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ARTICLE INFO ABSTRACT

Keywords: In this study, flavonoid with N,N-diphenylamino group, 2-(4-(diphenylamino)phenyl)-3-hydroxy-4H-chromen-4-

Phom?"_l}_’merizaﬁon one (3HF-OH) was designed and synthesized as low-toxicity photoinitiator for photopolymerization under safe

E?otoml.zator visible LED sources, however, low photoinitiation activity of 3HF-OH was found due to the excited state proton
avonoi

transfer (ESIPT) process. Hence, by replacing the 3-position hydroxyl group of 3HF-OH with benzoyl chloride
and benzenesulfonyl chloride, flavonol carboxylate (3HF-C) and flavonol sulfonate (3HF-S) were synthesized,
respectively. 3HF-C and 3HF-S showed not only one-component photoinitiating activity but also two-component
photoinitiating activity when they were used with triethanolamine (TEOA) and iodonium salt (ONI) under safe,
long-wavelength LED soft light sources. Photopolymerization kinetics reveals that photoinitiator 3HFs at low
concentration exhibits the high polymerization rate and conversion. Results also showed that 3HF-S has much
higher photoinitiation activity during photopolymerization compared with 3HF-OH and 3HF-C. The high
extinction coefficient and aggregation-induced emission (AIE) characteristics of 3HF-S were observed, which
proved that reducing the photoinitiator usage can effectively progress the photopolymerization activity. At the
same time, the low usage of 3HF-S further reduces the toxicity of the cured material. Through electron spin
resonance (ESR) experiment, the photoinitiation and sensitization mechanisms of these photoinitiators were
observed. The school badge structure of hydrogels could be successfully 3D printed with 3HF-S and the stiffness
of the structure was sufficient for further processing without breaking the structure. Moreover, the use of the 3-
[4,5-dimethylthiazol-2-yl1]-2,5-diphenyl tetrazolium bromide (MTT) method confirmed the lower toxicity for the
final photopolymer provided.

Low-toxicity
High activity

1. Introduction

In photopolymerization technology, the photoinitiator is the most
critical and important species in the entire system [1]. However, the
photoinitiator cannot be completely consumed in the photo-
polymerization and easily migrates out of the cured surface, which has
the potential to cause corresponding toxicity and environmental pollu-
tion [2-6]. Therefore, the development of low-toxicity and
high-efficiency photoinitiators is an important aspect in photo-
polymerization technology. There are two main ideas for the develop-
ment of low-toxicity photoinitiators: (1) to synthesize macromolecular
photoinitiators to reduce migration in photocurable resins and (2) to use
the skeleton structure of small molecules of natural products to design
and synthesize highly efficient photoinitiators [7,8]. The former

introduces macromolecular chains, which usually reduces the photo-
initiating activity of the initiating molecule, while the amount of pho-
toinitiator used increases, affecting the final properties of the cured
resin. The latter produces initiators that are usually biocompatible and
can avoid the low photoinitiation activity of macromolecular initiators.

Flavonols are ubiquitous in fruits and vegetables. Hence, flavonols
generally show extremely low biotoxicity and good biocompatibility to
biological organisms [9-13]. Flavonol and its various derivatives are
widely used in cell imaging and fluorescent probe studies, and all show
low cytotoxicity [14-17]. Flavonol is not only a natural product but also
a type of fluorescent molecule with excited state intramolecular proton
transfer (ESIPT) [18-20]. The ESIPT refers to the process of proton
transfer that occurs between the proton donor and the proton acceptor
inside the excited state molecule when the fluorescent molecule is
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Scheme 1. ESIPT property of 3HF.

excited by light. Both the directly excited state (N *) and the base
tautomeric excited state (T *) formed by the ESIPT process can emit
fluorescence (Scheme 1). Compared with the electron transfer process,
the rate of proton transfer is faster, and the excited state T * of the base
tautomer produces long-wavelength strong fluorescence emission.
Therefore, flavonol and its derivatives are an important class of fluo-
rescent probe molecules.

Lalevée et al. found that some flavonol derivatives linked to conju-
gated aromatic hydrocarbons have photosensitivity activity under long-
wavelength LED light sources [21]. Flavonol (3HF) can be used with
amino acids (e.g., N-phenylglycine (NPG)) as a low-toxicity visible light
initiator for thick samples or free radical polymerization of methacrylate
in composites [8]. Furthermore, the effect of different substituents on
the photopolymerization of flavonols was discussed, and the initiation
rules and mechanisms of the different substituents of flavonols were
given [22]. It was found that the flavonol ESIPT process is a competitive
process of the photoinitiated process. The strong fluorescence process
generated by the hydrogen atom transfer limits the charge transfer
sensitization ability and direct initiation ability of the flavonol dye
molecules in photopolymerization.

If the hydroxyl group of flavonol compounds is etherified or esteri-
fied, it can inhibit the proton transfer process in its excited state mole-
cules, thereby reducing the fluorescence intensity and increasing the
triplet lifetime, which results in an increase in its activity during pho-
topolymerization. To obtain a low-toxicity initiator with high-efficiency
initiating activity under safe long-wavelength LED soft light sources, we
synthesized  2-(4-(diphenylamino)phenyl)-3-hydroxy-4H-chromen-4-
one (3HF-OH). Through the introduction of triphenylamine electron
donor, we were able to improve the charge transfer ability in the
molecule and extend the absorption wavelength. Consequently, the
absorption wavelength requirements of long-wavelength LED soft light
sources are satisfied. Furthermore, we synthesized flavonol sulfonate
(3HF-S) and flavonol carboxylate (3HF-C) by replacing the 3-position
hydroxyl group with benzenesulfonyl chloride and benzoyl chloride.
3HF-S and 3HF-C inhibit the ESIPT process, reduce the fluorescence
intensity, and improve the photosensitivity with the introduction of
ester groups. Moreover, we performed acid production experiment,
density functional theory (DFT) calculations, and electron spin reso-
nance (ESR) experiments.

2. Experimental details
2.1. Synthesis of the 3HFs

2.1.1. Synthesis of 2-(4-(diphenylamino)phenyl)-3-hydroxy-4H-chromen-
4-one (3HF-OH)

Sodium hydroxide (2.0 g, 0.05 mol) was added to a 100 mL round
bottom flask, dissolved in water (5.0 mL), the temperature was lowered
to room temperature, and then ethanol (30 mL) was added; Next, 2-
hydroxyacetophenone (6.0 mmol) and 4-(diphenylamino)benzalde-
hyde (6.0 mmol) were added, and diluted with ethanol (20.0 mL). After
12 h of reaction, 30% Hydrogen peroxide (H205) (2.0 mL) was added
directly, and the reaction was continued for 12 h. The reaction solution
was neutralized with concentrated hydrochloric acid to neutrality.
Water was then added to dissolve the inorganic salts produced by the
neutralization. At that time, a large amount of solid precipitated. The
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solid was filtered, and then recrystallized from ethanol. Dark yellow
solid. Yield:65%. Mp: > 200 °C. 'H NMR (400 MHz, CDCl3) & 8.24 (dd, J
= 8.0, 1.5 Hz, 1H), 8.15-8.12 (m, 2H), 7.68 (ddd, J = 8.6, 7.1, 1.6 Hz,
1H), 7.55 (d, J = 8.4 Hz, 1H), 7.42-7.38 (m, 1H), 7.33-7.30 (m, 4H),
7.19-7.16 (m, 5H), 7.13-7.10 (m, 3H).}*C NMR (101 MHz, CDCl3) &
172.9, 155.2, 149.6, 146.8, 145.5, 137.6, 133.3, 129.5, 128.8, 125.5,
125.4,124.4,124.1,123.5,121.2,120.7, 118.1. IR (KBr, (em™1)): 3231
(0-H), 1596 (C==0), 1561 (C=C), 1064 (C-0); HRMS (ESI) calculated
for CoyH19NO3 406.1438 [M+H]'; found 406.1433 [M+-H] .

2.1.2. Synthesis of 2-(4-(diphenylamino)phenyl)-4-oxo-4H-chromen-3-yl
benzenesulfonate (3HF-S)

The 3HF-OH (5 mmol) was added to a 100 mL round bottom flask,
dissolved in dichloromethane (20.0 mL), and then triethylamine (10.0
mmol) was added. Next, the benzenesulfonyl chloride (10.0 mmol) was
dissolved in dichloromethane. The mixed solution was slowly added
dropwise to the round bottom flask under ice bath conditions. After the
mixed solution is added dropwise, the reaction at room temperature for
4 h. The organic phase was washed 3 times with Hy0. After drying over
anhydrous NaySOy, the solution was concentrated and purified by silica
gel column chromatography using PE/EA to obtain the pure product
(3HF-S) as yellow crystals. Yellow solid. Yield:82%. Mp: 112-114 °C. 'H
NMR (400 MHz, CDCl3) 6 8.20 (dd, J = 8.0, 1.5 Hz, 1H), 8.01 (dd, J =
8.4, 1.2 Hz, 2H), 7.85-7.81 (m, 2H), 7.70-7.63 (m, 2H), 7.53-7.50 (m,
3H), 7.42-7.38 (m, 1H), 7.37-7.33 (m, 4H), 7.16 (dd, J = 12.6, 7.4 Hz,
6H), 7.01-6.99 (m, 2H). '3C NMR (101 MHz, CDCls) & 172.3,
158.7155.2, 150.8, 146.4137.5, 133.9, 132.6, 130.1, 129.6, 128.7,
128.5,126.9, 126.2, 126.0, 125.2, 124.7123.9, 121.0, 119.7, 117.9. IR
(KBr, (em™1)): 1591 (C=0), 1503 (C=C), 1059 (C-0), 978 (S=O);
HRMS (ESI) calculated for C3sHosNOsS 546.1670 [M+H]™, found
546.1683 [M+H] ™.

2.1.3. Synthesis of 2-(4-(diphenylamino)phenyl)-4-oxo-4H-chromen-3-yl
benzoate (3HF-C)

Compound 3HF-C was synthesized from benzoyl chloride by using a
similar procedure described above for 3HF-S. Yellow solid. Yield:85%.
Mp: > 200 °C. 'H NMR (400 MHz, DMSO-dg) 6 8.16 (d, J = 7.5 Hz, 1H),
8.10 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 7.4 Hz, 1H), 7.89 (t, J = 7.4 Hz,
2H), 7.79 (dd, J = 14.5, 7.9 Hz, 2H), 7.62 (t, J = 7.6 Hz, 2H), 7.53 (dt, J
=19.4,7.5 Hz, 2H), 7.37 (t,J = 7.7 Hz, 4H), 7.16 (dd, J = 18.2, 7.6 Hz,
6H), 6.93 (d, J = 8.9 Hz, 2H). 3C NMR (101 MHz, DMSO-ds) 5
170.7167.3,163.2,155.5, 154.9150.3, 145.7, 134.6, 132.8132.3, 129.9,
129.5, 129.2, 128.5128.0, 125.9, 125.6, 124.9122.7, 120.5, 119.1,
118.5. IR (KBr, (em™H): 1741, 1587 (C=0), 1498 (C=C), 1060 (C-0);
HRMS (ESI) calculated for Cs4H23NO4 510.1700[M+H]", found
510.1709 [M+H]".

2.2. Photoacid generation experiments

All 3HFs dissolved in acetonitrile were previously Ny degassed. The
photoacid generation progress was monitored via UV-visible absorption
spectra. Rhodamine B (RhB) was used as a sensor of photoacid genera-
tion [23].

2.3. ESR experiments

ESR experiments were carried out using a Bruker A300 ESR spec-
trometer. The radicals were produced at room temperature under the
405 nm LED exposure and trapped by phenyl N-tert-butylnitrone (PBN)
[24,25].

2.4. Cytotoxicity in a non-contact model
Five pieces (1 mm thick disc with 7 mm diameter) of polymer was

prepared from the photopolymerization of the Bis-GMA/PEGDMA
(70%/30%, wt/wt) blend initiated by the 3HFs (0.125%, wt), 3HFs/
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Fig. 1. (a) Synthesis routes of the 3HFs; (b) Optimized geometry structures and molecular electrostatic potentials of 3HFs; (c) >*C NMR spectra of the 3HFs; (d) IR

spectra of the 3HFs.

triethanolamine (TEOA) (0.125%/3.0%, wt/wt) and 3HFs/iodonium
salt (ONI) (0.125%/1.0%, wt/wt) photoinitiating system under the 405
nm LED irradiation. For comparison, camphorquinon (CQ) was tested
under the same experimental conditions. After being washed with 70%
ethanol for 1 day, the polymer is soaked in culture medium for 7 days.
HeLa cells were seeded in 96-well plates at a density of 1 x 10~* cells per
well and cultured for 24 h at 37 °C under a humidified atmosphere of 5%
CO». After the attachment of HeLa cells, add the soaking solution to the
culture medium and continue to culture the HeLa cells for 24 h. For each
sample, the parallel control group were repeated five times. The
viability of the HeLa cells was analyzed using the MTT cytotoxicity assay
method. Finally, the optical density (OD) at 490 nm was read with a
microplate reader. The cell viability (%) was calculated using the
following equation [7,26].

OD — 0D,

G2= 9% 00
ob. — op, * 100%

Cell viability =
Where OD is the value of the experimental group, ODc is the value for
cells incubated with medium, and ODy is the value of the medium. The
viability was tested in triplicate and the values were averaged.

3. Results and discussion
3.1. Synthesis

The synthesis of 3HF-OH was performed using the Algar—
Flynn-Oyamada (AFO) method [27]. 3HF-S and 3HF-C were synthe-
sized by replacing the 3-position hydroxyl group of 3HF-OH with
benzenesulfonyl chloride and benzoyl chloride, respectively. Fig. la
shows the synthesis routes. The 3C NMR spectra and infrared (IR)
spectra are presented in Fig. 1c and d. The '3C NMR spectra of 3HFs
show that there is only one peak in the 3HF-C spectra at chemical shift of
about 163.87 ppm. The peak was attributed to the carboxylate group.
The IR spectra of 3HFs show that there is only one peak in the 3HF-S
spectra at 978 cm ™. The peak was attributed to the sulfonate group.

The optimized geometry structures and molecular electrostatic po-
tentials of 3HFs are shown in Fig. 1b. Their torsion angle is presented in
Table S1. The triphenylamine structure on 3HF-S and 3HF-C will be
subjected to torsion when benzenesulfonyl chloride and benzoyl chlo-
ride are used to replace the 3-position hydroxyl group on 3HF-OH. In
addition, the benzene ring on the sulfonate and carboxylic acid ester and
the flavonol molecule are not in a flat plane, which reduces the planarity
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Fig. 2. (a) UV-Vis absorption spectra of the 3HFs in acetonitrile; (b) Calculated electron distributions of HOMOs and LUMOs for 3HFs. (c) Fluorescence spectra of the
3HFs in acetonitrile; (d) Photographs of 3HF-S in different solvents taken under excitation of a UV light (~365 nm); (e) The fluorescent spectra of 3HF-S in

methanol/water mixtures with different ratios.

Table 1

Absorption and fluorescence data of 3HFs in acetonitrile: maximum absorption wavelengths (1,ax), molar extinction coefficients (¢) at An.x and at the emission
wavelengths of the LEDs, maximum emission wavelengths (Aen), Stokes shift and fluorescence quantum yields (®¢), Quantum yields for acid generation (®f}), irra-

diated at 405 nm, Chemical acid yields(®cpem), irradiated at 405 nm.

Amax (nm) £max M tem™) £40s M lem™) £460 M lem™h) Aem (nm) Stokes shift (cm™) ¢ (%) ora ®chem
3HF-OH 396 23752 22176 671 545 6711 18.24 - -
3HF-S 386 23294 17448 672 549 6135 13.90 0.20 0.45
3HF-C 384 23012 16071 671 546 6173 15.23 0.002 0.27

of the overall molecule of 3HFs.

Solubility is an important for photoinitiator. Thus, the solubility of
3HFs in toluene, ethyl acetate (EA), tetrahydrofuran (THF), methanol
(CH30H), acetonitrile (CH3CN), dimethyl sulfoxide (DMSO), CH3OH/
H30 (1:1 v/v), CH3CN/H30 (1:1 v/v), and DMSO/H0 (1:1 v/v) are
presented in Table S2. 3HF-S exhibited better solubility than 3HF-OH
and 3HF-C in the tested solvents. Meanwhile, 3HF-S showed consider-
able solubility in the mixed solvents, which proved that 3HF-S is suit-
able for aqueous photoinitiated polymerization.

3.2. Light absorption and fluorescence properties

The ultraviolet-visible (UV-vis) absorption spectra of the studied
3HFs in CH3CN are presented in Fig. 2a. The 3HFs are characterized by
good light absorption properties in the 250-470 nm range. We found
that these compounds are characterized by a high extinction coefficient
in the 405 nm, and the absorption of 3HF-S and 3HF-C undergoes small

blue shift compared with the absorption of 3HF-OH. The absorption at
approximately 400 nm is mainly due to the - * transition of the whole
n-conjugated structure of 3HFs. The broad absorption range and visible
light coverage are attributed to this large n-conjugated structure. Their
extinction coefficients and the corresponding wavelengths are reported
in Table 1.

The spatial electron distributions of the highest occupied molecular
orbitals (HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) in the optimized ground states are depicted in Fig. 2b. The
electrons of the HOMOs of 3HFs are basically delocalized on the tri-
phenylamine molecules, while those of the LUMOs are mainly distrib-
uted at the other part of molecule except for the triphenylamine moiety.
Both the HOMOs and the LUMOs are strongly delocalized all over the
system, clearly showing a n-n* lowest energy transition for 3HFs. The
introduction of benzenesulfonyl chloride and benzoyl chloride in the
3HF-OH was found to increase the LUMO-HOMO energy gap, which is
in accordance with the observed blueshift for Ayax.
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Fig. 3. (a) Evolution of the absorption spectra of 3HF-S and Rhodamine B; (b)
Evolution of the absorption spectra of 3HF-C and Rhodamine B; (in acetonitrile
upon the 405 nm LED exposure, UV-vis spectra recorded at different irradia-
tion times).

The fluorescence spectra of 3HFs in CH3CN are presented in Fig. 2c,
and the main data are listed in Table 1. In CH3CN solvent, the fluores-
cence intensity of 3HF-S and 3HF-C was weaker than that of 3SHF-OH.
The decrease in the fluorescence intensity of 3HF-S and 3HF-C was
partly due to the limitation of the ESIPT process of 3HF-OH. To further
study the fluorescence behavior of 3HF-S, the fluorescence spectra in
CH3OH/water mixtures (the maximum water contains 0.2% CH3OH)
with different water fractions (vol%) were studied, as shown in Fig. 2d

@ b
X 0..50 ;
O @ | © cageescape@ +H:0
- - I\:
C
0,

solvent cage
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and e. In CH3OH/water mixtures, the initial fluorescence of 3HF-S in
pure CH3OH solution was very weak. Upon the increase of water frac-
tion, the fluorescence intensity of 3HF-S gradually increased. The re-
sults suggested that the 3HF-S has aggregation-induced emission (AIE)
characteristics.

3.3. Photoacid generation

The photoacid generation properties of 3HF-S and 3HF-C were
tested using rhodamine B as an acid detector [23]. The mixture of 3HFs
and RhB (1:2 molar ratio) was corradiated in CH3CN and irradiated by
405 nm LED source. The results of the change of the absorption at
approximately 400 nm indicated that photolysis took place in 3HF-S
and 3HF-C under the irradiation, and the photolysis rate of 3HF-S is
faster than that of 3HF-C, as shown in Fig. 3. The photostability of
flavone derivatives has been investigated previously because of the
following reasons: (1) 3HFs contain enol and enone structures. (2)
Hydrogen atom transfer and electron transfer occur under LED illumi-
nation [14,22]. (3) The conjugate structure is broken, so the absorption
is significantly reduced. As shown in Fig. 3, the intense increase in the
absorbance at approximately 555 nm shows the production of acid
accompanied with the photolysis with the increase of irradiation time.
The absorption intensity of 3HF-S at 555 nm is higher than that of
3HF-C after the irradiation, which indicates that the photolysis of 3HF-S
can produce strong acids. 3HF-S produced strong acids. Also, it accel-
erates the photolysis rate, which is one of the reasons that the photolysis
rate of 3HF-S is faster than 3HF-C. Their quantum yields for acid gen-
eration (PH") and the chemical acid generation (®chern) under the
irradiation of 405 nm LEDs are gathered in Table 1.

The possible mechanism of this photoacid generation is shown in
Scheme 2. It is believed that the mechanism of the 3HF-S is analogous to
that of phenolic sulfonate photoacid generators [28], that is, the ho-
molytic cleavage of the S-O bond to form a radical pair [3HFOe +
eSO2Ph], in the solvent cage, which then undergoes intramolecular
coupling or cage escape. These radicals must escape from the solvent
cage and undergo side reactions, such as react with water H,0, for acid
to be formed.

3.4. 3HFs as photoinitiators for free radical polymerization

Free radical photopolymerization (FRP) of tripropylene glycol dia-
crylate (TPGDA) was evaluated using 3HFs as photoinitiators under the
405 nm LED source and 460 nm LED source. The photopolymerization
curves are shown in Fig. 4. Generally, the proportion of photoinitiator in
photopolymerization is 1.0-3.0 wt%. Through acid generation experi-
ments, the ester bonds in 3HF-S and 3HF-C are easily broken under
light. It can be seen from Fig. S13 and Fig. S14 that the 3HF-S one-
component systems can effectively initiate FRP of TPGDA, and the
photoinitiator 3HF-S with low content of 0.125 wt% is sufficient for
photopolymerization. It can be explained with these two factors: the AIE
characteristics and light shielding [1]. At the same time, the low usage of
3HF-S further reduces the toxicity of the cured material.

Therefore, 3HFs as one-component photoinitiating system to initiate

® OH
0.-5;0 o é 0

acid

Scheme 2. Proposed mechanism of photoacid generation.
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Fig. 5. (a) and (b) Photopolymerization profiles of TPGDA in the presence of 3HFs/ONI (0.125%/1.0% wt/wt) and CQ/ONI (0.125%/1.0% wt/wt); (c) and (d)
Photopolymerization profiles of DGEBA in the presence of 3HFs/ONI (0.125%/,/1.0% wt/wt) and CQ/ONI (0.125%/,/1.0% wt/wt); (a and c) under the 405 nm LED; (b
and d) under the 460 nm LED.

FRP of TPGDA were first evaluated, and the results were shown in 80%, 20%, and 3%, respectively. Under the 460 nm LED light source,
Fig. 4a and b. Under the 405 nm LED light source, when irradiated for when irradiated for 180 s, the FCs of 3HF-S, 3HF-C, and 3HF-OH were
180 s, the final conversions (FCs) of 3HF-S, 3HF-C, and 3HF-OH were 71%, 3%, and 2%, respectively. The results showed that 3HF-S can be
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Fig. 6. (a) Photopolymerization profiles of hydrogels [containing 70 wt% of PEGDMA (Mn = 600 Da) and 30 wt% of HO] in the presence of 3HFs, 3HFs/TEOA and
3HFs/ONI under the 405 nm LED; (b) and (c) photograph of 3D printed methacrylate resins with hexagonal grid structure; (d) and (e) photograph of 3D printed
hydrogel with school badge structure; (c and e) under excitation of a UV light (~365 nm).
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Fig. 8. The cytotoxicity of 3HFs in HeLa cells. (0) Blank control, (1) 3HF-OH/
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used as Novel Norrish type I photoinitiators. Furthermore, the photo-
initiation activity of 3HF-S is the highest, which is consistent with its
high acid generation activity and low O-S bond energy. However,
3HF-C and 3HF-OH have almost no initiation activity when they were
used as Norrish I type photoinitiators.

Hydrogen donors are the most important as coinitiators among the
Norrish type II photoinitiators. The effects of different amines including
TEOA, triethylamine (TEA), ethyl 4-dimethylaminobenzoate (EDB),

NPG, and morpholine (MP) on FRP were studied (Fig. S13). When TEOA,
TEA, EDB, and MP are added, the polymerization rate is significantly
increased, and using TEOA as the coinitiator has the highest polymeri-
zation rate. The photopolymerization of TPGDA with 3HF/TEOA as
photoinitiator was tested to evaluate the ability of 3HFs as a Norrish
type II photoinitiator. The results were shown in Fig. 4c and d. As a two-
component system, 3HF/TEOA has shown higher photoinitiation ac-
tivity than 3HFs as one-component photoinitiators. The addition of
TEOA significantly accelerated the polymerization efficiency. Under the
405 nm and 460 nm LED light source, when irradiated for 20 s, the FCs
of 3HF-S all can reach over 80%. At the same time, under the 405 nm
LED light source, 3HF-S as one-component or two-component photo-
initiating system, the polymerization rate is higher than the commercial
initiator CQ.

3.5. 3HFs as photosensitizers for free radical and cationic
photopolymerization

The molecular electrostatic potential (MEP) map offers a very crucial
information in the form of local potentials on the total density surface of
a molecule [29-31]. Fig. 1b reveals that the negative potentials of 3HFs
are evenly localized on the carbonyl and ester moiety, which in turn
provides a reaction site to interact with positive iodonium salts (ONIs)
through electrostatic attraction. Therefore, the activity of 3HFs as ONI
photosensitizers in the FRP of TPGDA and the cationic photo-
polymerization (CP) of bisphenol A diglycidyl ether (DGEBA) was
investigated.

FRP experiments using two-component photoinitiating systems,
which contain 3HF (0.125 wt%) and ONI (1.0 wt%), were also per-
formed (Fig. 5a and Fig. 5b). The FC could reach up 85% for 3HFs/ONI
(only 10% for CQ/ONI) under the 405 nm LED, when irradiation time



J. You et al.

was 25 s. The order of polymerization rate was 3HF-S/ONI > 3HF-C/
ONI > 3HF-OH/ONI > CQ/ONI under the 460 nm LED light sources.
The addition of ONI significantly accelerated the polymerization rate
because of its high activity.

Epoxy-based polymeric materials have diverse applications, such as
adhesives, paints, coatings, and electronics. These materials have a set of
unique properties, that is, low shrinkage, excellent chemical and
corrosion resistance, and superior thermal properties. The photo-
polymerization of epoxy resin belongs to the CP initiated by ionium salts
usually. The main absorption of the commonly used onium salt initiators
(ONI and sulfonium salt) is concentrated in the ultraviolet region, which
does not match the safe LED light source well. Thus, the photosensitizer
for ONIs is very important in CP under the LED irradiation. The CP of
DGEBA in the presence of the 3HFs (0.125% wt) and ONI (1.0% wt) was
carried out under 405 nm and 460 nm LED light sources, respectively.
The results are shown in Fig. 5¢ and d. Under the 405 nm LED light
source, when irradiated for 150 s, the FCs of 3HF-S/ONI, 3HF-OH/ONI,
3HF-C/ONI, and CQ/ONI are 76%, 80%, 53%, and 30%, respectively.
The order of polymerization rate was 3HF-OH/ONI > 3HF-S/ONI >
3HF-C/ONI > CQ/ONI. Under the 460 nm LED light source, when
irradiated for 180s, the FCs of 3HF-S/ONI, 3HF-OH/ONI, 3HF-C/ONI,
and CQ/ONI are 65%, 46%, 45%, and 12%, respectively. The order of
polymerization rate was 3HF-S/ONI > 3HF-C/ONI > 3HF-OH/ONI >
CQ/ONIL. The results show that the polymerization rate and the FCs of
3HFs in the CP system are higher than that of CQ. This shows that 3HF is
also a new type of highly effective photosensitizer.

TPGDA methacrylate resins were used as polymerizable monomers
in this study. The 3D printing structure obtained from methacrylate
resins containing 3HF-S (0.125% wt), ONI (2.0% wt), and TEOA (1.0%
wt) are shown in Fig. 6b and c. The hexagonal grid complex structure
could be successfully printed with 3HF-S, and the structure has high
precision. The printed model with photoinitiator 3HF-S is yellow
(Fig. 6b), When the model is illuminated by UV light, its color turns blue
(Fig. 6c¢). This result demonstrates that the 3HF-S is a good
photoinitiator.

3.6. 3HFs as photoinitiators for photopolymerization of hydrogels

Hydrogels are three-dimensional (3D) networks formed by hydro-
philic polymer chains with tunable physical and chemical properties.
They have been widely used in biomedicine, soft electronics, sensors and
actuators [32,33]. The 3HF-S has better solubility in mixed solvents, so
it was selected to explore the photopolymerization of hydrogels. The
hydrogels of PEGDMA in the presence of the 3HF-S was carried out
under 405 nm LED light sources. It can be seen from Fig. 6a that the
photoinitiator 3HF-S with low content of 0.042 wt% is totally enough
for photopolymerization. When irradiated for 60 s, the FCs of 3HF-S,
3HF-S/TEOA, and 3HF-S/ONI were 33%, 75%, and 85%, respectively.
The order of polymerization rate was 3HF-S/ONI > 3HF-S/TEOA >
3HF-S. The addition of HyO significantly reduces the photoinitiator
usage. It can be explained with the AIE characteristics. At the same time,
the low usage of 3HF-S further reduces the toxicity of the hydrogels.

The efficiency of 3HF-S as photoinitiator was evaluated for 3D
printing of hydrogels. The 3D printing structure obtained from aqueous
formulations containing 3HF-S (0.125% wt), ONI (2.0% wt), and TEOA
(1.0% wt) are shown in Fig. 6d and e. The school badge structure of
hydrogels could be successfully 3D printed with 3HF-S and the stiffness
of the structure was sufficient for further processing without breaking
the structure. This plays an important role in the field of biomedicine.

3.7. Photochemical mechanism

The generated radicals 3HF-S, 3HF-S/EDB, and 3HF-S/ONI under
405 nm LED irradiation were observed by ESR spin-trapping experi-
ments (Fig. 7). In the 3HF-S system, a triplet is observed, which may
correspond to the benzenesulfonyl radical produced by the fracture of
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the ester bond. Moreover, ESR spectra of 3HF-S/EDB and 3HF-S/ONI
systems are more complex than those of 3HF-S systems. This result
shows that the 3HF-S/EDB system generates aminoalkyl radicals and
that the 3HF-S/ONI system generates tolyl radicals [7,34].

Based on the aforementioned research, the photochemical mecha-
nism was demonstrated in Scheme 3. As shown in Scheme 3A, in the one-
component 3HF-S initiating system, ester bond cleavage occurs under
light conditions, the generated 3HF radicals and benzenesulfonyl radi-
cals are in the solvent cage, and then, the free radicals escape from the
cage and initiate FRP. In the two-component 3HF-S/TEOA initiating
system, as shown in Scheme 3B, 3HF-S can undergo classic enone
tautomer conversion under light conditions, generating electron transfer
with TEOA, and then, the aminoalkyl radicals initiate FRP. At the same
time as shown in Scheme 3A, 3HF free radicals and benzenesulfonyl free
radicals can also undergo electron transfer with TEOA and generate
aminoalkyl radicals to initiate FRP. In the two-component 3HF-S/ONI
initiating system, as shown in Scheme 3C, 3HF-S is excited under light
conditions and then undergoes electron transfer with ONI to generate a
free radical cation and an unstable onium salt free radical. Unstable
onium salt radicals generate tolyl radicals to initiate FRP. At the same
time, in the process of electron transfer between 3HF-S and ONI, super
acid and free radical cation can also be generated to initiate CP.

3.8. Cytotoxicity of the photocured films

To evaluate the biocompatibility of the photocured films, the in vitro
cytotoxicity on HeLa cells was measured by using MTT assay. In this
study, the typical dental resin system bisphenol A-glycidyl methacrylate
(bis-GMA)/poly (ethylene glycol) dimethacrylate (PEGDMA) was used
as the benchmark monomer. The cytotoxicity assays of the photocured
films are shown in Fig. 8. The cell viability of the cured films with
3HF-S, 3HF-C, and CQ is sustained more than 80%, whereas the cell
viability of the cured films with 3HF-OH is less than 80%. This is
because 3HF-OH has poor solubility, which is caused by a reduction of
N-methyl-2-pyrrolidone added to the cured sample. Therefore, the
3HF-S and 3HF-C have a great potential in field of biomaterials.

4. Conclusions

In summary, the novel LED photoinitiator 3HFs were synthesized via
the method of Algar-Flynn—Oyamada and a substitution reaction. The
photoinitiation abilities of 3HFs have been investigated using safe long-
wavelength LED soft light sources. The high extinction coefficient and
AIE characteristics of 3HF-S were observed, which proved that reducing
the photoinitiator usage can effectively progress the photo-
polymerization activity. At the same time, the low usage of 3HF-S
further reduces the toxicity of the cured material. 3HF-S can be used as
Norrish I type photoinitiators. Furthermore, the photoinitiation activity
of 3HF-S is the highest, which is consistent with its high acid generation
activity and low O-S bond energy. The polymerization rate and FCs of
3HFs in the CP system are higher than that of CQ. This shows that 3HF is
also a new type of highly effective photosensitizer. Moreover, the use of
MTT method confirmed the lower toxicity for the final photopolymer
provided. Finally, we were able to come up with a new highly efficient
and safe photoinitiator that will play an important role in the field of
biocompatible polymers.
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