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Ultrafast Sunlight-Induced Polymerization: Unveiling
2-Phenylnaphtho[2,3-d]Thiazole-4,9-dione as a Unique
Scaffold for High-Speed and Precision 3D Printing

Ji Feng, Yijun Zhang, Fabrice Morlet-Savary, Michael Schmitt, Jing Zhang, Pu Xiao,*

Frédéric Dumur,* and Jacques Lalevée*

A series of 15 dyes based on the 2-phenylnaphtho[2,3-d]thiazole-4,9-dione
scaffold and 1 compound based on the
2,3-diphenyl-1,2,3,4-tetrahydrobenzo[g]quinoxaline-5,10-dione scaffold are
studied as photoinitiators. These compounds are used in two- and
three-component high-performance photoinitiating systems for the free
radical polymerization of trimethylolpropane triacrylate (TMPTA) and
polyethylene glycol diacrylate (PEGDA) under sunlight. Remarkably, the
conversion of TMPTA can reach ~60% within 20 s, while PEGDA attains a
96% conversion within 90 s. To delve into the intricate chemical mechanisms
governing the polymerization, an array of analytical techniques is employed.
Specifically, UV-vis absorption and fluorescence spectroscopy, steady-state
photolysis, stability experiments, fluorescence quenching experiments, cyclic
voltammetry, and electron spin resonance spin trapping (ESR-ST)
experiments, collectively contribute to a comprehensive understanding of the
photochemical mechanisms. Photoinitiation capacities of these systems are
determined using real-time Fourier transformed infrared spectroscopy
(RT-FTIR). Of particular interest is the revelation that, owing to the superior
initiation ability of these dyes, high-resolution 3D patterns can be
manufactured by direct laser write (DLW) technology and 3D printing. This
underscores the efficient initiation of free radical polymerization processes by
the newly developed dyes under both artificial and natural light sources,
presenting an avenue for energy-saving, and environmentally friendly
polymerization conditions.

1. Introduction

In recent years, the application of pho-
topolymerization has witnessed a signifi-
cant expansion, both in industrial produc-
tion and academic research. This surge can
be attributed to the myriad advantages of
photopolymerization, encompassing its en-
vironmentally friendly nature, absence of
organic solvents, and safe operational con-
ditions when employing visible light.["%
With the evolution of LED technology,
energy-efficient conditions have further be-
come applicable to photopolymerization
processes. The versatility of photopolymer-
ization technology is exemplified in its ap-
plications, spanning 3D printing, biomed-
ical materials development, coatings, den-
tistry, and various other applications.3-1%]

Among the diverse photopolymeriza-
tion techniques, free radical polymeriza-
tion (FRP) stands out as one of the most
prevalent and important technologies,['1?]
offering mild reaction conditions, high
monomer conversions, and rapid polymer-
ization rates. The efficacy of FRP processes
is closely tied to the properties of the em-
ployed photoinitiators (PIs). Over the years,
various photoinitiators have been explored
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to enhance their performance across visible range. The piv-
otal factor in photopolymerization revolves around the ability of
the photoinitiator/photosensitizer to efficiently interact with the
light source.['*!4] The initiation process hinges on the light ab-
sorption capacity of the photoinitiating systems that is governed
by the molar extinction coefficients of the Pls. Additionally, the
absorption maximum plays a crucial role in determining the
excitation wavelength of a chromophore, influencing the efficacy
of the electron or energy transfer from the photosensitizer to
the different additives within the photocurable resin.'®! Up to
now, common irradiation wavelengths have resided in the UV
(<400 nm) and UV-vis (405 nm, 415 nm, etc.) range.l'®17] How-
ever, the most optimal light source remains sunlight, presenting
a renewable, and free energy option for photopolymerization.
Similar to photosynthesis in plants,!'®! direct photopolymer-
ization under natural sunlight is now a focal point of intense
research efforts.

Sunlight, as a rich and sustainable energy source, remains in-
exhaustible as long as the sun shines. Consequently, the develop-
ment of sunlight-induced reactions holds a prominent position
in contemporary,['®l encompassing areas such as CO, conversion
and decomposition.l20] Another critical consideration in pho-
topolymerization is the photoinitiator itself, posing challenges in
the development of efficient photoinitiators suitable for sunlight-
induced reactions.[?! Unlike artificial light sources, sunlight ex-
hibits lower intensity than LEDs, accompanied by a much wider
emission spectrum.!??] This distinction renders many photoiniti-
ating systems, easily activated with LEDs, and ineffective in initi-
ating polymerization under sunlight.[?}] Even in instances where
polymerization can be initiated under sunlight, the process of-
ten extends over several hours, with reduced monomer conver-
sions compared to LED-initiated polymerization.3! Our previous
research has identified many dyes with excellent photoinitiation
performance when used in multicomponent systems!?2]; how-
ever, most of these were limited to LED activation. Thus, the de-
velopment of dyes capable of efficiently initiating polymerization
processes under sunlight assumes paramount significance.

This study introduced 15 dyes based on the 2-
phenylnaphtho[2,3-d]thiazole-4,9-dione scaffold and 1 dye
based on 2,3-diphenyl-1,2,3,4-tetrahydrobenzo[g]quinoxaline-
5,10-dione, hitherto unreported in the literature. These dyes
exhibited outstanding photoinitiation abilities under UV-vis
light (e.g., LED@405 nm and LED @450 nm). Notably, five of the
dyes exhibited exceptional photoinitiating ability under sunlight,
enabling rapid resin curing within 1 min of exposure. The
achieved monomer conversions, obtained at low photoinitia-
tor/additive content, and short exposure time (RT-FTIR profiles),
represented an unprecedented advancement in the field. The
elucidation of the photochemical mechanisms governing the
polymerization process involved a comprehensive analysis of
light absorption and fluorescence characteristics, cyclic voltam-
metry, and ESR-ST experiments. The findings culminated in the
successful application of several formulations exhibiting excel-
lent photoinitiation abilities in DLW and 3D printing, yielding
clear, and precise 3D patterns. Leveraging the remarkable perfor-
mance in outdoor sunlight polymerization and applications in
3D printing, the dyes based on 2-phenylnaphtho|2,3-d]thiazole-
4,9-dione scaffold have emerged as promising candidates for
green polymer synthesis and large-scale outdoor applications.
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2. Experimental Process

2.1. Dyes and Other Materials

A collection of 16 dyes used for photopolymerization (un-
der UV-vis light and under sunlight in the air) was success-
fully synthesized. Chemical structures are shown in Figure 1,
and the synthetic routes used to prepare these compounds
are detailed in the following Section 3.1 and in support-
ing information. The different monomers, i.e., TMPTA and
PEGDA (average Mn 575 g mol™') were all purchased from
Sartomer (France). The benchmark commercial photoinitiator
2-isopropylthioxanthone (ITX) used for comparison was ob-
tained from Sartomer-Lambson (United Kingdom). Ethyl 4-
dimethylaminobenzoate (EDB) was used as the electron donor
and bis(4-tert-butylphenyl)iodonium hexafluorophosphate (Iod)
as the electron acceptor was purchased from Sartomer—Lambson
(United Kingdom) (See Figure S1, Supporting Information).

2.2. UV-Vis Absorption and Fluorescence Properties of Dyes

The UV-vis absorption properties and UV steady-state photoly-
sis of the sixteen dyes, dissolved in dichloromethane at a concen-
tration of 5 x 107> M, were studied using a JASCO V730 spec-
trophotometer. Steady-state photolysis of the different systems
(dye, dye/EDB, dye/Iod, dye/EDB/Iod) was investigated upon ir-
radiation (e.g., under LED@405 nm). Maintaining the consistent
dye concentration in dichloromethane, fluorescence spectra of
the different dyes were measured using the JASCO FP-6200 flu-
orescence spectrophotometer, and the fluorescence excited state
lifetimes were determined using the HORIBA PPD-850 fluo-
rimeter. The singlet excited state energy level (Eg;) of the dyes
was determined from the intersection of the normalized UV-vis
absorption and fluorescence spectra.

Fluorescence quenching experiments were performed using
the JASCO FP-6200 spectrofluorometer, allowing for the extrac-
tion of pertinent of parameters such as the electron transfer
quantum yields (¢,,) using Equation (1). The Stern—Volmer coef-
ficients (K,,) correspond to the slopes of the Stern-Volmer treat-
ment in the fluorescence quenching experiments.

K, [additive]
“ 7 1+ K, [additive]

1)

2.3. Free Radical Photopolymerization (FRP) under Near
UV/Visible-Light Irradiation and Sunlight-Induced
Polymerization under Air

The different formulations used for photopolymerization
were prepared as follows: dye/EDB (two-component) and
dye/EDB/Iod (three-component) were mixed and dissolved into
TMPTA, and then stirred overnight in the dark. The weight con-
tent of dye, EDB, and Iod was calculated based on the weight of
the monomer, and the influence of the different weight content
ratio of each component on the photopolymerization efficiency
was investigated. After that, the prepared formulations were
subjected to photopolymerization experiments of thick and thin

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Chemical structures of dyes B1-B16.

samples, and the specific operations were as follows: one drop
of the prepared resin was dropped between two polypropylene
films (for thickness from 10 to 100 microns) for thin samples,
and five drops of the prepared resins were dropped into a plastic
mold (2 mm) for thick samples. Then, the characteristic peaks
of acrylate functional groups were continuously detected at
~6150 cm™ (2 mm thick sample) and 1650 cm™! (thin sample
10 to 100 microns) by RT-FTIR (JASCO FTIR-4700). The acrylate
conversions were obtained by the following equation:

A
Conversion (%) = (1 - A_t> X 100% (2)
0

where A, is the initial peak area before light irradiation and A, is
the peak area after being irradiated with light for t s.

In addition to the polymerization experiments conducted un-
der artificial light sources, we explored sunlight-induced pho-
topolymerization using the same formulations as described ear-
lier. The sunlight-induced polymerization experiment was car-
ried out on August 22, 2023, from 1 to 3 pm, aligning with French
time. The experiment site was in Mulhouse (+77 43 ' E, 47 75’
N), France, where the weather conditions were sunny. The con-
versions of the acrylate functional groups were monitored by RT-
FTIR spectroscopy.

2.4. Redox Potentials of Dyes obtained by Cyclic Voltammetry
Redox potentials of the dyes were measured using cyclic voltam-

metry. The specific operation was that the dyes and the support-
ing electrolyte (tetrabutylammonium hexafluorophosphate) were
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dissolved in dichloromethane, and the redox potentials of the
dyes were measured under nitrogen atmosphere, and the values
are listed in Table 4. Finally, the oxidation potential of EDBis 1.0 V
and the reduction potential of the iodonium salt (Iod) is 0.7V,
as reported in the literature.[26:27]

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

ESR-ST experiments were carried out with the ESR X-band spec-
trometer (Bruker EMX-plus) to study the free radicals gener-
ated under the LED@405 nm irradiation. Under nitrogen atmo-
sphere, free radicals were captured by phenyl- N-tert-butylnitrone
(PBN). The concentration of PBN was ~5 X 10~ m. All opera-
tions were carried out at room temperature. In addition, ESR-ST
spectra were simulated by PEST WINSIM program.

2.6. Application of 3D Printing Experiments

The formulations with good photopolymerization performance
were selected for 3D printing experiments. First of all, a two-
component system (0.1 wt.% dye/1 wt.% EDB, TMPTA as the
monomer) was used to conduct the direct laser write (DLW)
experiments with a computer-programmed xy desk with a
mounted laser diode at 405 nm, in which the glass tank (3 cm
in length, 2 cm in width, and 0.3 cm in height) for printing
was made by ourselves. Furthermore, a three-component system
(0.1 wt.% dye/1 wt.% EDB/1 wt.% Iod, TMPTA as the monomer)

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Table 1. Reaction total yields obtained during the synthesis of B1-B16.

Compounds Reaction yields [%)] Compounds Reaction yields [%)]
B1 81 B9 58
B2 77 B10 92
B3 89 B11 81
B4 80 B12 88
B5 67 B13 65
B6 88 B14 85
B7 88 B15 85
B8 91 B16 84

was used to print 3D objects with a Digital Light Processing (DLP)
3D Printer (Anycubic Photon D2, China), and the thickness of the
layer was controlled at 0.02 mm. The printed patterns were ob-
served by Scanning Electron Microscope (SEM) and Numerical
Optical Microscope (DSX-HRSU from Olympus Corporation).

3. Results and Discussion

3.1. Synthesis of the Dyes

B1-B15 were prepared in one step starting from 2-
aminonaphthalene-1,4-dione Al and the appropriate aldehyde
ALD1-ALD15 using the synthetic route as reported previously!??]
(See Scheme 1). With this method, all dyes could be obtained
with the reaction yields ranging between 58% yield for B9 and
92% vyield for B10 after purification/isolation (See Table 1). It
has to be noticed that all dyes exhibited a D-z-A structure (with
D and A standing for donor and acceptor respectively) except
for B9 that A-z-D-z-A was found. To access to this structure,
2,5-bis(dodecyloxy)terephthalaldehyde ALD9 was used as the
dialdehyde (See Scheme 2). Among the series of dyes, the lowest
reaction yield (58%) was obtained during the synthesis of this
dye, 4-(4,9-dioxo-4,9-dihydronaphtho[2,3-d]thiazol-2-yl)-2,5-
bis(dodecyloxy)benzaldehyde B9’ being isolated as the side
product of this reaction in 19% yield. A different synthesis was
used for B16. Starting from 2,3-diaminonaphthalene-1,4-dione
A2 and two equivalents of 4-(dodecyloxy)benzaldehyde, B16
could be identified as the main product of the reaction, and
isolated in 84% yield. As a side product of this second reaction,
2-(4-(dodecyloxy)phenyl)—1H-naphtho[2,3-d]imidazole-4,9-dione
B16’ could be obtained in 9% yield (See Scheme 2). It has to be
noticed that the synthetic route used to produce B16 was first
reported in 1987 and the synthesis of such compounds has never
been revisited since this pioneering work.[?’]

3.2. Light Absorption Properties of the Different Dyes

UV-vis absorption spectra of the 16 dyes and the commer-
cial photoinitiator 2-isopropylthioxanthone (ITX) dissolved in
dichloromethane were recorded and the results are shown in
Figure 2. Light absorption characteristics of the different dyes
are summarized in Table 2. Figure 2 vividly illustrates robust
absorption peaks in the UV-vis region for all dyes, assigned to
x—* transitions.3%! Notably, the maximum absorption wave-
lengths (4 of B1, B2, B3, B10, and B11 were 420, 400, 410, 410,

max )
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Table 2. Light absorption characteristics of the dyes (4, for the red-
shifted transitions).

Pis Amax [NM] €max €405 M1 em™1] Moiety
[M~Tem™]

B1 420 2610 2310 4-dodecyloxyphenyl

B2 400 4170 3870 3-methoxyphenyl

B3 410 1320 1320 2-methoxyphenyl

B4 410 5600 5410 2-hydroxyphenyl

B5 510 7990 4110 4-dimethylaminophenyl

B6 430 6340 5630 4-methylthiophenyl

B7 510 4810 4570 4-piperidinylphenyl

B8 480 7830 2400 tert-butyl-(N-ethyl)carbazolyl

B9 450 11690 8760 naphthothiazoledione-
bis(dodecyloxy) phenylene

B10 410 4690 4690 2-dodecyloxyphenyl

B11 400 4920 4730 p-tolyl

B12 410 4660 4570 thiophenyl

B13 530 8630 12120 2-butoxy-4-

(diethylamino) phenyl

B14 500 6130 11240 N-hexyl-phenothiazinyl

B15 460 9460 4530 2,4,5-trimethoxyphenyl

B16 590 1220 420 bis(p-dodecyloxy) phenyl

ITX 390 5890 1000

and 400 nm, respectively, Correspondingly, their molar extinc-
tion coefficients (e,,,,) at 4,,,, were 2610, 4170, 1320, 4690, and
4920 M~! cm™, respectively. In addition, the molar extinction
coefficients (€495,m) at A4ps,m Were 2310, 3870, 1320, 4690, and
4730 M~! em™!, respectively. These five dyes demonstrated ex-
cellent photoinitiation abilities, and the results presented in Sec-
tion 3.3 also confirmed their high photoinitiation performance as
photoinitiators in free radical polymerization when 2 mm thick
resin samples in open molds (no protection against oxygen inhi-
bition) were exposed to sunlight outdoors (clear sky conditions).
Contrastingly, B5, B7-B9, and B13-B16 showed strong absorption
peaks in the 450—-600 nm range, which may be due to a redshift
of the #—x* transition with an increase of the electronic density,
resulting from the presence of strong electron-donating groups,
which is consistent with the literature results.3] However, these
dyes exhibited poor photoinitiation abilities, as elaborated in Sec-
tion 3.3.

3.3. Photopolymerization Kinetics with the Dyes in Two or
Three-Component Photoinitiating Systems under LED@405 nm,
450 nm, and Sunlight

To investigate the photoinitiation ability of the fifteen dyes
based on the 2-phenylnaphtho|2,3-d]thiazole-4,9-dione scaf-
fold and the one dye based on the 2,3-diphenyl-1,2,3,4-
tetrahydrobenzo[glquinoxaline-5,10-dione scaffold, pho-
topolymerization were carried out under LED@405 nm,
LED@450 nm, and sunlight exposure. The photoinitiation
ability of two different two-component (dye/EDB and dye/Iod)
systems and one three-component (dye/EDB/Iod) system were
studied to clarify the influence of co-initiators (EDB as the

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Scheme 1. Synthetic routes to B1-B15.

electron/hydrogen donor and Iod as the electron acceptor) on
the polymerization kinetics of TMPTA. The conversions of
acrylate functional groups were determined using the RT-FTIR
at room temperature. Specifically, for the blank groups shown
in Figure S2 (Supporting Information) (i.e., dye alone, EDB
alone, and lod alone), no polymerization or poor photoinitiation

Small 2024, 2400230
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abilities were determined, evidencing that the two co-initiators
EDB, and lod may only play a crucial role in the initiation step
once combined with the dyes.

Polymerization profiles obtained with the two-component
dye/EDB systems are shown in Figure S3 (Supporting Infor-
mation) (thick sample) and Figure S4 (Supporting Information)

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Scheme 2. Synthetic routes to B9 and B16.

(thin sample), while the final acrylate function conversions (FCs)
are listed in Table S1 (Supporting Information) (thick sample)
and Table S2 (Supporting Information) (thin sample). The in-
fluence of the dye concentrations on the polymerization perfor-
mance of TMPTA was also investigated. Specifically, for the two-
component dye/EDB system, EDB concentration was fixed to
1 wt.%. When the dye concentration was set to 0.1 wt.%, the

50000

40000

600

700
Wavelength (nm)

conversions of thick samples (See Figure S3c, Supporting Infor-
mation) and thin samples (See Figure S4c, Supporting Informa-
tion) were optimal, especially for thick samples containing B1
and B10 and thin sample containing B16. The conversions of
thick samples were close to 80%, while it can reach 90% for the
thin samples. It implied that when the dye concentrations were
1 wt.%, the solubility of the dyes in TMPTA was low and the

50000 (b) B9

——BI0

——BI1

40000 ——BI12

——BI13

——B14

2230000 \ —BI5

£ ——B16

"% ——1ITX
= 20000

T
500
‘Wavelength (nm)

Figure 2. UV-vis absorption spectra of dyes in dichloromethane. a) B1-Bg&, b) B9-B16, and ITX.
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Figure 3. Photopolymerization profiles of TMPTA for thick sample (2 mm) upon exposure to LED@405 nm irradiation. Initiated by a) dye/EDB/lod
1%/1%/1% w/w/w; b) dye/EDB/lod 0.1%/1%/1% w/w/w; c) dye/EDB/lod 0.1%/0.1%/0.1% w/w/w. The irradiation starts at t = 10 s.

precipitation can be clearly seen in the different formulations,
which led to a poor light penetration, i.e., inner filter effect due
to the high light absorption properties of the dyes. By decreasing
the dye concentrations, the different formulations became clearer
and more transparent, which can be beneficial to photopolymer-
ization.

In the case of the two-component dye/Iod (1 wt.%) system (See
Figure S5, Supporting Information) (thin sample) and Figure
S6 (Supporting Information)(thick sample)), the results were ba-
sically consistent with that obtained with the two-component
dye/EDB system. Considering that numerous dyes exhibited
good light absorption properties in the 450-550 nm range,
polymerization experiments were also carried out under the
LED@450 nm, using the two-component dye/EDB (0.1%/1%
w/w) system in TMPTA, both in thick and thin samples. Excel-
lent polymerization performance could be determined, as shown
in Figure S7 (Supporting Information).

Considering that the different dyes can form photoinitiat-
ing systems with Iod and EDB, their combination in three-
component dye/lod/EDB systems was also investigated. As
shown in Figures 3 a,b), in thick samples, when the concentra-
tion of EDB and Iod in TMPTA was kept constant at 1 wt.%, the
dye concentration of 0.1 wt.% furnished excellent polymerization
profiles (See Figure 3b). The FC with B3 even reached 91%, and
the conversions with B10 and B1 were ~80%. However, when
the concentration of dyes was set to 1 wt.%, the dyes were not
completely dissolved in TMPTA, resulting in low polymerization
efficiency (again ascribed by an inner filter effect due to the high
light absorption properties of the dyes). When the amount of
EDB and lod was reduced to 0.1 wt.% (See Figure 3c), the dif-
ferent three-component photoinitiating systems could maintain
a high conversion level and all thick samples could be deeply
cured (See Figures S8 and S9, Supporting Information). In the
case of thin samples (See Figure S10, Supporting Information),
the higher conversions could be determined. Specifically, poly-
merization of TMPTA initiated with the photoinitiating systems
based on B1, B2, B3, B10, and B11 was very fast, and the maxi-
mum monomer conversion could be obtained within only 20 s of
irradiation with LED @405 nm and LED@450 nm. On the con-
trary, other photoinitiating systems only showed poor photoiniti-
ation abilities, which were characterized by low conversions ob-
tained after a long induction period. As a result, B1, B2, B3, B10,
and B11 were selected as the photoinitiators/photosensitizers for

Small 2024, 2400230

photopolymerization experiments done under sunlight and un-
der air.

The sunlight-induced photopolymerization was carried out at
1-4 pm on August 22, 2023, in Mulhouse, France. As shown in
Figure 4, three kinds of two-component and three-component
systems with excellent photoinitiation abilities under artificial
irradiation were selected to for the photopolymerization under
sunlight (thick sample, 2 mm). Interestingly, the three systems
showed high performance under sunlight. Photopolymerization
profiles obtained with the two-component (dye/EDB 0.1%/1%
w/w) system are shown in Figure 4a, while those of the three-
component systems are presented in Figure 4b,c. All FCs are
listed in Table 3. It can be seen from the three-component sys-
tems that B10 reached over 50% functional conversion (green
curve) within 10 s and compared to the other four dyes, even
for the system with the low concentrations of additives (i.e.,
dye/EDB/Iod 0.1%/0.1%/0.1% w/w/w; Figure 4c. Change of the
formulations before and after polymerization is also given at
the bottom of Figure 4 and according to the experimental re-
sults, there was still a little liquid at the surface of the resins
containing B1 and B2 after polymerization, but for resins con-
taining B3, B10, B11, and ITX, they were completely polymer-
ized as solids (tack-free surfaces). It can be seen that all thick
samples could be deeply cured with sunlight. Based on the ex-
cellent polymerization performance of these dyes under sun-
light, polymerization experiments were also carried out with the

Table 3. Final acrylate function conversions (FCs) of TMPTA in the pres-
ence of dyes with co-initiators under sunlight-induced polymerization.

Two-component
Dye/EDB
(0.1%/1% w/w)
Monomer: TMPTA

Three-component
Dye/EDB/lod
(0.1%/1%/1%)

Monomer: TMPTA

Three-component
Dye/EDB/lod
(0.196/0.1%/1%)

Monomer: TMPTA

Dye FCs (%) Dye FCs (%) Dye FCs
(%)
B1 52 B1 53 B1 45
B2 52 B2 48 B2 50
B3 37 B3 56 B3 46
B10 58 B10 58 B10 58
B11 50 B11 61 B11 50

2400230 (7 of 14)
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Figure 4. Photopolymerization profiles of TMPTA for thick sample (2 mm) under sunlight in the air. Initiated by a) dye/EDB 0.1%/1% w/w; b)
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for B10, purple curve for B11, and yellow curve for ITX)

three-component (dye/EDB/Iod 0.1%/1%/1% w/w/w) system in
another monomer PEGDA. As shown in Figure S11 (Support-
ing Information), the acrylate functional group conversion of
PEGDA initiated by B10 reached 96%, which was similar to that
of the commercial initiator ITX. According to the above experi-
mental results, B10 synthesized in this study has a great applica-
tion prospect in inducing photopolymerization under sunlight.

3.4. Steady State Photolysis Experiments of Dye, Dye/EDB, and
Dye/lod Photoinitiation Systems

To understand the interaction between the different dyes, EDB,
and lod, and to clarify the chemical mechanism involved in
the photopolymerization process, steady-state photolysis exper-
iments were carried out under the irradiation of LED @405 nm.
As shown in Figure 5, the UV-vis absorption profiles of dye,
dye/EDB, and dye/Iod dissolved in dichloromethane were stud-
ied respectively. The concentration was set as 5 x 107> wm for dye,
1x 10™* M for EDB, and 1 x 10~* wm for Iod. All the steady-state
photolysis profiles are shown in Figures S12-S14 (Supporting In-
formation).

As shown in Figure 5a—c, the steady-state photolysis profiles
of B1, B10, and B11 are presented after 18 min of irradiation
with the LED@405 nm. The absorbance of the three dyes de-
creased slightly by elongating the irradiation time, indicating that
the dyes alone were relatively stable upon the irradiation with
the LED@405 nm, which was in line with the photopolymeriza-
tion results presented in Section 3.3. Notably, the dyes alone can-
not initiate any polymerization, or the monomer conversion was
low. However, in the case of the two-component dye/EDB sys-
tems, as shown in Figure 5d, it can be seen that the absorbance
of the B1/EDB system obviously decreased within 4 min com-
pared with the single dye system. In the case of the B10/EDB
system in Figure 5e and the B11/EDB system in Figure 5f, these
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photolysis of two two-component systems were significant within
only 30 s. Interestingly, for the three two-component dye/Iod sys-
tems presented in Figure 5g—i, after a long period of irradiation,
the absorbance was almost the same as that of the single dye
system. Obviously, the efficiency of dye/EDB combination was
higher than that of dye/Iod in the photopolymerization process.

In addition, to test the stability of dyes under sunlight, steady-
state photolysis experiments of B1, B2, B3, B10, and B11 were
also carried out under sunlight and under air. As shown in Figure
S15 (Supporting Information), after a long-term sunlight irradia-
tion, the absorbance hardly changed, which proved that the dyes
had good stability under sunlight. This also provides a basis for
the practical application of these dyes.

3.5. Fluorescence Properties, Fluorescence Quenching
Experiments, and Chemical Mechanisms in Electron Transfer
Reaction for Dyes

The fluorescence spectra of the different dyes are shown in
Figure S16 (Supporting Information), and the fluorescence life-
time spectra are shown in Figure 6 and Figure S17 (Supporting
Information). The fluorescence characteristics of some dyes were
not detected in the 200-1000 nm range due to their chemical
structures. Various parameters in electron transfer reaction, such
as Eg; (See Figure 6; Figure S18, Supporting Information) and
Table 4), were obtained from the intersection of the normalized
UV-vis absorption and fluorescence spectra (Eg; = 1240/wave-
length of intersection). In addition, the oxidation (E,,) and reduc-
tion (E,.4) potentials of B1, B3, B10, B12, and B16 were measured
Dby cyclic voltammetry (See Figure S19, Supporting Information),
and the values of E,, and E, 4 are summarized in Table 4. From
Figure S19 (Supporting Information), the reduction peaks were
clearly observed for the five investigated dyes, and the oxidation
peaks were only observed for B3 and B16 during the sweep cycle.

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Steady-state photolysis of dye (5 x 107> m), EDB (1 x 107 m

Wavelength (nm) ‘Wavelength (nm)

), and lod (1 x 10™* wm) in dichloromethane under LED@405 nm. a) dye-B1

(alone), b) dye-B10 (alone), c) dye-B11 (alone), d) dye-B1 and EDB, e) dye-B10 and EDB, f) dye-B11 and EDB, g) dye-B1 and lod, h) dye-B10 and lod, i)

dye-B11 and lod.

Fluorescence quenching experiments of the dye/EDB sys-
tems and the dye/lod systems were also carried out in

Table 4. Parameters of the chemical mechanisms associated with B1, B3,
B10, B12, and B16 in dichloromethane.

Dye-B1 Dye-B3 Dye-B10 Dye-B12  Dye-B16
E. (eV) 0.83 1.02
Ereq (eV) -0.85 -1.09 -1.12 -1.04 -1.23
Esy (eV) 2.49 2.64 2.63 2.59 2.29
K,, (EDB) s™! 43.9 19.1 58.4 913

Ky, (lod) s~ 24.7 23.5 17.2 34.6 18.9
¢e: (EDB)? 0.69 0.49 0.74 0.82 -
et (lod)? 0.33 0.32 0.26 0.41 0.27

3 the electron transfer quantum yield is calculated from: et = Ksv [additive]/ (1+Ksv
[additive]); with [additive] the EDB (0.05 m) and lod (0.02 m) concentration.
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dichloromethane, as shown in Figure 7 and Figures S20 and
S21 (Supporting Information) For B1, B10, and B11, the ad-
dition of additives (EDB and Iod) significantly decreased their
fluorescence intensity. Conversely, the fluorescence intensity of
B11/EDB increased at 400-450 nm, which may be due to the fact
that dye-B11 reacted with EDB upon irradiation to generate new
chromogenic substances, which indicated that there was an effi-
cient interaction between the dyes and EDB or lod. The results
were consistent with the above free energy changes and steady-
state photolysis experiments. According to our previous research,
this may be due to the reaction between dyes and the additives to
produce active free radicals (see quenching experiments above).
The Stern—Volmer coefficients (Kj,) of dye/EDB or dye/lod
were determined by the slope of the Stern-Volmer treatment of
fluorescence quenching (See Figure S22, Supporting Informa-
tion), and the electron transfer quantum yields (¢,,) (See Table 4)
can be calculated by Equation 1, which was helpful for a deep

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 8. ESR-ST spectra of the PBN radical adducts (in tert-butylbenzene under nitrogen atmosphere). a) and b) B1/EDB, c) and d) B1/lod under

LED@405 nm irradiation.

understanding of the chemical mechanism in photopolymeriza-
tion.

3.6. ESR-ST Experiments

To determine the nature of the free radicals produced by the in-
teraction between dye/EDB and dye/lod, B1 was used as an ex-
ample to successfully carry out ESR-ST experiments under the
LED@405 nm (See Figure 8). As shown in Figure 8a,b, for the
dye/EDB system, a free radical was successfully captured by PBN,
and its hyperfine coupling constants were aN =14.3 G and aH =
2.6 G, which may be aminoalkyl radical EDB_y,.. In Figure 8c,d,
a radical in the dye/Iod system was captured by PBN, and its hy-
perfine coupling constants were aN = 14.3 G and aH = 2.2 G,
which may be aryl radical. The results are in accordance with the
experimental data reported in the literature.>]

3.7. Summary of Photoinitiation Mechanisms of Dye

Based on the above results, the chemical mechanisms induced by
the three-component photoinitiating dye/EDB/Iod system were
proposed, which can be divided into three steps. The first step
consisted of the excitation of the chromophore with light, en-
abling to promotion the dye from its initial ground state to the
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excited state (See Equation 3). In the second step, the excited
dye* reacted with Iod and EDB respectively to generate free radi-
cals, as shown in Equations 4 and 5. Specifically, the dye* reacted
with Iod to generate Ar- free radicals and dye-*. In addition, dye*
reacted with EDB to produce EDB, - free radicals and dye-H-.
In fact, the excited dye (dye*) can react with EDB and Iod sepa-
rately according to a reductive and an oxidative pathway so that
free radicals capable of initiating polymerization processes are
produced. In the third step, Dye-* produced by an oxidation re-
action and Dye-H- produced by a reduction reaction can be re-
generated into Dye by the interaction with EDB and Iod respec-
tively (See Equations 6 and 7), and finally, the catalytic cycle of the
three-component system was completed. Notably, the free rad-
icals EDB;;)* and Ar- produced during the catalytic cycle were
successfully detected by ESR, which provided clear evidence for
the proposed chemical mechanisms.

Dye — Dye * (hv) (3)
Dye * + Ar,I* — Dye™* + Ar,I' - Dye™* + Ar’ + Arl @)
Dye * + EDB — Dye™ + EDB'* — Dye—H' + EDB_y.(5)
Dye* + EDB — Dye + EDB™* (6)

Dye—-H' + Ar,I* — Dye + Ar" + Arl + H* (7)
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Figure 9. Digital photos of 3D printed objects. a) and b) dye-B11(0.1 wt.%)/EDB(1 wt.%)/lod(1 wt.%)/TMPTA system; c) and d) dye-
B10(0.1wt.%)/EDB(1 wt.%)/lod (1 wt.%) /TMPTA system; 1-8 SEM images of surface of the 3D printed objects using dye-B11/EDB/lod/TMPTA system;
9-16 SEM images of surface of the 3D printed objects using dye-B10/EDB/lod/TMPTA system.

3.8. Application in 3D Printing

Exploiting the impressive photoinitiation capabilities demon-
strated by several dyes in this study (efficiently initiate the FRP
of TMPTA under both LED@405 nm irradiation and exposure
to sunlight) we selected the two-component systems B3/EDB,
B10/EDB, and B12/EDB, along with the three-component sys-
tems B10/EDB/Iod and B11/EDB/Iod for 3D printing. For the
DLW experiments, the two-component systems were employed,
resulting in the rapid production of 3D letters within 2 min of
irradiation at 405 nm, as depicted in Figure S23 (Supporting In-
formation). These outcomes were verified through digital camera
and numerical optical microscopy, highlighting the distinct, and
well-defined outlines of printed letters. Moving to the 3D print-
ing experiment involving the three-component system, Figure
9 illustrates the successful printing of an exquisite chess piece
and an FEiffel Tower model using a 3D printer Figures 9a,b de-
pict the chess piece model printed by B11/EDB/Iod/TMPTA sys-
tem, and Figure 9c,d showcase the Eiffel tower model printed by
B10/EDB/Iod/TMPTA system. The clear outline of the model is
readily discernible through digital camera observation, and SEM
photos (See Figure 9 1-16) further confirm the smooth surfaces
and excellent spatial resolution achieved in the production of
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these 3D objects. These results underscore the potential of the
selected photoinitiating systems for high-quality and precise 3D
printing applications.

3.9. Comparisons with Solar Photoinitiators from Previous
Studies

In Figure 4, photopolymerization profiles obtained with BI,
B2, B3, B10, and B11 upon sunlight irradiation in two- and
three-component photoinitiating systems are presented. A thor-
ough comparison with dyes previously reported in the litera-
ture accentuates the remarkable performance of the dyes in-
vestigated in this study. Table 5 outlines the superior attributes
of the identified top candidates for the FRP of TMPTA in
the literature, where all polymerization experiments utilized a
three-component dye/EDB/Iod system with concentrations set
at 0.1%/2%/2% w/w/w. In contrast to prior experiments, our
approach exhibited a substantial 20 fold reduction in the con-
centration of additives while maintaining a high monomer con-
version. Simultaneously, the exposure time to sunlight was sig-
nificantly curtailed, achieving remarkable monomer conversions
within just 70 s of sunlight irradiation, as opposed to the to
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Table 5. Acrylate function conversions obtained during the FRP of TMPTA at 405 nm and sunlight (30 min) using three-component photoinitiating

dye/lod/EDB (0.1%/2%/2% w/w/w) systems.

Push-pull dyes

Absorption properties

Final Acrylate function conversion

Dye8 A

(34]

max

o ( /

max

max
€max = 5330 M~ T cm™!

€4050m = 3340 M~ cm

Amax = 689 nm

€max = 113870 M~ cm™!
€405nm = 13640 M~1 cm™

=491 nm ~91% (LED@405 nm, | = 110 mW cm~2, 400 s);

~88% (sunlight, 30 min)
-1

~97% (LED@405 nm, | = 30 mW cm~2, 400 s);

~93% (sunlight, 30 min)
1

CP9 Amax = 627 nm ~98% (LED@405 nm, | =30 mW cm~2, 400 s);
35 € =51700 M~ cm™! ~91% (sunlight, 30 min
max g
€405nm = 4610 M~ cm™!
CP11 N Amax = 671 nm ~99% (LED@405 nm, | =30 mW.cm~2, 400 s);
5 € =47770 M~ cm™ ~92% (sunlight, min
3 max om! ! % light, 30

€405nm = 6560 M~1 cm

-1

30 min required in earlier studies. In light of these findings and
to the best of our knowledge,3233 B1, B2, B3, B10, and B11 rep-
resent the inaugural sunlight photoinitiators capable of utilizing
additives at such minimal concentrations, concurrently achiev-
ing high monomer conversions within ~1 min of sunlight expo-
sure. This advancement positions these dyes at the forefront of
solar photoinitiators in terms of efficiency and expeditious poly-
merization under sunlight.

4, Conclusion

In this study, we synthesized and explored the potential of
15 new dyes based on the 2-phenylnaphtho|2,3-d]thiazole-4,9-
dione scaffold and 1 dye based on the 2,3-diphenyl-1,2,3,4-
tetrahydrobenzo[glquinoxaline-5,10-dione scaffold as photoini-
tiators. All dyes examined in this work have never previously
been studied as photosensitizers for photopolymerization pro-

Small 2024, 2400230

2400230 (13 of 14)

cesses. Particularly noteworthy is the fact that, despite the
synthesis of 2,3-diphenyl-1,2,3,4-tetrahydrobenzo[g]quinoxaline-
5,10-diones being reported in 1987, subsequent investigations
into this family of dyes have been notably sparse. Diverse pho-
toinitiating systems were prepared by combining these dyes with
additives such as EDB and lod. The strong absorption of these
dyes exhibited in the UV-vis region (>400 nm) facilitated pho-
topolymerization under the irradiation of LED@405 nm and
LED@450 nm. The proposed chemical mechanism was corrob-
orated using complementary techniques including steady-state
photolysis, fluorescence quenching experiments, cyclic voltam-
metry, and ESR-ST experiments. Remarkably, B1, B2, B3, B10,
and B11 emerged as successful photoinitiators for the FRP of
TMPTA under sunlight due to their excellent photoinitiation abil-
ity. Among these, B10 exhibited the highest reactivity, achieving
unprecedented monomer conversions under sunlight, with FCs
of 58% for TMPTA and 96% for PEGDA, all at significantly low
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concentrations of photosensitizers and additives. These findings
position these dyes as promising candidates for the future de-
velopment of efficient sunlight photoinitiators. Finally, the three-
component systems, B10/EDB/Iod and B11/EDB/Iod, were suc-
cessfully applied to 3D printing. In summary, the demonstrated
ability of these dyes to initiate polymerization under sunlight,
coupled with their ease of synthesis, rapid polymerization under
both sunlight, and artificial light sources, aligns with the prin-
ciples of green chemistry. These chromophores present a viable
option for large-scale industrial applications, such as exterior wall
coatings, offering energy efficiency, and environmental sustain-
ability in outdoor polymerization processes.
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