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Abstract:

In this paper, a series of coumarin chromophore-based oxime-esters was designed and
synthesized as visible light photoinitiators (PIs). Interestingly, upon exposure to irradiation of a
LED at 405 nm, the investigated oxime-esters (OXEs) could undergo a direct photocleavage,
followed by decarboxylation, generating active free radicals capable to effectively initiate acrylate
polymerization. Seven of the 10 investigated OXEs have never been synthesized in the literature.
Markedly, the new proposed structures exhibit also thermal initiation ability and can be used as
dual photo and thermal initiators. In addition, the oxime-ester system was also paired with an
iodonium salt and exhibited a higher efficiency in free radical polymerization (FRP). The chemical
mechanisms and the structure/reactivity/efficiency relationships were investigated through
different techniques including real-time Fourier Transform Infrared Spectroscopy (RT-FTIR),
UV-visible absorption spectroscopy, fluorescence (time-resolved or steady state), cyclic
voltammetry as well as molecular modelling calculations. As a proof of their remarkable
polymerization performance, the new OXEs were also used at 405 nm for direct laser write

applications.
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1. Introduction

Light-induced polymerization process has become a green chemistry technology, due to its
numerous advantages such as a low energy consumption, low or no volatile organic emissions,
high efficiency, and spatiotemporally controllable characteristics. ™2 Therefore, this
polymerization technique is currently widely used in the preparation of films, coatings and many
other applications. 4 Since most of the benchmark photoinitiation systems require high-intensity
UV light sources, the search for new visible light photoinitiators is a significant challenge and this
topic has received an increasing attention in recent years. As visible and safe light sources, light-
emitting diodes (LEDs) are an ideal alternative, as these devices are characterized by low operating
costs, long lifetimes, low power consumption and these irradiation sources are now easily
accessible. 71 Indeed, a very large number of photoinitiating systems with absorption profiles
corresponding to LED emission wavelengths have been synthesized, but most of them contain
more than one component, which can be complicated due to the occurrence of multiple reaction
steps, hence the development of Type | (one-component) photoinitiators is now highly desirable.
In this context, oxime-esters (OXEs) have long been known, as efficient Type | photoinitiators due
to their reactivities in photopolymerization reactions. 'Y Generally, their high efficiency is
attributed to the direct photocleavage of the N-O bond (rl), to produce iminyl and acyloxy
(R’C(=0)0°*) radicals, which in turn can undergo further decarboxylation reactions. #1222l

R1R:C=N-O-C(=O)R’ (hv) — R1R2C=N* + *0-C(=O)R’ — R1R2C=N* + CO; + °R’ (rl)

The generation of CO; can also solve the problem of the polymerization inhibition in the
presence of oxygen. [*314 In order to shift the absorption wavelength of the oxime-esters in the
visible range, recent researches have been performed e.g. by adding different chromophores to
their structures, such as triphenylamine 31, phenothiazine [*®1, nitro-carbazole 1, or coumarin 18-
19-20].

Based on other elegant studies that have specifically reported coumarin-based oxime-esters
as highly efficient visible light photoinitiators, containing phenyl (81920 and methoxy groups [

as substituents, in the present paper, we studied the coumarin-based oxime-ester structural effect
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on the associated photoreactivity by introducing new substituents. More particularly the huge role
of the decarboxylation reaction affected by the ester group is highlighted. Interestingly, among the
proposed OXEs, seven of them have never been reported in the literature and only OXE-B, OXE-
C and OXE-H (Scheme 1) have previously been investigated. The photoinitiation ability and the
photoreactivity of the proposed structures were examined upon exposure of the resins to
LED@405 nm, also their thermal initiating behavior was evaluated via differential scanning
calorimetry (DSC). Furthermore, and in order to highlight their high efficiency in

photopolymerization, the proposed structures were used for direct laser write applications.
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Scheme 1. Chemical structures of the synthetized coumarin-based oxime-esters, additives and monomers

used in this work.



2. Experimental part
2.1. Synthesis of the investigated coumarin-based oxime-esters

Oxime OXE-A has been synthesized in four steps according to the procedure depicted in
the Scheme 2. Starting from 4-(diethylamino)-2-hydroxybenzaldehyde (1) and dimethyl malonate
(2), a coumarin with an ester function (3) could be obtained in 84% yield. The coumarin was then
saponified and decarboxylation in acidic conditions furnished compound 4 with excellent yield
(75%). By mean of a Vilsmeier Haack reaction using phosphorus oxychloride (POCI3) and N,N-
dimethylformamide, an aldehyde function could be introduced onto 4, providing 5 in 89% vyield.
By reaction with hydroxylamine hydrochloride and sodium acetate in a mixture of solvent (THF,
MeOH, H20), the oxime OXE-A could be obtained in 92% yield. Then, the oxime was esterified
with different acid chlorides to provide ten oxime-esters (OXE-B — OXE-K) as described in the
Scheme 2. Structural modification of the acid chlorides consisting in using aliphatic acid chlorides,
aromatic acid chlorides or an acid chloride bearing a crosslinkable function were used to
investigate the reactivity of the different radicals formed. Detailed synthetic procedures and
structural characterizations for each oxime-ester are presented in the ESI. Most of the oxime-esters
could be obtained in pure form by mean of a simple precipitation in diethyl ether. However, several
oxime-esters also required to be purified by chromatography column (SiOz). The different oxime-
esters could be obtained with reaction yields ranging from 51% to 91%. It has to be noticed that
for OXE-B, the reaction yield was lower compared to that of the other oxime-esters due to a partial
polymerization of the methacrylate function during the purification process but also during the

removal of the solvent by rotary evaporation, evidencing the high reactivity of this functional

group.
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Scheme 2. Synthetic routes to OXE-A — OXE-K.



2.2. Other Chemicals compounds
Bis-(4-tert-butylphenyl)iodonium hexafluorophosphate (lod; SpeedCure 938) was
obtained from Lambson Ltd (UK). The monomers were obtained from Allnex. Chemical

structures of monomers and additives are shown in Scheme 1.

2.3. Irradiation Source

The following light emitting diode (LED) was used as irradiation source: LED @405 nm
with an incident light intensity at the sample surface: lo= 110 mW.cm™.

2.4. UV-visible absorption and photolysis experiments

The UV-visible absorption properties of the different compounds as well as the steady state

photolysis were studied using a JASCO V730 UV-visible spectrophotometer.

2.5. Photopolymerization Kinetics (RT-FTIR)

The experimental conditions for each photosensitive formulation are indicated in the
caption of the figures. All the polymerizations were performed at room temperature and the
irradiation was started after t = 10 s. The weight of the photoinitiating system is calculated from
the monomer content. The conversions of the acrylate functions of the TMPTA or TA were
continuously followed by real time FTIR (RT-FTIR) spectroscopy (JASCO FTIR 4100). The
photopolymerization experiments were carried out in laminate (the formulation is sandwiched
between two polypropylene films to reduce the Oz inhibition). The decrease of C=C double bond
peak was continuously monitored from 1581 to 1662 cm™. The procedures were described by us

in references [2122],

2.6. Computational procedure

Molecular orbital calculations were carried out using the Gaussian 03 suite of programs.
The electronic absorption spectra for the different compounds were calculated with 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. The triplet state energy levels were

calculated at this level of theory after full optimization of the excited state.



2.7. Fluorescence experiment

Steady state fluorescence. Fluorescence spectra were acquired in a quartz cell at room

temperature using a JASCO FP-750 spectrofluorometer.

Time correlated single photon counting (TCSPC). The fluorescence excited state lifetimes were
determined using a time correlated single-photon counting system, a HORIBA DeltaFlex with a
HORIBA PPD-850 as detector. The excitation source is a HORIBA nanoLED-370 with an
excitation wavelength of 367 nm and a pulse duration inferior to 1.4 ns. The fluorescence intensity
decay profiles were recorded in acetonitrile in a quartz cell. A silica colloidal solution LUDOX

was used to evaluate the impulse response function (IRF) of the apparatus.

2.8. Redox potentials

The redox potentials (Eox and Ereq) were measured in acetonitrile by cyclic voltammetry
using tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte (potential
vs. Saturated Calomel Electrode — SCE). The free energy change AGet for an electron transfer
reaction was calculated from eqn (1), ®l where Eox, Ered, E*, and C are the oxidation potential of
the electron donor, the reduction potential of the electron acceptor, the excited state energy and the
coulombic term for the initially formed ion pair, respectively. Here, C is neglected for polar

solvents.

AGet= Eox —Ered —E*+ C (Egn. 1)

2.9. Differential Scanning Calorimetry (DSC) For Thermal Polymerization

About 10 mg of TMPTA containing 1% w oxime-ester initiator (OXE) was inserted into a
100 uL aluminum crucible. Thermal polymerization was performed from room temperature to 300
°C at a heating rate of 10 °C/min. under nitrogen flow (100 mL/min.). A Mettler Toledo DSC 1

differential scanning calorimeter was used.

2.10. Direct Laser Write

For direct laser write experiments, a laser diode @405 nm (spot size around 50 pm) was

used for the spatially controlled irradiation. The photosensitive resin was polymerized under air



and the generated 3D patterns were analyzed using a numerical optical microscope (DSX-HRSU

from Olympus Corporation) as presented in the references 24281,

3. Results and discussion
3.1. UV-visible absorption

The UV-visible absorption spectra of the new proposed oxime-ester derivatives in
acetonitrile are shown in Figure 1. Their maximum absorption wavelengths (Amax), extinction

coefficients (emax) at Amaxand at the emission wavelength @405 nm are also gathered in Table 1.
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Figure 1. UV-visible absorption spectra of the investigated coumarin-based oxime-esters in acetonitrile:

(1) OXE-A; (2) OXE-B; (3) OXE-C; (4) OXE-D; (5) OXE-E; (6) OXE-F; (7) OXE-G; (8) OXE-H; (9)
OXE-I; (10) OXE-J; and (11) OXE-K.



Table 1. Light absorption properties of the investigated compounds; maximum absorption wavelengths
(Amax), extinction coefficients at Amax and extinction coefficients at @405 nm.

Pl A e (NM) € M em™)  wosom) M cm’)
OXE-A 418 28000 25500
OXE-B 431 33000 22000
OXE-C 436 40500 23500
OXE-D 431 34000 22500
OXE-E 437 28500 16500
OXE-F 437 36000 21000
OXE-G 436 31500 18000
OXE-H 435 26500 17000
OXE-I 437 37000 20500
OXE-J 441 50000 25000
OXE-K 435 31000 18000

The maximum absorption wavelength (A ) of OXE-A is located at 418 nm. Upon
introduction of the oxime-ester functionality, the . of OXEs is slightly redshifted compared to

that of OXE-A. All the new investigated oxime-esters exhibit high molar extinction coefficients
(e.g. OXE-C £ ~ 40500 M™t.cm™ at 436 nm and 23500 Mt.cm™ at 405 nm, and OXE-J & ~ 50000
MZ1.cm™ at 441 nm and ~ 25000 Mt.cm™ at 405 nm). Therefore, absorption properties of the
different dyes allow a good overlap with the emission spectra of the visible LED used in this work.

3.2. Type | initiator behavior

For the polymerization of TMPTA-acrylate monomer, the photoinitiation abilities of OXEs
(0.5% w) as Type I photoinitiators were studied using RT-FTIR in thin films upon irradiation with
LED@405 nm at room temperature. Typical final acrylate function conversions (FCs) vs.
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irradiation time profiles are given in Figure 2. The associated final FCs and the polymerization
rates are summarized in Table 2.
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Figure 2. Photopolymerization profiles of TMPTA (acrylate function conversion vs. irradiation time) in
laminate (thickness = 25 um) upon exposure to LED light A = 405 nm in the presence of: (1) OXE-A (0.5%
w); (2) OXE-B (0.5% w); (3) OXE-C (0.5% w); (4) OXE-D (0.5% w); (5) OXE-E (0.5% w); (6) OXE-F
(0.5% w); (7) OXE-G (0.5% wy); (8) OXE-H (0.5% w); (9) OXE-I (0.5% w); (10) OXE-J (0.5% w); and
(11) OXE-K (0.5% w); respectively. The irradiation starts after t = 10 s.

11



Table 2. Final acrylate function conversion (FCs) and the polymerization rate for TMPTA using one
component (1% w) photoinitiators after irradiation with LED light (A= 405 nm).

Final Conversion R,/[M], x 100 (s%)

Pl (FC) (%) (after t= 10 )
OXE-A 34 1.14
OXE-B 55 5.17
OXE-C 60 1.16
OXE-D 72 6.03
OXE-E 52 1.22
OXE-F 61 2.39
OXE-G 59 1.58
OXE-H 42 1.05
OXE-I 56 0.99
OXE-J 73 5.61
OXE-K 54 1.09

OXE-A (without the oxime-ester function) has a very low photoinitiation ability in
comparison with the other OXEs, which clearly highlights the importance of the oxime-ester
function to act as a Type | photoinitiator. OXE-J reaches the highest final conversion of 73%,

which can be attributed to its highest absorption properties (e (OXET)™ 50000 Mt.cm™), and

OXE-D also achieves a final conversion of 72%, which is higher than other OXEs that have higher
absorption abilities (see Figure 1 and Table 1). Furthermore, it is clearly noticed that the
polymerization rates are not the same and the difference between them is not directly related to the
absorption properties, hence the importance of introducing other factors that can also play an
important role in the photopolymerization process such as the cleavage reaction, the

decarboxylation reaction as well as the reactivity of the generated radicals.
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Table 3. Parameters characterizing the investigated OXEs. Some parameters characterizing the proposed
oxime-esters were calculated by molecular modelling: the Bond Dissociation Energy BDE (N-O), the triplet

state energy Eri, the enthalpy AHge,aqer1 for cleavage process from Ty, the enthalpy AHgecaoxylation TOF

decarboxylation reaction and the spin density. The singlet excited state energy Esi, the enthalpy AHcieavagest
for cleavage process from Si, and the fluorescence lifetime of the OXEs were measured experimentally.

BDE E

. (N-O) s AHcleavage§11 (;(i) E, ) AHde&vageiT11 AHdemoxw?iion Spin density
(kcal.mol'l) (kcal.mol ™) (kcal.mol™) (ns) (kcal.mol ™) (kcal.mol ™) (kcal.mol™) (R)
OXE-A 64.56 61.8 2.76 3.36 42.70 21.86 - -
OXE-B 4231 59.72 -17.41 1.92 47.49 -5.18 0.52 0.999
OXE-C 48.42 59.26 -10.84 1.65 44.67 3.75 5.92 0.989
OXE-D 48.87 60.42 -11.55 1.89 4483 4.04 -4.94 1.156
OXE-E 45.54 59.49 -13.95 1.64 44.74 0.8 4.36 0.999
OXE-F 48.34 59.26 -10.92 1.61 44.60 3.74 6.24 0.995
OXE-G 48.14 59.03 -10.89 1.65 44.61 3.53 6.92 0.990
OXE-H 47.85 58.57 -10.72 1.79 4451 3.34 8.77 0.996
OXE-I 48.13 59.49 -11.36 1.58 44.61 3.52 6.97 0.989
OXE-J 50.58 - - - 44.78 5.8 3.14 0.998
OXE-K 49.09 59.72 -10.63 0.989 44.42 4.67 7.64 1.076

Fluorescence lifetime of OXEs was also measured (Table 3, Figure 3 (B)). OXE-A has the
longest lifetime (3.36 ns), which is significantly reduced after the introduction of the oxime-ester
function suggesting a cleavage from Sz in full agreement with an energetically favorable process
from S1 (AHcieavage s1= BDE (N-O) — Es1) (see Table 3). The singlet excited state energy levels
(Es1) were determined from the crossing point of absorption and fluorescence spectra (Figure 3
(A)). The triplet state energy (Et) and the N-O bond energy of the investigated OXEs were
calculated (Table 3). Markedly, the N-O bond dissociation energy for all OXEs (expect OXE-B)
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are higher than their calculated triplet state energy levels (see Table 3) i.e. cleavages from Ty are
not energetically favorable (AHcieavage 1= BDE (N-O) — ET11> 0) — excepted for OXE-B (Table 3).

1,24 =12 10000
—0.0
m— E rission
h_=475nm
1,04 10 2Z & IRF-LUDOX
=] O OXE-D
3 1000 Fitting curv.
-} Mono-expanential
o 034 R08 5
o a 2
° m 3
8 o6 - 2
2 06 06 = o 100
© o o
n
E 5 E
= =
2 o4 04 = k]
% 3
3 10
o,
024 02 CI
A3 GRAGGA
B ottt
n’n T L] T T T L] T T T L] T T T n’n 1 T T L] T T 1
300 350 400 450 500 550 600 650 0 20 40 60 80 100
A (nm) Time (ns)

Figure 3. (A) UV-visible absorption and emission spectra of OXE-D in acetonitrile. (B) Time correlated
single-photon counting of OXE-D in acetonitrile, Aex= 367 nm, Aem= 450 nm, mono-exponential curve
fitting.

In order to study the photolysis behavior after light irradiation, the steady state photolysis
was carried out in acetonitrile for the different OXEs, at room temperature with different
irradiation time. The change in the intensity of the absorption band indicates the clear occurrence
of photoreactions. For example, for OXE-D (Figure 4(A)) after 5 minutes of irradiation, the

maximum peak is slightly shifted to shorter wavelength and the absorbance increased.
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Figure 4. (A) Steady state photolysis of OXE-D upon LED@375 nm in acetonitrile; (B) The detection of
CO, for OXE-D system.

OXEs have been reported to undergo photoinduced decarboxylation in high quantum
yields. 28291 Remarkably, as we can see from Table 3, we can notice that the decarboxylation
reaction is energetically the most favorable in the case of OXE-D (AHdecarboxylation = Ere) + E(co2)
- ERrc=0)0e) = -4.94 kcal.mol™? — Table 3), the generated CO, was detected by real time Fourier
transformed infrared spectroscopy (RT-FTIR) and the infrared spectra of OXE-D att =0 s and t
= 30 s are presented in Figure 4(B). For the other OXEs, this peak is not observed suggesting a
low decarboxylation yield in agreement with an unfavorable process (AHdecarboxylation > 0; Table 3).
Furthermore, the radicals produced (R®) must be efficient for an initiation reaction (addition on a
C=C double bond). This parameter was evaluated by looking at the spin density on the radical
center (C" radicals in our case). In a first approach, the more localized is the spin, the more reactive
(less stabilized by delocalization) the free radical will be Bl OXE-D has the highest spin density
(1.156), i.e. leading to reactive methyl radicals. This can explain the high reactivity of OXE-D in
the photopolymerization process compared to the other OXEs as the decarboxylation is much less
favorable for the other OXEs.

Besides the photoinitiation behavior, thermal initiating abilities of the oxime-esters were
also studied by DSC in the dark, both the maximum and onset temperatures are given in Table 4.
Markedly, OXE-D is found both as an excellent thermal and photochemical initiator, as it initiates

polymerization at a lower temperature 155°C (Table 4) than the other OXEs.
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Table 4. Maximal polymerization temperatures for TMPTA using OXE (1% w) as thermal initiators
under Na.

Pl OXE- OXE- OXE- OXE- OXE- OXE- OXE- OXE- OXE- OXE-

B C D E F G H | J K
Tmax
“0) 209 215 181 205 208 207 212 212 215 210
Tonset
¢0) 170 186 155 171 169 166 180 186 198 173

3.3. Two-component initiator behavior

The photoinduced free radical photopolymerization of TMPTA acrylate monomer in the
presence of OXE/lod (0.5%/1% w/w) was also investigated upon the LED at 405 nm. The typical
double bond conversion profiles are presented in Figure 5 and the associated final acrylate function
conversions (FCs) are summarized in Table 5.
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Figure 5. Photopolymerization profiles of TMPTA (acrylate function conversion vs. irradiation time) in
laminate (thickness= 25 pm) upon exposure to LED light A= 405 nm in the presence of: (1) OXE-A/lod
(0.5%/1% wiw); (2) OXE-B/lod (0.5%/1% wiw); (3) OXE-C/lod (0.5%/1% wiw); (4) OXE-D/lod
(0.5%/1% wiw); (5) OXE-E/lod (0.5%/1% wiw); (6) OXE-F/lod (0.5%/1% wiw); (7) OXE-G/lod
(0.5%/1% wiw); (8) OXE-H/lod (0.5%/1% wi/w); (9) OXE-I/lod (0.5%/1% wi/w); (10) OXE-J/lod
(0.5%/1% w/w); and (11) OXE-K/lod (0.5%/1% wi/w); respectively. The irradiation starts for t = 10 s.

16



Table 5. Final acrylate function conversion (FCs) for TMPTA using OXE/lod (0.5%/1% w/w) as
photoinitiating systems after 100 s of irradiation with LED light (A= 405 nm) in laminate.

Pl OXE- OXE- OXE- OXE- OXE- OXE- OXE- OXE- OXE- OXE- OXE-

A B C D E F G H | J K
Final
acrylate
function 71 63 73 78 56 65 71 66 57 79 59
Conversion
(FC) (%0)

The experimental results show that the OXEs/lod systems have faster polymerization rates
and higher final conversions compared to those achieved with OXEs alone without lod (Figure 2
vs. Figure 5). The trend of the final acrylate function conversion efficiency of the OXEs in the
two-component system in thin samples (25 um, in laminate) is OXE-J ~ OXE-D > OXE-C >
OXE-A ~ OXE-G > OXE-H > OXE-F > OXE-B > OXE-K > OXE-I > OXE-E, which is not
directly related to the absorption properties of the studied oxime-esters (€405 nm), but also to their
photochemical reactivity with the iodonium salt which is probably affected by the structure of the

OXE and also probably by the yield of electron transfer with lod to generate initiating aryl radicals
(see below (r2-r3)).

In order to better understand the interaction between the coumarin-based oxime-esters and
the iodonium salt (lod), fluorescence quenching experiments were carried out. Interestingly, a
strong fluorescence quenching processes of *OXE by lod was detected (see Figure 6 and Table 6);
this clearly shows a very strong interaction of *OXE with lod (r2-r3). The oxidation potentials
(Eox) determined by cyclic voltammetry (Table 6) allow the evaluation of the free energy change
(AG) for these electron transfer reactions (Table 6). Markedly, highly favorable AG are found in
agreement with these strong 'OXE-A/lod interactions (i.e. fluorescence quenching). The
associated electron transfer quantum yields (®et) were determined according to the following
equation: ®et = Ksy[lod]/(1+ksv[lod]) and high detare found (e.g., = 0.72 for OXE-A, Table 6).

OXE (hv) — *OXE (r2)

1OXE + Aral* — OXE** + Ar* + Arl (r3)
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Figure 6. (A) Quenching of 1OXE-A by lod in acetonitrile. (B) Representation of the associated Stern-
Volmer plot.

Table 6. Parameters characterizing the chemical mechanisms associated with the oxime-esters/lod
interaction in acetonitrile.

Pl Eox (eV) Es1 (ev) Azs\llgl.fd) Ksv (M1)P Det(OXE/od)
OXE-A 0.98 2.68 -1.00 36 0.72
OXE-B 1.03 2.59 -0.86 23 0.61
OXE-C 111 2.57 -0.76 17 0.51
OXE-D 1.06 2.62 -0.86 27 0.66
OXE-E 1.05 2.58 -0.83 23 0.61
OXE-F 1.05 2.57 -0.82 18 0.55
OXE-G 1.04 2.56 -0.82 38 0.71
OXE-H 1.06 2.54 -0.82 56 0.78
OXE-I 1.05 2.58 -0.83 16 0.53
OXE-J 1.06 - - - -
OXE-K 1.04 2.59 -0.85 11 0.43

a: evaluated from AGs; = Eox —Erea(l0d) - Es1; Erea(lod) = -0.7 V from [22].
b: Stern-Volmer coefficient (Ks); slope of the quenching curve: I/lo=(1+ksv[lod]).

18



(A) 0,75~ (B) 0,75+

—
o —_—15s
—30s
;;’5 —_—0s
—30s
o 1205
0,50 o 120s 0,50 -
a (=]
o] =]
0,25 0,25 -
o
N S—
0,00 T T 1 0,00 T T 1
350 400 450 500 350 400 450 500

A (nm) A (nm)

Figure 7. (A) Photolysis of OXE-A with lod (10 M) in acetonitrile; (B) photolysis of OXE-D with lod
(102 M) in acetonitrile.

The steady state photolysis of OXEs/lod (10 M) is carried out in acetonitrile upon
irradiation light using a LED@375 nm. This photolysis is much faster with lod (Figure 7) than
without lod (Figure 4) showing that the direct cleavage of OXEs is less favorable than their

interaction with iodonium in their first excited singlet state. This strong YOXE/lod interaction is in

full agreement with the results observed in the photopolymerization experiments.

Figure 8. Optical microscopy of the 3D patterns obtained from OXE-D/lod (0.1%/1% w/w) ina TA,
upon exposure to a laser diode @405 nm.
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3D printing experiment upon light irradiation at 405 nm using the two-component
photoinitiating system, OXE-D/lod (0.1%/1% w/w) in TA was successfully performed under air.
Indeed, the high photosensibility of this system allows an efficient polymerization in the irradiated
area. 3D patterns elaborated with high spatial resolution and very short writing time (~2 min.),

were characterized by numerical optical microscopy (Figure 8).

4. Conclusion

In this article, ten structures of coumarin-based oxime-esters varying by the ester group
substitution were successfully synthetized. Interestingly, among the proposed OXEs, seven of
them have never been reported in the literature and only OXE-B, OXE-C and OXE-H have
previously been synthesized. Their performances in the free radical polymerization were examined
under light irradiation using a LED@405 nm. Some relevant structure/efficiency relationships
were discussed based on their light absorption properties, cleavage ability, decarboxylation
reaction as well as reactivity of the generated radicals. The methyl group in OXE-D leads to the
most favorable decarboxylation process that is the key point for the formation of efficient carbon
centered radicals. In addition, the thermal initiator feature was evaluated, in order to show their
dual thermal/photochemical initiator behavior. Again, OXE-D is characterized by the most
favorable behavior. This work opens a new direction for the development of redshifted OXEs to
make them applicable to longer wavelength and shows the importance of the thermal initiator
ability as a complement for polymerization in shadow areas where a thermal process can overcome
the light penetration issue. Other dual-cure systems (thermal/photochemical) will be proposed in

forthcoming studies to overcome the issue of shadow areas.
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