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Abstract: With the rapid development of new irradiation setups as well as the
ongoing interest for 3D printing, photopolymerization has been extensively studied
during the last decades. In photopolymerization, the photoinitiator and/or
photosensitizer plays a crucial role in the photoinitiation step as this structure interacts
with light and thus creates the initiating species. From this viewpoint, the different
grousp that can be introduced onto the photoinitiator are primordial to generate
initiating species and the development of monocomponent photoinitiating systems is
currently the focus of numerous works. In this study, a series of 18 chalcone-based
oxime esters featuring the pyrene chromophore have been designed, synthesized and
studied for the photoinitiating properties upon irradiation with visible light. Precisely,
their  photoinitiation abilities were examined during the free radical

photopolymerization (FRP) of acrylates upon irradiation at 405 nm with a LED. In
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this series of oxime esters (OXEs), five of them demonstrated excellent
photoinitiation performance. Their thermal initiation abilities were also examined. In
order to improve their photoinitiation abilities, these Type | photoinitiators were also
tested as Type Il photoinitiators in two-component photoinitiating systems using
bis-(4-tert-butylphenyl)iodonium hexafluorophosphate or ethyl
4-(dimethylamino)benzoate as the additives. Using this second approach, the
OXE-B/lod system showed the best photopolymerization performance. To evidence
the interest of these chalcone-based oxime esters, the best OXE was used as
monocomponent photoinitiator in 3D laser writing at 405 nm. The design of

composites was also examined, using glass fibers and carbon fiber as fillers.

Keywords: Oxime esters, visible light, Photoinitiators, Chalcone, Pyrene, Type |
photoinitiators

Introduction

Photopolymerization constitutes an appealing polymerization technique enabling
to convert a monomer as a polymer using light as the activating agent. As interesting
features of photopolymerization, the polymerization process can take place very
quickly and in erngy saving conditions. Considering the fact that the polymerization
process can be carried out without solvents, photopolymers can be obtained in greener
conditions than those prepared by thermal polymerization (polymerization reactions
done in organic solvents, often THF). Benefiting from these advantages,
photopolymerization is used in numerous industrial, medical and academic research
fields [1-4]. The Pl (photoinitiator) plays a very important role in the
photopolymerization as this structure is the key-element interacting with light.
Subsequent to photoexcitation and by reaction with the appropriate additives, free
radicals or cations can be generated, enabling to initiate the polymerization process.
The free radicals can initiate the chain reaction enabling to form the polymers. If UV
photopolymerization was extensively used starting from the 60s, nowadays, this

approach is more and more discarded from industrial applications due to safety



concerns raised by the use of UV light (skin cancers and eye damages). Parallel to this
UV irradiation setups are energy-consuming devices and this approach is nowadays
unappropriate in the current context of energy sobriety plans unveiled by numerous
European countries. Notably, photopolymerization can be carried out in energy saving
conditions if visible light is used. Especially, the design of photoinitiating systems
activable under low light intensity and notably LEDs is still a challenge.[5-10]. If
multicomponent photoinitiating systems were extensively studied in the literature for
decades and could furnish remarkable monomer conversions, recently, the
simplification of the photocurable resins and the design of mono-component systems
is more and more the focus of numerous studies.

In this field, oxime esters (OXEs) are well-recognized as being excellent Type |
Pls in free radical photopolymerization and a wide range of structures have been
recently proposed in the literature.[11-14] Interest for oxime esters is notably
supported by the easiness of synthesis, the possibility to introduce a photocleavable
group at low cost (use of hydroxylamine hydrochloride to prepare the oxime function),
and the possibility to esterify the oxime with various cheap and commercially
available acid chlorides. As specificities, oxime esters comprise a N-O bond that can
be homolitycally cleaved upon irradiation, producing acyloxy/aryloxy and iminyl
radicals. Interestingly, acyloxy/aryloxy radicals can decarboxylate, producing CO>
that can contribute the limit oxygen diffusion within the resin. Parallel to this, after
decarboxylation, alkyl and aryl radicals thus formed cannot recombine anymore with
iminyls radicals so that alkyl and aryl radicals can only contribute to monomer
conversion [15]. At present, benchmark OXEs only exhibit UV-centered absorptions,
drastically affecting the scope of applications [16]. Therefore, there is a significant
interest to synthesize OXEs with red-shifted absorptions that could be commercialized
in the Future.[17-21] However, for industrial applications, the reactivity is the key
parameters and this point has still to be addressed. In order to redshift the absorption
spectrum from the UV range to the visible range, different chromophores were

examined for the design of OXEs in the literature and structures such as



phenothiazine, nitro-carbazole, triphenylamine, or coumarin were studied.[22,23] In
the present work, a series of chalcone-based OXEs featuring the pyrene chromophore
and been designed and synthesized. was selected to be added to the backbone of
OXE.

Chalcones are abundant in nature, and they can be extracted from many fruits (e.g.,
orange, tomato, apple), vegetables (e.g., shallot, liquorice, bean sprout, and potato),
and nuts [24-28]. Generally, chalcones are categorized by substituents, and their
different positions on the chalcone backbone, which lead to different colors and
different light absorption properties [29]. Our group reported more than 50
mono-chalcone derivatives as photoinitiators in previous works [30]. Several
mono-chalcone derivatives exhibited excellent light absorptions. Furthermore, these
mono-chalcone derivatives demonstrated good photoinitiation abilities in the FRP of
acrylates and cationic photopolymerization [31]. In this study, 18 pyrene-chalcone
oxime esters were designed and successfully synthesized ( See supporting information
and Figure 1), each pyrene-chalcone is constituted of the different substituent on
oxime backbone, the photoinitiation ability of substituent effects were deeply

investigated.
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Figure 1. The chemical structures of the investigated OXEs, TPO, TMPTA, 10D, and

the amine (EDB)
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Figure 2. The molar extinction coefficient vs. UV-visible wavelength of the OXEs in
acetonitrile (1x10*mol/L)

Results and Discussion
[Most of these OXEs exhibited wide light absorption from 390 nm to 405 nm (See

Figure 2), indicating that most of these OXEs were sensitive to visible light, some
photoinitiation could take place when they are exposed to the visible light irradiations.

However, OXE-A did notshow any absorption within 300 — 500 nm.
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Figure 3. Photopolymerization properties of TMPTA obtained in laminate (=25um)
OXEs and TPO based Pls (1x10°° mol/g) under LED@405 nm irradiation, the
irradiation starts fort=0s

The results display that OXE-B exhibited better photoinitiation capability than
other OXEs upon LED@405 nm (See Figure 3). The final conversion (FC) of OXE-B
reached 45%, contributing to its highest absorption ability (emax(OXE-B)= 18000
L/(mol-cm)). Compared to other OXEs, without oxime-ester moiety, OXE-A has a
lower photoinitiation ability, FC of OXE-A just was 25%, while OXE-N reached a
relatively higher FC of 43%, which can be ascrivbed to a higher absorption property
of OXM-N (emax(OXE-N)=14500 L/(mol-cm)). Moreover, the polymerization rates of
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these OXEs were not directly related to their absorption properties, indicating that not
only absorption properties but also other factors are very important in
photopolymerization such as the bond dissociation energy, the decarboxylation and
generation of free radicals [32,33]. Therefore, studying the mechanism of the
photoinitiation of these OXEs is very important [34], and the photolysis mechanism
of pyrene-chalcone chromophore-based OXEs was in Figure 4.
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Figure 4. Photolysis mechanism of pyrene-chalcone chromophore-based OXEs

It is widely reported that OXEs have high quantum yields through photoinduced
decarboxylation [35]. Remarkably, the decarboxylation reaction is energetically
favorable in the sample of OXE-B (AHdecarboxylation = E(r+) - E®c=0)0-) + E(coz) = - 4.94
kcal.), and the released CO2 can be detected by Fourier transformed infrared

spectroscopy (FTIR) as shown in Figure 5 [36-38].
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Figure 5. FTIR spectrum of the decarboxylation of OXE-B upon irradiation @405
nm for 30 s in TMPTA with a concentration of 1 x 1075 mol/g



Generally, generated radicals (Re) can initiate a chain reaction. The efficient of
generation can be evaluated by comparing the spin density of the radical center, the
spin is more localized, and more able to take place reaction [39]. OXE-B has high
spin density, and releases freer radicals, leading to generating methyl radicals more

favorably. This explains the highest photoinitiation ability of OXE-B.
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Figure 6. ESR spectra of OXE-B under irradiation of LED@405 nm in
tert-butylbenzene (1x107 mol/L)

The CO2 was released during the decarboxylation process where the active radical
was generated after 5s irradiation. Specifically, the N-O bond of OXE-B was cleaved
upon irradiation of LED@405 nm and the acyloxy radical was produced, 74.2%
acetoxy radical (CH3COOQe: an = 13.5 G and on =1.8 G) was found in the OXE-B
system and was trapped by electron spin resonance (ESR) (See Figure 6). Meanthile,
25.8% methyl radicals (an = 14.6 G and o = 3.70 G) were found in ESR [40,41].

which also corresponded to the polymerization efficiency and the detection of COs..
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Table 1. Some thermal polymerization parameters of OXEs

Pls Tinitial (°C) Tmax (°C) FC (%)
OXE-A 133 220 2.28
OXE-B 141 202 7.97
OXE-I 132 201 8.32
OXE-J 138 202 9.97
OXE-N 126 200 14.84
OXE-Q 145 187 13.7

TPO 175 245 15.95
TMPTA 180 246 2.34

Pyrene-chalcone oxime esters also can generate free radicals through thermal
degradation. In order to evaluate these oxime esters' thermal polymerization capability,
the differential scanning calorimetry (DSC) experiment was carried out. DSC curves
(heat flow vs temperature) of OXE-A, OXE-B, OXE-I, OXE-J, OXE-N, OXE-Q,
TPO in TMPTA and pure TMPTA only are presented in Figure 7, and some
parameters in Table 1. Tintar (the temperature when thermal polymerization takes
place) and Tmax (the temperature when polymerization rate is maximum) as well as the
FC of TMPTA. Except for TPO and TMPTA, the Tiniia Of these formulas were all
below 150 °C (See Figure 7). As shown in table 1 the TPO has the highest FC



(15.95%), but the Tinitial is higher (175°C), and the TMPTA has a lower FC (2.34%),
when the TMPTA paired with OXEs the FC were improved obviously, so these OXEs

have the ability of the thermal polymerization.
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Figure 8. Fluorescence emission and UV-visible spectra of OXE-B (1 x10* mol/L)
in acetonitrile

As shown in Figure 8, the singlet excited-state energy (Es1) of OXE-B was caught
from the crossing point in the spectra of fluorescence emission and UV-vis absorption,
the HOMO and LUMO frontier orbitals and their respective calculated spectrum
UV-visible absorption of OXE-A and OXE-B were molecular simulated at the
UB3LYP see Figure 9. The Es: of other OXEs are given in Table 2. The cleavage
enthalpies of N-O bond were calculated with AHcleavage syt = BDE(N-O) — Esi/Et
where BDE is bond dissociation energy, E is the energy of singlet state (Es1) or triplet
state (Et1), which can be used as a reference to judge the favorability of the cleavage
[42]. Some relevant parameters are given in Table 2. Except for OXE-A, all the values
AHcleavage s1 < 0, which meant these cleavage enthalpies from S; was energetically
favorable [43]. Furthermore, cleavage enthalpies from T were also favorable, which

meant the cleavage of the N-O bond from T: cannot be ignored.
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Table 2. The parameters of OXEs calculated by molecular modeling

Pls N-O BDE Ea AHcleavge s1 Er AHcleavge T1

(kcal.mol?) (kcal.mol %) (kcal.mol?) (kcal.mol ) (kcal.mol?)
OXE-A 64.57 61.63 2.94 49.56 15.01
OXE-B 47.35 60.72 -13.37 48.69 -1.34
OXE-C 42.02 60.49 -18.47 48.69 -6.67
OXE-D 41.90 60.72 -18.82 48.69 -6.79
OXE-E 41.45 60.95 -19.5 48.69 -7.24
OXE-F 41.84 60.72 -18.88 48.69 -6.85
OXE-G 41.50 60.26 -18.76 48.69 -7.19
OXE-H 43.82 58.88 -15.06 48.69 -4.87
OXE-I 41.74 61.17 -19.43 48.69 -6.95
OXE-J 46.63 61.17 -14.54 48.69 -2.06




OXE-K 47.29 60.72 -13.43 48.69 -1.4

OXE-L 47.21 60.49 -13.28 48.69 -1.48
OXE-M 47.94 60.26 -12.32 48.69 -0.75
OXE-N 45.91 60.72 -14.81 48.69 -2.78
OXE-O 41.67 60.49 -18.82 48.69 -7.02
OXE-P 45.17 60.72 -15.55 48.69 -3.52
OXE-Q 46.46 60.95 -14.49 48.69 -2.23
OXE-R 44.19 60.95 -16.76 48.69 45
©1 a

/ ——OXE-A
304 ——OXE-B
——OXE-J

OXE-N
201 OXE-Q

Conversion (%)
Conversion (%)

T T T 1
0 100 200 300 10

Time (s) Time (s)

Figure 10. Photopolymerization profiles of TMPTA with OXEs-based Pls in laminate
(thickness = 25 pum) upon LED@405 nm starting at t = 0 s, in the presence of (a)
OXE-A/OXE-B/OXE-JJOXRE-N/OXE-Q : EDB (1x10°° mol/g)/(2x107° mol/g); (b)
OXE-AIOXE-B/OXE-JJOXRE-N/OXE-Q : lod (1x10° mol/g)/(2x10~% mol/g)

In order to improve the FC of the TMPTA, EDB and lod were added into the
formulas individually, and the results can be seen in Figure 10. The
photopolymerization results showed the OXES/EDB systems had a higher FC and
faster photopolymerization rate than the OXEs without amine (EDB). With the
OXES/EDB (1x107° mol/g)/(2x10~° mol/g) used as two-component photoinitiating
systems, photopolymerization of TMPTA took place upon the LED@405 nm. The
FCs are presented in Figure 10a. The FC trend of these OXEs in thin samples (25 um,
in laminate) is OXE-B > OXE-A > OXE-J > OXE-Q > OXE-N, showing the
OXEs/EDB system can improve final function conversions, and faster
photopolymerization rates than the OXEs without EDB systems. The OXEs/lod
(1x10"° mol/g)/(2x1075 mol/g) were used as another two-component systems, and the

final function conversions are presented in Figure 10 b. The FC trend of these OXEs



in thin samples (25 pm, in laminate) is OXE-B > OXE-Q > OXE-J > OXE-N >
OXE-A, which indicated photopolymerization is not only directly influenced by the
absorption properties but also influenced by the interaction between photoinitiator and
iodonium salt. The iodonium salt yields electron transfer and generates aryl radicals
(illustrated in (r1-r2)).

OXE (hv)—OXEx* rl

OXE*+Arl*—OXE"+Ar+Arl r2

In order to further understand the role of iodonium salt (lod) in

photopolymerization, oxidation potentials (Eox) were measured by cyclic
voltammetry (Table 3), and the result corresponds to the evaluation of the Gibbs free
energy (AG) of these electron transfer reactions (See Table 3). Remarkably, these
strong OXEs/lod interactions were found in agreement with highly favorable AG, and
the free energy change calculated from AGs: = Eox —Ered(l0d) - Es1; Ered(lod) = -0.7
eV.

Table 3. Chemical mechanisms parameters of the oxime-esters (1x10™* mol/L)/lod
(2x10*mol/L) system interaction in acetonitrile

Pls Eox (eV) Es (eV) Erd(lod) (V)  AGsi(eV)
OXE-A 1.01 2.69 -0.7 -0.98
OXE-B 1.08 2.65 -0.7 -0.87
OXE-C 1.25 2.64 -0.7 -0.69
OXE-D 1.29 2.65 -0.7 -0.66
OXE-E 1.25 2.66 -0.7 -0.71
OXE-F 1.24 2.65 -0.7 -0.71
OXE-G 1.28 2.63 -0.7 -0.65
OXE-H 1.39 2.57 -0.7 -0.48
OXE-I 1.13 2.67 -0.7 -0.84
OXE-J 1.21 2.67 -0.7 -0.76
OXE-K 1.19 2.65 -0.7 -0.76
OXE-L 1.21 2.64 -0.7 -0.73
OXE-M 1.28 2.63 -0.7 -0.65
OXE-N 1.16 2.65 -0.7 -0.79
OXE-O 1.23 2.64 -0.7 -0.71
OXE-P 1.24 2.65 -0.7 -0.71
OXE-Q 1.18 2.66 -0.7 -0.78

OXE-R 1.29 2.66 -0.7 -0.67
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Figure 11. (a) Steady-state photolysis of OXE-B (1x10* mol/L) and (b) OXE-B
(1x10* mol/L)/lod (2x10* mol/L) exposed to LED@405 nm in acetonitrile

The steady-state photolysis of OXE-B and OXE-B/lod in acetonitrile (1x10™* mol/L)
was carried out upon irradiation of LED@405 nm. The photolysis of OXE-B/lod was
faster than the OXE-B without lod (See Figure 11), indicating a more favorable
cleavage of OXE-B/lod system in the singlet excited state (S1), which fully agrees
with the result of the experiment.

It is challenging for photopolymerization to occur inside the black formula, while
making carbon fiber comoosites, using a photoinitiator alone won't yield excellent
results. As a dual initiator, OXE-B can be used in this prepartion, and demonstrated an
excellent performance, the ratio is: (OXE-B (1x107° mol/g) lod (2x1075 mol/g) /
TMPTA/glass fiber (50%/50%, w/w)), the formula was put into transparent polytef
mold (100x10x2 mm), first, the formula was irradiated with LED@405 nm up and
down individual 10 minutes, then cured in an oven at 150 °C for 10 minutes, last, the
carbon fiber composite was strippled from model, the product seen Figure 12 ¢ d. The
glass fiber composites (100x10x2 mm) (OXE-B (1x10°mol/g) lod (2x10°mol/g) /
TMPTA/glass fiber (50%/50%, w/w)) were prepared upon irradiation at 405 nm for
15 minuets (See Figure 12 a,b).



Figure 12. (a), (b) glass fiber composites, made of OXE-B (1x107° mol/g) and lod
(2x10"°mol/g) in TMPTA/glass fiber (50%/50%, w/w) and (c),(d) carbon fiber
composites made of OXE-B (1x10°mol/g) and lod (2x10-°mol/g) in TMPTA/
carbon fiber (50%/50%, w/w)

Finally, the OXE-B can be used as photoinitiator in 3D laser printing, the OXE-B
(1x10"° mol/g) mixed with monomer TMPTA, the irradiation source was from a laser
diode with the intensity of 110mW.cm™, the letter pattern “IS2M” for the Institute
Science Material Mulhouse was written (See Figure 13), The printed pattern letters
has good spatial resolution, and high is about 1770 um. Obviously, OXE-B will has

broad prospects in the 3 D laser print.



Figure 13. Characterization of the letter pattern “IS2M” (a) the view picture, (b) the
3D picture

Conclusion

In this study, eighteen pyrene-chalcone chromophore-based oxime-esters were
successfully synthesized, and seven of these OXEs demonstrated excellent light
absorption in the near UV and visible wavelength. Photopolymerizations were
evaluated upon the irradiation of a LED@405 nm. OXE-B exhibited a higher final
function conversation than others. In order to explain the mechanism of the
photopolymerization, some substituent effect/chemical structure relationships were
discussed. Based on the simulated calculations, ESR and CO. detection experiment,
the mechanism of the photopolymerization was confirmed. Furthermore, the thermal
polymerization was evaluated by DSC. This study gives a direction for the
development of pyrene-chalcone chromophore-based OXEs used as dual-cure systems

(thermal/photochemical).
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