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Abstract

5,12-Dihydroindolo[3,2-a]carbazole is a promising scaffold for the design of visible
light photoinitiators of polymerization due to the simultaneous presence of two carbazole
moieties that can be differently functionalized. Notably, redshift of the absorption spectra can
be facilely obtained by nitration of one of the two carbazoles, the second carbazole group being
functionalized with various groups. Dinitration of 5,12-dihydroindolo[3,2-a]carbazole is
another efficient approach for designing dyes with strong absorptions extending over the visible
range. In this work, a series of 36 compounds never reported in the literature and differing by
the substitution pattern have been designed and synthesized. Notably, the possibility to design
push-pull dyes by Knoevenagel and Claisen Schmidt reactions, to introduce electroactive
groups such as thiophene by Suzuki cross-coupling reactions or to design water soluble
chromophore has been explored. To evidence the interest of these structures,
photopolymerization experiments have been carried out at 405 nm and the polymerization of
acrylates has been examined in thick and thin films. To support the polymerization efficiency,
mechanisms involved in the free radical polymerization of acrylates have been established by
the combination of various techniques including UV-visible absorption and fluorescence

spectroscopy, cyclic voltammetry and photolysis experiments.
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1. Introduction

In recent years, visible light photopolymerization has been the focus of intense research
efforts due to the wide range of applications in which this polymerization technique is
involved.[1-6] Among the most popular applications, 3D printing, dentistry or microelectronics
have boosted the development of new photoinitiators.[7—16] With aim at designing visible light
photoinitiators, two competitive approaches can be developed.[17] The first one is based on the
chemical modification of historical UV photoinitiators aiming at red-shifting their absorption
towards the visible range.[18-20] However, considering that these chromophores were UV-
centered, shift of their absorptions towards the visible range can only be obtained at the cost of
difficult syntheses and most of the dyes only absorb not far from the near-UV/visible range.[21—
29] Face to these considerations, a second approach consists in developing new molecules
totally disconnected from these historical structures.[30—48] Considering that visible light
photoinitiators of polymerization should exhibit a strong absorption over the visible range,
long-living excited state lifetimes but also appropriate electrochemical properties in order to
efficiently interact with the different additives introduced into the photocurable resins,
structures commonly used in Organic Electronics are candidates of choice for
photoinitiation.[49] In this field, carbazole is a popular structure in Organic Electronics and
interest for this structure is supported by the easiness of chemical modification, its good
photochemical and thermal stability, good electron-donating ability, high triplet energy
level[50,51] and wide bandgap.[52] Thus, carbazole can be used for the design of small-
molecules and polymeric hosts for triplet emitters in Organic Light Emitting Diodes,[51,53—
56], molecular glasses for organic and hybrid solar cells,[57—60] solid-state emitters for two-
photon imaging,[61] chromophores for Non-Linear optical applications,[62-65] semi-
conductors for Organic Field Effect Transistors (OFETS)),[66-68] Aside from Organic
Electronics, carbazole can also be used for the design of compounds exhibiting biological
activities  (antihistaminic, antitumor, antiepileptic, anti-inflammatory, antimicrobial,
antidiarrheal, analgesic and neuroprotective properties).[69] Carbazole has also been
extensively used in photopolymerization,[70] acting as an electron donor in push-pull dyes,
[71-76], a conjugated spacer for triphenylamine and pyrene-based structures,[75,77] as an
elemental building block for the design of polycyclic structures such as helicenes,[78] or as
chromophore for Type | photoinitiators.[79]

In 2019, an interesting structure combining within a unique molecule two carbazole

moieties has been proposed, namely 5,12-dihydroindolo[3,2-a]carbazole.[80] In this pioneering



work, the symmetrical and regioselective bis(acetylation) and bis(formylation) at the C2,9-
positions of the 5,12-dihydroindolo[3,2-a]carbazole core has been examined. However,
absorptions of the resulting dyes were strongly UV-centered. Only in 2022, first attempts to
asymmetrize the substitution of this structure have been reported.[81] Notably, the possibility
to selectively nitrate one of the two carbazoles enabled first to redshift the absorption of the
resulting dyes towards the visible range and second to introduce various groups onto the second
carbazole such as formyl, acetyl, halogens that can advantageously be used for further chemical
transformations. Asymmetrization of the substitution pattern is notably based on the difference
of reactivity between the C2 and C9-positions, the C2-position being more reactive than the
C9-position. Capitalizing on these preliminary results, a series of 30 dyes Carb_1-Carb_36
based on the 5,12-dihydroindolo[3,2-a]carbazole scaffold have been designed and synthesized.
Notably, innovative structures based on Suzuki cross-coupling reactions, Claisen-Schmidt and
Knoevenagel reactions have been proposed. In fact, only Carb_1 and Carb_2 have been
published in our previous work.[81] For all the other dyes i.e. Carb_3-Carb_36, none of these
structures i.e. 33 compounds have previously been reported in the literature. To evidence the
interest of these structures, the different dyes were used as Type Il photoinitiators of
polymerization upon photoactivation at 405 nm with a LED. The free radical polymerization of
acrylates has been examined. Chemical mechanisms have been fully detailed by combining
UV-visible absorption and fluorescence spectroscopy, photolysis experiments and cyclic

voltammetry.

2. Synthesis of the different dyes
2.1. Synthesis of Carb_1-Carb_7 by Suzuki cross-coupling reactions

In this work, two structures, namely 9-bromo-5,12-dihexyl-2-nitro-6,7-diphenyl-5,12-
dihydroindolo[3,2-a]carbazole  Carb_1 and  5,12-dihexyl-2-nitro-6,7-diphenyl-5,12-
dihydroindolo[3,2-a]carbazole-9-carbaldehyde Carb_2 previously reported in the literature

[81] have been used as reagents for the design of new structures (See Scheme 1).

Scheme 1. Chemical structures of Carb_1 and Carb_2 used for the design of various dyes.



Due to the presence of bromine onto Carb_1, Suzuki cross-coupling reactions could be
carried out and Carb_3-Carb_7 could be obtained with reaction yields ranging from 65 to 86%
yields. Notably, electron-donating groups such as thiophene or pyrene, but also electron-
withdrawing groups such as 4-formylphenyl, 4-acetylphenyl and 4-cyanophenyl substituents

could be introduced as peripheral groups (See Scheme 2).
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Scheme 2. Synthetic route to Carb_3-Carb_7.

2.2. Synthesis of push-pull dyes by Claisen-Schmidt and Knoevenagel reactions

By connecting an electron donor to an electron acceptor by mean of a m-conjugated
spacer, the resulting molecules that are named push-pull dyes are characterized an intense and
broad absorption band extending over the visible range, namely, the intramolecular charge
transfer band.[82] In the context of visible light photopolymerization which requires dyes to
absorb in the visible range, Claisen-Schmidt and Knoevenagel reactions are reactions of choice
for the design of push-pull dyes.[42,83-87] Additionally, these reactions can be carried out in
green conditions, an alcohol being used as the solvent and a few drops of amine are sufficient
to catalyze the two reactions. To end, push-pull dyes can be easily recovered in pure form by
precipitation in alcohols, facilitating the purification process.

Thus, two dyes Carb_8 and Carb_9 were respectively prepared starting from Carb_2
and Carb_4 in 78 and 84% yields by a Claisen-Schmidt condensation of methyl picolinium

iodide in butanol in the presence of a catalytic amount of piperidine (See Scheme 3). Noticeably,



the same reactions carried out in ethanol did not furnish Carb_8 and Carb_9 under reflux, even
if ethanol is commonly used as a solvent for Claisen Schmidt condensation. Conversely, while
using 2-(3-cyano-4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile (TCF) as the electron
acceptor, Carb_10 could be prepared from Carb_2 in ethanol, still using piperidine as the base

and the dye could be isolated in pure form by precipitation in 88% yield.
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Scheme 3. Synthesis of Carb_8 and Carb_10 by Claisen-Schmidt condensation.

Carb_2 and Carb_4 were also used as aldehydes for the design of push-pull dyes by
Knoevenagel reactions. Thus, Carb_11-Carb_12 could be obtained with reactions yields

ranging from 64% for Carb_13 to 89% for Carb_11 in ethanol as the solvent (See Scheme 4).
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Scheme 4. Synthetic routes to Carb_11-Carb-12.

While performing the Knoevenagel reaction in butan-1-ol with Carb_4 as the aldehyde,
an unexpected reaction occurred, furnishing Carb_13-Carb_15 as the unique reaction
products. The unexpected reduction reaction detected in butan-1-ol for Carb_13-Carb_15 was
assigned to the contamination of Carb_4 by traces of Pd(0) (Pd(0) is a side product of the
Suzuki cross-coupling reaction), favouring the hydrogenation reaction subsequent to the
Knoevenagel reaction.[88] Indeed, avoidance of trace catalysts residues is a major issue of
organocatalyzed reactions.[89-93] The different dyes could be obtained with reaction yields
ranging from 55% for Carb_13 to 67% for Carb_14 (See Scheme 5). Noticeably, all attempts
to condense Carb 4 to indane-1,3-dione failed, the unique reaction product being the

dimerization product of indane-1,3-dione, namely bindone.[66,67]
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Scheme 5. Synthetic routes to Carb_13-Carb_15.

By performing the Knoevenagel reaction in ethanol exhibiting a lower boiling point, the
targeted dyes Carb_16-Carb_18 could be obtained with reaction yields ranging from 78 to
86% yields (See Scheme 6). Surprisingly, using ethanol as the solvent, no condensation reaction
of Carb_4 was detected with malononitrile. Conversely, due to its lower boiling point,
condensation of indane-1,3-dione with Carb_4 could be obtained, providing Carb_16 in 78%
yield. Overall, it can be concluded that the undesired hydrogenation reaction observed during
the synthesis of Carb_13-Carb_15 results from the higher boiling point of butan-1-ol
compared to ethanol used for Carb_16-Carb_18, around 40°C, favouring the hydrogenation

reaction when butan-1-ol is used as the solvent.
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Scheme 6. Synthetic routes to Carb_16-Carb_18.

2.3. Syntheses of new 5,12-dihydroindolo[3,2-aJcarbazole derivatives

5,12-Dihydroindolo[3,2-a]carbazole is typically obtained by cycloaddition of two
equivalents of indole with one equivalent of diphenylethanedione (benzil) in the presence of a
catalytic amount of para-toluenesulfonic acid or RuO2 nanoparticles (PTSA).[96-99] In this
context, substituted indoles and benzils were examined as potential reagents for the design of
unreported 5,12-dihydroindolo[3,2-a]carbazole derivatives. Notably, Carb_19-Carb_23 could
be obtained with reaction yields ranging from 58% for Carb_20 to 92% for Carb_21 (See
Scheme 7). To improve the solubility of Carb_19-Carb_23, the different dyes were alkylated
with iodohexane using sodium hydride as the base. All dyes Carb_25-Carb_28 could be
obtained in high yields (See Scheme 8). Due to the presence of two bromine atoms on Carb_26,
this compound was thus used for Suzuki cross-coupling reactions with 2-thienylboronic acid
and 2-pyrenylboronic acid so that Carb_29 and Carb_30 could be obtained in 79 and 84%
yields. Nitration of Carb_27 and Carb_28 was also examined and by controlling the number
of equivalents of HNO3z 65%, mono or bis-nitrated compounds Carb_31-Carb_34 could be
obtained in moderate yields. Notably, lower reaction yields were obtained during bis-nitration
due to the formation of numerous side-products (See Scheme 9). Finally, considering that the
heavy atom effect is important in photochemistry, Carb_31 and Carb_33 were brominated

with NBS, providing Carb_35 and Carb_36 in almost quantitative yields.
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Scheme 7. Synthetic routes to Carb_19-Carb_23.
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Scheme 8. Synthetic routes to Carb_24-Carb_28.
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Scheme 9. Synthetic routes to Carb_92-Carb_36.

2.4. Other Chemicals compounds

Bis-(4-tert-butylphenyl)iodonium hexafluorophosphate (lod; SpeedCure 938) was
obtained from Lambson Ltd (UK). Ethyl 4-dimethylaminobenzoate (EDB; SpeedCure EDB)
was obtained from Lambson. The monomer di(trimethylolpropane)tetraacrylate (TA)) was
obtained from Allnex. Chemical structures of monomers and additives are shown in the Scheme
10.
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Scheme 10. Chemical structures of monomers and additives used in this study.

2.5. Irradiation Source

The following light emitting diodes (LEDs) were used as irradiation sources: (i) Aem =
405 nm (denoted LED@405 nm) with an incident light intensity at the sample surface, 1o = 110
mW cm2 and (ii) Aem = 375 nm (denoted as LED@375 nm), lo = 40 mW cm™.

2.6. UV-visible absorption and photolysis experiments
UV-visible absorption properties of the different compounds (~10° M) as well as the
steady state photolysis experiments were studied using a JASCO V730 UV-visible

spectrometer, in chloroform.

2.7. Photopolymerization kinetics (RT-FTIR)

Experimental conditions used for each photosensitive formulation are indicated in the
caption of the figures. All polymerization tests were performed at room temperature and the
irradiation was started at t = 10 s. The weight content of the photoinitiating system is calculated
from the monomer content. The photoinitiator concentrations in each photosensitive
formulation have been chosen to ensure good light absorption at 405 nm. Conversion of the
acrylate functions of TA was continuously followed by real time FTIR spectroscopy (JASCO
FTIR 4100). For the thin samples (~25 pm of thickness), free radical polymerizations of TA
were performed in laminate (the formulation is sandwiched between two polypropylene films
to reduce the O inhibition). The decrease of C=C double bond band was continuously
monitored from 1581 to 1662 cm™. For the thicker samples (~1.4 mm of thickness), the
formulations were deposited on a polypropylene film inside a 1.4 mm mold under air. Evolution
of the C=C band and the epoxide group band were continuously followed from 6117 to 6221

cm

2.8. Steady state fluorescence

Fluorescence spectra were acquired in a quartz cell at room temperature using a JASCO
FP-750 spectrofluorometer. The same spectrometer was used for the fluorescence quenching
experiments of the different dyes (~10° M) in chloroform.



2.9. Redox potentials

Oxidation potentials (Eox) were measured in acetonitrile by cyclic voltammetry using
tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte (potential vs.
Saturated Calomel Electrode — SCE). The free energy change AGet for an electron transfer
reaction was calculated from egn (1),[100] where Eox, Ered, E*, and C are the oxidation potential
of the electron donor (the carbazole derivatives), the reduction potential of the electron acceptor
(the iodonium salt), the excited state energy and the coulombic term for the initially formed ion

pair, respectively. Here, C is neglected for polar solvents.
AGet=Eox —Eres —E*+ C (Egn. 1)

2.10. Direct Laser Write

For direct laser write experiments, a laser diode emitting at 405 nm (spot size around 50
um) was used for the spatially controlled irradiation. The photosensitive resin was polymerized
under air and the generated 3D patterns were analyzed using a numerical optical microscope
(DSX-HRSU from Olympus Corporation).

2.11. Near-UV Conveyor

Light-sensitive resins were deposited on the glass fibers used for reinforcement. Curing
of the deposited resins was realized using an LED conveyor @ 395 nm (4 W/cm?). The distance
from the belt to the LED was set at 15 mm, and the belt speed was set at 2 m/min (3 s of

irradiation per pass).

3. Results and discussion
3.1. UV-visible absorption properties of the different dyes

UV-visible absorption spectra of all dyes were recorded in chloroform as the solvent
and the results are presented in the Figures 3-9. Different groups of molecules could be
identified, depending on their absorption spectra. In the first group comprising Carb_1-
Carb_7, all dyes comprise a nitro group in their scaffold enabling their absorptions to be
centered in the visible range. For these dyes, an absorption maximum centered around 420 nm
could be determined. The highest molar extinction coefficient was found for Carb_7 bearing a
pyrene group as the substituent (See Figure 1 (A) and Table 1). Conversely, once an electron
accepting group is connected to Carb_2, a significant redshift of the absorption maxima could
be found (See Figure 1 (B)). Thus, by improving the electron-withdrawing ability from
Carb_11 to Carb_10, position of the intramolecular charge transfer band shifted from 454 nm



for Carb_11 to 549 nm for Carb_10. Interestingly, while comparing the absorption of Carb_8
and Carb_9 differing by the spacer between the carbazole structure and the pyridinium group,
a blueshift of the absorption maxima was detected, the absorption peak shifting from 494 nm
for Carb_8 to 447 nm for Carb_9. This blueshift was assigned to the isolation of the electron
donating carbazole in Carb_9 due to the consecutive presence of two phenyl groups that

adversely affects the electronic delocalization.
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Figure 1. UV-visible absorption spectra of Carb_1- Carb_30 in chloroform.

While comparing the absorption of Carb_13-Carb_15 to that of Carb_17 and
Carb_18, replacement of the single bond in Carb_13-Carb_15 by a double bond significantly



modified the absorption spectra compared to that of Carb_17 and Carb_18. Due to the lack of
conjugation with the electron accepting groups in Carb_13-Carb_15, similar absorption
maxima peaking at 420 nm could be found for the three dyes. In the case of Carb_16-Carb_18,
the lack of conjugation of the electron donating carbazole with the rest of the molecule was
confirmed. Indeed, by improving the electron-withdrawing ability, almost no modification of
the absorption maxima was found (See Figure 1 (C)).

By varying the substitution pattern of Carb_24-Carb_28, interesting trends could be
determined. Thus, introduction of cyano groups onto Carb 24 enabled to produce a dye
absorbing until 425 nm. Conversely, for Carb_25-Carb_28, almost no absorption was detected
in the visible range, making these dyes poor candidates for photoinitiation in the visible range
(See Figure 1 (D)). A similar deduction can be evidenced for Carb_29 and Carb_30 in which
no electron-withdrawing groups have been introduced (See Figure 1 (E)).

Finally, introduction of one or two nitro groups onto Carb_31-Carb_36 enabled to
redshift the absorption spectra of these dyes compared to that of their parent structures
Carb_26-Carb_28 (See Figure 1 (F)). Interestingly, introduction of one or two nitro groups

did not significantly modify the position of the absorption maxima, as shown in the Table 1.

Table 1. Optical characteristics of different dyes in chloroform as the solvent.

Pl Carb_1 Carb_2 Carb_3 Carb_4 Carb 5 Carb_6 Carb_7
A (nm) 410 407 420 416 417 416 421
g (M1lcm?) 26100 22700 24600 20200 26750 22300 29600
Pl Carb_8 Carb 9 Carb_10 Carb_11 Carb_12 Carb_13 Carb_14
A (nm) 495 441 550 452 465 419 419
e (Mtlcm?) 43550 36700 45000 30000 37700 21000 21000
Pl Carb_15 Carb_16 Carb_17 Carb_18 Carb_24 Carb_25 Carb_26
A (nm) 418 453 428 469 397 365 379
e (M1l.cm?) 23500 31500 32500 26426 17550 12700 16800
Pl Carb_27 Carb_28 Carb_29 Carb_30 Carb_31 Carb_32 Carb_33
A (nm) 371 370 387 381 414 410 418
e (Mtcem?) 12900 17200 20350 58700 15200 21700 12850
Pl Carb_34 Carb_35 Carb_36
2 (nm) 416 409 413
e (M1lcm?) 27700 19350 24500




3.2. Free radical polymerization (FRP) of acrylates

Different combinations based on 5,12-dihydroindolo[3,2-a]carbazole derivatives
(Carb/lod, or Carb/EDB (0.1/1% w/w) and Carb/lod/EDB (0.1%/1%/1% w/w/w)) have been
tested for the FRP of TA in thin films (25 um, in laminate) and thick samples (1.4 mm, under
air). High final acrylate function conversions (FCs) are shown for the different dyes while using
the different photoinitiating systems (PISs) (Figures 2 and Table 2). It should be noted that the
different dyes, lod, or EDB examined separately were unable to initiate the FRP of TA under
the same conditions, clearly showing that the presence of the dyes was required for an efficient
process. For the lod/EDB system (without Carb), a polymerization occurs in agreement with a
Charge Transfer Complex (CTC) behavior. However, the polymerization rate is much slower
and an inhibition time is found (Figure S1 in Supporting Information). Therefore, the presence

of Carb clearly leads to better polymerization processes.
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Figure 2. Photopolymerization profiles of TA (acrylate function conversion vs. irradiation time) in
laminate (thickness = 25 pm) upon exposure to LED light & = 405 nm in the presence of two- and three-
component photoinitiating systems based on carbazole compounds: (A) Pl/lod (0.1/1% wi/w): (1)



Carb_6/lod, (2) Carb_8/lod, (3) Carb_10/lod, (4) Carb_11/lod, (5) Carb_15/lod, (6) Carb_27/lod,
(7) Carb_29/lod, and (8) Carb_36 (B) PI/EDB (0.1/1% w/w): (1) Carb_6/EDB, (2) Carb_8/EDB, (3)
Carb_10/EDB, (4) Carb_11/EDB, (5) Carb_15/EDB, (6) Carb_27/EDB, (7) Carb_29/EDB, and (8)
Carb_36/EDB (C) PI/lod/EDB (0.1/1%/1% w/w/w): (1) Carb_6/lod/EDB, (2) Carb_8/lod/EDB, (3)
Carb_10/lod/EDB, (4) Carb_11/lod/EDB, (5) Carb_15/lod/EDB, (6) Carb_27/lod/EDB, (7)
Carb_29/1od/EDB, and (8) Carb_36/lod/EDB. The irradiation starts for t=10s.
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Figure 3. Photopolymerization profiles of TA (acrylate function conversion vs. irradiation time) under
air (thickness = 1.4 mm) upon exposure to LED light & = 405 nm in the presence of two- and three-
component photoinitiating systems based on carbazole compounds: (A) Pl/lod (0.1/1% wi/w): (1)
Carb_5/lod, (2) Carb_8/lod, (3) Carb_13/lod, (4) Carb_15/lod, (5) Carb_24/lod, (6) Carb_27/lod,
(7) Carb_30/lod, and (8) Carb_35 (B) PI/EDB (0.1/1% wi/w): (1) Carb_5/EDB, (2) Carb_8/EDB, (3)
Carb_13/EDB, (4) Carb_15/EDB, (5) Carb_24/EDB, (6) Carb_27/EDB, (7) Carb_30/EDB, and (8)
Carb_35/EDB (C) PIl/lod/EDB (0.1/1%/1% w/w/w): (1) Carb_5/l1od/EDB, (2) Carb_8/lod/EDB, (3)
Carb_13/lod/EDB, (4) Carb_15/lod/EDB, (5) Carb_24/lod/EDB, (6) Carb_27/lod/EDB, (7)
Carb_30/10d/EDB, and (8) Carb_35/lod/EDB. The irradiation starts for t=10s.

When the iodonium salt was combined with the different dyes, good
photopolymerization profiles could be obtained (see Figure 2 (A), Figure 3 (A) and Table 2).

In fact, the Carb/lod interaction corresponds to an electron transfer reaction finally leading to



an aryl radical Ar® (rl) and (r2). Ar®is considered as the initiating species for the free radical

polymerization:

Carb (hv) — Carb (r1)
1Carb + Aral* — Carb** + Arzl* — Carb®* + Ar* + Arl (r2)

FRP of TA in thin films (laminate) in the presence of the different Carb/lod couples was
efficient using a LED@405 nm, while lod alone or the dyes alone could not initiate the
polymerization (e.g. Carb_29/lod FC = 74%; Figure 2 (A), curve 7). Same efficiency was
observed in thick samples (1.4 mm, under air) using the Carb/lod systems, but for some dyes,
the monomer conversion was low compared to the results obtained in thin samples (e.g.,
Carb_8, Figure 2 (A), curve 2 FC = 73% vs. Figure 3 (A) curve 2 FC = 41%). This behaviour
can be attributed to an internal filter effect (see also Table 2). Consequently, the studied
compounds were quite efficient in photo-oxidation processes (electron transfer from Carb to
lod) to initiate a FRP in combination with lod (the chemical mechanism is discussed below,
using different techniques such as cyclic voltammetry, photoluminescence spectroscopy and
photolysis experiments).

Parallel to this, 5,12-dihydroindolo[3,2-a]carbazole derivatives were also examined as
Type-11 photoinitiators with an amine (EDB), leading also to an efficient photo-reduction
process for FRP. After irradiating a Carb/EDB system at 405 nm, a reaction could take place
between the excited state of the dyes Carb and EDB. Following the reactions (r3, r4), EDB*(
H) was formed and this species was responsible for the initiation of FRP. Firstly, an electron
was transferred from EDB to Carb (r3), followed by a hydrogen abstraction (r4) leading to the

formation of EDB®* (_n) radicals responsible for initiating FRP.

1Carb + EDB — Carb* + EDB** — Carb-H* + EDB*_n) (r3, rd)

Markedly, FRP of TA in the presence of the different Carb/EDB (0.1%/1% w/w) couples was
efficient using LED@405 nm, while EDB alone, or Carb alone could not initiate FRP processes.
Typical acrylate function conversion—time profiles are given in Figure 2 (B) for thin films

(25pum, in laminate), Figure 3 (B) for thick samples (1.4 mm, under air) and the FCs are



summarized in Table 2. High FCs could be reached in Carb/EDB systems (e.g. Carb_35/EDB
FC = 68%; Figure 3 (B), curve 8 using LED@405 nm).

With the regard to the three-component photoinitiating systems (PISs), in both thin (25
pum, in laminate) (Figure 2) and thick samples (1.4 mm, under air), better performances were
obtained when a third component was added to the photosensitive formulations. Indeed, using
a three-component system, the maximum acrylate function conversions (FCs) and the
polymerization rates (Rp) achieved in these conditions were higher than those obtained with the
two-components PISs (e.g. Carb_6/lod FC= 69% Figure 2 (A) curve 1 or Carb_6/EDB
FC=61% Figure 2 (B) curve 1 vs. Carb_6/lod/EDB FC= 75% Figure 2 (C) curve 1, and
Carb_35/lod FC= 65% Figure 3 (A) curve 8 or Carb_35/EDB FC=68% Figure 3 (B) curve 8
vs. Carb_35/lod/EDB FC=83% Figure 3 (C) curve 8). This fact was also partly ascribed to the
formation of a charge transfer complex (CTC) between lod and EDB which is able to generate
reactive species when it absorbs light. Additionally, Carb** can react with EDB (r5) or Carb-H*
with lod (r6) (see also Scheme 11). Finally, the dye can be regenerated (See also scheme 11

and see the steady state photolysis results below).[3,83,101-103]

Carb** + EDB — Carb + EDB** (r5)
Carb-H* + Ar2l" — Carb + Ar* + Arl + H* (r6)
EDB**
EDB®_j, + H* EDB
L3Carb
hv EDB
EDB**
Carb™ Reductive Carb Oxidative Carb®*
cycle cycle
hv
Ar
Ar,I*
L3Carb
ArI"

Ar

Scheme 11. Proposed photoredox catalytic cycle for the three-component Carb/lod/EDB system.

Overall, in this series of dyes, seven of them could furnish monomer conversions higher
than 87%, namely Carb_1, Carb_24, Carb_25, Carb_27, Carb_29, Carb_30 and Carb_36
(See Table 2). Concerning Carb_1, Carb_24, Carb_30 and Carb_36, the high reactivity of



these four dyes can be assigned to the high molar extinction coefficients of these dyes at 405
nm. On the opposite, Carb_25, Carb_27 and Carb_29 exhibit low molar extinction
coefficients at 405 nm. Their remarkable reactivities can be assigned in this case to the highly
negative free energy changes determined for the electron transfer reactions. Indeed, these dyes
exhibit the most negative free energy changes for the electron transfer reaction of the series.
Therefore, high performance of the seven dyes is the result of high molar extinction coefficients
at 405 nm or appropriate redox properties providing highly negative free energy changes for

the electron transfer from the dye towards the iodonium salt.

Table 2. Final Acrylate Monomer Conversion (FC) for TA after 100 s.

Thickness= 25 um (In laminate) Thickness= 1.4 mm (Under air)
Pl/lod PI/EDB Pl/lod/EDB Pl/lod PI/EDB Pl/lod/EDB
(0,1%/1% (01%/1%  (0,1%/1%/1%  (0,1%/1% (01%/1%  (0,1%/1%/1%
wiw) w/w) w/w/w) w/w) wi/w) w/wi/w)
Carb_1 56% 48% 58% 7% 78% 89%
Carb_2 62% 54% 62% 60% 79% 78%
Carb_3 72% 63% 70% 53% 63% 75%
Carb_4 69% 59% 71% 56% 79% 51%
Carb_5 70% 48% 75% 68% 69% 74%
Carb_6 69% 61% 75% 55% 75% 54%
Carb_7 45% 14% 66% 20% 11% 7%
Carb_8 73% 53% 80% 41% 34% 45%
Carb_9 66% 60% 66% 34% 11% 74%
Carb_10 48% 53% 61% 10% 1% 16%
Carb_11 2% 55% 82% 11% 32% 25%
Carb_12 61% 2% 71% 69% 46% 39%
Carb_13 71% 62% 73% 49% 7% 76%
Carb_14 75% 63% 76% 63% 2% 35%
Carb_15 60% 56% 64% 61% 74% 63%
Carb_17 64% 31% 65% 61% 28% 34%
Carb_18 70% 66% 74% 38% 41% 41%
Carb_24 67% 31% 71% 79% 56% 91%
Carb_25 1% 42% 71% 15% 6% 86%
Carb_26 87% 49% 86% 64% 7% 80%
Carb_27 87% 39% 93% 70% 5% 86%
Carb_28 73% 63% 73% 69% 12% 64%
Carb_29 74% 63% 74% 63% 14% 91%
Carb_30 68% 41% 64% 70% 9% 87%

Carb_31 58% 68% 60% 78% 78% 82%



Carb_32 65% 66% 68% 50% 81% 7%

Carb_33 71% 84% 71% 35% 70% 71%
Carb_34 90% 89% 89% 53% 72% 75%
Carb_35 49% 79% 529 65% 68% 83%
Carb_36 69% 62% 73% 73% 78% 87%
lod/EDB
(1%/1% wiw) 52% 66%

3.3. Chemical mechanisms
3.3.1. Steady state photolysis

Steady-state photolysis of the Carb/lod (10 M), Carb/EDB (102 M) and Carb/lod/EDB
(102 M/ 102 M) systems was performed in chloroform under light irradiation, using a
LED@375 nm. It is remarkable that, for example the photolysis of Carb_29/lod system was
very efficient (See Figure 4 (A)) with the formation of new photoproducts (characterized by a
significant new absorption for A > 395 nm) which is due to the Carb/lod interaction. Isobestic
points were found suggesting a clean process without side reactions. In the same way,
photolysis of the Carb_29/EDB system was also efficient (Figure 4 (B)) but slower than that
with the iodonium salt, which can in addition suggest a photochemical reaction between the
studied dyes and EDB, in agreement with the results observed in the photopolymerization
experiments. Indeed, photolysis of Carb_29 in the presence of the lod/EDB couple (Figure 4
(C)) was lower than that observed with lod or EDB alone (Figure 4 (A, B), clearly showing that
Carb_29 is regenerated in the three-component system (see also the consumption of Carb_29
with lod, EDB, and lod/EDB in Figure 4 (D)).
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Figure 4. Photolysis of Carb_29 in chloroform upon irradiation with a LED@375 nm (A) with lod (10
2 M); (B) with EDB (10 M); (C) with lod/EDB (102 M/102 M); and (D) Consumption of Carb_29:
(1) with lod salt; (2) with EDB; and (3) with lod/EDB.

3.3.2. Fluorescence quenching

In order to better understand the interaction existing between the studied dyes and the
iodonium salt (lod), fluorescence quenching experiments were carried out in chloroform. For
example, as shown in Figure 5, a fast fluorescence quenching process of Carb_30 by lod was
detected (see Figure 5 and Table 3); this clearly shows a very strong interaction of Carb_30
(and even the other dyes) with the iodonium salt ((r1) and (r2)). The associated electron transfer
quantum yields (det) were determined according to the following equation: ®et = ksv[lod]/(1
+ ksv[lod]) and high ®et are found (e.g., @ = 0.69 for Carb_30, Table 3).
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Figure 5. (A) Quenching of *Carb_30 by lod in chloroform. (B) Determination of the Stern-Volmer
coefficient. (C) UV-visible absorption and emission spectra Carb_27 in chloroform.

In addition, interaction between Carb/lod (or Carb/EDB) was investigated through the
evaluation of the free energy changes (AGiod Or AGepg, respectively) for the electron transfer
reactions.[100,104-106] According to the equation (1) (AGet = Eox — Ered — E* + C), AGjoq OF
AGepg were determined from the oxidation potential Eox (or the reduction potentials) of the
studied dyes and their singlet excited state energy (Es1) could be calculated from the crossing
point of the UV-visible absorption and the fluorescence spectra, as shown in Figure 5 (C). The
different results are gathered in Table 3). Favorable AG were found in agreement with the strong

1Carb/lod or *Carb/EDB interaction observed above in photopolymerization experiments.



Table 3. Parameters characterizing the chemical mechanisms associated with the studied dyes in
chloroform.

PI Eq(eV)  E,(V) Erea (V) AG(ZI\;P)L{"“” AGE;{;;’EDB) Kavgog (M) @Dy
Carb_1 - 1.19 - - - - -
Carb_2 - 1.24 - - - - -
Carb_3 - 0.99 -1.02 - - - -
Carb_4 - 0.99 - - - - -
Carb_ 5 - 1.09 -1.19 - - - -
Carb_6 - 1.10 -1.08 - - - -
Carb 7 - 0.74 -1.02 - - - -
Carb_8 2.30 1.18 -1.10 -0.42 -0.2 53.33 0.64
Carb_9 2.35 1.16 -1.17 -0.49 -0.18 38.75 0.56
Carb_10 2.05 1.18 -0.98 -0.17 -0.07 22.92 0.43
Carb_11 251 1.20 -1.01 -0.61 -0.5 6.43 0.17
Carb_12 2.48 1.50 -1.00 -0.28 -0.48 4.04 0.11
Carb_13 - 1.04 -0.96 - - - -
Carb_14 - 1.03 -0.97 - - - -
Carb_15 - 1.03 -0.99 - - - -
Carb_17 2.37 1.02 -1.14 -0.65 -0.23 7.45 0.11
Carb_18 2.26 1.10 -0.98 -0.46 -0.28 7.59 0.21
Carb_24 3.03 0.92 -1.08 -1.41 -0.95 41.28 0.57
Carb_25 3.31 1.16 -1.12 -1.45 -1.19 25.59 0.62
Carb_26 3.20 0.96 -0.99 -1.54 -1.21 8.69 0.26
Carb_27 3.24 0.95 -1.10 -1.59 -1.14 21.73 0.58
Carb_28 3.25 0.93 -1.03 -1.62 -1.22 18.43 0.54
Carb_29 3.12 1.36 -1.03 -1.06 -1,09 39.52 0.71
Carb_30 3.06 1.34 -1.04 -1.02 -1,02 34.75 0.69
Carb_31 - 1.01 -1.05 - - - -
Carb_32 2.57 1.18 -1.07 -0.69 -0.5 12,02 0.29
Carb_33 - 1.06 -1.07 - - - -
Carb_34 2.56 1.14 -1.06 -0.72 -0.5 15.15 0.34
Carb_35 2,51 1.17 -1.12 -0.64 -0.39 4.59 0.13
Carb_36 - 1.06 -1.13 - - - -

a: evaluated from AGsi (piniod) = Eox —Erea(10d) - Est; Erea(lod) = -0.7 V.
b: evaluated from AGsi(pieps) = Eox(EDB) —Ered - Es1; Eox (EDB) = 1 V.
c: Stern-Volmer coefficient (Ks); slope of the quenching curve: I/lo=(1+ksv[lod]).



3.4. 3D printing experiments

Due to their high photoreactivity during the FRP of TA, the two three-component
systems Carb_5/l1od/EDB and Carb_24/lod/EDB were selected for 3D printing experiments
upon laser diode irradiation at 405 nm. This experiment was carried out under air. As shown in
the Figure 6, 3D patterns exhibiting a significant thickness could be obtained, together with a
high spatial resolution (polymerization process is only produced in the irradiated area).
Noticeably, very short irradiation times (~ 2 min.) were necessary to generate the different 3D
patterns. (~ 2 min.). The different letters (C, G, 5 and F) were characterized by numerical optical

microscopy (See Figure 6).

1590.275

) ey ®

795138

8950
6712

4475

\ Y 5153 7 5
/ 5 6714 952 X
lkg’g%d

Figure 6. 3D patterns obtained upon exposure to a laser diode @405 nm: characterization by numerical
microscopy; (A): Carb_5/lod/EDB (0.1%/1%/1% wi/w/w) in Ebecryl40 (thickness = 2200 um); (B):
Carb_24/10d/EDB (0.1%/1%/1% w/w/w) in Ebecryl40 (thickness = 1590um).

3.5. Near-UV conveyor experiments for access to photocomposites

Photocomposite materials were synthesized by impregnation of glass fibers by TA (50%
glass fibers/ 50% resin; thickness of ~3 mm) and then irradiation of the sample. The results
show that the studied dyes were able to fully cure the composites. An efficient curing
polymerization was observed i.e. the surface became tack-free after only one pass of irradiation
with the LED @395 nm (See Figure 7) This character is observed at the bottom of the sample

but only after some passes.



Number of passes to obtained tack-free

Surface Bottom Thickness (mm)
1 20 3.15
3 23 3.63
3 21 3.09
1 15 3.15
1 15 3.22
1 14 2.99

Figure 7. Photocomposites produced by FRP experiments of acrylate monomer (TA) using a LED
conveyor @395 nm Carb/lod/EDB (0.1%/1%/1% w/w/w): (1) Carb_5, (2) Carb_11, (3) Carb_13, (4)
Carb_24, (5) Carb_29 and (6) Carb_36.

Conclusion

In this study, a series of 36 new dyes never reported in the literature was synthetized for
the elaboration of new high-performance photoinitiating systems capable to efficiently initiate
free radical photopolymerizations (FRP) of acrylates upon blue LED irradiation. The FRP
results were explained and discussed by a general mechanism proposed using different
characterization techniques such as steady-state photolysis, fluorescence quenching, and cyclic
voltammetry. It was also noted that, both good light absorption properties and excellent
photochemical reactivity in the excited state processes are required for the dyes to reach
efficient photoinitiating systems. In addition, the good performance of the investigated dyes

paved the way for their use in 3D printing technology, which allows the generation of 3D thick



patterns using a laser diode at 405 nm, and the synthesis of thick glass fiber photocomposites.

Development of new high-performance photoinitiating systems is currently under progress.
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