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Four chalcones with large conjugated structures have been designed and synthesized. The large conju-
gated structures of the four chalcones give them excellent absorption properties in the visible region
(Amax = 407-483 nNm, emayx = 24600-60200 M1 cm™) and excellent intramolecular charge transfer
characteristics. After forming a three-component photoinitiation system with iodine and an amine, the
free radical polymerization of various acrylates was effectively initiated under UV-LED and blue LED
irradiation, with a final double bond conversion rate of 92%. The photochemical reaction mechanism was
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determined using steady-state photolysis, fluorescence quenching, cyclic voltammetry and ESR experi-
ments. In addition, the chalcones were found to have good photobleaching properties and biocompatibil-
ity through photoinduced degradation and cytotoxicity experiments. These excellent properties demon-
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1. Introduction

Photopolymerization refers to the process of crosslinking
monomers and resins to form solid products in the presence
of light,"™ and it is widely used in many materials science
fields because of its high efficiency and wide adaptability.>®
The mercury lamp that serves as the UV light source in tra-
ditional photopolymerization technology has some safety pro-
blems, such as causing damage to human eyes and skin, and
ozone and mercury pollution generated by the polymerization
process.” '® Therefore, in recent years, more and more atten-
tion has been paid to lower energy and soft visible irradiation
sources such as LEDs, which can not only avoid safety pro-
blems, but also prevent deformation of materials at lower oper-
ating temperatures.'* ™

At present, the maximum absorption wavelength of free
radical initiators on the market, such as photoinitiator 1173
and benzophenone, is below 365 nm, but the wavelength of
LED light sources widely used in the industrial field is above
365 nm. Thus, this mismatch between the LED wavelength
and the initiator absorption wavelength means that there is
low initiation efficiency or that the LEDs cannot be used.'*"®
Commercial  photoinitiators with absorption wavelengths
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strate that these chalcones have great promise for applications in the field of photopolymerization.

greater than 365 nm, such as trimethylbenzoyl diphenyl-
phosphine oxide (TPO), produce harmful free radicals in the
photopolymerization process and have been banned under EU
regulations. To solve this problem, it is necessary to develop a
green non-toxic photoinitiator with an absorption wavelength
that sufficiently matches the wavelength emitted by the light
source. One of the main strategies to achieve this is to increase
the size of the conjugated structure of the molecule to improve
its absorption properties so that the absorption wavelength is
red-shifted and it has a high molar extinction coefficient.”

In recent years, photoinitiators based on natural dyes such
as curcumin,® flavonoids,'® carotenoids,?® and anthocyanins®'
have gained widespread attention due to their availability, low
cost, and green non-toxic properties. Chalcones are type of
natural dye that also exist in many plants, and chalcone-based
photoinitiators are easily accessible and have good light
absorption performance in the near-ultraviolet-visible region.
Chalcones also have an ideal structure for designing visible
light photoinitiators to induce photopolymerization reac-
tions,?* while chalcone-based photoinitiators have good photo-
bleaching properties and good biocompatibility, making them
suitable for a wide range of applications in 3D printing and
dental materials.”®

Triphenylamine (TPA) is one of the most widely used elec-
tron donors in the fields of organic light-emitting materials
and light-induced color-changing materials.**”>” The introduc-
tion of TPA groups into photoinitiators to form D-rn-A struc-
tures enhances intramolecular charge transfer (ICT) effects,
resulting in strong transitions in the visible region. This
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enables the photoinitiator to have excellent absorption
properties.'®*® Fluorene is a commonly used raw material and
intermediate for organic synthesis, and is widely used in phar-
maceuticals, dyes and various polymer preparations.” Its rigid
planar structure is similar to that of biphenyl but gives it
better thermal stability and light-induced luminescence
efficiency, making it favored for the design of luminescent
materials. Lalevee and coworkers designed and synthesized
several chalcones that contain triphenyl amine and have high
polymerization efficiency for free radical polymerization under
405 nm LED irradiation.”® Chen and his colleagues syn-
thesized a series of TPA-based conjugated chalcone structures
with intense absorption bands and high molar extinction
coefficients at around 405 nm.*' Fu and his coworkers syn-
thesized two TPA-based chalcones for the deep curing of resin
and ceramic suspensions.*?

In our previous studies, we synthesized two phenothiazine
photoinitiators with a maximum absorption wavelength of
440 nm.*® On a similar basis, in this work, two kinds of triphe-
nylamine photoinitiators and two kinds of fluorene photo-
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initiators were synthesized as free radical photoinitiators. In
the presence of LED illumination and sunlight, the photo-
initiation activity of trimethylolpropane triacrylate (TMPTA)
polymerization was studied and the optical, electrochemical,
and theoretical properties were investigated. In addition, cyto-
toxicity experiments were performed on HeLa cells (Scheme 1).

2. Results and discussion
2.1 UV-vis absorption spectrum

The absorption spectra of the chalcones in dimethyl sulfoxide
(DMSO) is shown in Fig. 1(a). Compared with TPAK, the four

Table 1 Photophysical properties of the chalcones

Sample TPAK TPA-1 TPA-2 DFO-1  DFO-2
Amax (M) 430 478 483 407 458
emax M lem™) 27500 57500 60200 24600 53900

DFO-1

Scheme 1 Chemical structures of the chalcones examined in this study.
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Fig. 1 (a) Absorption spectra of the chalcones (c = 1 x 107> mol L™). (b) TPA-2 absorption peaks in different solvents.
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Table 2 Light absorption properties of TPA-2

Solvent DMSO DMF ACN Acetone THF DCM
Amax (NM) 483 477 470 469 468 467
Emax 60200 58900 64100 60100 53900 55700
M em™)

lIod

HEMA PEGDA

Scheme 2 Chemical structures of the other compounds used in this study.
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chalcones were found to have absorption bands with a con-
siderable molar extinction coefficient in the visible light
region,*” indicating that a large conjugated D-n-A-n-D struc-
ture could make the absorption peak redshift. The photo-
physical properties of the chalcones are shown in Table 1. It
should be pointed out that (1E,4E)-1-(5-(9,9-dimethyl-9,9a-
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dihydro-4aH-fluoren-7-yl)thiophen-2-yl)-5-(5-(9,9-dimethyl-9H-
fluoren-3-yl)thiophen-2-yl)penta-1,4-dien-3-one has a very
different absorption wavelength from the other chalcones,
which may be attributed to its flat structure. The effect of
different solvents on the absorption peak of TPA-2 is shown in
Fig. 1(b) and Table 2. It can be seen that as the solvent polarity
increases, the absorption peak undergoes a redshift, although
not an obvious redshift, which might be due to the symmetri-
cal structure of TPA-2. The absorption intensity of the peak
also changed, which might be attributed to the change in the
solubility of TPA-2 in different solvents. In addition, the n-n*
transition of the large conjugate structure of the molecule
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Scheme 3 Chemical structures of other photoinitiators listed in Table 6.
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might extend the absorption wavelength range to 600 nm.**
The high molar extinction coefficient and wide absorption
spectrum of these four chalcones indicates that they have great
potential in the field of photopolymerization (Scheme 2).

Fig. 2 shows the HOMOs and LUMOs of the chalcones. The
lowest energy state of the modeled geometry was obtained
from optimization calculations. In addition to the typical n-n*
transition behavior, the HOMO-LUMO transitions exhibited
intramolecular charge transfer (ICT) characteristics. The
ground state electron density was principally distributed over
the entire molecule, while the electron density of the LUMO
was mainly localized on the vinyl and carbonyl groups. This
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Fig. 3 Photopolymerization kinetics of the chalcones/lod/EDAB systems (chalcones: 0.1 wt%; lod: 1.0 wt%; EDAB: 1.0 wt%, TMPTA as monomer)

under different light sources (a) 365 nm LED, (b) 405 nm LED.
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Table 3 Curing times under different conditions
TPA Tod EDAB TMPTA 365 480 Solar
No. (Wt%) (Wt%) (Wt%) (Wt%) (s) (s) (s)
1 0.1 — — 99.9 310 280 310
2 — 2 — 98 Uncured
3 — — 2 98 Uncured
4 0.1 — 1 99 210 180 180
5 0.1 — 2 98 180 120 150
6 0.1 1 — 99 10 6 6
7 0.1 2 — 98 8 4 5
8 0.1 1 1 98 5 3 3
Table 4 Curing times with different monomers
TPA Tod EDAB 365 480 Solar
No. (wt%)  (Wt%)  (wt%) Monomer (s) (s) (s)
1 0.1 1 1 HEMA 310 280 310
2 0.1 1 1 PEGDA 10 8 8
3 0.1 1 1 TMPTA 5 3 3
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ICT phenomenon indicates that the chalcones have a
D-n-A-7-D structure. Consistent with the experimental results,
the band gap of the TPA series is smaller than that of the DFO
series, indicating that the TPA group has a stronger electron-
donating ability, reduced the ionization potential energy of the
molecule, and giving it a longer absorption wavelength
(Scheme 3).

2.2. Photopolymerization kinetic investigations of the
chalcones

The influence of different wavelength light sources on the
photopolymerization reaction was investigated, and 365 nm
and 405 nm LED light sources commonly used in industry
were used to compare the photopolymerization performance.
The DFO-2/ethyl 4-(dimethylamino)benzoate (EDAB); dipheny-
liodonium hexafluorophosphate (Iod) system was not tested
due to its poor solubility in TMPTA, and the results are shown
in Fig. 3.

As shown in Fig. 3(a), under illumination with the 365 nm
light source, the double bond conversion could reach 70% for
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Fig. 4 Steady state UV degradation of chalcones: (a) TPA-1/lod; (b)TPA-2/lod; (c) DFO-1/lod; (d) DFO-2/lod.
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the chalcones/Iod/EDAB systems after 15 s irradiation time.
Although the molar absorption coefficient of DFO-1 at 365 nm
was greater than that of TPA-1 and TPA-2, their final double
bond conversion values were similar, 91%, 92% and 88%,
respectively. This might be due to the faster reaction rate
between TPA-1 and TPA-2 and Iod. Under illumination with
the 405 nm light source, the double bond conversion rate of
DFO-1 decreased more, which might be attributed to the
obvious reduction of its molar extinction -coefficient at
405 nm. However, the double bond conversion of the chal-
cones/Iod/EDAB systems still reaches more than 84%, indicat-
ing that the chalcones/Iod/EDAB system has excellent photoi-
nitiation efficiency.

2.3. Curing time of the coating

The curing time of the coating is an important factor in indus-
trial applications. Therefore, the effects of the light source,
monomer, TPA-2, and Iod and EDAB content on curing time
were investigated. The results are shown in Table 3, and when
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only TPA-2 was added the curing time exceeded 300 s, whilst
when only Iod or EDAB was added the coating cannot be
cured. The curing time was shortened to 6 s and 4 s after adding
1% or 2% Iod. The addition of EDAB does not significantly
shorten the curing time of the film, but the addition of the
TPA-2/1od/EDAB system could shorten the curing time of the film
to 5 s. In addition, the curing time was also different under illu-
mination with different light sources. The curing time when
using the 480 nm light source and sunlight was faster than when
the 365 nm light source was used, which might be attributed to
the higher molar absorbance of TPA-2 at 480 nm. Table 4 illus-
trates that the curing rate with the TMPTA and poly(ethylene
glycol) diacrylate (PEGDA) monomers is much higher than that
with (hydroxyethyl )methacrylate (HEMA).

2.4. Steady state photolysis of chalcones and photobleaching

To monitor the changes in the Chalcones/Iod interactions, the
photolysis process was explored, and the absorption spectrum
changes as a function of irradiation time are shown in Fig. 4.
As the irradiation time increased, the maximum absorption
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Fluorescence quenching experiments for the chalcones/lod systems: (a) TPA-1; (b)TPA-2; (c) DFO-1; (d) DFO-2.
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wavelength of the chalcones gradually decreased. It can be
seen from Fig. 4(a)-(c) that no new peaks appear in the steady
state photolysis process of TPA-1 and DFO-1. In contrast, TPA-2
and DFO-2 have a new peak at 600 nm, indicating that there
might be a new substance formed, and the degradation rate
was also faster, which might be attributed to their better light
absorption performance.

The photobleaching properties of the initiators are effective
with colorless or light-colored coatings, and combined with
long-wave LED light, they are expected to be used in 3D print-
ing technology. For this purpose, the photobleaching perform-
ance of the chalcones in cured coatings was studied, as shown
in Fig. S9.7 The colors of the chalcones are red and yellow.
After LED irradiation for curing, the coating color became
lighter, indicating that the chalcones have photobleaching
properties.

2.5. Fluorescence and cyclic voltammetry experiments

View Article Online
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content increased. There were no new peaks in the emission
spectrum, which excluded the formation of exciton complexes.
This result illustrates that an efficient reaction occurred
between the four chalcones and Iod, which might be because
of the efficient transfer of photoinduced electrons from the
excited state of the chalcones to the ground state Iod.

The electrochemical performance is of great significance
for evaluating the feasibility of photoelectron transfer reactions
and the redox reversibility of the metal or metal-free photo-
catalysts.*® Through the intersection between the UV-vis absorp-
tion and fluorescence spectra in DMSO (Fig. S10%), the first
singlet excited state energy of the chalcones (ES1 = 2.25 eV for
TPA-1, 2.24 eV for TPA-2, 2.45 eV for DFO-1, 2.44 eV for DFO-2)
was determined. The cyclic voltammograms (CV) are shown in

Table 5 Electrochemical data for the chalcones

Fluorescence quenching experiments were carried out in Chalcones TPA-1 TPA-2 DFO-1 DFO-2
DMSO to furthersitudy the p.hot(.>chem1cal reaction be.tween Fox (V) 925 904 .45 9.44
chalcone and Tod.”” As shown in Fig. 5, the fluorescence inten- g, (ev) 0.53 0.56 1.56 1.56
sity of all four chalcones decreased significantly as the Iod AGe (eV) —-1.52 —1.48 —0.69 —0.68
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Fig. 6 Cyclic voltammograms of the chalcones in DCM against satura
TPA-1; (b)TPA-2; (c) DFO-1; (d) DFO-2.
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Fig. 7 Electron spin resonance spin trapping spectra of the chalcones/lod systems.
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Fig. 6, and the stronger donating ability of TPA might result
from their electron-rich nitrogen atoms.

The calculation results based on the electrochemical data
are shown in Table 5, and the AG; of all four chalcones is
below 0, which indicates that there is a good thermodynamic
drive after photoexcitation to allow electrons to transfer
between the excited state molecules and Iod. At the same time,
the TPA series has a smaller AG,, than the DFO series, indicat-
ing that TPA could undergo a more efficient redox reaction
with Iod, thus the rate of action with Iod was faster.

2.6. The photopolymerization mechanism of the chalcones

In order to further understand the mechanism of action of
the chalcones in the photopolymerization process, in an N,
atmosphere, phenylbutylnitrone was used as a free radical trap
to study the free radicals generated by the chalcones after LED
irradiation. The signal obtained is shown in Fig. 7, and it can
be seen that there are obvious and similar radical signals for
all the chalcones. The hyperfine coupling constants are
aN = 14.5 G and gH = 2.2 G, indicating that the chalcones/Iod

system could generate phenyl radicals.?”*
Based on the above research and other relevant
research,**?” we propose a possible experimental mechanism,

as shown in Fig. 8. First, under LED illumination, the chalcone
absorbs photons to transition to the excited state, which could
trigger monomer polymerization but with low efficiency. After
adding Iod, the excited state chalcones quickly undergo a
single electron transfer reaction with Iod to form phenyl rad-
icals, which trigger the free radical polymerization of the acry-
lates, thereby improving the initiation efficiency. This mecha-
nism of initiation is also consistent with the experimental
results. The addition of EDAB as a hydrogen donor coinitiator
enhances the absorption of light by the photoinitiation
system,*® and the interaction between the chalcones and EDAB
forms active free radicals, which in turn trigger the free radical
polymerization.

2.7. Cellular cytotoxicity

With the application of photoinitiators in food packaging, bio-
medicine, and 3D printing, it is important to evaluate the bio-
compatibility of the photoinitiators. Cytotoxicity was tested
using MTT colorimetry over a concentration gradient of 10 pM
to 50 pM and compared to the industrial photoinitiator TPO.
The results are shown in Fig. 9 and show that, compared with
TPO, the four chalcones have no significant reduction in cell
viability. The cell survival rate of the TPA series is maintained
at more than 89% when the concentration is increased to
50 uM, and the cell survival rate of the DFO series is also main-
tained at more than 85%. These results are significantly better
than those obtained when using TPO, indicating that the four
synthesized chalcones had good biocompatibility with cells,
thus broadening their range of industrial applications.

2.8. Comparison with other photoinitiators

The chalcones were compared with TPO and other photoinitia-
tors and the results are shown in Table 6. The molar absorp-
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Fig. 9 Viability of HelLa cells co-cultured with the chalcones and TPO
for 24 h.

Table 6 Comparison of the photoinitiators synthesized in this paper
with other photoinitiators

Amax Emax Content DC

PI (nm) (Lmol™)em™  (wt%) (%) Ref.

TPO 380 591 2 58 40

TPO-L 383 131 4 57 41

TPAK 430 27 500 0.1 60 32

C3PY 413 43 300 0.1 78 42

C3Cz 403 40 090 0.1 87 42
Chalcone 8 430 7990 1.5 55 37
Chalcone 10 430 10500 1.5 85 37

C57 411 17 500 1 30 23

C58 428 8540 1.5 85 43

TPA-1 478 57 500 0.1 91 This Study
TPA-2 483 60 200 0.1 92 This study
DFO-1 407 24 600 0.1 89 This study
DFO-2 458 53900 0.1 — This study

tion coefficients of the photoinitiators TPA-1, TPA-2, and
DFO-2 were 57 500, 60 200, and 53 900, respectively, 100 times
that of TPO. At the same time, compared with other bis chal-
cone photoinitiators, the photoinitiators synthesized in this
paper had longer absorption wavelengths and larger molar
absorption coefficients. With the help of coinitiators, the
double bond conversion performance with 0.1 wt% TPA-1,
TPA-2, and DFO-1 could reach 89%. The comparison results
also show that the photoinitiators synthesized in this paper
have excellent light absorption properties and could be used
in industrial fields.

3. Conclusions

In this article, four chalcones with large conjugated structures
were reported. Their large conjugated structures enhanced the
intramolecular charge transfer effect, giving them excellent light

This journal is © The Royal Society of Chemistry 2023
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absorption properties in the visible region. The maximum absorp-
tion wavelength of one of the chalcones based on triphenylamine
reached 483 nm, and the maximum molar absorbance coefficient
reached 60200 M~' cm ™. The photopolymerization mechanism
was studied using steady-state photolysis, fluorescence quench-
ing, cyclic voltammetry and electron spin resonance experiments,
which proved that there was a good interaction between the chal-
cones and the substrate (Iod) for the promotion of the free radical
polymerization of acrylate. After forming a three-component
photoinitiation system with Iod and ethyl 4-(dimethylamino)ben-
zoate, the polymerization of Trimethylolpropane triacrylate could
be triggered within 10 s, and the final double bond conversion
rate was 92%. At the same time, the chalcones showed good
photobleaching performance under LED irradiation, and cyto-
toxicity experiments also proved that the chalcones have good bio-
compatibility. Given their excellent properties, the chalcones syn-
thesized in this study will have a wide range of applications in
industry.
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