to remove the non-polymerized solution, they were not subjected to a
post treatment, and they were analyzed using a numerical optical microscope (DSX-HRSU
from Olympus Corporation, Tokyo, Japan).

4. Conclusions

In this article, two new photoinitiators based on the acridone molecule were success-
fully synthesized and used as moderate/high-performance visible light photoinitiators for
the free radical polymerization of acrylates upon irradiation with LED@405 nm. Photoini-
tiation mechanisms for these molecules acting as one-component Type II photoinitiators
and as multicomponent photoinitiating systems in the presence of an iodonium salt or
an amine synergist (EDB) were established by examining the photochemical properties
utilizing steady-state photolysis experiments, fluorescence quenching experiments, cyclic
voltammetry, and through the ESR spin-trapping experiments. Remarkably, the high pho-
toreactivity of the photoinitiating system (DPM-Acr/lod) allowed the fabrication of 3D
patterns by laser writing technologies. Forthcoming innovations on the acridone molecule
to be used as highly efficient photoinitiators at longer wavelengths and for 3D printing
applications will be suggested in upcoming studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29194715/s1, Figure S1: photopolymerization profiles
of TA under air; Figure S2: Photolysis of PIs with EDB; Figure S3: Stern-Volmer plots; Figure 54:
Cyclic voltammetry of Pls; Figure S5: ESR spectra for Bn-Acr/EDB; Synthesis of the investigated
acridone-based PIs with their characterization tests.

Author Contributions: Conceptualization, P.G.C. and J.L.; validation, A.N., EC., A.G,, PG.C. and J.L.;
investigation, A.N. and F.C.; writing—original draft preparation, A.N.; writing—review and editing,
AN, EC,AG,PGC. and].L, visualization, HH., TH., ].T., EM.-S. and M.S.; supervision, P.G.C.
and J.L.; project administration, PG.C. and J.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Foundation Pierre et Jeanne SPIEGEL.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data underlying this study are available in the published article
and its Supporting Information.

Acknowledgments: No more acknowledgments to be mentioned.

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

References

1.  Siegmund, M.; Bendig, ]. The solvent dependence of the electronic spectra and the change of the dipole properties of N-substituted
acridones at electronic excitation. Z. Fiir Naturforschung A 1980, 35, 1076-1086. [CrossRef]

2. Rothman, J.H; Still, W.C. A new generation of fluorescent chemosensors demonstrate improved analyte detection sensitivity and
photobleaching resistance. Bioorganic Med. Chem. Lett. 1999, 9, 509-512. [CrossRef] [PubMed]

3.  Szymanska, A.; Wegner, K.; Lankiewicz, L. Synthesis of N-[(tert-Butoxy) carbonyl]-3-(9, 10-dihydro-9-oxoacridin-2-yl)-L-alanine,
a new fluorescent amino acid derivative. Helv. Chim. Acta 2003, 86, 3326-3331. [CrossRef]

4. Faller, T.; Hutton, K.; Okafo, G.; Gribble, A.; Camilleri, P.; Games, D.E. A novel acridone derivative for the fluorescence tagging
and mass spectrometric sequencing of peptides. Chem. Commun. 1997, 16, 1529-1530. [CrossRef]

5. Reymond, J.L.; Koch, T.; Schroer, J.; Tierney, E. A general assay for antibody catalysis using acridone as a fluorescent tag. Proc.
Natl. Acad. Sci. USA 1996, 93, 4251-4256. [CrossRef] [PubMed]

6.  Bahr, N.; Tierney, E.; Reymond, J. Highly photoresistant chemosensors using acridone as fluorescent label. Tetrahedron Lett. 1997,
38, 1489-1492. [CrossRef]

7. Hagiwara, Y.; Hasegawa, T.; Shoji, A.; Kuwahara, M.; Ozaki, H.; Sawai, H. Acridone-tagged DNA as a new probe for DNA

detection by fluorescence resonance energy transfer and for mismatch DNA recognition. Bioorganic Med. Chem. 2008, 16,
7013-7020. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules29194715/s1
https://www.mdpi.com/article/10.3390/molecules29194715/s1
https://doi.org/10.1515/zna-1980-1013
https://doi.org/10.1016/S0960-894X(99)00045-1
https://www.ncbi.nlm.nih.gov/pubmed/10098651
https://doi.org/10.1002/hlca.200390275
https://doi.org/10.1039/a701787a
https://doi.org/10.1073/pnas.93.9.4251
https://www.ncbi.nlm.nih.gov/pubmed/8633050
https://doi.org/10.1016/S0040-4039(97)00137-8
https://doi.org/10.1016/j.bmc.2008.05.050

Molecules 2024, 29, 4715 14 of 14

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

Lim, C.; Ryan, M.D.; McCarthy, B.G.; Theriot, J.C.; Sartor, 5.M.; Damrauer, N.H.; Musgrave, C.B.; Miyake, G.M. Intramolecular
charge transfer and ion pairing in N, N-diaryl dihydrophenazine photoredox catalysts for efficient organocatalyzed atom transfer
radical polymerization. J. Am. Chem. Soc. 2017, 139, 348-355. [CrossRef]

Lv, M.; Wang, X.; Pan, H.; Chen, ]. Direct observation of ultrafast access to a solvent-independent singlet-triplet equilibrium state
in acridone solutions. J. Phys. Chem. B 2021, 125, 13291-13297. [CrossRef]

Wei, D.; Li, H,; Yang, C.; Fu, J.; Chen, H.; Bai, L.; Wang, W.; Yang, H.; Yang, L.; Liang, Y. Visible light-driven acridone catalysis for
atom transfer radical polymerization. J. Polym. Sci. 2022, 60, 1588-1594. [CrossRef]

Li, Z.; Chen, L.; Rong, D.; Yuan, L.; Xie, Y. Photochemical acridone-mediated direct arylation of (hetero) arenes with aryl
diazonium salts. Org. Biomol. Chem. 2023, 21, 8739-8743. [CrossRef] [PubMed]

Tehfe, M.A.; Louradour, F; Lalevée, J.; Fouassier, ].P. Photopolymerization reactions: On the way to a green and sustainable
chemistry. Appl. Sci. 2013, 3, 490-514. [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] [PubMed]

Zhang, ].; Xiao, P. 3D printing of photopolymers. Polym. Chem. 2018, 9, 1530-1540. [CrossRef]

Lago, M.A.; Rodriguez-Bernaldo de Quirds, A.; Sendon, R.; Bustos, J.; Nieto, M.T.; Paseiro, P. Photoinitiators: A food safety
review. Food Addit. Contam. Part A 2015, 32, 779-798. [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]

Yagci, Y.; Jockusch, S.; Turro, N.J. Photoinitiated polymerization: Advances, challenges, and opportunities. Macromolecules 2010,
43, 6245-6260. [CrossRef]

Rueggeberg, F.A.; Giannini, M.; Arrais, C.A.G.; Price, R.B.T. Light curing in dentistry and clinical implications: A literature review.
Braz. Oral Res. 2017, 31, e61. [CrossRef]

Amato, D.V,; Amato, D.N.; Flynt, A.S.; Patton, D.L. Functional, sub-100 nm polymer nanoparticles via thiol-ene miniemulsion
photopolymerization. Polym. Chem. 2015, 6, 5625-5632. [CrossRef]

Shete, A.U.; El-Zaatari, B.M.; French, ].M.; Kloxin, C.J. Blue-light activated rapid polymerization for defect-free bulk Cu (i)-
catalyzed azide-alkyne cycloaddition (CuAAC) crosslinked networks. Chem. Commun. 2016, 52, 10574-10577. [CrossRef]
Dumur, F. Recent advances on pyrene-based photoinitiators of polymerization. Eur. Polym. ]. 2020, 126, 109564. [CrossRef]
Dietlin, C.; Schweizer, S.; Xiao, P.; Zhang, ].; Morlet-Savary, F.; Graff, B.; Fouassier, ].P,; Lalevée, J. Photopolymerization upon
LEDs: New Photoinitiating Systems and Strategies. Polym. Chem. 2015, 6, 3895-3912. [CrossRef]

Timpe, H.J.; Kronfeld, K.P.; Lammel, U.; Fouassier, ].P.; Lougnot, D.]J. Excited states of ketones as electron donors—Ketone—
Iodonium salt systems as photoinitiators for radical polymerization. J. Photochem. Photobiol. A Chem. 1990, 52, 111-122. [CrossRef]
Ghosh, A.K.; Banerjee, A.N. Polymerization of methyl methacrylate using the acridone-chlorine combination as the photoinitiator.
J. Macromol. Sci. Chem. 1985, 22, 243-261. [CrossRef]

Ghosh, A K.; Banerjee, A.N. Polymerization of methyl methacrylate using acridone-bromine combination as the photoinitiator. J.
Macromol. Sci. Chem. 1984, 21, 1253-1266. [CrossRef]

Abdallah, M.; Le, H.; Hijazi, A.; Schmitt, M.; Graff, B.; Dumur, F; Bui, T.T.; Goubard, F.; Fouassier, J.P,; Lalevée, ]J. Acridone
derivatives as high performance visible light photoinitiators for cationic and radical photosensitive resins for 3D printing
technology and for low migration photopolymer property. Polymer 2018, 159, 47-58. [CrossRef]

Nishimura, T.; Katoh, T.; Hayashi, T. Rhodium-Catalyzed Aryl Transfer from Trisubstituted Aryl Methanols to «, 3-Unsaturated
Carbonyl Compounds. Angew. Chem. Int. Ed. 2007, 46, 4937-4939. [CrossRef]

Keaveney, S.T.; White, B.P.; Haines, R.S.; Harper, ].B. The effects of an ionic liquid on unimolecular substitution processes: The
importance of the extent of transition state solvation. Org. Biomol. Chem. 2016, 14, 2572-2580. [CrossRef]

Noon, A.; Hammoud, F,; Graff, B.; Hamieh, T.; Toufaily, J.; Morlet-Savary, F.; Schmitt, M.; Bui, T.T.; Rico, A.; Goubard, F; et al.
Photoinitiation Mechanisms of Novel Phenothiazine-Based Oxime and Oxime Esters Acting as Visible Light Sensitive Type I and
Multicomponent Photoinitiators. Adv. Mater. Technol. 2023, 8, 2300205. [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/10.1021/jacs.6b11022
https://doi.org/10.1021/acs.jpcb.1c08844
https://doi.org/10.1002/pol.20210743
https://doi.org/10.1039/D3OB01389H
https://www.ncbi.nlm.nih.gov/pubmed/37872813
https://doi.org/10.3390/app3020490
https://doi.org/10.1002/anie.201805473
https://www.ncbi.nlm.nih.gov/pubmed/30066456
https://doi.org/10.1039/C8PY00157J
https://doi.org/10.1080/19440049.2015.1014866
https://doi.org/10.3390/polym13030470
https://doi.org/10.1021/ma1007545
https://doi.org/10.1590/1807-3107bor-2017.vol31.0061
https://doi.org/10.1039/C4PY01449A
https://doi.org/10.1039/C6CC05095F
https://doi.org/10.1016/j.eurpolymj.2020.109564
https://doi.org/10.1039/C5PY00258C
https://doi.org/10.1016/1010-6030(90)87096-T
https://doi.org/10.1080/00222338508063310
https://doi.org/10.1080/00222338408062419
https://doi.org/10.1016/j.polymer.2018.11.021
https://doi.org/10.1002/anie.200700902
https://doi.org/10.1039/C5OB02598B
https://doi.org/10.1002/admt.202300205

	Introduction 
	Results and Discussion 
	Synthesis of Bn-Acr and DPM-Acr 
	UV–Visible Absorption Properties 
	Free Radical Polymerization (FRP) of Acrylates 
	Photochemical Mechanisms 
	Steady-State Photolysis 
	Fluorescence Quenching and Cyclic Voltammetry 
	ESR Experiments 

	Direct Laser Write (DLW) Experiments 

	Experimental Part 
	Synthesis of the Investigated Acridone-Based PIs 
	Other Chemical Compounds 
	Irradiation Sources 
	UV–Visible Absorption and Photolysis Experiments 
	Photopolymerization Kinetics (RT-FTIR) 
	Steady-State Fluorescence 
	Oxidation and Reduction Potentials 
	ESR Spin-Trapping (ESR-ST) Experiments 
	Direct Laser Writing Experiments 

	Conclusions 
	References

