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ABSTRACT:

In this article, new compounds based on the carbazole scaffold (DMs = DM1 and DM2) were
synthesized and proposed as high performance visible light photoinitiators/photosensitizers for
both the free radical polymerization (FRP) of methacrylates and the cationic polymerization (CP)
of epoxides upon visible light exposure using LED@405 nm. In the presence of diaryliodonium
salts, excellent polymerization rates and high final conversions were obtained. Remarkably, DM2
leads to higher final conversions than DM1. The photophysical and photochemical properties of
the carbazole derivatives were studied in terms of light absorption, steady state photolysis and
fluorescence spectroscopy. Photosensitization/photoinitiation mechanisms of the carbazole
derivatives were discussed from fluorescence quenching, redox behavior, and cyclic voltammetry
experiments. A full picture of the involved chemical mechanisms is provided. The
photosensitization of the carbazole derivatives occurred predominantly via singlet excited states
at the rate of the diffusion limit. The high performance of DMs in initiating systems is also well
shown for new 3D resins upon exposure to laser diode at 405 nm for laser write experiments.

Remarkably, DM2 can also be used in photocomposite synthesis using LED-conveyor.



KEYWORDS: composites; light-emitting diodes; photoinitiators; photopolymerization; 3D

resins.

1. INTRODUCTION

The UV-curing process is a polymerization technique that allows a fast radiation induced
transformation of liquid systems into solid polymers. Radical or cationic species are generated by
interaction of light with a photoinitiator; these latter species induce the polymerization reaction of
suitable reactive monomers and oligomers [1]. Because of many advantages (low temperature of
usage (usually room temperature), low emission of volatile organic compounds, low energetic
consumption, no solvents added etc.), the polymerization processes triggered or controlled by light
are the subject of huge efforts [2-6]. More particularly, the developments of photosensitive systems
that can operate at safer (longer) wavelengths than UV light are currently actively researched. All
of these works are strongly supported by the development of new irradiation systems and
especially of the light emitting diodes (LEDs) that can represent very convenient irradiation
devices compared to UV lamps (e.g., mercury lamp) or UV laser (see some examples in refs [2]

and [7—14]).

Recently, we found that carbazole based compounds successfully interacted with
triarylsulfonium and diaryliodonium salts, leading to the cationic polymerization of epoxides and
the free radical polymerization of methacrylates upon near-UV irradiation [15-19]. The high
efficiency of carbazole derivatives towards the onium salts (even at low concentration) was
ascribed to a highly efficient sensitization reaction [15-19]. To enhance the absorption of the

carbazole compounds at longer wavelengths, carbazole derivatives with the extension of their &t

system (such as DM1 and DM2) are designed and developed in this work (Scheme 1).



Therefore, we report here the synthesis of new carbazole derivatives (noted DMs) and their
use in order to achieve both high photopolymerization rates and high final conversions. They are
also investigated to shed some light on the structure/reactivity/efficiency relationship for their
ability to initiate free radical polymerization (FRP) and/or cationic polymerization (CP) process

under visible light delivered by LEDs at, for example, @375; and @405 nm.

Parallel to this, 3D printing technologies have been explored for a wide range of applications
including robotics, automobile components, firearms, medicine, space, etc. Some examples
include 3D printed components being employed in autonomous underwater (or surface) vehicles;
3D printed coral reef replicas being used to restore damaged coral reefs [20].
3D Printing has also found astonishing applications in research fields ranging from 3D food
printing [21], radiology [22], and 3D organ printing technology (Biomedical Engineering) [23].
Composite materials have found numerous applications e.g. in sports equipments [24], solar
energy applications [25], aerospace applications [26,28], ground transportation [27], and

automotive industries [28].

In this context (3D printing and composites), the development of photosensitive resins upon
near UV or visible light is highly desired. Therefore, example of the performance of the
DMZ1/lodonium salt couple as a radical photoinitiating system in new radical 3D resins upon
exposure to laser diode under air is given here. As well, the manufacture of thick glass
fibers/methacrylate resin composites using the DM2/NPG couple as a radical photoinitiating

system is also displayed, and the preparation of the composites is discussed too.
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Scheme 1. Chemical structures of photoinitiators investigated in this study.

2. EXPERIMENTAL PART
2.1. Synthesis of DM1 and DM2

The synthetic routes toward the different targeted molecules are outlined in Scheme 2, using
the same synthetic approach as reported in our previous work for similar compounds [29]. Briefly,
carbazole molecules were synthesized from commercially available 3,6-dibromocarbazole using a
common two-step synthesis. These N-alkyl/benzyl-substituted 3,6-dibromocarbazole
intermediates 1a—1b have been isolated in high yields by the N-alkylation/benzylation reaction in
strong basic medium. The second step involved a classical twofold Pd-catalyzed Buchwald—
Hartwig amination between the freshly synthesized N-substituted carbazole derivatives 1a-1b and
the commercial product di(4-methoxyphenyl)amine. These final compounds DM1-DM2 were

obtained as yellowish powders in reasonable yields after purification.
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Scheme 2. Synthesis of the two studied compounds (DM1, DM2).

General synthesis procedure for 1a-1b
In a dry 100 mL round-bottom flask, 3,6-dibromocarbazole (0.6 mmol), 1-bromoalkene (0.9

mmol), NaOH solution (4.7 mmol, dissolved in 1 mL of water), and DMSO (6 mL) were charged.
The mixture was heated to 50°C for 4 h and allowed to cool to room temperature. The reaction
mixture was quenched with brine (10 mL) and extracted with CH2Cl (3 x 15 mL). The organic
layers were combined, washed with brine and water, dried over anhydrous MgSOs, filtered, and
concentrated under reduced pressure. The crude product was purified by column chromatography
eluting with CH2Cl2/ petroleum ether (4/6 v/v) to yield the title compounds as white solids (85%
yield).

N-(4-vinylbenzyl)-3,6-dibromocarbazole (1a): *H NMR 250 MHz (DMSO-ds) 6 5.2 (d, 1Hcis,
J=11Hz), 5.67 (s, 2H), 5.74 (d, 1Htrans, J = 18 Hz), 6.35 (dd, 1H, J =11 and 17 Hz), 7.10 (d,
2H J =9 Hz), 7.36 (d, 2H, J = 8 Hz), 7.63 (m, 4H), 8.85 (m, 2H). 3C {*H} NMR 62.9 MHz
(DMSO-de); 6 (ppm) 45.6, 111.7, 112.0, 114.38, 123.1, 123.6, 126.4, 127.0, 129.0, 136.1, 136.4,
136.8, 139.2.

N-(7-octenyl)- 3,6-dibromo-carbazole (1b): *H NMR 250MHz (DMSO-dg) 6 1.32 (m, 6H), 1.83
(m, 2H), 2.0 (m, 2H), 4.24 (t, 2H, J =8.5 Hz ), 4.9-4.95 (M, 1Hcis), 5.0-4.98 (M, 1Htrans), 5.76 (m,
1H), 7.26 (d, 2H, Jo= 10.5 Hz), 7.55 (dd, 2H, Jo=10.5 Hz, Jn= 2.4 Hz ), 8.42 (d, 2H, Jm= 2.4 Hz).
13C {*H} NMR 62.9 MHz (DMSO-ds); & (ppm) 27.1, 28.7, 28.8, 28.8, 33.6, 43.3, 110.4, 111.9,
114.5, 123.6, 123.4, 129.0, 138.8, 139.3.



General synthesis procedure for compounds DM1 and DM2.

In a dry Schlenk, 1a or 1b (1.0 mmol), bis(4-methoxyphenyl)amine (3.0 mmol), palladium(ll)
acetate (0.05 mmol), sodium tert-butoxide (4.0 mmol), tri-tert-butylphosphine (0.1 mmol,
dissolved in 1 mL of toluene) and anhydrous toluene (10 mL) were charged. The septum-sealed
Schlenk was evacuated and refilled with Argon five times. The mixture was stirred under an argon
atmosphere in sealed Schlenk tubes at 105°C for 80 h and allowed to cool to room temperature.
The reaction mixture was diluted with AcOEt (75 mL) and washed with water (x 3) and brine (X
1), dried over anhydrous MgSOs, filtered, and concentrated under reduced pressure to give a
viscous oil (ca. 2-3 mL). This crude product was purified by fast column chromatography eluting
with CH2Cl,, The collected fractions were combined and the solvent was removed under vacuum
to give an oil product which was added to methanol (200 mL) with vigorous stirring to precipitate
the product. The precipitate was then filtered off, rinsed with methanol several times and purified

again by silica gel column 4/1 hexane/AcOEt to yield a 68% of a yellowish amorphous solid.

N-(4-benzyl-6-vinyl)-3,6-bis(4,4’-dimethoxydiphenylaminyl)carbazole (DM1):

Elemental Analysis (%) Calculated C 79.76, H 5.87, N 5.69, O 8.67. Found C 78.35, H 5.88, N
5.4,08.2;

IH NMR 250 MHz (DMSO-ds) & 3.72 (s, 12H), 5.25 (d, 1H, Juans = 12.6 Hz ), 5.08 (d, 1H, Jeis =
20.4 Hz), 6.71 (dd, 1H, Jeis = 22.05 Hz, Jirans = 13.5 Hz ), 6.82-6.91 (m, 16H), 7.12 (dd, 2H, Jo=
10.3 Hz, Jm= 2.9 Hz), 7.25 (d, 2H, Jo= 9.6 Hz), 7.44 (d, 2H, Jo = 9.9 Hz), 7.58 (d, 2H, Jo = 10.5
Hz), 7.73 (d, 2H, Jn= 2.1 Hz).

BC{*H} NMR 62.9 MHz (DMSO-ds); & (ppm) 55.2 (4C), 55.7, 114.6 (8C), 116.4, 116.8, 119.9
(2C), 120.9 (2C), 122.8 (2C), 123.7 (8C), 126.4 (2C), 127.2 (2C), 136.2, 132.3 (2C), 137.6, 140.3,
140.8 (2C), 142.1 (4C), 154.2 (4C).

N-(7-octene)-3,6-bis(4,4’-dimethoxydiphenylaminyl)carbazole (DM2)

Elemental Analysis (%) Calculated C 78.77, H 6.75, N 5.74, O 8.74. Found C 78.11, H 6.85, N
5.47,0 7.96.

HR-MS: m/z=737.3254 [M+H]"



IH NMR 250 MHz (DMSO-ds) & 1.28 (s, 6H), 1.73 (s, 2H), 1.93 (s, 12), 3.67 (s, 12H), 4.28 (m,
2H), 4.87-4.91 (M, 1Hcis), 4.97 (M, 1Huans), 5.69-5.75 (m, 1H), 6.76-6.86 (M, 16H), 7.09 (d, 2H),
7.47 (d, 2H), 7.64 (s, 2H).

13C{1H} NMR 62.9 MHz (DMSO-ds); 5 (ppm) 23.6, 28.2, 28.3, 28.7, 33.1, 42.5, 55.2, 110.3,
114.6, 116.6, 122.6, 123.6, 124.4, 131.1, 137.2, 138.7, 139.9, 140.1, 154.1.

2.2. Other Chemical Compounds.

The other chemicals compounds (Scheme 3) (N-phenylglycine NPG as well as the radical monomers
(BisGMA and TEGDMA)) were obtained from Sigma-Aldrich, they were selected from the highest purity
available. The iodonium salt (lod) was obtained from Lambson Ltd (UK); the epoxy monomer (EPOX) was

obtained from Allnex.
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Scheme 3. Other used chemical compounds.

2.3. Irradiation Sources.



The following Light Emitting Diodes (LEDs) were used as irradiation sources: (i) LED@375
nm-incident light intensity at the sample surface: lo = 40 mW.cm; (ii) LED@405nm (lo = 110

mw.cm).
2.4. Cationic Photopolymerization (CP) and Free Radical Photopolymerization (FRP).

The two-component photoinitiating systems (PISs) are mainly based on
Photoinitiator/lodonium salt [(0.5%/1% w/w) or (0.3%/1% w/w)] or Photoinitiator/NPG
(0.5%/1% wi/w). The weight percent of the different chemical compounds of the photoinitiating
system is calculated from the monomer content (w/w). The photosensitive thin formulations (~25
um of thickness) were deposited on a BaF pellets under air for the CP of EPOX. The evolution of
the epoxy group content was continuously followed by real time FTIR spectroscopy (JASCO FTIR

4100) at about 790 cm™, as in ref. [30].

The 1.4 mm thick samples of BisGMA/TEGDMA were also polymerized under air. The
evolution of the methacrylate characteristic peak for the thick samples (1.4 mm) was followed in
the near-infrared range at ~6160 cm™. The procedure used to monitor the photopolymerization

profile has been described in detail in [7,31,32].
2.5. Free Energy Calculations for Electron Transfer.

The free energy change AGe: for an electron transfer reaction was calculated from the
classical free-energy change equation (eq 1) [33], where Eox, Ered, Es, and C are the oxidation
potential of the electron donor, the reduction potential of the electron acceptor, the excited state
energy and the coulombic term for the initially formed ion pair, respectively. C is neglected as

usually done in polar solvents.

AGet= Eox — Ered —Es + C (eq 1)



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

The ESR-ST experiments were carried out using an X-Band spectrometer (Magnettech).
LED@405 nm was used as irradiation source for triggering the production of radicals at room
temperature (RT) under N2 in tert-butylbenzene and trapped by phenyl-N-tert-butylnitrone (PBN)
according to a procedure described by us in [31,32]. The ESR spectra simulations were carried out

with the PEST WINSIM program.

2.7. UV-visible absorption and Photolysis Experiments.

The absorbance properties of the different compounds were studied using JASCO V730 UV-
visible spectrometer. In fact, the photolysis can occur by illumination with various LEDs, but

LED@375nm was chosen as a template.

2.8. Fluorescence Experiments.

The fluorescence properties of the compounds were studied using a JASCO FP-6200

spectrofluorometer.

2.9. Computational Procedure.

Molecular orbital calculations were carried out with the Gaussian 03 suite of programs. The
electronic absorption spectra for the different compounds were calculated with the time-dependent
density functional theory at the MPW1PW91-FC/6-31G* level of theory on the relaxed geometries

calculated at the UB3LYP/6-31G* level of theory.

2.10. 3D Printing/laser write Experiments.



For laser write experiments, a laser diode @405nm (spot size around 50 pm) was used for
the spatially controlled irradiation. Rather similar intensity on the surface of the sample and similar
emission spectrum for the laser used in 3D printing and the LED in Kkinetic experiments were used
for sake of comparison. The photosensitive resin (various thickness) was polymerized under air
and the generated 3D patterns analyzed by a numerical optical microscope (DSX-HRSU from

OLYMPUS corporation).

2.11. UV conveyor.

The Dymax-UV conveyor was used to cure composites. The glass fibers were impregnated
with the organic resin (50/50 w/w%) and then irradiated. The UV conveyor is equipped with a 120
mm wide Teflon-coated belt and one UV lamp (mercury—Fe doped lamp). The distance between
the lamp and the belt can be manually adjusted (fixed at 15 mm) as can the belt speed (fixed at 2

m min1).

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

The absorption spectra of the new proposed photoinitiators (DM1 and DMZ2) in acetonitrile
are reported in the Figure 1. These compounds are characterized by i) a main band, which possesses
extremely high extinction coefficients in the near UV and (ii) one additional band at higher
wavelengths, which possesses lower extinction coefficients (e.g., DM1 ~44200 Mt.cm™ at Amax =
300 nm (main band) and ~5780 M.cm™at A = 370 nm (additional band)). The light absorption
properties of DM1 and DM2 are summarized in Table 1. Remarkably, their absorptions are intense

in the 250-450 spectral range ensuring fairly good overlap with the emission spectra of the near

10



UV or visible LEDs used in this work (e.g., @375 and @405 nm). The presence of styrene
substituent on the nitrogen (DM1) plays only a slightly role on the light absorption properties in
the near UV (compared to an aliphatic chain substituent for DM2), a slight hyperchromic shift is
observed for DM1 compared to DM2 as a result of the presence of this electron-donating
substituent (Figure 1). The influence of the substitution pattern of DM1 and DM2 is not observed
in the visible region. The optimized geometries as well as the frontier orbitals (Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMOQO)) are shown in
Figure 2. Both the HOMO and LUMO are strongly delocalized all over the © system clearly

showing m — ©* lowest energy transitions.
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Figure 1. Absorption spectra of the investigated compounds in acetonitrile: (1) DM1; (2) DM2.
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Table 1. Light absorption properties of DM1 and DM2: maximum absorption wavelengths Amax,
extinction coefficients at Amax and extinction coefficients at the emission wavelength of the
LED@405 nm.

Pl | Amax (NM) | &max(Mt.cm™) | g@osnm) (M1.cm™)
DM1 300 44200 2030
DM2 300 41900 1900

LUMO

Figure 2. Contour plots of HOMOs and LUMOs for DM1 & DM2 structures optimized at the
B3LYP/6-31G™* level of theory.

3.2. Cationic Polymerization (CP) of Epoxides.

The CP of 25 um thin epoxide films (e.g., EPOX) under air exhibits a very high efficiency
in term of final epoxy function conversion (FC), e.g. FC = 64% with DM2 (Figure 3A, curve 4;
Table 2), using a two-component photoinitiating system based on DM2/lod combination
(0,5%/1% w/w) (irradiation with the LED@ 405 nm). The same holds true at lower concentrations

of DM2 e.g. FC = 56% with DM2/lod (0,3%/1% wi/w/); Figure 3A, curve 2; Table 2. In these

12



irradiation conditions, for lod alone, no polymerization occurs showing the role of DM1 and DM2
in the global performance of the system. In the same context, lower final epoxy function
conversions were obtained when using DM1/lod combination as photoinitiating system e.g. FC =
52% with DM1 (0,5%/1% w/w/); (Figure 3A, curve 3; Table 2) and FC = 42% with DM1
(0,3%/1% wi/wl/); (Figure 3A, curve 1; Table 2), despite the same absorption properties for DM1
and DM2 @405 nm, and nearly the same electron transfer quantum yield (¢et; calculated according
to eq 2, Table 4 — see below). Therefore, this suggests that the initiating ability of DM2°*" for the
polymerization of EPOX is higher than for DM1°** (see below in the chemical mechanism in part

3.6).

In addition, a new peak ascribed to the formation of the polyether network during the
photopolymerization arises at ~1080 cm™ in the FTIR spectra (Figure 3B&C). Therefore, DMs can

be considered as a good photoinitiator in combination with an iodonium salt.

13
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Figure 3. (A): Polymerization profiles (epoxy function conversion vs irradiation time) for EPOX
under air (thickness = 25 pum) upon exposure to LED@405 nm in the presence of the two-
component photoinitiating systems: (1): DM1/lod (0.3%/1% w/w); (2): DM2/lod (0.3%/1% w/w);
(3): DM1/lod (0.5%/1% wi/w); and (4): DM2/lod (0.5%/1% wi/w). The irradiation starts for t =
10s. (B): IR spectra recorded before and after polymerization for DM1/lod (0.5%/1% w/w) upon
exposure to LED@405 nm. (C): IR spectra recorded before and after polymerization for DM2/lod
(0.5%/1% wi/w) upon exposure to LED@405 nm.
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3.3. Free radical photopolymerization of BisSGMA/TEGDMA.

The FRP of BisGMA/TEGDMA blend in thick films (1.4 mm) under air and in the presence
of the DMs/NPG (0,5%/1% w/w) couples is very efficient upon irradiation with the LED@405
nm (Figure 4). Clearly, both the DMs/lod and DMs/NPG systems have the ability to overcome the
oxygen inhibition usually observed in FRP. Typical methacrylate function conversion-time
profiles are given in Figure 4 and the FCs are summarized in Table 2. In these irradiation
conditions, lod alone does not work, the same applies to DM or NPG alone, showing the
requirement of DM/lod or DM/NPG for efficient systems. However, it is well obvious that
DMs/NPG systems have higher final methacrylate conversions than DMs/lod (Figure 4, curves 2-
4 vs curves 1-3; see also in Table 2; irradiation with LED@405 nm). This latter behavior can be
ascribed to the color of the obtained thick polymer that changed from bright yellow to dark green
in the case of the presence of iodonium salt as an additive. Accordingly, an inner filter effect occurs
during polymerization in presence of lod; the phenomenon is not observed in presence of NPG,

where the color changes from light yellow to slightly darker yellow.

DM1 and DM2 have the same absorption properties at A = 405 nm (Figure 1). In addition,
they have nearly the same electron transfer quantum yield with lod (¢et; calculated according to eq
2, Table 4 — see below), so they have the same reactivity, and then the same efficiency.
Accordingly, the same rates of polymerization in the presence of iodonium salt are found (Figure

4, curves 1-3).

In the presence of NPG, higher methacrylate final conversions were obtained in presence of

DM2, suggesting that DM2 is more efficient than DM1 (Figure 4 curves 2-4).

15



Table 2. Final Reactive Epoxy Function Conversion (FC) for EPOX and Methacrylate Function
for a BisGMA/TEGDMA blend, using Different Photoinitiating Systems after 800s or 100s of
Irradiation, Respectively with LED @405 nm.

epoxy function conversion (FC)

methacrylate function conversion (FC)

(at t =800 s) (att=1005s)
DMs/lod DMs/lod and DM/NPG
(thickness = 25 um) (thickness = 1.4 mm)
under air under air
DM1/lod DM2/lod DM1/lod DM2/lod DM1/NPG DM2/NPG
52% (0.5%/1% 64% (0.5%/1% 40% 32% 56% 63%
wiw); wiw); (0.5%/1% wiw) | (0.5%/1% w/w) | (0.5%/1% wiw) | (0.5%/1% wiw)
42% (0.3%/1% 56% (0.3%/1%
wiw) wiw)
A) B) After polymerization

70
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104
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T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110

Time (s)

Figure 4. (A) Polymerization profiles (methacrylate function conversion vs. irradiation time) for
BisGMA-TEGDMA under air (thickness = 1.4 mm) in the presence of the two-component
photoinitiating systems: (1) DM1/lod (0.5%/1% wiw); (2) DM1/NPG (0.5%/1% w/w); (3)
DM2/1od (0.5%/1% w/w); and (4) DM2/NPG (0.5%/1% wi/w); upon exposure to LED@405 nm.
The irradiation starts at t=10 s. (B) Photos of a BisGMA/TEGDMA thick film (1.4 mm) upon
irradiation with the LED@405 nm for 100 s in the presence of DM2/NPG (0.5%/1% wi/w),
DM2/lod (0.5%/1% wi/w), DM1/NPG (0.5%/1% w/w) and DM1/lod (0.5%/1% w/w), respectively
(from left to right), under air after polymerization. The irradiation starts for t = 10 s.
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3.4. Laser write experiments and 3D patterns using DM1/NPG System.

Using laser diode @405nm, laser write examples were successfully performed under air

using the DM1/NPG (0.0625%/0.125% wi/w) system with the BisSGMA/TEGDMA resin, which is

very reactive in the radical polymerization of methacrylates under air (see above). Remarkably,

the high photosensitivity of this resin allows an efficient polymerization process in 3D. Thick

samples up to ~2100 um were easily obtained with both high spatial resolution and very short

writing time (< 1 min), e.g. "DM1" logo characterized by profilometric experiments using a

numerical optical microscope (Figure 5).
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3.5. Access to photocomposites using DM2/NPG system

17



As DM2 has shown a high efficiency in both cationic and radical polymerizations, the
following section focuses on the use of DM2 in composites which are well known for their
improved mechanical properties. Indeed, over the last few years, composite materials have been
the dominant emerging materials. They exhibit several properties over conventional ones: light
weight, high strength, corrosion resistance and chemical resistance leading to reinforced materials

for industrial applications.

In this work, the composites were prepared by impregnation of glass fibers by an organic
resin (50% glass fibers/50% resin w/w) and then irradiating the sample. A fast polymerization was
observed using DM2, the results show that DM2/NPG was able to fully cure the composite (glass
fibers/methacrylates) in only one pass at the surface and 3 passes on the bottom (for 2 m/min belt
speed) of irradiation by UV (mercury—Fe doped lamp) lamp (Figure 6) (composite thickness =
2mm). The results are summarized in Table 3. Furthermore, we note that no significant change of
the color of the initial composition was observed using DM2. This behavior demonstrates that

DM2 exhibits an outstanding reactivity for the production of composite materials.

Picture before Picture after
irradiation

With UV Lamp

= O ‘
DM2/NPG (0.5%/1% w/w) in
1g BisGMA/TEGDMA

Figure 6. Photocomposites produced using UV conveyor (Hg —Fe doped lamp), Belt Speed =
2m/min, using the free radical polymerization (FRP) in the presence of glass fibers/resin (0.5%
DM2 + 1% NPG in BisGMA/TEGDMA) (thickness =2 mm).
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Table 3. Number of passes to be tack free for impregnated glass fibers with methacrylate resin
using UV conveyor (Hg-Fe doped lamp), belt speed used = 2 m.min™.

50% glass fibers/50%
methacrylate resin

At the surface

On the bottom

0.5% DM2 + 1% NPG in
BisGMA/TEGDMA

T.F. after 1 pass

T.F. after 3 passes

T.F.: Tack-free

3.6. Chemical Mechanismes.

3.6.1. Steady State Photolysis.

Steady state photolysis experiments have been carried out. The photolysis of DM2/lod in

acetonitrile upon irradiation with a LED@375 nm is much faster than that of DM2 alone [e.g.,

DM2/lod in Figure 7A vs. DM2 alone in Figure 7B]. A new photoproduct (characterized by a

significant visible light absorption) is formed according to the DM2/lod interaction. An isobestic

point at about 340 nm is found in the DM2/lod photolysis suggesting that no other by-side reaction

occurs. The effect of lod on the DM2 photolysis is clearly shown in Figure 7C, where the optical

density@375 nm for different irradiation times is depicted (curve 2 in presence of lod vs. curve 1

without lod).
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Figure 7. (A) DM2/lod photolysis upon exposure with LED@375 nm; and (B) Photolysis of DM2
in absence of lod. (C) Formation of photoproducts without (1) and with (2) lod salt vs time of

irradiation with a LED@375 nm.

3.6.2. Fluorescence quenching, Cyclic Voltammetry and ESR Experiments

Fluorescence quenching experiments in acetonitrile for DM2 are shown in Figures 8A and

8B. First, the crossing point of the absorption and fluorescence spectra allows the determination

of the first singlet excited state energy (Esi, Table 4).
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Figure 8. (A) Fluorescence quenching of DM2/lod; and (B) Stern—Volmer treatment for the
DM2/1od fluorescence quenching.

Table 4. Parameters Characterizing the (Photo)Chemical Mechanisms Associated with
13DMs/lod in Acetonitrile.

Eox Esi (eV) | AGesy Ksv detsy) | ETL (€V) | AGet(ry)

(eV) (eV) (M1 (eV)
DM1/lod 0.40 2.95 -2.35 302 0.85 2.62 -2.02
DM2/lod 0.38 2.96 -2.38 432 0.89 2.6 -2.03

Favorable fluorescence quenching processes of the excited singlet states by lod are shown
by the high value of the Stern-VVolmer coefficients (Ksv; Table 4), high electron transfer quantum
yield (¢et; calculated according to eq 2, Table 4) as well as highly favorable free energy changes
(AGet) for the expected electron transfer reaction between the DMs and lod (reactions r1 and r2;
e.g. for DM2/lod, AGets1) = -2,38 eV; see in Table 4; the potential of the first oxidation peak of

DMs are determined by cyclic voltammetry (for DM2; Eox ~0.38 V, see Table 4).

det= Ksv[lod]/(1+Ks[lod]) (eq 2)
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DM2 — *DM2 (hv) (r1)
‘DM2+ Ph,I* — DM2°** + Phyl* — DM2** + Ph® + Phl  (r2)
DM2°** + EPOX — cationic polymerization (r3)
Ph*+ BisGMA/TEGDMA — radical polymerization (r4)

Scheme 2. Proposed chemical mechanisms for photopolymerization initiated by DMs (DM1 or
DM2). I mettre Ar21+ au lieu de Ph21+ et modifier r4 avec Ar° ; enlever le surligné bleu

A triplet state pathway cannot be ruled out i.e. the free energy change (AGetty)) for the
electron transfer reaction *DM2/lod is also favorable (AGer1) = -2.03 eV is less favorable than

AGet(s1) = -2.38 eV, see Table 4).

The favorable quenching process of DMs by lod is schematized with the reactions rl and r2
(Scheme 4). This is also fully confirmed by ESR results. Indeed, the aryl radicals (Ar®) were easily
detected as PBN/Ar® radical adducts in the irradiated DM2/lod solution in ESR-ST experiments
(Figure 9A). Indeed, the simulation of the experimental ESR spectrum yields the hyperfine
coupling constants (hfcs): an = 14,09 G and an = 2.09 G typical for the PBN/Ar® radical adducts
[31,32]. Remarkably, the aryl radicals are the best reported carbon centered initiating species for
addition onto methacrylate double bond (Kaa ~ 102 M™.s1) [2] in full agreement with the good

efficiency of the DMs/lod couples as radical initiators (r4 in Scheme 4).

On other side, the radical cations (DM*") were easily detected in the irradiated DM2/lod
system (Figure 9B), where no spin trapping agent (PBN) was used to avoid detecting any additional

aryl radical. The ESR spectrum of DM2*" consists of broad line pattern at g = 2.0027.
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Ar® and DM2°*" can be considered as the initiating species for the radical polymerization and
the cationic polymerization, respectively (Scheme 4). Alternatively, in presence of radical cations,

the release of initiating Bronsted acid for CP [34] can also be observed.

) m— Simulated B )
= Experimental
r T T T T T T T T T 1 r T T T T 1
3300 3320 3340 3360 3380 3400 330 332 334 336 338 340

Magnetic Field (G) Magnetic Field (mT)

Figure 9. (A) ESR-ST spectra obtained upon irradiation (LED@405nm) of DM2/lod/PBN,
experimental (lower spectrum), and simulated (upper spectrum) in tert-butyl benzene as a solvent;
and (B) ESR spectrum obtained upon irradiation (LED@405 nm) for DM2/lod solution in absence
of spin trapping agent (solvent = tert-butyl benzene).

3.6.3. Structure/Reactivity/ Efficiency Relationship

DMZ1/lod exhibits a rather similar performance than DM2/lod in radical polymerization, this
can be ascribed to the same absorption properties at @405 nm i.e. DM1 and DM2 have the same
extinction coefficient at this wavelength. In addition, they have nearly the same electron transfer
quantum yield (¢et; calculated according to eq 2, Table 4), so they have the same reactivity, and

then the same efficiency (Figure 4, curves 1-3).

For the reaction DMs/NPG, a higher reactivity is found for DM2 suggesting a more favorable

reduction process for this latter compound.
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Both DM1 and DM2 have high and rather similar extinction coefficients at 405 nm (see Table
1) and nearly the same electron transfer quantum yield. In contrast, DM2/lod has higher
performance than DM1/lod in cationic processes (Figure 3). Therefore, this suggests that the

initiating ability of DM1°*" for the polymerization of EPOX is lower than for DM2°",

Conclusion:

In summary, we designed and developed new photoinitiators based on the carbazole
structure (DMs). DMs have strong visible light absorptions and can be very efficient for cationic
and radical polymerizations upon violet and blue LEDs. Remarkably, DM2 can be selected as the
best PI compared to DM1 for its highest performance in initiating both radical and cationic
polymerizations. The high performance of DMs in radical initiating systems is also shown for new
3D printing resins. The proposed system can be used for the production of thick glass fibers
composites. The development of other high-performance photosensitive resins for 3D printing of

composites is under way and will be presented in forthcoming papers.
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