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Abstract:

In this work, we propose the use of flavones that can be derived from natural products as
versatile high performance visible light photoinitiators initially with amino acid and later with
iodonium salt and phosphinobenzoic acid combinations for free radical polymerization (FRP)
acrylates of thin samples (25 microns) and methacrylates thick samples (1.4 mm) upon near
UV light or visible light exposure using Light Emitting Diodes LED@385nm and
LED@405nm. High polymerization initiating abilities are found with different
Hydroxyflavones and high final reactive function conversions are obtained. Their utilization
as materials for 3D printing is especially carried out for 1 mm thick 3D printed
photopolymers. A full picture of the included photochemical mechanisms is additionally

given.

Keywords: Free radical polymerization; Light Emitting Diodes (LEDs); photoinitiators; 3D
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Introduction:

Exponential growth of photopolymerization applications have been witnessed in the
last decade: from historical niche coatings markets, it has spread out into additive
manufacturing (3D printing), biomaterials, composites, adhesives, graphic arts, thick samples
manufacturing, dental materials and so on.*® This ever growing applications require the
development of environmental-friendly photopolymerization processes to cope with ever
increasing environmental pressure, this is more and more studied with naturally derived
monomers. > Furthermore, the compatibility with legislations and biomaterials applications
point out that photoinitiating systems will have to be more and more naturally derived.

This is not the case today as most of industrial and academic photoinitiating systems are
purely synthetic.”® A few exception exists such as Bacteriochlorophyll and curcumin.***
However, there is still some needs to be met and we have very recently reported the use of 3-
hydroxyflavone as an efficient photoinitiator for polymerization processes.” In the present
paper, we have carried out the work around the flavone functionality. Five new naturally-
derived compounds (Scheme 1) will be studied as photoinitiating systems in the presence of
N-phenylglycine (amino-acid derivative) and an iodonium salt (e.g. used in dental materials).
Structure/reactivity/efficiency relationships will be proposed using several physical-chemical
techniques (ESR, static quenching, UV-vis, RT-FTIR,...). Additionally, these compounds can
immediately find application in thick samples 3D-printing (1 mm layer at once) for highly

increased manufacturing speeds.

Flavone: F 6-Hydroxyflavone: 6HF 7-Hydroxyflavone: 7HF

Chrysin Myricetin

Scheme 1. Flavone derivatives investigated in this study.

Experimental part:



1) Chemical compounds:

4-diphenylphosphinobenzoic acid (4-DPPBA), ethyl 4-(dimethylamino)benzoate
(EDB), phenyl-N-tert-butylnitrone (PBN) and N-phenylglycine (NPG) were obtained from
Sigma Aldrich (Scheme 2). Bis-(4-tert-butylphenyl)iodonium hexafluorophosphate (lod or
Speedcure 938) was obtained from Lambson Ltd (UK). Trimethylolpropane triacrylate
(TMPTA) was obtained from Allnex and used as benchmark acrylate monomer for free
radical polymerization. Bisphenol A-glycidyl methacrylate (BisGMA) and triethyleneglycol
dimethacrylate (TEGDMA) were obtained from Sigma Aldrich and used with the highest

purity available. For the family of flavones, all these compounds are purchased from TCI.
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Scheme 2. Other used chemical compounds.
2) Irradiation sources:

The following Light Emitting Diodes (LEDs) were used as irradiation sources: i)
LED@385 nm - incident light intensity at the sample surface: Ip * 80 mW cm?; ii)
LED@405nm (lg ~ 110 mW cm™).

3) Free Radical Polymerization (FRP):

The two and three-component photoinitiating systems (PISs) are mainly based on
flavone/lod (0.5%/1% wi/w), flavone/NPG (0.5%/1% wi/w), and flavone/lod/NPG (or EDB)
(0.5%/1%/1% wiw) for free radical polymerization FRP of (meth)acrylates. The weight
percent of the photoinitiating system is calculated from the monomer content. The
photosensitive thin formulations for the FRP of TMPTA (~25 pum of thickness) was done in

laminate (the formulation is sandwiched between two polypropylene films to reduce the O,



inhibition). The 1.4 mm thick samples of BisGMA/TEGDMA were polymerized under air in
a plastic mold of ~1cm diameter and 1.4 mm of thickness.

Solubility of compounds varies in the benchmark monomers used (see Table 1). The
evolution of the double bond content of (meth)acrylate functions was continuously followed
by real time FTIR spectroscopy (JASCO FTIR 4100) at about 1630 cm™. The evolution of the
methacrylate characteristic peak for the thick samples (1.4 mm) was followed in the near
infrared range at ~6160 cm™.

The procedure used to monitor the photopolymerization profile has been described in
16,17

detail in

4) ESR spin trapping (ESR-ST) experiments:

The ESR-ST experiments were carried out using an X-Band Magnettech Spectrometer.
LED@405nm was used as irradiation source for triggering the production of radicals at room
temperature (RT) under N, saturated tert-Butylbenzene and trapped by phenyl-N-tert-
butylnitrone (PBN) according to a procedure described elsewhere in detail'®®. The ESR
spectrum simulations were carried out with the PEST WINSIM program.

5) Absorption Experiments:

The UV-vis absorption properties of the compounds were studied using a JASCO V730
spectrometer.

6) Fluorescence Experiments:

The fluorescence properties of the compounds were studied using a JASCO FP-6200
spectrometer.

7) Computational Procedure:

Molecular orbital calculations were carried out with the Gaussian 03 suite of programs.
The electronic absorption spectra for the different compounds were calculated with the time-
dependent density functional theory at the MPW1PW91/6-31G* level of theory on the relaxed
geometries calculated at the UB3LYP/6-31G™* level of theory.

8) 3D printing experiments:

For 3D printing experiments, a laser diode of monochromatic visible light @405nm
(size of the spot = 50 um) was used for the spatially controlled irradiation in laser write
experiment, and a LED projector @405 nm (Thorlabs) was used for LED 3D polymerization.
The photosensitive resin (various thickness) deposited onto a microscope slide was
polymerized under air and the generated patterns analyzed by a numerical optical microscope
(DSX-HRSU from OLYMPUS corporation) or by profilometry.



Results and Discussion:

1) Light absorption properties of flavones:

The UV-vis absorption spectra of the flavones in methanol are depicted in Figure 1 (see
also Table 1). These compounds are characterized by high extinction coefficients in the near
UV but also the visible range (e.g. 6HF ~5500 M™*.cm™ @350 nm, and Myricetin ~4800 M’
!em™ @405 nm). Remarkably, their absorptions are good to excellent in the 350-470 nm
range. A good overlap with the emission spectra of the LED@405 nm mainly used in this

work is achieved. The extinction coefficients of different flavones follow the following order

@405nm: Myricetin>7HF>Chrysin>6HF>Flavone.

The optimized geometries as well as the frontier orbitals (Highest Occupied Molecular
Orbital HOMO and Lowest Unoccupied Molecular Orbital LUMO) are shown in Figure 2.
Both the HOMO and LUMO are strongly delocalized all over the = system clearly showing a

n — 1* lowest energy transition.

Figure 1. Absorption spectra of flavones in methanol.
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Table 1. Photochemical properties for flavones.
F 6HF THF Chrysin | Myricetin
Absorption properties ~70 ~70 ~427 ~336 4800
g @A=405nm (M™*cm™)
in methanol
Solubility in + + + - -
BisGMA/TEGDMA




Solubility in TMPTA + + + - -

Figure 2. Contour plots of HOMOs and LUMOs for flavones optimized at the B3LYP/6-
31G* level of theory.
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2) Free Radical Photopolymerization:
2.1. Photopolymerization of acrylates (TMPTA):

The FRP of TMPTA in thin films (25 um), in laminate, in the presence of the
flavone/NPG or flavone/lod/NPG couples is quite efficient using LED@385nm and
LED@405nm, while lod alone, or flavone/lod combination do not activate the
polymerization. Remarkably, a poor polymerization profile is observed for NPG alone in
TMPTA when irradiated with LED@385nm (curve 11 Figure 3). This shows that flavone
derivatives are quite efficient in a photo-reduction process (electron transfer from NPG to
flavones). This efficient behavior will be discussed later in detail in the chemical mechanism
part. Typical acrylate function conversion-time profiles for 6HF chosen as a template in
different photoinitiating systems are given in Figure 3 and the final reactive function
conversions (FCs) are summarized in Table 2. High FCs are reached in 6HF/NPG systems
and 6HF/lod/NPG systems (e.g. 6HF/NPG (0.5%/1% w/w), FC= 36.6% with LED@385nm
curve 5 and 6HF/1od/NPG (0.5%/1%/1% wiw), FC= 40% with LED@385nm curve 2 and
FC=50% curve 1 with LED@405nm at t = 100 s of thin sample 25 um in laminate; Figure 3).
In comparison, the two-component system lod/amine (1%/1% w/w) shows almost no
efficiency at least with LED@385nm for FRP thin samples (curve 9 Figure 3), highlighting

the crucial role of 6HF.
Effect of additives:

In fact, when NPG is replaced by lod or EDB, no efficiency for 6HF based
photoinitiating system was observed (curves 7, 8, and 10 in Figure 3 with different LEDSs).
This can be probably ascribed to the strong oxygen inhibition for the radical species generated
in each case. To solve this issue, the phosphine known as 4-DPPBA (Scheme 2) was used,
and in this case the efficiency increases from almost null with 6HF/lod (0.5%/1% w/w) curve
7 to reach 43% of conversion with 6HF/lod/4-DPPBA (0.5%/1%/1% wi/w) curve 13 with
LED@385nm. Actually, lod/4-DPPBA is reported % to form a charge transfer complex
(CTC) leading to Ar® formation able to initiate the FRP of acrylate upon irradiation with
LED@385nm (Figure 3, curve 12, FC~18%). This [4-DPPBA-lod]crc is photosensitized
herein with 6HF, when 6HF/lod/4-DPPBA (0.5%/1%/1% w/w) three-component system is

used leading to increase in the final conversion (FC ~43%).

2.2) Photopolymerization of methacrylates:



Interestingly, the flavone/NPG (0.5%/1% w/w) couples efficiently initiate the FRP of a
blend of methacrylates (BisSGMA/TEGDMA 70%/30% wi/w) (under air 1.4 mm thick sample
considered for all systems of this part 2.2) (Figure 4) upon irradiation with LED@385nm and
LED@405nm. Remarkably, tack-free polymers are obtained for thick samples under air with
different bleaching properties.

In this part, a comparative study for the different flavones/NPG couples was carried out.
In fact, the 6HF/NPG system shows the best polymerization profile (methacrylate conversion
FC for BisSGMA/TEGDMA with 6HF/NPG (0.5%/1% w/w) reached about 43% after 100s of
irradiation with LED@405nm) compared to lower efficiency observed with others (e.g. FC =
31% for 7THF/NPG both (0.5%/1% w/w) with LED@405nm after 100s of irradiation).

Table 2. Reactive function conversions (FC): acrylate for TMPTA and methacrylate for
BisGMA/TEGDMA using different photoinitiating systems and irradiation conditions.

Monomer/PIS Conditions F 6HF 7HF | Chrysin | Myricetin
la 0%
1b 0%
2a 36.6%
2b 7.4%
3 0%
TMPTA 4 50%
4b 40%
5a 34.8%
5b 17.5%
6 43%
7a 36.7%
7b 36.3%
8a 4% 43% 31.3% 20% 0%
8b
BisGMA/TEGDMA 9 4%
10a 78.4%
10b
1la 51.5%
11b 56.6%

1) Acrylate function conversion FC for TMPTA (%) (at t = 200s in laminate) (0.5% P1/1% lod w/w; thickness =
25 um) (1a) LED@385nm; (1b) LED@405nm. 2) FC for TMPTA (%) (at t = 200s under air) (0.5% P1/1% NPG
w/w 25 um) (2a) LED@385nm; (2b) LED@405nm. 3) FC for TMPTA (%) (at t = 200s under air) (0.5% P1/1%
EDB w/w 25 um) LED@405nm; 4) Acrylate function conversion FC for TMPTA (%) (at t = 200s in laminate)
(0.5% P1/1% 10d/1%NPG w/w 25 pm) using (4a) LED@385nm; (4b) LED@405nm. 5) Acrylate function
conversion FC for TMPTA (%) (at t = 200s in laminate) (0.5% P1/1% lod/1%EDB w/w 25 um) (5a)
LED@385nm; (5b) LED@405nm. 6) Acrylate function conversion FC for TMPTA (%) (at t = 200s in laminate)
(0.5% P1/1% lod/1% 4-DPPBA w/w 25 pum) using LED@385nm. 7) Methacrylate function conversion FC for
BisGMA/TEGDMA (%) (at t = 100s) (0.5% PI1/1% lod w/w 1.4 mm) using (7a) LED@385nm; (7b)
LED@405nm. 8) Methacrylate function conversion FC for BisGMA/TEGDMA (%) (at t = 100s) (0.5% P1/1%
NPG w/w 1.4 mm) using (8a) LED@405nm, (8b) LED@477nm. 9) Methacrylate function conversion FC for
BisGMA/TEGDMA (%) (at t = 100s) under air (0.5% P1/1% EDB w/w 1.4 mm) using LED@405nm; 10)
Methacrylate function conversion FC for BisGMA/TEGDMA (%) (at t = 100s under air) (0.5% P1/1%
10d/1%NPG w/w 1.4mm) using (10a) LED@405nm, (10b) LED@477nm. 11) Methacrylate function conversion
FC for BisGMA/TEGDMA (%) (at t = 100s under air (0.5% P1/1% lod/1%EDB w/w 1.4mm) using (11a)
LED@385nm;(11b) LED@405nm.



The efficiency trend in terms of BisSGMA/TEGDMA methacrylate function conversion
FC after 100s of irradiation with LED@405nm for different flavones/NPG (0.5%/1% wi/w)
follows the following order: 6HF > 7HF > Chrysin > Flavone > Myricetin (Figure 4A; Table
2). Remarkably, this trend disobeys the order observed in the absorption properties. This will
be discussed in the structure/efficiency/reactivity part.

On the other hand, NPG alone shows poor efficiency, and it is almost equivalent with
chrysin/NPG system (curves 2 and 7; Figure 4A). Myricetin/NPG couple also shows no
efficiency (FC is almost null as shown in curve 3), although NPG alone shows slight initiation
ability. In fact, Myricetin solubility is very poor in methacrylates and is also reported as
radical scavenger® like other phenol-like structures (e.g. 4-Methoxyphenol).

Effect of additives:

Different couples including NPG, lod, and EDB were studied. Before considering any
flavone, the different additives were tested initially. In fact, lod alone and EDB alone cannot
initiate FRP. lod/EDB (1%/1% wi/w) couple also cannot initiate FRP upon exposure to
LED@405nm (curve 9 Figure 4B). In contrast, 10d/NPG (1%/1% wi/w) couple shows
relatively high efficiency in FRP of methacrylate upon exposure to LED@405nm (FC = 68%
curve 5 Figure 4B). This latter interaction probably corresponds to charge transfer complex
formation (CTC) [NPG-lod]crc and will be discussed in the chemical mechanism part.

In this study, we will consider in detail the most efficient flavone as photoinitiator
which is the leader of the efficiency trend (6HF). For 6HF/NPG (0.5%/1% w/w) couple, as
mentioned previously, high efficiency is shown up to 45% using LED@405nm. In addition,
an inhibition time was clearly observed at beginning of polymerization (curve 1 Figure 4A),
which could be due to oxygen inhibition for methacrylate thick samples under air. However,
with three-component system 6HF/NPG/lod (0.5%/1%/1% wi/w) this conversion is enhanced
up to 79% (curve 1 Figure 4B) under the same LED@405nm. In contrary, when replacing
NPG with EDB, the 6HF/lod/EDB (0.5%/1% w/w) couple shows much lower conversion
using LED@405nm (FC ~58% curve 4 Figure 4B). This show that, 6HF is a good
photoinitiator through a three-component system involving NPG rather than EDB.

Figure 3. Polymerization profiles of TMPTA (acrylate function conversion vs. time) in
laminate in the presence of three component photoinitiating system: 6HF/lod/NPG
(0.5%/1%/1% w/w) upon exposure to LEDs: (1) @385 nm, (2) @405 nm; three component
photoinitiating system: 6HF/1od/EDB (0.5%/1%/1% w/w) upon exposure to LEDs: (3) @385
nm, (4) @405 nm ; two component photoinitiating system: 6-hydroxyflavone/NPG (0.5%/1%
w/w) upon exposure to LEDs: (5) @385 nm; and (6) @405 nm, and 6-hydroxyflavone/lod



(0.5%/1% wiw) upon exposure to LEDs: (7) @385 nm; and (8) @405 nm; (9) two component
photoinitiating system: lod/EDB (1%/1% w/w) upon exposure to LED@405 nm; (10) two
component photoinitiating system 6HF/EDB (0.5%/1% w/w) upon exposure to LED@405
nm; one component photoinitiating system: NPG (1% w/w) upon exposure to LEDs: (11)
@385 nm. (12) two component photoinitiating system lod/4-DPPBA (1%/1% w/w) upon
exposure to LED@385 nm; (13) three component photoinitiating system 6HF/lod/4-DPPBA
(0.5%/1%/1% w/w) upon exposure to LED@385nm. Irradiation starts at t= 10s.
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Figure 4. A) Polymerization profiles of BiSGMA/TEGDMA (methacrylate function
conversion vs. time) under air upon exposure to LED @405 nm in the presence of: (1) two-
component  photoinitiating  system: 6-hydroxyflavone/NPG  (0.5%/1% wiw); (2):
Chrysin/NPG  (0.5%/1% w/w); (3): Myricetin/NPG (0.5%/1% w/w); (4): 7-
hydroxyflavone/NPG (0.5%/1% w/w); (5): flavone/NPG (0.5%/1% w/w); (6) one component
photoinitiating system: NPG (1% w/w); B) Polymerization profiles of BisGMA/TEGDMA
under air in the presence of: (1) three-component photoinitiating system 6-
hydroxyflavone/lod/NPG (0.5%/1%/1% w/w) upon exposure to LED @405 nm ; (2) two-
component photoinitiating system: 6-hydroxyflavone/NPG (0.5%/1% wi/w) upon exposure to
LED @405 nm ; (3) three-component photoinitiating system: 6-hydroxyflavone/lod/EDB
(0.5%/1%/1% wi/w) upon exposure to LED @385 nm ; (4) three-component photoinitiating
system: 6-hydroxyflavone/lod/EDB (0.5%/1%/1% w/w) upon exposure to LED @405 nm (5)
two-component photoinitiating system: 10d/NPG (1%/1% w/w) upon exposure to LED @405
nm ; two-component photoinitiating system: 6-hydroxyflavone/lod (0.5%/1% w/w) with (6)
LED@385nm, (7) LED@405nm; (8) two-component photoinitiating system: 6-
hydroxyflavone/EDB (0.5%/1% w/w) with LED@405nm, (9) two-component photoinitiating
system: lod/EDB (1%/1% wi/w) upon exposure to LED @405 nm (10) one component
photoinitiating system: NPG (1% w/w) upon exposure to LED @385 nm . Irradiation starts at
t=10s.
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3) Cationic Photopolymerization (CP) of epoxides:

Upon irradiation with the LED@385 nm, it was found that the CP of epoxides under air
using three-component photoinitiating systems based on 3-hydroxyflavone/lod/EDB exhibited
a very good efficiency." In this work, for the other flavones, a much lower performance than
3HF is found in these three-component systems, therefore these flavones were not

investigated more in detail for cationic polymerization.

4) 3D printing using 6HF/lod/4-DPPBA based system upon LED@405nm projector:

Using a LED projector @405nm (Thorlabs, 110 mW/cm?), some 3D printing
experiments were carried under air using the 6HF/lod/4-DPPBA (0.5%/1%/1% w/w) system
which was characterized by high reactivity in FRP (see above). Various 3D templates of
different thicknesses were generated (30 um in Figure 5A to 1.8 mm in Figure 5B). The LED
projector technology is interesting compared to other laser-based 3D printing strategies as the
entire layer is projected at one time. Thanks to numerical optical microscope, profilometric
experiments were also carried out showing clearly the dimensions of the printed specimen
(Figure 5 C,D).

Figure 5. FRP experiments using a LED projector @405nm: (A) letter (“n”), (B) cube, (C)
Characterization in 3D by profilometry of "n" thin sample (30um). (D) Characterization in 3D

by profilometry of thick sample "cube" (1800um) easily observed by using a numerical
optical microscope.
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5) Photochemical mechanisms:

5.1. Flavone/lod and flavone/NPG interaction:

Fluorescence experiments on 6HF in methanol were carried out. Fast fluorescence
quenching processes of 6HF by NPG is noted (high value of the Stern-Volmer coefficient
(Ks) of 6BHF/NPG interaction ~2563 M™ vs 6HF/lod interaction ~1580 M™; Figure 6). This is
in full agreement with photopolymerization kinetics results, which show much better
performance of 6HF/NPG over 6HF/lod combinations (r2 faster than r3). In fact, the
6HF/NPG interaction corresponds to an electron transfer reaction finally leading to NPG, -
coz)’ (rl and r2). NPG.n, -coz)” can be considered as the initiating species for the free radical
polymerization. 6HF/lod interaction is proposed to occur thanks to a redox reaction %% (r3)
though its efficiency was lower than 6HF/NPG. Finally, it is proposed that NPG, an N-
aromatic electron donor, can form a CTC equilibrium with electron poor iodonium salt (r4) as

what was recently published® EGICORTMCOICXDCMEnIAURIOIEISE. This [NPG-lod]cre

structure are quite convenient as they show enhanced visible light absorption and their

12



photolysis at 405 nm leads to an efficient release of Ar® radicals (r5) as confirmed by
photopolymerization study (Figure 4B curve 7).

On the other hand, the electron transfer quantum yields in the excited singlet state ¢ey(s1)
were calculated (according eq 1; with higher ¢eys1y ~0.99 of 6HF/NPG compared to 6HF/lod
~0.96). These results are in agreement with photopolymerization kinetics results, which show

better performance of 6HF/NPG compared to 6HF/lod couple

der(s1) = Ksv [Quencher]/(1+Ks,[Quencher]) (eq.1)
Flavone— “*Flavone  (hv) (r1)
3Flavone + NPG — Flavone-H® + NPG)° (r2a)
NPGn)® — NPGu .con® + CO; (r2b)
L3Flavone + Ar,l* — Flavone®" + Ar® + Ar-| (r3)
NPG + lod <> [NPG-lod]cre (4)
[NPG-lod]cre ———s Ar* (hv) (5)

When irradiating a 6HF/lod solution in ESR spin trapping experiments, aryl radicals are
clearly observed in agreement with r3 (with hyperfine coupling constants (hfcs): ay = 14.2 G
and a4 =2.1 G; corresponding to literature data for PBN/Ar® radical adduct).®

Figure 6. Stern Volmer treatment of 6HF fluorescence quenching with lod vs. NPG.
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5.2. Structure/reactivity/efficiency relationships.

The UV visible spectra of different flavones cannot interpret the reactivity/efficiency in

FRP. For example, Myricetin being the leader in the absorption properties, its character was

13



the worst as photoinitiator. The number of phenolic (ArO-H) functionality appears as a key
factor; indeed, the phenol group is a radical scavenger often used as inhibitor of radical
processes. Therefore, the more functionalized is the flavone derivative and the more radical
inhibitor is the structure. In this way, 6HF and 7HF are expected as the most reactive
structure. Another factor affecting structure/reactivity/efficiency relationships can be ascribed
to the solubility properties. For example, Myricetin shows poor solubility in meth(acrylate)
formulations (see Table 1).

Conclusion:

Il this work, different flavone derivatives were studied. Interestingly, the three-
component system with iodonium salt and N-phenylglycine is found rather efficient even for
mild irradiation conditions. The flavone scaffold being observed in different natural dyes, this
work paves the way for the development of new photoinitiating systems based on natural
compounds. The use of these systems for composites and 3D printing applications will be
presented in forthcoming works.
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