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ABSTRACT

In this work, the design of an original series of coumarin derivatives (CoumC1-CoumC13) is
presented. Chemical structures of these coumarins were selected by molecular modelling to ensure
both excellent light absorption properties and high potential photoreactivity (high excited state
energy). As a striking result of this in-silico design, 8 of the 13 proposed coumarins were never
presented and were specifically proposed for this work, evidencing the interest of the structures.
New multi-component photoinitiating systems (PISs) based on these coumarins are proposed for
the free radical polymerization (FRP) of (meth)acrylates and examined upon visible light
irradiation using the light emitting diode (LED) as a safe and economical irradiation source. The
proposed systems are based on coumarins which act as remarkable photoinitiators/photosensitizers
(P1s/PSs) combined with N-phenylglycine (NPG) and/or iodonium salt (lod) as co-initiators in
order to generate the reactive species (radicals) that will initiate the photopolymerization recation.
Investigation of the chemical mechanisms suggested by the different interactions that take place

as well as the photophysical and photochemical properties of coumarins are provided. The access
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to high polymerization rates (Rp), excellent photoinitiating abilities and great reactive function
conversions (FC) is possible with these structures based on the coumarin core. Coumarins show
high efficiency for the FRP of (meth)acrylates by reaction with iodonium salt (a photo-oxidation
process) or with amine (a photo-reduction process). These compounds were used in 3D printing
resins but also for the preparation of photocomposites. In this latter case, an excellent depth of cure
was noted as remarkable behavior. To rationalize the experimental results, a kinetic model for a
three-component system has been established to analyze the role of oxygen in the monomer

conversions and the conversion enhancement observed while using an amine as a co-initiator.

KEYWORDS: Coumarin; photocomposite; photoinitiator; 3D  polymer patterns;

photopolymerization; simulation.

1. INTRODUCTION

Effective fluorescent organic heterocyclic molecules include coumarins which are
characterized by very interesting properties starting from their high electron transfer quantum
yields [1] to the capability of their excited states to react as electron donors or acceptors [2], their
extended spectral range and their good solubility [3] and so on. These latter properties make them
a point of interest for different uses such as sensitizers for solar energy collectors [4], fluorescent
probes [5], sensors [6] and dopants for organic light emitting diodes [7]. It should be noted that
different areas ranging from photochemistry to photonics and photobiology [8-12] have been
interested in using coumarins owing to their remarkable photophysical properties. Coumarins can
also react as anti-bacterial [13], anti-cancer [14] and anti-coagulant [15] agents showing again their
importance in the pharmacological field. The use of some coumarin derivatives which absorb in

the UV region for emulsion polymerization in order to obtain labeling latex particles, their



synthesis and also their characterization have been reported in [16]. Otherwise, coumarin moieties
have been used by fixing them covalently onto a Mn-Anderson Cluster in order to prepare a new
polyoxometalate (POM) which can undergo reversible polymerization [17]. In addition, coumarin
derivatives combined with diphenyliodonium hexafluorophosphate have been used for the two-

photon microstructure-polymerization as published in [18,19].

Several usages of coumarin derivatives have been already mentioned in photoinitiating
systems (PISs) according to the literature [18,20-24]. Interestingly, our recently published papers
report on the use of many coumarin derivatives designed as photoinitiators or as photoredox
catalysts (PIs/PCs) to initiate both the free radial polymerization (FRP) of (meth)acrylates and the
cationic polymerization of epoxides upon exposure to light emitting diode (LED) at 405 nm as a
foolproof and low-cost irradiation source. Their outstanding photoinitiating abilities were used for
the generation of 3D patterns but also for the preparation of photocomposites [20-22]. Remarkably,
we were also able to use coumarin derivatives for photopolymerization processes done in water in

order to prepare hydrogels which are very required for biomedical applications [20].

In the present study, a new set of coumarin derivatives (CoumC1-CoumC13; Figure 1) has
been in silico designed and investigated as visible light photoinitiators (PIs) for the polymerization
(FRP) of (meth)acrylates. To ensure a high reactivity, the structures were first proposed by
molecular modelling (in silico design) to optimize their light absorption @405 nm (see the
predicted absorption properties below) and high excited state energy (to ensure potential electron
transfer processes from these excited states). The most interesting structures were selected for
synthesis. This rationale approach is highly worthwhile i.e. 8 never synthesized coumarins have

been specifically designed here.



Two different initiating systems were developed with these compounds: a combination with
iodonium (a photo-oxidation process) as the co-initiator (Coum/lod (0.2%/1% w/w)) and also a
photo-reduction process in which coumarins are combined with an amine (EDB, NPG)
(Coum/EDB or NPG (0.2%/1% wi/w)). Three-component (Coum/NPG/lod) photoinitiating
systems (PISs) are also studied for the FRP of (meth)acrylates. In order to unambiguously propose
the interactions in their excited states, a full global photochemical mechanism is supplied.
Additional techniques (fluorimetry, UV-visible spectroscopy, electron spin resonance (ESR) and
cyclic voltammetry (CV)) are used to determine the fundamental photophysical properties of the
different coumarins. A kinetic model for a three-component system is presented, for the first time,
to demonstrate the role of oxygen inhibition and the amine enhancer. More precisely, a numerical
model and analytic formulas were developed to analyze the function conversion trends of

measured results.

To evidence the high reactivity of the different coumarins, applications of these dyes in 3D

printing photosensitive resins or for photocomposites are presented.



CoumC1: X =H
CoumC2: X =Br
CoumC3 : X = C= C-SiMe,

CoumC4

CoumC5 : R1 = Br, R2 = NEtz, R3 =H

CoumC6 : R1 =C= C-SiMe3, R2 = NEtz, R3 =H
CoumcC7 : R1 =H, R2 = OC12H25, R3 =H
CoumC8 : R1 = Br, R2 = OC12H25, R3 =Br
CoumC9 : R1 = Br, R2 = NEtz, R3 =H
CoumC10: R, =Br,R, =0OH, Rz =H

CoumC11 : R1 = Ph-CHO, R2 = NEtz, R3 =H

NO,

CoumC12 CoumC13

Figure 1. Structures of the different coumarins.

2. EXPERIMENTAL PART

2.1. Synthesis of the Coumarins

Synthesis of the different coumarins are depicted in the Figure 1 and detailed in supporting

information (SI) (Figures S1-S6).

2.2. Other Chemicals

Di-tert-butyl-diphenyl iodonium hexafluorophosphate (lod or SpeedCure 938) from
Lambson Ltd, N-Phenylglycine (NPG), ethyl 4-(dimethylamino)benzoate (EDB), bisphenol A-

glycidyl methacrylate (BisGMA) and triethyleneglycol dimethacrylate (TEGDMA) from Sigma



Aldrich. Trimethylolpropane triacrylate (TMPTA) was a gift from Allnex. As benchmark

monomers, TMPTA and BisGMA/TEGDMA were selected (See Scheme 1).

2.3. Light Sources

LEDs emitting at 375 nm and 405 nm were selected (lo = 40 mW. cm™ and lp = 110 mW.

cm?, respectively).
2.4. Real-Time (RT)-FTIR to Follow Polymerization Kinetics

In this research, two and three-component photoinitiating systems (PISs) were studied for
the FRP of (meth)acrylates. Coumarin/NPG (or lod or EDB) (0.2%/1% w/w) and and
Coumarin/NPG/lod (0.2%/1%/1% w/w) systems were used as two-component PISs and three-
component PISs, respectively. The weight percent given is calculated based on the monomer
content (w/w). For the FRP of acrylates (thin samples, thickness = 25 pum) in laminate conditions,
polypropylene films were used to reduce O inhibition. Evolution of the double bond content of
the reactive acrylate function was monitored at 1630 cm™ by RT-FTIR spectroscopy (JASCO FTIR
4100). For thick samples, a mold was used to control the thickness (1.4 mm) and the double bond
conversion was followed at ~6160 cm™. All these procedures have been already described in detail

in [25-27].
2.5. Redox Potentials Calculation for the Access to the Free Energy Change

By using cyclic voltammetry, the oxidation and reduction potentials (Eox and Ereq) of the
different compounds were studied. By applying the classical equation 1 (eq. 1) [28], the free energy
change (AGet) for the electron transfer reaction could be determined.

AGet=Eox—Ered—E"+C (eq. 1)



2.6. Electron Spin Resonance — Spin Trapping (ESR-ST) Experiments

ESR-ST experiments were realized using an X-Band spectrometer (Magnettech MS400)
under N2 in tert-butylbenzene as the solvent; the free radicals generated upon irradiation were
trapped by phenyl-N-tert-butylnitrone (PBN) (spin trapping agent), using a protocol previously
reported in the literature [26,27]. Simulations for the ESR spectra were obtained using the PEST

WINSIM program.

2.7. UV-visible Absorption and Photolysis Experiments

A JASCO V730 UV-visible spectrometer was used to perform the steady state photolysis

experiments as well as the absorption properties of the different coumarins.

2.8. Fluorescence properties

Fluorescence properties were examined using a JASCO FP-6200 spectrofluorimeter. The

same machine was used for the fluorescence quenching experiments of the different coumarins.

2.9. Computational Procedure

Theoretical calculations was performed using the Density Functional theory; the procedure

is presented in [29].

2.10. 3D Patterns

3D printing experiments were carried out using a laser diode at 405 nm (spot size of 50 um)
controlled by a computer, enabling to generate the desired 3D patterns. These patterns were
characterized using a numerical optical microscopy (DSX-HRSU from OLYMPUS Corporation)

[30,31].

2.11. Near-UV Conveyor



The Dymax conveyor (LED @395 nm; 4W/cm?) was utilized to cure composites prepared

by impregnation of the glass fibers with the appropriate organic resin (50%/50% w/w).

3. RESULTS AND DISCUSSION
3.1. Light Absorption Properties of the Investigated Compounds

UV-visible absorption spectra of the different coumarins were examined in acetonitrile, as
shown in Figure S7 (see also in Table 1). It is well obvious from the results that coumarin
derivatives possess high molar extinction coefficients (g) in the near-UV and the visible range e.g.
€ (coumc3) = 48600 ML, cm™ at Amax = 411 nm, & (coumci1) = 48500 ML, cm™ at Amax = 457 nm. As
a result of this, a good superimposition of the emission spectra of the light sources with the
absorption spectra of the coumarins is expected due to the intense absorptions of the coumarin

derivatives in the whole 280-560 spectral range.

A selection of the frontier orbitals determined for a series of coumarins is presented in Figure
S8. Both the highest occupied molecular orbital (HOMO) and the associated lowest unoccupied
molecular orbital (LUMO) extend over the n-conjugated system in agreement with a low energy
HOMO-LUMO gap. 1 — ©* lowest energy transitions are also observed with a partial charge

transfer character (HOMO and LUMO being localized on different place).

Table 1. Optical Properties of the Coumarins.

Pl Apmax (NM) € o (M. em™) € @405nm (M. em™)
Coum(C1 407 42400 42300
Coum(C2 408 41700 41600
Coum(C3 411 48600 48000
Coum(C4 372 26200 10200




Coum(C5 432 29500 20900
CoumCé 445 34400 16900
CoumC7 367 25800 8400
Coum(C8 361 23000 6100
Coum(C9 421 32800 28400
CoumC10 355 11300 700

Coum(C11 457 48500 17300
Coum(C12 416 21100 20200
CoumC13 361 25600 6200

3.2. Free Radical Photopolymerization of Acrylates (TMPTA)

Different combinations based on coumarins (Coum/NPG, Coum/lod or Coum/EDB
(0.2%/1% w/w) and Coum/NPG/lod (0.2%/1%/1% w/w)) have been tested for the FRP of TMPTA
in thin films (25 um). High final acrylate function conversions (FCs) and rate of polymerization
(Rps) are shown for the different coumarins while using the different photoinitiating systems
(PISs) (Figures 2,3, Table 2). It has to be noticed that coumarins, lod, NPG or EDB examined
separately are unable to initiate the FRP of TMPTA under the same conditions, clearly showing

that the presence of the coumarins was required for an efficient process.

When the iodonium salt is combined with coumarin derivatives, a good efficiency is found
in terms of FC and Rp as shown in Figure 2A. After comparing the different systems, we note that
the efficiency trend follows the following order: CoumC3 >> CoumC2 >> CoumC1 >> CoumC9
>> CoumC4 >> CoumC5 ~ CoumC6 >> CoumC12 >> CoumC?7. This is directly related to their
absorption properties but also to their reactivity (directly linked to their electron transfer quantum

yields (¢et) and their free energy changes (AGet) with iodonium salt - see below).



These derivatives were also tested for thick samples (1.4 mm) under air and also while using
the LED@405 nm as the source of irradiation. Good photopolymerization profiles are obtained in
the presence of CoumC2, CoumC7 or CoumC12 when combined with lod following the same
order in term of efficiency compared to the FRP of thin films (CoumC2 >> CoumC12 >>
CoumC7; curves 2, 12 and 7 in Figure 3A and Table 2). Less favorable rates are obtained in this
case, attributable to the inhibition due to oxygen which is generally noticed during FRP when
realized under air, which reduces the overall performance of the photoinitiating system. In this
case, the production of initiation radicals is considerably reduced, rendering the photoinitiating

system unable to get over the oxygen inhibition.

Otherwise, coumarin derivatives were examined as Type Il photoinitiators associated with
an amine (NPG) leading to very efficient for a photo-reduction process for FRP thin samples
(Figure 3B). High polymerization rates (Rp) and good acrylate function conversions (FC) were
attained using these derivatives (Figure 3B; Table 2). Using LED @405 nm, the efficiency trend
for the FRP thins films follows the order: CoumC13 >> CoumC3 >> CoumC2 >> CoumCl1 >>
CoumC4 >> CoumC11. Again, both the photoreactivity and also the absorption properties are

responsible for the efficiency of the system.

Furthermore, CoumC13/NPG presents high photoinitiating ability compared to the other
derivatives among its series (curve 13 in Figure 3B; Table 2). It is quite obvious that CoumC13
can overcome the oxygen inhibition classically detected for FRP processes done under air.
Conversely, CoumC2, CoumC3 or CoumC11 do not have the ability to do so. The better
efficiency observed with CoumC13 can be attributed to its low absorbance @405 nm (absorbance
evaluated in Table S1) which is in agreement with better light penetration during the

photopolymerization.
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For the photo-reduction process, another amine was used (EDB). Only CoumC13 showed
interesting polymerization profiles during the FRP of thin and thick TMPTA samples when
irradiated at 405 nm with a LED (Figure S9A: curve 1 with FC = 39% for thin film and curve 2
with FC = 69% for thick sample, respectively) in agreement with favorable electron transfer
quantum vyield (see below). No efficiency was shown when using the other derivatives in the
presence of EDB, demonstrating the production of radicals is not efficient enough to initiate the
photopolymerization processes and to overcome the oxygen inhibition. Thus, such compounds are
poor photoinitiators for a photo-reduction process using EDB as an additive. It should be noted
that the absence of a decarboxylation step in the presence of EDB, may also be a reason for the
better reactivity in the presence of Coum/NPG systems. The concerned step prevents any back

electron transfer reaction (see the chemical mechanisms part below).

With regards to the three-component photoinitiating systems (PISs), huge performances
have been noticed when NPG is added to the Coum/lod systems where the maximum acrylate
function conversions (FC) and the polymerization rates (Rp) reached in these cases are very much
higher compared to that obtained with the two-component PISs e.g. FC = 59% for
CoumC1/NPG/lod (0.2%/1%/1% w/w) compared to 41% for CoumC1/lod (0.2%/1% w/w)
(curve 1 in Figure 2C vs. Figure 2A, respectively; see also Table 2). Again, a better performance
is also noted for the other coumarin derivatives showing the role of an amine (NPG) in increasing
the conversion of the acrylate double bonds when it is added as a third component (Figure 2C vs.
Figure 2A; Table 2). While comparing with the two-component 10d/NPG (1%/1% w/w) system, a
very low polymerization ability is shown (curve 14 in Figure 2C), showing the huge role of

coumarins.

11



Besides, a comparable behavior was detected during the FRP of thick samples in the

presence of the three-component (Coum/lod/NPG) PISs where a raise of the FC and the Rp is

noticed (see Figure 3 and Table 2).
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Figure 2. Polymerization profiles of TMPTA in laminate conditions (thin films; thickness = 25
um, LED@405 nm), with different two and three-component photoinitiating systems based on
coumarin compounds: (A) Pl/lod (0.2%/1% wi/w): (1) CoumC1/lod; (2) CoumC2/lod; (3)
CoumC3/lod; (4) CoumC4/lod; (5) CoumC5/lod; (6) CoumC6/lod; (7) CoumC7/lod; (8)
CoumC8/lod; (9) CoumC9/lod; (10) CoumC10/lod; (11) CoumC11l/lod; (12) CoumC12/lod
and (13) CoumC13/lod. (B): PI/NPG (0.2%/1% w/w): (1) CoumC1/NPG; (2) CoumC2/NPG;
(3) CoumC3/NPG; (4) CoumC4/NPG; (5 CoumC5/NPG; (6) CoumC6/NPG; (7)
CoumC7/NPG; (8) CoumC8/NPG; (9) CoumC9/NPG; (10) CoumC1l0/NPG; (11)
CoumC11/NPG; (12) CoumC12/NPG and (13) CoumC13/NPG. (C) PI/lod/NPG
(0.2%/1%/1% wiw): (1) CoumC1/1od/NPG; (2) CoumC2/1od/NPG; (3) CoumC3/l10d/NPG; (4)
CoumC4/10d/NPG; (5) CoumC5/1od/NPG; (6) CoumC6/1od/NPG; (7) CoumC7/10d/NPG; (8)
CoumC8/10d/NPG; (9) CoumC9/lod/NPG; (10) CoumC10/10d/NPG; (11) CoumC11/10d/NPG;

(12) CoumC12/10d/NPG; (13) CoumC13/lod/NPG and (14): lod/NPG (1%/1% wi/w). The
irradiation is launched at t = 10 s.
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Figure 3. Polymerization profiles of TMPTA under air (thick samples; thickness = 1.4 mm, LED
emitting at 405 nm) with different two and three-component photoinitiating systems based on
coumarin compounds: (A) Pl/lod (0.2%/1% wi/w): (1) CoumC1/lod; (2) CoumC2/lod; (3)
CoumC3/lod; (4) CoumC4/lod; (5) CoumC5/lod; (6) CoumCé6/lod; (7) CoumC7/lod; (8)
CoumC8/lod; (9) CoumC9/lod; (10) CoumC10/lod; (11) CoumC11l/lod; (12) CoumC12/lod
and (13) CoumC13/lod. (B): PI/NPG (0.2%/1% wiw): (1) CoumC1/NPG; (2) CoumC2/NPG;
(3) CoumC3/NPG; (4) CoumC4/NPG; (5 CoumC5/NPG; (6) CoumC6/NPG; (7)
CoumC7/NPG; (8) CoumC8/NPG; (9) CoumC9/NPG; (10) CoumC10/NPG; (11)
CoumCl11/NPG; (12) CoumC12/NPG and (13) CoumC13/NPG. (C) PIl/1od/NPG
(0.2%/1%/1% wiw): (1) CoumC1/1od/NPG; (2) CoumC2/lod/NPG; (3) CoumC3/lod/NPG; (4)
CoumC4/10d/NPG; (5) CoumC5/lod/NPG; (6) CoumC6/10d/NPG; (7) CoumC7/1od/NPG; (8)
CoumC8/10d/NPG; (9) CoumC9/lod/NPG; (10) CoumC10/10d/NPG; (11) CoumC11/10d/NPG;

(12) CoumC12/10d/NPG; (13) CoumC13/lod/NPG and (14): 10d/NPG (1%/1% wi/w). The
irradiation is launched at t = 10 s.
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Table 2. Final Acrylate Monomer Conversion (FC) for TMPTA after 100s (LED emitting at 405

nm).

TMPTA, Thin sample (25pum) in laminate

TMPTA, Thick sample (1.4 mm) under air

Three- Three-
component component
Two-component PIS (0.2%/1% Two-component PIS (0.2%/1%
w/w) P w/w) o
(0.2%/1%/1% (0.2%/1%/1%
w/w) w/w)
+lod +NPG +lod/NPG +lod +NPG +lod/NPG
Coum(C1 41% 34% 59% 41% n.p. 83%
CoumcC2 46% 33% 59% 68% 82% 83%
Coum(3 48% 42% 59% 49% 77% 73%
CoumC4 46% 34% 59% n.p. 35% 82%
CoumcC5 33% n.p. 53% 26% n.p. 85%
CoumcCé 33% n.p. 51% 28% n.p. 31%
CoumcC7 27% n.p. 49% 62% n.p. 82%
CoumC8 n.p. n.p. 26% n.p. n.p. 81%
CoumC9 41% n.p. 53% 41% n.p. 83%
Coum(C10 n.p. n.p. 44% n.p. n.p. 82%
CoumCi11 19% 20% 44% 36% 64% 94%
Coum(12 28% 20% 51% 67% n.p. 82%
CoumC13 24% 39% 49% n.p. 75% 83%

3.3. Free radical photopolymerization of methacrylates (BisGMA/TEGDMA)

In this section, BisGMA/TEGDMA (70%/30% w/w) was used as a commercially available

methacrylate monomer blend for the FRP of thick samples (1.4 mm) which is realized under air

and in the presence of different two (Coum/lod (or NPG or EDB) (0.2%/1% wi/w)) and three-

component (Coum/lod/NPG (0.2%/1%/1% wi/w)) photoinitiating systems using coumarin

derivatives as photoinitiators/photosensitizers (Figure S10). Coumarin derivatives, lod, NPG or

14




EDB alone show no efficiency for the FRP of TMPTA at 405 nm, evidencing the crucial role of

these derivatives in the overall performance of the photoinitiating system.

Interestingly, it is well obvious from the photopolymerization data that CoumC13 leads to
the highest polymerization rate and the highest methacrylate function conversion when comparing
the Coum/lod systems to each other as shown in Figure S10A (thick samples). Taking into account
the efficiency trend, it follows the following order: CoumC13 >> CoumC11 >> CoumC2 >>
CoumC3 >> CoumC1. Remarkably, this behavior is inversely proportional to the absorbance of
these compounds @405 nm which follows the opposite trend: CoumC1 >> CoumC3 >> CoumC2
>> CoumC11 >> CoumC13. This latter behavior is reasonable because at lowest absorbance, it
allows more penetration of light in the depth making the photopolymerization process more
favorable and resulting in higher conversion of the acrylate double bonds. The absorbance values

are calculated according to Beer-Lambert law and the results are gathered in Table S1.

On the other hand, good polymerization profiles are also obtained for the Coum/NPG
systems as evinced in Figure S10B. Here, the efficiency trend follows the order: CoumC13 >>
CoumC11 >> CoumC10 >> CoumC4 >> CoumC7 >> CoumC2 >> CoumC8. Different
parameters are responsible for this behavior: the absorption properties of these compounds and
their reactivity with the co-initiator to generate initiating radicals. In presence of EDB, only

CoumC13 could initiate the FRP of thick samples (Figure S9B: FC = 67% for CoumC13/EDB).

Again, the great performance of the examined coumarin derivatives is noticed for
methacrylate polymerization in thick samples when using three-component photoinitiating
systems which are able to get over the oxygen inhibition evidenced with the two-component
(Coum/lod) PISs. It turns out that there is a big increase in FC and Rp after the addition of the

amine as a third component (Figure S10C, Table 3).
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Table 3. Final Monomer Conversion (FC) for a BisSGMA/TEGDMA (70%/30% w/w) blend after
150 s of irradiation at 405 nm using Different Photoinitiating Systems (under air; thickness = 1.4

mm).

Two-component PIS (0.2%/1% w/w)

Three-component PIS

(0.2%/1%/1% w/w)

+lod +NPG +lod/NPG
Coumc(C1 49% n.p. 75%
CoumC2 70% 46% 81%
CoumC3 64% 39% 77%
CoumC4 47% 65% 78%
CoumC5 27% n.p. 71%
CoumC6 36% n.p. 55%
CoumC7 48% 54% 74%
Coum(C8 n.p. 45% 71%
Coum(C9 44% n.p. 67%
CoumC10 n.p. 63% 77%
Coum(C11 75% 56% 78%
CoumC12 33% n.p. 74%
Coum(C13 75% 70% 80%

3.4. 3D Patterns using Coum/lod, Coum/NPG or Coum/lod/NPG Systems

The very high photoreactivity noticed for the coumarins during the FRP of (meth)acrylates

allows their use for 3D printing experiments. These tests were carried out under air using a laser

diode at 405 nm using different two (Coum/lod or NPG) or three-component (Coum/lod/NPG)

photoinitiating systems. Very thick 3D patterns were obtained, evidencing a remarkable spatial

resolution (50 um) and requiring short writing time (~ 1 min) when using this technique. 3D

patterns were analyzed by numerical optical microscopy and the results are depicted in the Figure

4 and the Figure S11.
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(A) | (B) ©

Figure 4. Free radical photopolymerization experiments for 3D printing technology using laser
diode emitting at 405 nm: Photos of the 3D patterns obtained after characterization by numerical
optical microscopy; (A) CoumC4/lod/NPG (0.06%/0.3%/0.3% wi/w) in TMPTA (thickness =
1840 um); (B) CoumC7/1od/NPG (0.06%/0.3%/0.3% w/w) in TMPTA (thickness = 3083 um)
and (C) ComC9/lod/NPG (0.03%/0.16%/0.16% w/w) in TMPTA (thickness = 1800 um);
respectively.

3.5. Photocomposites Preparation Using Near-UV Conveyor Experiments

Owing to the interesting and improved mechanical properties that characterize
photocomposite materials starting from their high strength to their light weight and their chemical
and corrosion resistance, photocomposites have become dominant emerging materials in many

fields [32-36].

In this study, photocomposites were obtained by impregnation of the glass fibers by an
organic resin and exposure to a LED emitting at 395 nm. Photocomposites were typically prepared
with 50% glass fibers/50% resin w/w and photocomposites were polymerized at a belt speed of
2m/min. TMPTA or BisGMA/TEGDMA (70%/30% wi/w) were selected as the organic resins used
for this study. High polymerization rates were observed using these derivatives, showing that such
compounds are very efficient to fully cure composites even in low light penetration conditions.
The photos of the initial and final composites are shown in Figure 5 and Figure S12. Note that the

tack-free surface could be obtained. Similarly, very few passes were necessary to polymerize the
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bottom of the sample (one layer of glass fibers; thickness = 2 mm) (see in Table S2 for TMPTA
and Table S3 for BisGMA/TEGDMA). Interestingly, the synthesized composites remain light

colored after irradiation.

Pictures before Pictures after
irradiation irradiation

1) Z

Tack-free at the
surface and
on the bottom after
ONLY one pass of
irradiation with the
LED @395 nm

Figure 5. Photocomposites produced upon Near-UV light (LED @395 nm) for different initiating
systems in TMPTA: (1) 0.2% CoumC2 + 1% lod; (2) 0.2% CoumC4 + 1% lod + 1% NPG; (3)
0.2% CoumC5 + 1% lod + 1% NPG,; (4) 0.2% CoumC7 + 1% lod + 1% NPG; (5) 0.2% CoumC9
+ 1% lod + 1% NPG; (6) 0.2% CoumC10 + 1% lod + 1% NPG and (7) 0.2% CoumC12 + 1%
lod + 1% NPG, respectively.

3.6. Photochemical Mechanisms

3.6.1. Steady State Photolysis Studies
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A very fast photolysis was observed for CoumC3 in the presence of the iodonium salt when
irradiated at 375 nm whereas a slower photolysis process was observed for CoumC3 alone
(CoumC3/lod in Figure S13B vs. CoumC3 in Figure S13A), indicating a strong CoumC3/lod
interaction. A similar behavior was noticed for the other coumarins (except for CoumC13/lod
where no photolysis occurs). Due to this latter interaction, a new photoproduct characterized by a
significant absorption between 300 and 360 nm could be detected. Moreover, a clear consumption
of CoumC3 is shown with lod (curve 2 in Figure S13C) compared to CoumC3 alone (curve 1 in

Figure S13C) by measuring the optical density at different irradiation time.
3.6.2. Excited State Reactivity

The study of the fluorescence quenching experiments for CoumC3 has been performed in
acetonitrile and the obtained experimental results are given in Figure S14. First, the value of the
first singlet excited state energy (Es1) for the different investigated compounds is determined by
the crossing point between the absorption and the fluorescence spectra e.g. Es1 = 2.7 eV for

CoumC3 (see Table 4).

Table 4. Photophysical properties of the »3Coumarin/lod and **Coumarin/NPG systems in

Acetonitrile.
b b

E AGet(Sl) AGet(Tl) KSV c KSV c
I551 Tl on 1 3 ¢et(s1) ¢et(51)

Pl a (P1/lod) (PI/lod) (P1/10d) (PI/NPG)
(eV) (eV) (eV) 1 (P1/lod) 1 (PI/NPG)

(eV) (eV) (M) (M7)
CoumCl | ) 74 1.99 0.95 -1.59 -0.84 | 103.11 0.66 37.74 0.71
CoumC2 | 5 73 1.99 1.08 -1.45 0.71 | 10466 | 0.66 40.88 0.73
Coum(3 2.7 1.94 1.03 -1.47 -0.71 81.24 0.6 44.04 0.74
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CoumC4 | ;97 1.91 0.47 -2.3 -1.24 | 31.18 0.37 66.58 0.81
CoumGC5 | 71 1.77 1.14 -1.27 -0.43 89.4 0.62 40.54 0.73
CoumC6 | ;55 1.67 0.45 -1.9 -1.02 73.73 0.58 39.8 0.72
CoumC7 | 303 1.84 0.38 -2.45 -1.26 | 46.64 0.46 132.9 0.9
CoumC8 | 3 1.91 0.47 -2.35 -1.24 20.3 0.27 80.31 0.84
CoumC9 [ g7 1.81 1.07 -1.4 -0.54 81.55 0.6 39.62 0.72
CoumC10 | 333 1.85 0.68 -2.25 -0.97 54.02 0.5 235.07 | 0.94
CoumCll| ;46 1.64 0.95 -1.31 -0.49 | 157.38 | 0.75 29.85 0.66
CoumCl2 | ;53 1.81 0.81 -1.52 -0.8 31.78 0.37 74.45 0.83
CoumC13 | ;g7 2.16 0.39 -2.28 -1.57 17.69 0.25 49.27 0.76

a: triplet state energy level determined at DFT level.
b: for lod, a reduction potential of -0.2 eV was used for the AGe; calculations [37].

c: determined with the equation presented in [37].

High fluorescence quenching constants (Ksv; determined from fluorescence quenching
experiments) were found for the coumarin/lod (or NPG) systems, consistent with the highly
favorable free energy changes (AGet) for the associated electron transfer reaction (r1, r2 and rl, r5,
ré with lod and NPG, respectively; Scheme 1; Table 4). Therefore, the high quantum yields of
electron transfer were calculated (¢e; Table 4) (AGet is calculated according to eq. 1 and the
quantum yields of electron transfer are calculated by applying equation (eq. 2)):

et = Ko [lod]/(1+Ks[lod])  (eq. 2)

Free energy change for the electron transfer (AGeyry) for 3Coum/lod are found to be

favorable (< 0), suggesting that the triplet state pathway can participate to some extend (Table 4).
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It should be noted that the potentials of the first oxidation (Eox) peak of coumarins are obtained by

cyclic voltammetry experiments.

Photochemical mechanism of the polymerization reaction is presented in Scheme 1
(reactions r1-r8) in agreement to those found for other dyes [20]. rl and r2 are confirmed by
Electron Spin Resonance technique (ESR) which allows the detection of the generated aryl radicals
[37,38]. Indeed, radical adducts PBN/Ar® are clearly observed after irradiation of the Coum/lod
solution in the presence of PBN. Hyperfine coupling constants (hfcs): an=14,1Gandan=2.1G
which characterize the PBN/Ar® radical adducts fully fit the data reported in the literature [39].
The participation of a NPG-lod Charge Transfer Complex (CTC) cannot be ruled out (r3) as
reported in [40]. This CTC structure allows the generation of aryl radicals Ar® (r4), consistent with

the photoinitiating ability of NPG/lod (curve 14 in Figures 2C, 3C and S10C).

For the photo-reduction process, a process of electron/proton transfer occurs between
coumarins and NPG (Scheme 1) followed by a decarboxylation reaction proposed to avoid any
back electron transfer reaction [37]. This latter reaction leads to the formation of NPG-n;-co2)®
that can initiate the polymerization process for Coum/NPG systems. Finally, it is proposed that r7
and r8 can take place with the three-component systems as published in [40] for other investigated
dye/iodonium salt/amine combinations. As a result, Ar®, NPGu.-co2)® are respectively the
polymerization initiating species generated through a pho-oxidation and a photo-reduction

processes.

Scheme 1. Photochemical mechanisms proposed to support the FRP initiated by Coumarins.
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Coumarin — “Coumarin  (hv) (rl)

“*Coumarin + Arl* — Coumarin®t + Ar»[® — Coumarin®t + Ar® + Arl (r2)
NPG + Tod — [NPG-lod]crc (r3)
[NPG-Iod]crc »—— Ar*  (hv) (r4)
“Coumarin + NPG — (Coumarin-H)* + NPGp)* (r3)
NPGew)* — NPGeu:co2® +CO2 (r6)
NPG(n;-co2)® + Ar2l* — NPG(n..co)* + Ar® + Arl (r7)
(Coumarin-H)* + Ar:I* — Coumarin + H* + Ar® + Arl (r8)

4. Simulation of the Polymerization Profiles
4.1 Kinetic Equations

The proposed photochemical mechanisms shown by Scheme 1 may be further summarized
by the kinetic of Figure S15, using the simplified notations: coumarin derivatives=C,

iodonium=[A], amine=[B]; Ar2l°*=R’, Ar*=R, (Coum-H)*=S, and Amine.n* =S’.

As shown by Figure S15, a three-component system, [C], [A] and [B] in the presence of
oxygen is proposed. The ground state initiator, C, is excited by a visible light to its triplet excited
state, T*, by a quantum yield (q), T* further interacts with the initiator [A] and the co-initiator
(enhancer) [B] producing radical [R’, R] and [S’,S], respectively. S could react with [A] to generate
addition radical R, whereas S’ could react with [A] to generate radical R and the regeneration of
the initiator, for polymerization of the monomer [M], in the type-Il (or oxygen-mediated) process,
T* also interacts with [20;] to generate a singlet oxygen [*O2] which can then interact with [A] for

polymerization or relaxed to [O2], or crosslink with [M].
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The kinetic equations for our previous system [41-44] are revised to include the enhancer,

electron-donor molecule, [B], as the co-initiator for additional radical R produced from initiator

[A]. The so-called quasi-steady state assumption [13,14] was used to model the experimental

results. Lifetimes of the triplet states of the PS, the radicals (R,S), and the singlet oxygen (*O2) are

very short (ns to us time scale). As a result of this, they can decay or react with cellular matrix

immediately after formation. Consequently, the following equations can be

dT*/dt=dR’/dt=dS’/dt=dS/dt=d'O,/dt =0. Under these quasi-steady-state conditions,

[43]

2 = —blg([A] + [B] + kgg'C[0,])C + Ry
% = —(bICg + k"S)[A]

% = —blICg[B]

Z_‘: = (bICg + k"S + k"'S")[A] — GR—2k{R?
g = bICg[B] — (k's + k"[A] + k{,R)S

% = bICg[B] — (k's +k"[A] + K'1,R)S’'
f’[aotﬂ = —(bICg+koR)[0,]

a ’ ’
A8 = —(bicgg'[0,] + KR)[M]

G == k5 + k,[M] + kg[Oz] + k128+k'125'

(eq.

(eq.

(eq.

(€.

(eq.

(€.

(eq.

(eq.

(eq.

where g= ks/(ks+ ks[O2]+ka[Al+k7[B]), g’=ka/(ketk’[M]+ k11C); k=(kii/ks); the

proposed:

we obtain

3)

4)

5)

6)

7)

10)

11)

initiator-C
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regeneration term Re= ksRS’+koR[O2]+2ktR’2. In deriving above equations, we have used the
steady-state T*=blgC, ks[*O2]= ks[?02]Tg’=gg’[O2].
The dynamic light intensity is given by [41]

al(z,t)
0z

= —A'(z,9)I(z,t) (eq. 12)
A'(z,t) = 2.3[(@" — b)C(zt) + b'CoF + Q'] (eq. 13)

a’ and b’ corresponds to the molar extinction coefficients of initiator-C and the photolysis product,
respectively; Q’ is the absorption coefficient of the monomer. Where b=83.6a’wq, with w being
the light wavelength (in cm) and q is the triplet state [T] quantum yield, a’ in (1/mM/%) and I(z,t)
in mW/cm?. All the reaction rate constants are defined by the associated coupling terms. More

details can be found in Ref. [41].

Solving for the steady-state of Equations (eq. 7) and (eq. 8), S=S’= bICgg”, with g”=ka/ (ks+

+k4[A]+k12R),

and substituting to Equation (eq. 6), we obtain

2 = H(t) - GR—2k(R? (eq. 14)
H(t) = bICg(1 + 2g"[BD[A] (eq. 15)

which has a steady-state given by,

R = (ﬁ) (=G ++/GZ + 8kgH ) (eq. 16)
where G=ks+ko[O2]+k’[M]+ 2k12bICgg”.

For H>> G2, we obtain an approximate radical given by
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R =,/0.5H/kr — (1—0.5/vVH )G/(4kr) (eq. 17)
4.2 Conversion Efficacy

Conversion efficiency of the monomer [M] is defined by Ce=1- [M]/[M]o = 1- exp(-S), where
the S function is given by the time integral of the total rate function, Rt. Using the total rate
function given by Equation (eg. 10), and Equation (eq. 17) for R, and for g’C=ks/ ki1=kay, for

(ke+k’[M])<<k11C, we obtain

A = —Re[M] (eq. 18)

Rt = blgks;[0,] + KVH —K'G/(4kr) (eq. 19)

where K=0.5k’/(kr)%°, We note that Rt consists of three parts: the type-11 oxygen-mediated (first
term), the free radical initiated (second term, H), and the reduction G term; where the H function
has two contributions given by Equation (eq. 15), H=(bICg)(1+2g”[B])[A], which is enhanced by

the co-initiator [B].

Analytic solution of Equation (eq. 18) for the conversion efficacy is related to S by Cerr=1-
exp(-S), where the S-function is given by the time integral of Rt. For a type-1 dominated case with

the first term of Equation (eq. 19) neglected, we obtained [42]:

S = K(1 + By/A) G'(z,£)4/0.5bXI,C, (eq. 20)
G'(zt) = [1 — exp (—B"t) ]/B" (eq. 21)

where B”=0.5(B’-A1), X=exp[-zA:], with A>=1.15(a’+b*)Co+2.3Q.

The steady-state of Equation (eg. 20) is given by, when G’=1/B”, or

S = K(1 + By/Ay) +/Co/(8bXI,) (eq. 22)
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which shows that the enhanced efficacy is proportional to the concentration ratio of Bo/A o, and

governed by a scaling law of [Co/(bX10)]°°.
4.3 Numerical Analysis

Greater details of numerical results of Equations (eq. 3) to (eq. 19) will be presented
elsewhere. In the following, we will show two important factors influencing the function
conversions (FC): the oxygen inhibition effect, and the co-initiator-B concentrations. Figure S16
shows the role of oxygen, in which FC is a decreasing function of oxygen concentration.
Noticeably, a high oxygen concentration leads to a large inhibition effect which reduces the radical
(R), as also evidenced by Equation (eqg. 17) that R is a decreasing function of oxygen. A stronger

oxygen inhibition effects can also take place in thinner thickness.

Figure S17 shows the crucial role of the co-initiator-B concentrations (Bo), in which higher
Bo leads to higher FC, i.e. three-component system (with Bo>0) is more efficient than 2-component
(with Bo=0). These results are also predicted by Equations (eg. 15) and (eq. 20), which show the

enhanced effects due to the extra term Bo/A o, in the 3-component system.

4.4. Analysis of Measurements

Our measured data demonstrated that the function conversion (FC) and the rate of
polymerization (Rp) are governed by multiple factors. As shown by (eq. 15), the initiating factor
(H) is governed by the parameter b=83.6a’wq, which is proportional to the extinction coefficients
of initiator-C (a’).and the triplet state quantum yield (q). This feature is shown by Figure 2 that FC
is an increasing function of compound absorption and their reactivity (electron transfer quantum

yield).
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As shown by (eq. 19), the total rate function for the radical (Rt) consists of three parts: the
type-11 oxygen-mediated (first term), the type-I radical (R) initiated (second term, H), and the
reduction factor due to oxygen inhibition (the last term, G). Our measured data of Figure S10A
shows the efficiency trend follows the order of CoumC2 >> CoumC12 >> CoumC7, in which

the initiation radical yield is unable to overcome the oxygen inhibition in CoumC12 and CoumC?7.

Our Figure S9A also shows that EDB having a low initiating radical yields (q) are not able
to get over the oxygen inhibition. These features may be easily realized by when H is less that G
in Equation (eq. 15). Similarly, as shown by Figure S10B and Table 2, CoumC13 can overcome
the oxygen inhibition classically detected during the FRP under air while CoumC2, CoumC3 or
CoumC11 do not have the ability to do so. Figure S10B also shows that better efficiency observed
with CoumC13 can be attributed to its lowest absorbance with deepest penetration of light. This
feature may be realized by Equation (eq. 20), in which the S function (and the FC) is a decreasing

function of the polymer thickness (z).

Figure S10C demonstrated that the three-component systems are able to get over the oxygen
inhibition detected with the two-component (Coum/lod) PISs. In addition, a big increase of the FC
and the polymerization rate (Rp) after the addition of the amine (NPG) as a third component is
detectable. This feature may be realized by Equation (eq. 20) and Figure S16, in which a higher
Bo, or higher concentration of amine (NPG), leads to higher FC, i.e., 3-component system (with

Bo>0) is more efficient than 2-component (with Bo=0).

Besides this single-wavelength, 3-component photopolymerization, we have recently
developed two-wavelength and three-wavelength, 3-component system for 3D bioprinting [45,

46].

27



Conclusion

In this study, the FRP of (meth)acrylates using the new synthesized set of in-silico developed
coumarin derivatives has been investigated through two distinct strategies: a photooxidation
approach based on an iodonium salt and a photoreduction approach based on an amine under
visible LED as source of irradiation. As a striking result of this in-silico design, different classes
of coumarins can exhibit a high efficiency i.e. both their light absorption and excited state
processes are well adapted to ensure a high photochemical reactivity. The good performances of
coumarin derivatives paved the way for their use in 3D printing technology which allows the
preparation of 3D thick samples using laser diode at 405 nm. In addition, coumarins have found
an interesting and worthwhile application for an industrial domain which concerns their use in
thick glass fiber synthesis photocomposites. Remarkably, a kinetic model has been proposed to
anticipate the polymerization profiles based on the determined chemical mechanisms.
Development of new high-performance photoinitiating systems and novel co-initiators is currently

under progress.
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