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Abstract: The free radical polymerization of acrylates photo-initiated by push-pull
dye-based photoinitiating systems (PISs) was widely investigated in previous works.
As a supplementary investigation on push-pull dyes, here in this article, 25 new push-
pull structures comprising electron acceptors derived from indane-1,3-dione and 1H-
cyclopenta[b]naphthalene-1,3(2H)-dione (series 1, compounds 1-13) and 4-
dimethoxyphenyl-1-allylidene moieties (series 2, compounds 14-25) and various
electron donors were synthesized and examined as innovative structures for
photoinitiation. Among the twenty-five dyes examined in this work, nine of them (i.e.
2,3,5-7,9, 10, 12 and 13) have never been reported in the literature prior to this work.
With the co-initiation of a tertiary amine (ethyl dimethylaminobenzoate EDB) and an

iodonium salt and by constituting novel multi-component systems, dyes varying by the
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electron-donating groups could efficiently activate photopolymerization both upon
irradiation of a light emitting diode (LED) at 405 nm but also with sunlight. Among the
two series of dyes examined in this work and by monitoring the polymerization
processes by RT-FTIR measurements, four dyes were determined as exhibiting
excellent photoinitiation performances and these dyes were selected to perform further
studies concerning the chemical mechanisms occurring inside the three-component
PISs, e.g. steady state photolysis, fluorescence quenching measurements, and cyclic
voltammetry. Then, the electron spin resonance (ESR) spin-trapping experiments were
performed to confirm the generated radicals supposed in the discussion part concerning
the chemical mechanisms. Markedly, their high photochemical reactivity was also
proved by photoinitiation performance upon sunlight. Hence, these results prompt us to
develop high performance push-pull dyes as photosensitizers and sunlight could be
used as a mild and ecofriendly light source, which can advantageously replace LEDs
for the free radical photopolymerization in the future. Finally, the formation of 3D
patterns with an excellent gradient of resolution was successfully achieved by the direct
laser write (DLW) approach, both for the photopolymerization of photosensitive resins

initiated by selected dye-based PISs with/without silica fillers.

Keywords: push-pull dye; free radical polymerization; sunlight induced

polymerization; LED; 3D printing.

1. Introduction

Recently, major developments have been achieved concerning the elaboration of
high-performance photoinitiating systems (PISs) by using organic dyes of innovative
structures that were not classically used in photopolymerization.' In this field and
among light-harvesting compounds, push-pull dyes comprising an electron-donating
group connected to an electron-accepting group have been reported as visible-light

sensitive photoinitiators to activate free radical polymerization (FRP).% Particularly,



due to the existence of the m-conjugated spacer introduced between the electron donor
and the electron acceptor, their electron-donating and electron-accepting abilities can
be finely tuned, and position of the intramolecular charge transfer (ICT) band extending
over the visible range can also be finely controlled too.!”!* Markedly, the molar
extinction coefficients can also be dramatically increased by elongating the length of
the m-conjugated spacer. Owing to their attractive features, e.g. high molar extinction
coefficients, significant light absorption in the visible range and tunable absorption
spectra, various applications could be developed in the presence of the push-pull dye-
based PISs.'** Indeed, the uses of push-pull dyes can be given in many fields from
organic electronics, e.g. organic light-emitting diodes (OLEDs),'* organic photovoltaics
(OPVs),!>1¢ organic-field effects transistors (OFETs),!” to nonlinear optics (NLO)'5-%?
and even waste-water treatment.”’

In our group, a wide range of chromophores with different push-pull structures has
been reported as photoinitiators (PI) upon 405 nm light-emitting diode (LED) and
sunlight irradiation.’*?” Also, intense efforts were devoted noticeably for developing
sunlight-induced photopolymerization by using push-pull dye-based PISs.?>?" In this
research field, sunlight exhibits several advantages compared to artificial light
produced with a 405nm LED to activate photopolymerization process. Compared to the
light emitted from LED, the advantages of sunlight are obvious: broader emission
spectrum of the Sun, free and unlimited energy, milder reaction environment, e.g. room
temperature.?®* Benefiting from these advantages, sunlight may replace the use of
artificial light sources with poorer adaption to panchromatic photoinitiators in the
future.®* However, the reported photoinitiator or PISs still suffer from very low
reactivity under sunlight for initiating free radical polymerizations. Hence, the intense
efforts for developing efficient PIs/PISs with high reactivity are still required. Recently,
functional fillers were also used to prepare polymer composites, also constituting an
active research field. Indeed, the photopolymerization of resins containing silica fillers
fabricated by Direct Laser write (DLW) were successfully achieved in previous

researches in our group. As an expectation, this research field was supposed to



constitute a major breakthrough on the knowledge of photopolymerization in material
sciences.

Currently, a family of push-pull dyes bearing various structures (See Figure 1) as
electron-donating groups and which have never synthesized before, were developed as
new photoinitiators to activate the FRP of a benchmark acrylate monomer (TMPTA)
under mild light irradiation in this article. In addition, similar to the push-pull dyes
comprising the N-ethylcarbazole-1-allylidene moiety, a series of push-pull dyes with 4-
dimethoxyphenyl-1-allylidene moieties as electron donors was also investigated as
supplementary research (series 2, compounds 14-25 in Figure S1). Here, two new
families of push-pull dyes were used to prepare three-component photoinitiating
systems with co-initiators, i.e. an iodonium salt and a tertiary amine (ethyl
dimethylaminobenzoate EDB). Among the different structures, several dyes e.g. dyes
7,9, 11, 20 proved to be excellent photoinitiators in FRP and could furnish high final
acrylate function conversions and short photoinitiation times upon both LED and
sunlight irradiation; the polymerization profiles were monitored by Real-Time Fourier
Transform Infrared spectroscopy (RT-FTIR). Moreover, the chemical mechanisms of
the different PISs and the photochemical properties of the selected push-pull dyes were
systematically investigated by steady state photolysis and fluorescence approaches. The
proposed mechanisms happening upon sunlight irradiation were also confirmed by
using electron spin resonance (ESR) spin-trapping technique. The results indicate that
the use of sunlight can constitute an efficient way to replace the energy-consuming
LEDs in FRP. For further applications, the new chromophores were successfully used
to print 3D patterns with remarkable spatial resolutions by the direct laser write (DLW)

approach, even to fabricate photocomposites comprising silica fillers.

2. Materials and Methods

2.1. Dyes

Chemical structures of dyes 1-13 and 4-dimethoxyphenyl-1-allylidene derivatives



(dyes 14-25) reported in this article are presented in the Figure 1 and in Figure S1,
respectively. The synthetic procedures enabling to access to these chromophores are
depicted in Section 3.1 and their characterizations are reported in supporting

information.
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Figure 1. Chemical structures of dyes 1-13 used in this study.

2.2. Other Materials

In this article, a commercial iodonium salt (marked as Iod - Speedcure 938) was
used as co-initiator and an amine (ethyl dimethylaminobenzoate - EDB) was used as
the electron donor. Their corresponding chemical structures are shown in Figure 2. Both
of these two chemicals were purchased from Sartomer-Lambson Ltd (UK). Also, two

kinds of benchmark acrylate monomers (TMPTA and TA) were used in this article, and
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their corresponding molecular structures are also depicted in Figure 2. Here, the
monomers were purchased from Allnex. Particularly, all the synthetic approaches
toward polymerization process reported in this work abided by Green chemistry, given
in mild conditions e.g. solvent-free and mild light irradiation conditions (405 nm LED

and sunlight) at room-temperature.
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Figure 2. Chemical structures of iodonium salt (Iod), the amine (EDB) and the

benchmark acrylate monomers (TMPTA and TA) used in this study.

2.3. Polymerization profiles obtained by Real Time Fourier Transformed Infrared
Spectroscopy (RT-FTIR)

The two families of push-pull dyes were separately dissolved with the iodonium
salt (Iod) and the amine (EDB) in benchmark monomers (trimethylolpropane triacrylate
noted TMPTA for dyes 1-13; tetrafunctional polyether acrylate noted TA for 4-
dimethoxyphenyl-1-allylidene derivatives, dyes 14-25). Also, their weight content
ratios in monomer (TMPTA or TA) are: dye/lod/EDB= 0.1%/2%/2% w/w/w. Then, 1

or 2 drops of prepared photosensitive formulations were deposited in laminate between
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2 polypropylene films to control the thickness at ~ 100 um. After that, the Free Radical
Polymerization (FRP) were activated by exposing the formulations upon irradiation of
a LED emitting at 405 nm (Ip = 30 mW.cm™) or sunlight at mild condition, e.g. room
temperature and under air. During the irradiation, the polymerization kinetics was
investigated by using real-time FTIR spectroscopy (JASCO FTIR 4100), which can
continuously monitor the acrylate functionality at ~6160 cm™' to build the
polymerization profiles, using the following equation between conversion and
)33

irradiation time (eq 1

conversion (%) = (Ao — Ag)/Ao % 100 (eq 1)

where Ao is the initial peak area before irradiation and At is the peak area after irradiation

for a given time t.

2.4. The chemical mechanisms studies

Investigation of the potential chemical mechanisms in the three-component PISs
during photopolymerization is a crucial goal in our works. Here, the steady state
photolysis experiments were carried out by using a UV-visible absorption spectroscopy
(JASCO V730 UV-visible spectrometer) and a JASCO FP-6200 spectrofluorimeter
was used for fluorescence approaches. Moreover, as an important chemical parameter,
the Stern-Volmer coefficients (Ksv) could be obtained from the slopes of Stern—Volmer
treatment in fluorescence quenching experiments. Then, the electron transfer quantum

yields (¢et) can be calculated according to following equation (eq 2):°% %’

o, = Ks[additive]/(1+Ke[additive]) (eq2)

Furthermore, cyclic voltammetry experiments were addressed to investigate
oxidation potential (noted Eox) and reduction potential (noted Erq) as the redox
potentials of selected dyes. Their redox potentials, Eox, Ered, and singlet excited state
energy level (Es1) could contribute to the calculation of the free energy change from the
singlet state (AGS!10d or AGS'gpp) in the electron transfer reaction according to equations

3 and 4.*” Here, the singlet excited state energy level (Esi) was obtained from the



crossing point of the UV-visible and fluorescence spectra. When replace singlet excited
state energy level (Esi) by the triplet state energy level (Et1) extracted from molecular
energy level calculations (Gaussian 03 suite of programs), the free energy change from
the triplet state (AGet) could also be calculated by equations 5 and 6.% Finally, the
reduction potential of the iodonium salt and the oxidation potential of EDB could be

given by existing literature data, which were reported as -0.7 V* and 1.0 V*!,

respectively.
AG®', = Eox—(-0.7) —Es1 (eq 3)
AGSIEDB =1 — (Ered) —Est1 (eq 4)
AGTlIod =Eox— (-0.7) — E71 (eq 5)
AG" [, =1—(Ered) —Em1 (eq 6)

Finally, the supposed chemical mechanisms could be proved by detecting radicals
Ar® and EDB®(y) released from lod and EDB during photolysis in Electron Spin
Resonance-Spin Trapping experiments. Here, dye/lod or dye/EDB were dissolved in
tert-butylbenzene at a weight content ratio 0.2 mg/mL for dyes and 2 mg/mL for Iod
(or EDB). As the spin trap agent, N-tert-butyl-phenylnitrone (PBN) was also dispersed
in the solution at a weight content ratio, 2 mg/mL. Then, the prepared solutions were
degassed by saturating the solutions with nitrogen gas at room temperature. During the
light irradiation process (LED or sunlight), the radicals were monitored by X-band
spectrometer (Bruker EMXplus) and the ESR spectra simulations were carried out

using PEST WINSIM software.*® 3’

2.5. Photocomposites preparation

In this work, a weight content of 20% silica powders was dispersed in
photosensitive formulations to build the photocomposites containing silica fillers.
Formulations were prepared by dissolving dyes, lod and EDB at the weight contents in

the monomer (TMPTA or TA): dye/lod/EDB, 0.1w%/2%/2%, same as Part 2.3) to



constitute the three-component systems at room temperature and under air.

2.6. Direct Laser Write experiments (DLW)

Photosensitive formulations containing acrylate monomers (TMPTA or TA), PISs
(or PISs/silica) were dropped onto a 2 mm-thick homemade tank and then irradiated
upon a computer-controlled laser diode@405 nm with spot size around 50 um. To
observe the precise shapes of the fabricated tridimensional patterns, a numerical optical
microscope (DSX-HRSU, OLYMPUS corporation) was used after performing the

direct laser write on the formulations.

2.7. Computational procedure
Geometry optimizations were performed at the UB3LYP/6-31G* level.
Geometries were frequency checked and the molecular orbitals (MOs) involved in these

transitions were extracted.*” *3

3. Results and Discussions
3.1. Synthesis of the different dyes

In order to modify the position of the absorption maxima and in order to facilitate
the synthesis of the push-pull dyes, several approaches have been considered. Indeed,
fine tuning of their panchromatic behavior may imply the modification of the donor or
the acceptor moieties but also an elongation of the spacer introduced between the two
par‘[ners.44

During the last decades, the most popular way to tune the position of the absorption
maxima of push-pull dyes consisted in modifying the electron donating part, while
keeping the same electron acceptor. It allows, by using easily accessible aldehydes to
adjust the position of the highest occupied molecular orbital (HOMO) of the push-pull
without drastically impacting the position of the lowest unoccupied molecular orbital

(LUMO). Moreover, an extension of the spacer may be considered, as in the case of



D4, D5 or D7 (see Figure 3) allowing to redshift the absorption spectra.
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Figure 3. Chemical structures of the aldehydes D1-D7 used in this study.

Additionally, this study also considered another approach to design push-pull
dyes: the modification of the acceptor moiety. To get access to panchromatic push-pull
dyes, we chose to modify a commercially available electron acceptor, namely indane-
1,3-dione. Its modifications are already described in the literature but poorly used in
photopolymerization.>

First, an extension of the aromaticity of the acceptor moiety might also be
considered. Indeed, by extending the aromaticity of the electron acceptor, a
bathochromic shift of the absorption spectra compared to the parent structures can be
anticipated. In this extent, the synthesis of naphthaleneindane-1,3-dione (EA1) (i.e. 1 H-
cyclopenta[b]naphthalene-1,3(2H)-dione) was performed by a Claisen condensation
followed by a decarboxylation in acidic media allowing to get the electron acceptor in
91% yield for the two steps (See scheme 1 a).

Another strategy to improve the electron accepting properties of indane-1,3-dione
consists in substituting the carbonyl groups by functions of improved electron-
withdrawing ability and a common strategy consists in functionalizing the carbonyl
groups by malononitrile. One or two malononitrile groups can be selectively introduced
by Knoevenagel condensation, allowing the synthesis of EA2, EA3 and EA4, as shown

in the scheme 1.
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Scheme 1. Synthetic routes to electron acceptors a) EA1 and EA2 and b) modification

of indane-1,3-dione enabling to produce EA3 and EA4.

Among the different synthesis giving access to push-pull dyes, the Knoevenagel
condensation is one of the most popular reaction. Indeed, it allows a simple reaction
between an acidic compound, i.e. electron acceptor moiety, with an aldehyde,
containing the electron donating moiety.

At the end of the reaction often carried out in alcohol, the product, in most cases,
can be recovered by a simple filtration, and obtained in pure form without any further
purification. However, some adjustments had to be made depending on the electron
acceptor. Indeed, use of EA2 and EA3 as electron acceptors implied the use of
diisopropylethylamine (DIPA) i.e. a non-nucleophilic base in order to prevent its
addition onto the push-pull dyes. Indeed, addition of a nucleophilic base onto push-pull
dyes is notably known to produce azafluorenone by cycloaddition reactions.*:*® Also,

in order to synthetize dyes 8-11, the Knoevenagel reaction needs to be performed with
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an acidic catalyst such as anhydride acetic. Indeed, the intermediate formed by EA4 in
a basic media is too stable, imposing these specific reaction conditions for this electron
acceptor.

Nonetheless, the Knoevenagel condensation enabled the synthesis of multiple dyes
shortly. Being an easy-to-handle reaction, this reaction was selected as the appropriate

reaction to synthetize the molecules investigated in this study (See Scheme 2).

Knoevenagel
®< reaction e
5 o ()

EA1
OO’ Piperidine,
Ethanol, reflux
» 12:86% yield
13 : 76% yield

DIPA,

Ethanol, reflux : 55% yield 5 : 45% yield

:74% yield 6 ; 489 yield
1 92% yield 7 : 48% yield
: 74% yield 11 : 53% yield

-
’

AW N -

Acetic anhydride,
reflux

8 : 48% yield
9 :51% yield
10 : 41% yield

Y

Scheme 2. Synthetic routes to dyes 1-11.

It has to be noticed that among the twenty-five dyes examined in this work, dyes
2, 3,5-7,9, 10, 12 and 13 have never been reported in the literature. If, the syntheses
of dyes 1 and 8, dye 4, dye 11, and dyes 14-25 have previously been reported in the
literature, these molecules were never examined as photoinitiators of polymerization,

irrespective of the polymerization conditions.

3.2. Light absorption properties of the push-pull dyes

To study the light absorption properties of both series of dyes (series 1-13 in
Figure 1 and series 14-25 in Figure S1), molar extinction coefficients (€max) at both the
maximum absorption wavelengths (Amax) and at 405nm (&405nm) Were determined by

UV-visible absorption spectroscopy. UV-visible absorption spectra of dyes 1-13 are
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presented in Figure 4a. Absorption spectra of dyes 14-25 are shown in Figure 4b. Light
absorption properties (€max and €405nm) of the different dyes are gathered in the Table 1.
Light absorption properties of 4-dimethoxyphenyl-1-allylidene derivatives (dyes 14-25)
were reported in the Table 14 of a pervious review.*’ Interestingly, based on their
absorption properties, dyes 1-25 could be divided into three classes based on the values
of their maximum molar extinction coefficients (&max): (1) the first class which
possesses the best light absorption abilities. emax values are greater than 60000 M-'ecm
-1 comprising dyes 2, 6, 7, 13, 19; (2) The second class exhibited lower light absorption
abilities than that of the previous group, ranging from 40000 M ecm ! to 60000 M-
lecm! which were found in the cases of dyes 5, 9, 11, 20, 22, 25. (3) Finally, for the
third class (e.g. dyes 1, 3, 4, 8, 10, 12, 14, 15, 16, 17, 18, 21, 23, 24) molar extinction
coefficient were determined as being low, lower than 40000 M 'ecm™!. Considering that
the photoinitiation abilities of photoinitiators in the photopolymerization process are
directly related to their light absorption abilities, photoinitiating ability were mostly
examined for dyes belonging to the two first classes of dyes i.e. classes 1 and 2 as

mentioned above.

1.2x105 10° 7

a b
1x10
= 8x10¢ T
5 £
4 o
& 6x104 b
3 =
N 4 —
o 4x10 5
2x104
0 .
360 420 480 540 600 660 720 780 840 900 400 250 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 4. UV-visible absorption spectra in acetonitrile of the push-pull dyes (dyes 1-

25).

Table 1. Newly developed push-pull dyes applicable in PISs. The final function
conversion of two-component photoinitiating system without dye (Iod/amine) was cited
as blank.
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Push-pull dyes

Absorption properties

Final Acrylate
Function Conversion

(TMPTA)

A ~555nm
max

€ ~33360 Mlem™
max

3 ~ 2030 M'em™!
405nm

~70% @405 LED

A ~575nm
max

€ ~67380 Mlem™!
max

3 ~ 2280 M'em™!
405nm

~98% @405 LED

A ~507nm
max

€ ~30290 M'em™!
max

€ ~5850 Mlem!
405nm

~94% @405 LED

A ~510nm
max

€ ~29010 M'em™!
max

€ ~5570 M lem!
405nm

~80% @405 LED

A ~626nm

max

€ ~42550 Mlem!
max

€ ~ 2550 Mlem!
405nm

~98% @405 LED
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}\'max~ 656nm

€ ~100870 Mlem™!
max

6 ~62% @405 LED
€, e 3880 M lem!
}»max ~689nm
. € _~113870 M'em’ ~97% @405 LED
~93% (@sunlight
€, ~ 13640 M-'em” o @sunlig
A.max ~598nm
8 € ~27290 M'em! ~61% @405 LED
€~ 8310 M 'ecm!
xmax ~627nm
9 g ~51700 Mlem! ~98% @405 LED
~91% @sunlight
€., ~ 4610 Mlem! o @sunlig
xmax ~650nm
€ ~8570M'ecm?!
10 e ~85% @405 LED
€ o™ 8950 Mlem!
\ A ~671nm
N— max
€ - 47770 Mlem!
1 ~99% @405 LED

€ ~ 6560 Mem!
405nm

~92% (@sunlight
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}\'max~ 379nm

12 € o~ 27320 Mlem™ ~98% @405 LED
€ ~5120 Mlem™!
405nm
}\'max~ 384nm
13 € o~ 44320 Mo ~93% @405 LED

3 ~ 15420 Mcm!
405nm

3.3. Photopolymerization kinetics with the newly proposed push-pull dyes in three-

component photoinitiating systems

To investigate the photoinitiation behaviors of the newly proposed push-pull dyes,
light-induced photopolymerization was performed in the presence of push-pull dye-
based three-component systems, comprising an iodonium salt as the electron acceptor,
and a tertiary amine (ethyl dimethylaminobenzoate EDB) as the electron donor. As the
benchmark acrylate monomer (TMPTA for dyes 1-13, TA for dyes 14-25 due to their
poor solubility/photoinitiation abilities in TMPTA), acrylate function conversions upon
irradiation with a 405 nm LED during the FRP were monitored by Real-Time Fourier
Transform Infrared spectroscopy (RT-FTIR) at room temperature. For push pull dyes
alone, no polymerization occurs showing the huge role of the EDB and lod additives
on the polymerization performance.

Photopolymerization profiles initiated by dyes 1-13 are presented in Figure 5a,
and their final acrylate function conversions (FCs) after 400 s of irradiation are gathered
in the Table 1. Markedly, we set the same weight ratios of co-initiators, lod and EDB,
for all dye-based PISs, which were kept at 2% lod and 2% EDB in monomer (TMPTA),
while the content of different dyes was kept at a same weight ratio, 0.1% in monomer.
Moreover, a reference system (2% lod: 2% amine in TMPTA) without dyes was used

to give a better comprehension on the dye-based PIS. Polymerization profile and final
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function conversion obtained with this reference system are also shown in Figure 5a
and Table 1, cited as dye 0 for TMPTA, or identified as blank. For the blank, the
initiation ability comes from the formation of photosensitive lod-amine charge transfer
complexes.*’ From the different results, remarkable acrylate function conversions were
obtained obviously in the cases of dyes 7, 9, 11-based PISs (~97%-~99%), which
possess better photoinitiation abilities than the reference system that only reached 60%
in TMPTA. Interestingly, polymerization profiles of dyes 7, 9, 11-based PISs showed
short induction periods (T-To with T: Start time of polymerization; To: Start time of light
irradiation). Markedly, the polymerization initiated by dye 7-based PIS was extremely
fast, since the maximum monomer conversion could be obtained within 20 s.
Conversely, the other dye-based PISs exhibited poorer photoinitiation abilities,
characterized by lower final acrylate function conversions or longer induction periods.
In this context, we selected dyes 7, 9, 11 to investigate the free radical
photopolymerizations of TMPTA under sunlight irradiation and for the following
steady state experiments.

Sunlight photopolymerization experiments were carried out with the following
weather conditions, under weak solar illumination and environment (around ~21°C) at
14:00-16:00 pm on 9'", July 2021, in Mulhouse Area (+77° 43' E, -47° 75’ N) of France.
As shown in Figure 5b, three selected push-pull dyes exhibited high performance during
the polymerization of TMPTA under sunlight irradiation, furnishing high final reactive
function conversions (FCs): ~99% for dye 7 (black curve), ~95% for dye 9 (red curve),
~92% for dye 11 (blue curve), proving their high photoinitiation abilities under natural
light source as efficient photoinitiators. Obviously, dye 7 demonstrated a higher final
conversion (~90%) under sunlight compared to that of dyes 5 and 6. Dye 9 furnished

the lowest final conversion, only reaching 90%.
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Figure 5. (a) Photopolymerization profiles of TMPTA (conversion of C=C bonds vs irradiation time)
initiated by an iodonium salt and EDB upon exposure to LED@405nm in laminate in the presence

of dyes 1-13 at the same weight ratio: dye:lod:EDB = 0.1%:2%:2% in TMPTA. Curve 0: lodonium

salt: EDB=2%:2% in TMPTA without dye. (b) Photopolymerization profiles of TMPTA (conversion

of C=C bonds vs irradiation time) initiated by the iodonium salt and EDB upon exposure to sunlight

in laminate in the presence of dyes at the weight ratio: dye:lod:EDB=0.1%:2%:2% in TMPTA.

(black) dye 7; (red) dye 9; (blue) dye 11. (c) Photopolymerization profiles of TA (conversion of
C=C bonds vs irradiation time) initiated by an iodonium salt and EDB upon exposure to

LED@405nm in laminate in the presence of dyes 14-25 at the same weight ratio: dye:lod:EDB =

0.1%:2%:2% in TA. Curve 0’: Iodonium salt: EDB=2%:2% in TA without dye. (d)

Photopolymerization profiles of TA (conversion of C=C bonds vs irradiation time) initiated by the

iodonium salt and EDB upon exposure to sunlight in laminate in the presence of dyes at the weight

ratio: dye:lod:EDB=0.1%:2%:2% in TA. (black) dye 14; (red) dye 15; (blue) dye 20.

In our previous works, push-pull dyes e.g. N-ethylcarbazole-1-allylidene
derivatives have been evidenced to be efficient light harvesting compounds and their
high photoinitiation abilities were examined in free radical polymerization upon
sunlight irradiation. The series of push-pull dyes based on 4-dimethoxyphenyl-1-

allylidene moieties (14-25) investigated in this article was also examined as
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photoinitiators of polymerization under both irradiation with a 405nm LED and
sunlight in the same conditions than that used for the previous series based on N-
cthylcarbazole-1-allylidene derivatives, e.g. contents of dye/lod/EDB in three-
component systems, at the room temperature, etc. Among dyes 14-25, only dye 20
furnished a higher final conversion (~99%) than the reference system in TA (~97%,
cited as dye 0’ for TA in Figure 5¢). Even if this family of push-pull dyes (dyes 14-25
excepted dye 20) showed lower FCs than the reference system or N-ethylcarbazole-1-
allylidene derivatives with similar chemical structures reported in our previous work,
however, their photoinitiation abilities were also established in polymerization profiles
in Figure 5c, and their final conversions were listed in the Table 14 of published
review’’ to make the investigation more systematically.

Three photopolymerization profiles of TA initiated dyes 14, 15, 20-based PISs
upon sunlight are depicted in Figure 5d. Fortunately, high initiation performances were
observed for dyes 2 and 7 during the sunlight induced photopolymerization. The two
dyes furnished a same high function conversion (FCs): ~87% both for dye 14 (black
curve) and dye 20 (blue curve). A lower final conversion was obtained in the case of
dye 15 (FC~79%). These results confirm that high photoinitiation abilities can be also
achieved upon irradiation with natural light source with this series of dyes.

In conclusion, high photoinitiation abilities can be achieved upon irradiation with
sunlight in the presence of the investigated dyes (dyes 1-25) as light harvesting

compounds.

3.4. Proposed chemical mechanisms

3.4.1. Steady state photolysis experiments of dye-based Photoinitiating Systems
Steady state photolysis experiments upon irradiation with a LED at 405 nm were

established to investigate the interactions between the three components (dye, lod and

EDB) in newly developed systems by UV-visible spectroscopy. Here, the three dyes,

dyes 7, 9, 11 were dissolved in acetonitrile as the organic solvent at concentrations of

5.26x10° M, 9.85x10° M, 7.58x10°° M, respectively. Then, the iodonium salts was
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introduced at the concentration of 2.93x102 M and (or) EDB at 8.15x102 M, were also
added to prepare the three-component systems in the solutions. The two-component
systems (dye/lod and dye/EDB) of three selected dyes were also prepared as two partial
reactions of the three-component system, while the contents of dye, lod (or EDB) and
the conditions in two-component systems were the same than that used for the three-
component systems in order to investigate the chemical mechanisms in detail.

For the dye 7-based systems, an increase of the absorbance in its UV-vis
absorption spectra could be detected in the case of dye 7/EDB upon irradiation at 405
nm, whereas an opposite trend was observed for dye 7/lod/EDB and dye 7/lod two-
component systems (see Figure S2a, b, respectively). Increase of the absorbance upon
irradiation is indicative that a new photoproduct was formed in the solution with the
dye 7/EDB system during the irradiation process. Considering that a decreasing
tendency was observed during the steady state photolysis experiments of the three-
component system, we assumed that the generated photoproduct was consumed by the
radicals formed by the dye 7/lod combination. Indeed, investigations on their chemical

mechanism will be discussed in the following part 3.4.2.
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Figure 6. UV-visible absorption spectra of dye 9 (9.85x10° M) with co-initiators in
acetonitrile: (a) Iod (2.93x102 M) and EDB (8.15x102 M), (b) Iod (2.93x102 M), (c)
EDB (8.15%102 M) upon exposure to LED@405nm under air for different time. (d)
Consumption of dye 9 vs. irradiation time under the irradiation of LED@ 405 nm: dye
9/1od/EDB(e); dye 9/Iod(M); dye 6/EDB(A).

Steady state photolysis experiments of dye 9 and dye 11 were carried out in similar
conditions for both the dye-based three-component and two-component systems. From
the results depicted in Figure 6 for dye 9 and Figure 7 for dye 11, all of the photolysis
procedures including three and two-component systems showed decreasing photolysis
process, while the consumption of dye 9 and 11-based three-component systems (~60%
for dye 9 and ~48% for dye 11) achieved higher value compared to that observed for
the dye/lod and dye/EDB systems. Also, both the dye 9 and dye 11/Iod (~17.7% for dye
9/1od, ~31.6% for dye 11/Iod) systems furnished higher consumption than that observed
with dye 9 (~3.4% for dye 9/EDB, ~0.8% for dye 11/EDB). Markedly, even if dye/lod
and dye/EDB photolysis processes both contribute to the integrated interactions in the

three-component systems, interestingly, dye/lod interaction gave more contributions
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when compared to the dye/EDB interaction, proving the higher efficiency of the dye/lod

combination in free radical polymerization process.
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Figure 7. UV-visible absorption spectra of dye 11 (7.58x10°¢ M) with co-initiators in
acetonitrile: (a) Iod (2.93x102 M) and EDB (8.15x102 M), (b) Iod (2.93x102 M), (c)
EDB (8.15x102 M) upon exposure to LED@405nm under air for different times. (d)
Consumption of dye 11 vs. irradiation time under the irradiation of LED@ 405 nm: dye
11/Iod/EDB(e); dye 11/Iod(M); dye 6/EDB(A).

Finally, dyes 14, 15, 20 were also selected to investigate their steady state
photolysis experiments upon irradiation with the LED at 405 nm. Interestingly, the UV-
visible absorption spectra exhibited increasing tendencies for all three push-pull dye-
based three-component systems during the irradiation process with the 405 nm LED
(See Figure S3a, b, ¢ for dyes 14, 15, 20, respectively). These phenomena indicated the
same chemical mechanisms occurring in solutions for the three dye-based PISs, for
which new photoproducts were generated during the steady state photolysis processes.

Hence, we can consider that the formation of the new photoproducts also existed during
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the photopolymerization process when using the three-component systems
(dye/lod/EDB) comprising dyes 14, 15, 20 as the photosensitizers. Formation of these
photoproducts can also be assumed for the other push-pull dyes based on 4-

dimethoxyphenyl-1-allylidene moiety.

3.4.2. Proposed chemical mechanisms

Similar to previous researches, the chemical mechanisms occurring with the
push-pull dye-based PISs were supposed and divided into two partial reactions:
dyes/lod and dyes/EDB interactions. Indeed, the dyes can react both with lod or EDB
when considered separately. There is a fundamental process to activate the ground
states of the dyes then promoted in their excited states (dye*) upon irradiation in the
first step (see rl in Scheme 3). After that, the oxidation reaction can happen with the
dye*/lod combination and then generate radicals and Dye®" as depicted in r2 reaction.
Oppositely, the reduction reaction can occur for the dye*/EDB interaction and can also
generate Dye-H® as shown in 13 reaction (see Scheme 3). To finalize the catalytic cycle,
the ground state of the dye can be regenerated by further reactions between both Dye®*
/EDB and Dye-H*/lod interactions as shown in r4, r5 (See Scheme 3), respectively.
Particularly, the radicals Ar®* and EDB®n) generated from Iod and EDB in reactions r4,
r5 can constitute powerful evidences confirming the supposed chemical mechanisms,
since the radicals can be detected by ESR-spin trapping experiments. The discussion of

the results attained by ESR-spin trapping experiments will present in the following part.

(rl)  Dye — *Dye (hv)

(r2)  *Dye + Al — Dye®*" + ArI® — Dye®" + Ar® + Arl

(r3)  *Dye + EDB —Dye* + EDB** — Dye-H® + EDB® i

(r4) Dye*" + EDB — Dye + EDB*"

(r5) Dye-H®* + Anl” — Dye + Ar® + Arl + H'

Scheme 3. Proposed photoinitiation mechanisms of the dyes/Iod/EDB redox

combination.
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Table 2. Parameters characterizing the chemical mechanisms associated with dyes 7, 9,

11, 20 in acetonitrile.® > ¢

Dye 7 Dye 9 Dye 11 Dye 20

Eg (eV) 1.73 1.84 - 2.21
Ep (eV)* 1.41 1.35 1.40

AGS!,  (eV)P -0.29 -0.88 - -0.05

AGS! s (eV)© 0.43 -0.2 - -0.54
AGet™10a (eV)? 0.03 -0.39 0.11
AGet™kpB (eV)* 0.75 0.29 0.23

Eox (V) 0.74 0.26 0.81 1.46

Erea (V) -1.16 -0.64 -0.63 -0.67

a: calculated triplet state energy level at DFT level.
b: For lod, the reduction potential of -0.7 V is used according to ref. [40].
c: For EDB, the oxidation potential of 1.0 V is used according to ref. [41].

The singlet excited state energies (Esi), calculated from the associated spectra
given by normalized UV-visible absorption and normalized fluorescence spectra of dye
in acetonitrile can act as powerful tools to evaluate the chemical mechanisms occurring
with the dye/lod and dye/EDB combinations (Figure 8). Here, the crossing point of the
two curves could be determined, and the singlet excited state energies (Es1) of dyes 7,
9, 20 are gathered in Table 2 after calculation: 1.73 eV for dye 7; 1.84 eV for dye 9;
2.21 eV for dye 20. As exception, there is no fluorescence curve observed for dye 11,

therefore, the Esi of dye 11 cannot be given as well.

Another experimental parameters, e.g. the oxidation potential (Eox), the reduction
potential (Erq) of selected dyes were measured from their electron transfer in

acetonitrile characterized by cyclic voltammetry experiments which uses
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tetrabutylammonium hexafluorophosphate as the supporting electrolyte. Here, we set
the scanning between -2000 and 2000 mV, and their cyclic voltammograms are
presented in Figure S4 for dyes 7, 9, 11. As the results, the half peak potentials in
oxidation and reduction cyclic could be determined and the data are gathered in Table
2. Additionally, the oxidation and reduction potentials of dye 20 are also given in Table

2: Eox =1.46 V, Ereq- -0.67 V.
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Figure 8. Singlet state energy determination in acetonitrile for: (a) dye 7; (b) dye 9; (¢)
dye 20.

With the aforementioned calculated chemical parameters e.g. oxidation potential

(Eox), the reduction potential (Erq) and the singlet excited state energy (Esi), the free

s1 St : .
energy changes AG>, , or AG> . could be determined and enabled to estimate the

feasibility for the electron transfer reaction in dye/lod and dye/EDB combinations

according to equations (eq. 3-6). For dyes 9 and 20, their free energy changes AGSllo d

or AG®'_, were negative suggesting a favorable process e.g. AGiod= -0.05 eV, AGepp=
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-0.54 eV for dye 20. However, the free energy changes AG®'_, of dye 7 was positive,

even if its AGSIIO 4 Was negative. Additionally, the free energy changes of dye 11 could

not be determined as no fluorescence could be detected for dye 11. These results are
gathered in Table 2, indicating the theoretical feasibility of the electron transfer
reactions in selected dyes. These data are fully consistent with the results given by
steady state photolysis.

Calculations of the triplet energy levels Et1 (eV) of dyes 7, 9, 11, 20 were
performed at DFT level, and the data are gathered in Table 2. The triplet routes involved
in mechanisms can be ruled out for the dye/EDB interactions due to all of their free

tTl

energy changes at triplet state AGet ' that are greater than 0, even if the dye 9/Iod

interactions looks favorable.
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Figure 9. Fluorescence quenching of: (a) dye 7 (5.26x10° M in acetonitrile) by
iodonium salt (Ied); (¢) dye 7 (5.26x10° M in acetonitrile) by amine (EDB).
Stern—Volmer treatment for fluorescence quenching of the (b) dye 7/iodonium; (d) dye
7/EDB.
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Notably, the fluorescence quenching experiments on dyes 7, 9, 11, 20 in
acetonitrile were also performed to examine the interaction effects between dye and Iod
(or EDB). An obvious decline process was detected during the fluorescence quenching
experiments both for dye 7/Iod and dye 7/EDB solutions (see Figure 9a for dye 7/Iod,
Figure 9c for dye 7/EDB). Moreover, the decline process was also found in the
fluorescence quenching of dye 20/Iod and dye 20/EDB combination. Then, the decline
processes in fluorescence quenching of dye 7/Iod and dye 7/EDB were treated by using
the Stern—Volmer treatment as shown in Figure 9b for dye 7/Iod and Figure 9d for dye
7/EDB. According to eq 2, the Stern-Volmer coefficients Ksv and the electron transfer
quantum yields (¢e) could be calculated by the slope of Stern—Volmer treatment.
Similarly, Ksv and ¢et of dye 20/Iod and dye 20/EDB combinations were also

determined in the same way (gathered in Table 3).

Table 3. Parameters characterizing the fluorescence quenching properties of dye 7 and

20 in acetonitrile: Interaction constant (K*) between dye/lod and dye/EDB systems

calculated by Stern—Volmer equation; electron transfer quantum yield (¢et(Sl)) of

dye/lod and dye/EDB interaction.

K™ lod(M-l) GetSh 1542 K* EDB(M-I) GetSh ppp
Dye 7 96 0.80 1.84 0.18
Dye 20 15 0.39 9 0.52

3.3.4. ESR spin-trapping experiments

To make a clear understanding on the chemical mechanism during the FRP,
ESR-spin trapping experiments were performed to confirm the structure of the radicals
generated from the dyes/Iod (or EDB) interactions under light irradiation (405nm
LED or sunlight) (Figure 10). Here, the dye/lod (or dye/EDB) two-component PISs

and PBN (the spin trap agent), were dissolved into tert-butylbenzene at specific weight
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concentration ratio ([dye] = 0.2 mg/mL; [lod] = [EDB] =2 mg/mL; [PBN] = 0.2 mg/mL)

under Nitrogen as protection gas. The radicals, Ar®* and EDB® ) previously suggested

were clearly detected in dye 7, 9, 20/Iod (or EDB) solutions and the ESR spectra of

dyes/Iod (or EDB) comprising the curves both measured before and after irradiation

of 405 LED are presented in Figure S5 for dye 7, Figure S6 for dye 9 and Figure S7

for dye 20.
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Figure 10. ESR spectra obtained from ESR-spin trapping experiments under
irradiation of sunlight using PBN =2 mg/mL (as the spin trap agent); lod = 2 mg/mL,
EDB =2 mg/mL and dye 11= 0.2 mg/mL in tert-butylbenzene under N>. (a) dye 11/Iod
PIS, Irradiation time = 20 min (green) = 10 min (red) and = 0 min (black) spectra,
respectively; (b) dye 11/Iod PIS, Irradiation time = 20 min experimental (black) and
simulated (red) spectra; (¢) dye 11/EDB PIS, Irradiation time = 10 min (red) and = 0
min (black) spectra; (d) dye 11/EDB PIS, Irradiation time = 10 min experimental (black)

and simulated (red) spectra.
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However, ESR-spin trapping experiments under sunlight irradiation were also
performed on dyes 11 and 20, as reliable results to compare with that obtained under
405nm LED. Here, the ESR curves attained before and after sunlight irradiation are
characterized and illustrated in Figures 10-11. Interestingly, obvious enhancement
of the ESR curves were observed in the case of dye 11/Iod and dye 11/EDB (see
Figure 10), which are quite different to the results obtained with the 405nm LED.
Moreover, the supposed radicals were also generated in dye 20/Iod (dye 20/EDB)
combination under sunlight irradiation (see Figure 11), even if an elongated
irradiation time was required, around 15 min compared to that under irradiation of
405nm LED. Markedly, the ESR-spin experiments irradiated by sunlight mentioned
above were performed around 2:00 pm on 9, July, 2021, in Mulhouse Area (+77° 43'
E, -47° 75" N) of France, and the weather conditions were illustrated in Figure S8.

As a confirmation of the existing radicals, the Hyperfine Couplings Constants (HFC)
for the PBN radical adducts were also determined by ESR spectra simulation. Finally,
the HFCs determined by ESR-spin experiments for the dyes 7, 9, 11, 20 both upon 405
LED and sunlight irradiation are gathered in Table 4, and the results are fully

accordance with existed literature data.*®*°
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Figure 11. ESR spectra obtained from ESR-spin trapping experiments under
irradiation of sunlight using PBN =2 mg/mL (as the spin trap agent); lod =2 mg/mL,
EDB =2 mg/mL and dye 20= 0.2 mg/mL in tert-butylbenzene under N> (a) dye 20/Iod
PIS, Irradiation time =20min (green) =10min (red) and =0min (black) spectra,
respectively; (b) dye 20/Iod PIS, Irradiation time =20min experimental (black) and
simulated (red) spectra; (c) dye 20/EDB PIS, Irradiation time =10min (red) and =Omin
(black) spectra; (d) dye 20/EDB PIS, Irradiation time =10min experimental (black) and

simulated (red) spectra.

Table 4. HFC constants determined by ESR-spin experiments for the dyes 7, 9, 11, 20

upon 405 nm LED or sunlight irradiation.

Dye 7 Dye 9 Dye 11 at Dye 20 Dye 20
405nm LED | 405nm LED sunlight | 405nm LED sunlight
Dve/Tod an=14.4 an=14.4 an=14.4 an=14.2 an=14.4
Y ar=2.1 ar=2.1 an=2.4 ar=2.1 ar=2.2
an=14.4 an=14.4 an=14.4 an=14.4 an=14.4

Dye/EDB
yel ar=2.2 ar=2.1 ai=2.4 ar=2.1 ar=2.3
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3.4. Direct laser write (DLW) experiments.

According to the excellent photoinitiation abilities of the investigated push-pull
dyes, the DLW experiments were applied for the photopolymerization of TMPTA in the
presence of dye-based PISs comprising dyes 7, 9 and 11. Here in this part, the
compositions and concentrations of dyes 7, 9 and 11/lod/EDB (0.1%/2%/2% in
monomer, w/w/w) are the same as the sets used before. As expected, the 3D patterns
(“LZ” for dye 7, “CD” for dye 9, “YR” for dye 11) were successfully produced in a
very short time. After DLW experiments, profilometric observations were performed
by numerical optical microscopy and smooth surfaces and excellent spatial resolution
were found on these 3D profiles as well (See Figure 12). Here, the success of the DLW
experiments strongly support the conclusion that the investigated push-pull dyes
possess remarkable high light absorption and exhibited excellent photoinitiation

abilities during the FRP process as aforementioned.

Figure 12. Free radical photopolymerization experiments for direct laser write (DLW)
initiated by push-pull dye 7 based three-component photoinitiating systems in TMPTA.

Characterization of the 3D patterns by numerical optical microscopy: 3-D overall
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appearance of color pattern of dye/Iod/EDB (0.1%/2%/2% w/w/w) in TMPTA: (a) for
dye 7/1od/EDB; (b) for dye 9/Iod/EDB; (c) for dye 11/Iod/EDB.

3.5. Direct laser write (DLW) experiments for the photocomposites with silica
fillers.

Similar to the previous part, photocomposites were prepared by DLW experiments
by adding silica powders as fillers into monomer (TMTPA) and by using the dye 7, 9,
11-based PISs. Here, we set a weight ratio of 20% to monomer for silica powders and
the compositions and concentrations of PISs are the same than for the DLW
experiments without filler. However, because of the significant obstruction to the
penetration of the laser light originating from silica fillers exhibiting a poor
transmittance, a lower spatial resolution on 3D profiles of the resulting
photocomposites were observed by numerical optical microscopy (“RUY” for dye
7/silica, “SAQ” for dye 9/silica, “HUI” for dye 11/silica, see Figure 13), compared to
three selected dye-based PISs without fillers during DLW experiments. Even if
photocomposites with silica fillers exhibited poorer photopolymerizable properties
from the results, there is no doubt that the resulting composites can be regarded as
useful photochemical materials for various research fields, e.g. photocuring, additive

manufacturing or vat photopolymerization, etc.
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Figure 13. Free radical photopolymerization experiments in DLW experiments in
TMPTA. Characterization of 3D overall appearance of 3D color patterns by numerical
optical microscopy in the presence of: (a) dye 7/lod/EDB/silica (0.1%/2%/2%/20% in
TA, w/w/w/w); (b) dye 9/lod/EDB/silica (0.1%/2%/2%/20% in TMPTA, w/w/w/w); (¢)
dye 11/Iod/EDB/silica (0.1%/2%/2%/20% in TMPTA, w/w/w/w).

4. Conclusion

In this article, 25 novel organic chromophores were designed and synthesized to
act as visible light photosensitizers. After the investigation of these two series of dyes,
their push-pull structures proved to play a key-role, which contributed to their
photoinitiation performances in free radical polymerization. More precisely, their high
light absorption properties and photoinitiation abilities were examined by UV-vis
spectroscopy and RT-FTIR experiments, respectively. Furthermore, six selected dyes
were not only used as photoinitiators upon irradiation of 405 nm LED, their capable
photoinitiation abilities were also exhibited efficiently during the polymerization
process upon sunlight irradiation. Then, the supposed photochemical mechanism
occurred in FRP process were investigated via steady state photolysis and fluorescence
approaches, and the generated radicals were confirmed by ESR experiments. DLW
experiments were performed to broaden the scope of applications of the newly
developed photoinitiators, not only used on monomer with three-component PISs
containing selected dyes, but also in the case of the polymerizable materials in the
presence of silica fillers. Fortunately, 3D patterns were successfully obtained by
polymerizing the monomer by using three-component PISs, even if in the presence of
silica fillers (light penetration issue), indicating the feasible possibility by using the

photocomposites to expand the knowledge of photochemistry in the future.

Supplementary Materials: Figure S1. Chemical structures of dye 14-25 used in this
study; Figure S2. UV-vis absorption spectra of dyes 7; Figure S3. UV-vis absorption
spectra of dyes 14, 15, 20; Figure S4. Cyclic voltammograms for the dyes 7, 9, 11
Figure S5. ESR spectra of dye 7 obtained from ESR-spin trapping experiment at 405nm
LED; Figure S6. ESR spectra of dye 9 obtained from ESR-spin trapping experiment at

405nm LED; Figure S7. ESR spectra of dye 20 obtained from ESR-spin trapping
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experiment at 405 nm LED; Figure S8. The Shortcuts of weather and address of

experiments performed for sunlight irradiation.
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