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Abstract

Twelve type | photoinitiators (PIs) containing two oxime esters functionalities on
the terminal moiety were synthesized. These OXEs have high light absorptivities in the
visible range, and some of them showed better photoinitiation abilities than the
commercial photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO),
under the irradiation of a 405 nm LED. Photoinitiation mechanisms of these OXEs are
proposed through theoretical calculations, the detection of CO2, and the ESR
investigation of the free radical generation. 3D Objects could be manufactured
successfully by using the most reactive OXEs as photoinitiators with a
stereolithographic 3D printer. In addition, these reactive OXEs also displayed a thermal
initiation behavior, meaning that these OXEs can served as thermal or photochemical
initiators.

Introduction

Photopolymerization of bulk materials has known a rapid development during the
last decades, benefiting from its unique characteristics, including high reaction rates,
good spatial control and mild reaction conditions (room temperature, absence of
organic solvents), and low-energy consumption.t- Therefore, photopolymerization can

be used in different fields ranging from traditional to high-precision industries, such as



coatings, inks, microelectronics, biomedicine, and 3D printing.> *® To get a
polymerization process, three elements have to be considered : the light source used for
irradiation, the photoinitiating system used for the generation of active initiating species,
and the monomer/oligomer which is in its liquid state.”® Light-emitting diodes (LEDs)
have become one of the most popular light sources in photopolymerization due to their
intrinsic advantages including low energy consumption, fewer harmful UV rays, lower
heat generation, longer lifetime, compactness and lightweight. ! In order to match
the emission of LEDs, photoinitiating systems should exhibit high light absorptivity
and high photoreactivity in the emission range of the light sources.’** Many new
multicomponent photoinitiating systems have been developed and reported in recent
years.!>® However, most of these photoinitiating systems suffer from the same
drawbacks, namely a decrease of the initiating ability particularly in highly viscous
resins due to difficult interactions between the photosensitizers and the different
additives.'® Therefore, the development of type | photoinitiators becomes a desirable
way attracting more and more attention from researchers. By developing
monocomponent systems, the direct cleavage process upon photoexcitation of a
selected bond in order to generate active free radicals for photopolymerization
constitutes an appealing strategy. In addition, the other interesting way is to develop
nanoparticle-basic systems for photoinitiation in photopolymerization, such as Zinc
oxide (Zn0).% 2

Oxime esters (OXESs) are a family of compounds capable to undergo a homolytic
cleavage of a N-O bond upon photoexcitation, generating radicals.???* Normally, the
N-O bond can cleave upon light irradiation to generate iminyl and acyloxy/aryloxy
radicals.?® 2® If iminyl radicals are unreactive for polymerization, conversely, active
free radicals can be formed by decarboxylation of acyloxy/aryloxy radicals subsequent
to photocleavage, resulting in the release of CO; in the reaction medium.? Interest of
these structures also relies in the fact that subsequent to the irreversible decarboxylation
reaction, the resulting radicals are unable to recombine with iminyl radicals so that the
resulting alkyl or aryl radicals can only contribute to polymerization. At present, there

are only few benchmark photoinitiators based on the oxime ester structure. To illustrate



this, only O-benzoyl-a-oxooxime and O-acetyloxime used for pigmented formulations
are commercially available.?® However, these compounds can only be photoexcited
around 330 nm, which means that these structures exhibit low performances when
excited in the near-UV range or with visible light. This constatation shows that there is
an urgent need to develop new oxime ester-based photoinitiators with high light
absorption capacity and photo-reactivity in the near UV/visible range.

In our previous works, different types of oxime esters were developed, including
chromophores such as nitrocarbazoles, triphenylamines, coumarins, pyrenes and
anthracenes, naphthalenes were used to design OXEs.?> 2532 |n the literature, many
other types of OXEs were reported by other research groups, and chalcones, coumarins,
bicarbazoles, phenothiazines, stilbenes, phenyl thienyl thioethers and fluorophenyl-
based OXEs can be cited as other examples of oxime esters.!® 24 27 3337 A|| of these
photoinitiators contained only one oxime ester group, and the different structures
showed favorable cleavage process and decarboxylation reaction. Therefore, in order
to develop new OXEs that could exhibit a higher photoinitiation ability than the
aforementioned structures, the synthesis of photoinitiators containing two OXE
functionalities as end groups are proposed and their photoinitiating ability examined.*®

In this work, we successfully synthesized twelve phenothiazine-based initiators
containing two OXE functionalities as end groups, and chemical structures of the
different OXEs are listed in Scheme 1. UV-visible absorption properties, fluorescence
spectra, fluorescence lifetimes, free radical photopolymerization and electron spin
resonance spin trapping (ESR-ST) experiments were performed to estimate their
photopolymerization behaviors upon visible light irradiation. Mechanism of
photoinitiation was also examined in detail. Finally, 3D printing experiments and
thermal polymerization were carried out on the three formulations with the highest

photoinitiating efficiencies.



Scheme 1. Chemical Structures of the 12 Investigated OXEs.
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Synthetic procedures used to access to the different structures OXE-A0-OXE-A3,
OXE-B0-OXE-B9 are depicted in detail in SI.

Other Materials

Trimethylolpropane triacrylate (TMPTA) used as the monomer for free radical
photopolymerization (RFP) was purchased from Allnex (Ivry sur Seine, France). The
storage inhibitor was not removed. Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide
(TPO) was purchased from Lambson Ltd. (United Kingdom). N-tert-Butyl-o-
phenylnitrone (PBN), used as the free radical trapping agent, was obtained from TCI-
Europe (Paris, France). The colloidal silica suspension (LUDOX AS 30, 30 wt %
suspension in H20) was obtained from Sigma-Aldrich.

UV-Visible Absorption Properties

UV-Visible absorption spectra of OXEs dissolved in acetonitrile were obtained
with a JASCO V30 spectrometer (1 cm optical path length). Steady-state photolysis of
OXEs dissolved in acetonitrile was performed using a JASCO V30 spectrometer, under
irradiation with a 405 nm LED (110 mW-cm). Concentration of OXEs was controlled
at 5x10° M in acetonitrile as solvent for both UV-Visible absorption and steady-state
photolysis experiments.
Fluorescence Spectra and Fluorescence Lifetime

Fluorescence spectra of OXEs (concentration in the range of 5x10° M in
acetonitrile as solvent) were investigated on a JASCO FP-750 spectrofluorometer.
Fluorescence excited-state lifetimes were determined with a HORIBA PPD-850
detector. The impulse response function (IRF) of the apparatus was evaluated through
the colloidal silica suspension LUDOX, and the excitation wavelength was set at 367
nm and the pulse duration was shorter than 1.4 ns.

Singlet excited-state energies (Es1) of OXEs were calculated from the intersection
of the normalized fluorescence emission spectra and the normalized UV-vis absorption
spectra (see Figure 4, Figure S6 and Figure S7) and Es: was calculated by equation (1).
Enthalpies of the cleavage process of the N-O bond (AHcieavage) from OXEs were
calculated by equation (2) and equation (3), based on the energies of the singlet or triplet

excited states (Es1 or Et1) and the dissociation energies of the N-O bond (BDE).



Eg; = 1 equation (l)AHCleauagesl =

240
/Wavelength ofintersection

BED(n_0y — Es1 equation (2)
AHCleavageT1 = BED(N—O) - ET1 equation (3)

Free Radical Photopolymerization

Firstly, the different OXEs and the monomer (i.e. TMPTA) were mixed in a glass
bottle and stirred overnight away from light. The concentration of OXEs in all
formulations was controlled at 1x10° mol.g™ in TMPTA, which corresponds to a
weight percentage in the range of 0.45 wt% to 0.76 wt% in TMPTA depending on their
different molecular masses. In order to reduce or avoid the oxygen inhibition, drops of
the homogenous formulation were deposited in the laminate between two transparent
polypropylene films and the thickness was in the range of 25 um. For thick sample (1.4
mm), the formulation was deposited in a plastic mold. After, the free radical
photopolymerization kinetics of TMPTA upon exposure to a 405 nm LED (110
mW.cm™) at room temperature for 800 s were investigated by a real-time Fourier
transformed infrared (RT-FTIR) spectroscopy (JASCO FTIR-4100). The acrylate
characteristic peak area of TMPTA for thin sample was selected from 1589 to 1665 cm"
L. And that of TMPTA for thick sample was in the near-infrared range at ~6160 cm™.
The acrylate function conversion (FC) of TMPTA for a given time was calculated by
equation 3:

FC(t) = (4o = Af)/A0 x 100% equation (3)

Where Ao and At are the peak area at t = 0 s and at any t respectively. The final acrylate
conversion was determined by the shape of the conversion curves, which is reached
either after a plateau is reached (rate practically zero even under illumination) or after
a certain illumination period.
Electron Spin Resonance Spin Trapping (ESR-ST)

ESR-spin trapping experiments were performed with a X-band spectrometer

(Bruker EMX plus). N2 saturated [PBN\ was selected as the free radical trapping agent,

Commenté [MS1]: Define and add the solvent

and the concentration of PI dissolved in PBN was controlled at 5x10"> M. During ESR-

Commenté [f2R1]: Generally tert-butyl benzene ;
PBN stands for N-tert-Butyl-a-phenyInitrone ; CAS : 3376-
24-7, from TCI chemicals, Japan




ST experiments, PBN solvent containing Pl was irradiated upon 405 nm LED (110

mW-cm2) at room ]temperature\. ESR spectra simulations were performed by WINSIM
software.
3D Printing with Light

Concentration of OXEs in 3D printing formulations was controlled at 1x10°
mol.g™ in TMPTA. The 3D objects were manufactured by a 3D printer (Moai 130, from
Peopoly), based on stereolithography (SLA). The slot size of the device is
9.5cm*6.5cm*1.0cm (length, width and height) and the layer thickness was controlled
at 0.02 mm. The laser spot size is 70 um and its power was set at 90 mW. Direct Laser
write (DLW) experiments were also performed with a laser diode (405 nm, supplied
from Thorlabs, UK), and the slot was a homemade glass tank (2 mm thickness). The
laser intensity was 110 mW and the spot size was 50 pum.
Thermal Initiating Behavior

Differential scanning calorimetry (DSC) was performed to analyze the thermal
initiation performance of OXEs (1x10° mol.g™ in TMPTA) by a Mettler Toledo DSC
(10 °C.min from 20 to 250 °C, under nitrogen). According to the heat release value of
acrylate double bond at 78.61 kl.mol?! in thermal polymerization, the function
conversion of TMPTA in thermal polymerization can be calculated with the equation
(4):

FC = Heat released/795.9 x 100% equation (4)

Results and Discussion
Strategy for the Molecular Design of OXEs

As shown in Scheme 2, there are many parameters affecting the
photopolymerization efficiency, including light absorption, excited state cleavage,
decarboxylation reaction and reactivity of the generated radicals.®® In order to be
efficient in photopolymerization upon the irradiation of 405 nm LED, the new OXEs
should have an efficient light absorption around 405 nm, so that the maximum
wavelength of absorption (Amax), the molar extinction coefficients at maximum

absorption wavelength (emax) and the molar extinction coefficients at 405 nm (g405nm)

Commenté [MS3]: Within the cavity of the ESR device ?

Commenté [f4R3]: Generally sample is irradiated inside
the cavity of the ESR apparatus, and the spectrum is recorded
after light irradiation. This is the case, here




are important parameters. The N-O bond for OXEs must have an efficient cleavage
process to obtain a good type | photoinitiator. As OXEs normally react from their
singlet excited states (S1) or triplet excited states (T1), energies of the singlet or triplet
excited states (Es: or Et1) and the dissociation energies of the N-O bond (BDE) were
computed to check whether the reaction is favorable (AH<0). For free radical
photopolymerization initiated by OXEs, the active free radicals are generated from the
decarboxylation after cleavage process, which is a very important process for OXEs
used as photoinitiators. After considering the light absorption properties and the
cleavage and decarboxylation reactions, free radicals should be efficient for initiating
photopolymerization, which can be indicated by final conversion of C=C double bond.

? :

Light - Cleava

Absorption Process

Es
Ery

€405nm

¥ Photopoly-
Efficiency merization

Scheme 2. Summary of the computable and measurable parameters governing the reactivity
of OXE.

According to the parameters mentioned above, energy levels and contour plots of
the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbitals (LUMO) of OXEs were calculated (see Scheme S1, S2 and S3). The
electronic clouds of all OXEs are mainly distributed on the phenothiazine core and the
oxime ester groups, and the bond dissociation energies of N-O bond (BDE) and the
triplet excited-state energy (Et1) are listed in Table 4. As calculated by equation 3,
AHcleavage T1 < 0 is favorable for the N-O bond cleavage.

Light Absorption Property
UV-visible absorption spectra of OXEs are shown in Figure 1 and Figure S1, and

the light absorption properties of all OXEs with different functional groups are listed in



Table 1. As shown in Figure S2 and Figure S3, most of OXEs were well dissolved in
acetonitrile at room temperature, and the solutions of OXE-B3, OXE-B5, OXE-B6
OXE-B8 and OXE-B9 were cloudy, which indicates poor solubilities in acetonitrile.
Therefore, emax and e40snm Of these five samples are not investigated.

Excluding those OXEs due to poor solubilities, other OXEs showed a broad light
absorption band tailing up to 475 nm. In the series of OXE-A, the maximum absorption
wavelength (Amax) of OXE-A1l, OXE-A2 and OXE-A3 were located at 376, 372 and
372 nm respectively. Compared to OXE-AQ (with an absorption maximum around 360
nm) that is not an oxime ester (only an oxime N-OH group), a red-shift of Amax of the
three compounds could be detected for the oxime esters as shown in Figure 1.a, and this
bathochromic shift can be explained by the presence of oxime ester groups acting as an
electron-withdrawing group. A similar behavior can also be observed in the series of
OXE-B. As shown in Table 1, compared t0 emax 0f OXE-A0 (360 nm, 8700 Mt.cm™),
OXE-Al, OXE-A2 and OXE-A3 all have larger gmax values (13100, 12800 and 11100
M-t.cm, respectively), and the same trend is also observed for the second series of
OXEs, namely the series of OXE-B. Furthermore, the 40snm Values of the OXE-A series
(OXE-A1, OXE-A2 and OXE-A3) or the OXE-B series (OXE-B1, OXE-B2, OXE-B4
and OXE-B7) are larger than that of OXE-A0 or OXE-BO respectively. Therefore, these

results indicate that these OXEs can be more sensitive to light irradiation at 405 nm.
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Figure 1. UV-visible absorption spectra of oxime ester derivatives in acetonitrile.



Table 1. Light absorption properties of OXEs.

OXE Amax (NmM) emax (Mecm™) g4050m (M cm™)
OXE-A0 360 8700 4500
OXE-Al 375 13100 9800
OXE-A2 369 12800 8700
OXE-A3 370 11100 7600
OXE-BO 362 13100 5800
OXE-B1 363 16700 8800
OXE-B2 370 21200 14500
OXE-B3 370 * *
OXE-B4 370 19700 13200
OXE-B5 369 * *
OXE-B6 368 * *
OXE-B7 370 12800 8600
OXE-B8 369 * *
OXE-B9 364 * *

*: According on the low solubility in acetonitrile, emax and €40snm Were not investigated.

Steady-State Photolysis

Steady-state photolysis experiments were performed upon irradiation with a 405
nm LED to investigate the photolysis behaviors during light absorption (see Figure 2
and Figure S3). As shown in Figure 2, OXE-AO and OXE-BO both do not have an
obvious decline after irradiation with a 405 nm LED for 120 s, which means that OXE-
A0 and OXE-BO are unable to initiate any photocleavage. Interestingly, the absorbance
intensities of OXE-A1 (375 nm), OXE-B2 (370 nm) and OXE-B4 (370 nm) all have a
rapid decline after 10 s of exposure to a 405 nm LED. Then, the absorptions decline
gradually with increasing the irradiation time, which can be related to the homolytic
cleavage of the N-O bond. Furthermore, the absorbance intensities of OXE-B2 and
OXE-B4 at 350 nm exhibit a significant increasing trend, and this increase of absorption
can be assigned to the fact that new photoproducts are formed upon irradiation, these

compounds being issued from the photodecomposition of OXE-B2 and OXE-B4 after



photocleavage of the N-O bond. Steady-state photolysis spectra of all the other OXEs

are shown in Figure S4 and S5. Noticeably, a decline of the absorption intensity of

OXEs at their maximum absorption wavelength could be detected upon irradiation at

405 nm.

25

Y

204

O.P. Density

——OXE-A0-0s
~—— OXE-A0-10s
—— OXE-A0-20s
——— OXE-A0-30s
~—— OXE-A0-60s
——— OXE-A0-90s
~——OXE-A0-120s

250

25

300

350 400 450 500

Wavelength (nm)

(¢}

204

O.P Density

0.5+

0.0 +

——— OXE-A1-0s
—— OXE-A1-10s
~——OXE-A1-20s
—— OXE-A1-30s

OXE-A1-40s

OXE-A1-50s
—— OXE-A1-60s

250

300

350 400 450 500

Wavelength (nm)

O.P. Density

Q

O.P Density

25
—— OXE-B0-0s
—— OXE-B0-10s
—— OXE-B0-20s
201 —— OXE-B0-30s
—— OXE-B0-60s
OXE-BO0-90s
1.54 —— OXE-B0-120s
1.0 4 i
|
054 |
0.0 J v v \
250 300 350 400 450 500
Wavelength (nm)
25 —— OXE-B4-0s
—— OXE-B4-10s
—— OXE-B4-20s
2.0 4 ——— OXE-B4-30s
—— OXE-B4-40s
—— OXE-B4-50s
154 ——— OXE-B4-60s
—— OXE-B4-70s
! —— OXE-B4-80s
104 \ —— OXE-B48-90}
: \ —— OXE-B4-100]
—— OXE-B4-1109]
—— OXE-B4-120]
0.5 \

0.0 +

250

300

350 400 500

Wavelength (nm)

450

Figure 2. Steady-state photolysis of OXEs in acetonitrile upon irradiation with a 405 nm LED.
(a) OXE-Al and (b) OXE-B4.

The singlet excited-state energies (Esi1) of OXEs were obtained from the

intersection of their fluorescence emission spectra and their UV-visible absorption

spectra (see Figure 3, Figure S6 and Figure S7). When the AHcleavage s1 Values are

negative (AHcleavage s1 < 0), it indicates that photocleavage of the N-O bond from the

singlet excited state is favorable. As shown in Tables 3 and 4, all OXEs have

favorable AHcieavage s1 for cleavage, excepted OXE-AQ and OXE-BO that are not

oxime esters and for which the cleavage of the N-OH bond is totally unfavorable.

Furthermore, excited state lifetimes of OXEs could be measured (see Figure 3, Figure

S8 and Figure S9), and the lifetime values are listed in Table 3. Normally, OXEs



with a high initiating efficiency have a short excited state lifetime, which also can be

beneficial for the cleavage process. In addition, the negative AHcleavage 1 Values also

suggests the cleavage process of the N-O bond to be favorable.
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Figure 3. Singlet-state energy determination of (a) OXE-A1 and (b) OXE-B4, and fluorescence
decay curve of (c) OXE-Al and (d) OXE-B4.

Table 3. N-O BED, Esi, E1, AHcleavage s1, AHcleavage T1 @nd lifetime of the series OXE-A.

N-O BDE

Er
Es1 AHcleavage s1 AHcieavage T1 Lifetime
Pis RiorR2  (kcal mol- (kcal mol
(kcal mol?) (kcal mol™) (kcal mol™) (ns)
1) 1)
R1 65.21 2.20 11.86
OXE-A0 63.01 53.35 4.16
R2 65.17 2.16 11.82
Ri1 48.50 -14.80 -3.53
OXE-Al 63.39 52.03 491
Rz 48.76 -14.65 -3.27




Ri1 48.20 -15.07 -5.79

OXE-A2 63.27 53.99 5.04
R> 48.23 -15.04 -5.76
R1 47.50 -16.54 -6.44
OXE-A3 64.04 53.94 5.59
Rz 47.52 -16.52 -6.42
QsHm
N
.
O
H No
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R0

Table 4. N-O BED, Esi, E1, AHcleavage s1, AHcleavage T1 @and lifetime of the series OXE-B.

) N-O BDE Es1 AHcleavage s1 Er AHcleavage T1 Lifetime
o (kcal mol-t) (kcal mol?) (kcal mol?) (kcal mol?) (kcal mol?) (ns)
OXE-BO 65.22 63.52 1.7 53.03 12.19 331
OXE-B1 48.92 65.68 -16.76 54.00 -5.08 3.55
OXE-B2 48.24 66.46 -18.22 53.97 -5.73 2.95
OXE-B3 47.54 66.01 -18.47 53.92 -6.38 3.01
OXE-B4 46.84 66.28 -19.44 54.02 -7.18 2.95
OXE-B5 48.15 63.85 -15.7 53.72 -5.57 1.75
OXE-B6 48.05 67.72 -19.67 53.69 -5.64 3.2
OXE-B7 47.73 66.20 -18.47 53.37 -5.64 3.00
OXE-B8 47.66 67.32 -19.66 54.02 -6.36 2.81
OXE-B9 47.90 67.07 -19.17 53.74 -5.84 2.64
G
N
L

e
| |
_N N
RO OR

Free Radical Photopolymerization
Photopolymerization experiments of TMPTA containing these different OXEs

(1x105 mol.g%, 0.45-0.76 wt% depending on their different molecular masses) or the



commercial photoinitiator TPO (1x10° mol.g? = 0.35 wt%) were investigated to
evaluate their photoinitiation abilities.

Photopolymerization profiles in thin samples are presented in Figure 2 and the
final conversions (FCs) of the different formulations are listed in Table 5. As shown in
Figure 2, OXE-Al (80%), OXE-B2 (74%) and OXE-B4 (66%) have the best
photoinitiation abilities in their respective series during the polymerization of thin
samples. Their FC values are also larger those of the TPO-containing formulation
(65.0%), demonstrating their good initiation performance.

Photopolymerization profiles of thick samples with different formulations are
presented in Figure S10 in which OXEA1, OXE-B2 and OXE-B4 based systems still
show favorable performances. It is also interesting to note that OXE-B1 and OXE-B6
could not initiate efficient photopolymerizations. These counter-performances can be
assigned to the low efficiency of the cleavage process and the decarboxylation reaction
for [OXE-Bl (see Figure S12.b and Figure S13), and the poor efficiency of the

decarboxylation reaction for OXE-B6 (see Figure S8.i). In addition, containing the

same R group as OXE-B1, OXE-AL1 has better photoinitiation abilities on both thin and
thick samples, which shows the position R2 of OXE-A1 might be more favorable.

In our previous work,?® “° the best monomer conversions obtained during the FRP
of TMPTA for resin containing monofunctional OXEs i.e. dyes comprising only one
oxime ester group were between 64 and 68%, with concentrations of 2x10° mol.g? in
TMPTA for the different OXEs. Interestingly, comparable or higher FCs could be
successfully obtained in this work, for OXE concentrations of only 1x10° mol.g™ in
TMPTA. Considering that difunctional OXEs were used, the concentration used in this
work is therefore twice lower than that used in the previous work. Nevertheless, even
with a twofold reduction of the concentration, higher final monomer conversions were
obtained. It therefore demonstrates the higher photoinitiating ability of the newly
developed difunctional OXEs. In addition, some of these OXEs also showed good
performances for the polymerization of thick samples (1.0 mm), (i.e., OXE-Al, OXE-
B2 and OXE-B4), what is remarkable. Consequently, according to the FCs obtained
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during the FRP of TMPTA, OXEs containing two oxime ester groups exhibit improved

photoinitiation efficiencies than the monofunctional ones.
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Figure 4. Photopolymerization profiles of TMPTA in laminate (~25 pm) upon exposure to a
405 nm LED in the presence of different OXEs (1 x 10° mol.g? in TMPTA) and the
commercial photoinitiator TPO. The irradiation startsatt = 10 s.

Table 5. Final Function Conversions (FCs) of TMPTA Containing Different OXEs.

OXE Final Conversion (FC, %)
OXE-A0 11
OXE-Al 80
OXE-A2 64
OXE-A3 62
OXE-BO 9
OXE-B1 55
OXE-B2 74
OXE-B3 55
OXE-B4 66
OXE-B5 58
OXE-B6 42
OXE-B7 48
OXE-B8 56
OXE-B9 39

TPO 65




Decarboxylation Reaction

For OXEs based photoinitiation systems, the decarboxylation reaction take place
after a homolytic cleavage of the N-O bond upon irradiation and can form free radicals
after release of CO>. In this work, the decarboxylation reaction was investigated by
monitoring the generation of CO2, which can easily be detected by RT-FTIR (see Figure
5, Figure S11 and Figure S12). As shown in Figure 5.a and 5.b, the appearance of the
CO; absorbance peak can be detected for numerous OXEs at 2337 cm™ during
photopolymerization. This phenomenon can be observed for most of the OXE/TMPTA
systems, excepted with OXE-B1, OXE-B5, OXE-B6 and OXE-B9, for which clear
evidence that the decarboxylation reaction for these OXEs does not occur was provided.
In previous works, our group has reported a series of enthalpy of decarboxylation
reaction (AHdecarboxylation) and demonstrated that when the AHagecaroxylation Was negative,
the decarboxylation process was favorable.3* As previously reported, these values for
benzene acyl group, a naphthalene acyl group and a benzoyloxy group are 5.92, 6.24
and 6.92 kcal mol respectively, which means these corresponding OXEs (OXE-B5,
OXE-B6 and OXE-B9) are less favorable for decarboxylation reaction. This may
explain why the CO2 peak during photopolymerization cannot be observed in these
three OXE/systems. Interestingly, the CO2 peak in OXE-B1/TMPTA system is difficult
to be observed, and this will be discussed below in the section of ESR.

As shown in Figure 5.c, the absorbances of CO2 in OXE-Al and OXE-B4 increase
rapidly fromt=10stot =60 s, related to the generation of CO> by the decarboxylation
reaction. After t = 60 s, the absorbances of CO; start to decrease which may be due to
the diffusion from the cured samples to the air. This trend is in agreement with their
acrylate function conversions, which increase rapidly accompanied by the generation
of CO- for the OXE-AL/TMPTA and OXE-B4 systems fromt = 10 s to t = 60 s. This
behavior can be observed in the other OXE/TMPTA systems, such as OXE-B2/TMPTA
(see Figure S13).
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Figure 5. Infrared spectra of (a) OXE-Al in TMPTA and (b) OXE-B4 in TMPTA att =10
and 30 s, and (c) the absorption intensity of CO. obtained from the OXE-A1/TMPTA and
OXE-B4/TMPTA systems respectively.

Electron Spin Resonance Spin Trapping (ESR-ST)

Besides the generation of COg, the active radical is another product in the
decarboxylation reaction. Here, ESR-ST was carried on OXE-Al, OXE-B1, OXE-B2
and OXE-B4 (see Figure 6 and Figure S14), and two kinds of radicals (alkyl-COO- and
alkyl radical) were trapped by PBN in each system after 405 nm irradiation. For OXE-
Al system, the values of the hyperfine coupling constants for alkyl-COO- (72.1%) are
an = 13.5 G and an = 1.8 G, which can be assigned to the acetyl radical (CH3COO-).
The value of hyperfine coupling constants of the second alkyl radical (27.9%) were an
=13.6 G and an = 4.8 G, and it could be the methyl radical. For OXE-B2, the values of
hyperfine coupling constants are an = 13.7 G and an = 1.7 G, which can be assigned to
the isobutyryl radical (83.8%), and the second radical could be isopropyl radical (16.2%,
an = 13.7 G and on = 4.8 G) generated from the decarboxylation reaction of the
isobutyryl radical. For OXE-B4, the values of hyperfine coupling constants are an =

13.7 G and on = 1.6 G, which can be assigned to the isocaproyl radical (68.0%), and



the second radical could be isopentyl radical (32.0%, on = 13.7 G and an = 4.6 G)
generated from the decarboxylation reaction of the isobutyryl radical. The ESR-ST for
OXE-B1 was also carried out, and there are no obvious signals being observed (see
Figure S14). This means neither cleavage process nor decarboxylation reaction of
OXE-B1 are efficient, which corresponds to the results of related photopolymerization

result (low final conversion in Figure 4.b) and the detection of CO> (see Figure S12.c).
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Figure 6. ESR-ST spectra of the radical adducts of (a) and (b) OXE-AL, (c) and (d) OXE-B2,
and € and (f) PXE-B4 under LED@405 nm irradiation in tert-butylbenzene.

Photoinitiation Mechanism



Based on the above results, the proposed mechanism for photoinitiation is shown
in Scheme 3. According on the light exposure, OXEs can be promoted in the excited
state, so that iminyl and acyloxy/aryloxy radicals are generated from the dissociation
of the N-O bond of OXEs (the cleavage reaction). Furthermore, acyloxy/aryloxy

radicals can produce the active free radicals and CO; through decarboxylation reaction.
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Scheme 3. Proposed Photoinitiation Mechanism of (a) series OXE-A and (b) series OXE-B.

3D Printing

In order to explore the application of OXE/TMPTA system in 3D printing, OXE-
AL/TMPTA, OXE-B2/TMPTA and OXE-B4/TMPTA were used as a model system to
carry out 3D printing with a stereolithography (SLA) printer, according to the favorable
photoinitiation performance in TMPTA photopolymerization. The printing conditions
were optimized in that prototypes of 3D structures were printed on the SLA 3D printer,
with the curing parameter controlled by software. As shown in Figure 7, 3D printed
chesses were successfully printed, and the top parts are clearly visible. However, 3D
structure based on OXE-B2/TMPTA could not be manufactured successfully, despite
the printing conditions were optimized. Then, direct laser write (DLW) was performed
on OXE-B2/TMPTA, and two thin objects (thickness 0.5 mm) in Figure 7 ¢ were

obtained within a short time (around 2 min) (see Figure 7.c).



Figure 7. Digital photos of 3D printed objects using (a) OXE-AL/TMPTA and (b) OXE-B4
respectively.

Thermal Initiation Behavior

Normally, free radicals in OXEs polymerization systems can also be generated by
thermal degradation. DSC thermograms of OXE-AOQ, OXE-Al, OXE-B0, OXE-B2 and
OXE-B4 in TMPTA are shown in Figure 8 and their parameters (Tinitial, Tmax and the
final acrylate conversion of TMPTA) are listed in Table 6. Tinitiar Values of OXE-AQ
and OXE-BO in TMPTA are both above 130°C and their conversions are 27.5% and
29.9% respectively. All of the analyzed oxime esters have lower Tinitiar Values and
higher conversions. Interestingly, OXE-Al, OXE-B2 and OXE-B4 show the dual
photo/thermal initiation behavior, which can for example be used for the preparation of
carbon fiber composites which are non-transparent and can only be cured thermally or

by dual, light plus thermal activation.
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Figure 8. DSC thermograms of OXEs in TMPTA. The presence of oxime esters (OXE-AL,
OXE-B2, OXE-B4) clearly moves the decomposition to lower temperatures.

Table 6. Parameters about thermal polymerization.

Pis (10 mol/g) Tinitial (°C) Trmax (°C) Conversion (%)
OXE-Al 85.0 141.6 63.4
OXE-B2 83.7,123.2 132.6, 154.3 51.4
OXE-B4 98.8 159.7 49.3
OXE-A0 130.5 195.2 215
OXE-BO 145.1 201.8 29.9

Conclusion

Twelve phenothiazines containing two oxime ester functionalities as terminal
groups were designed and synthesized. Through theoretical calculations, all of these
photoinitiators have the ability for photoinitiation. OXE-Al, OXE-B2 and OXE-B4
exhibit good efficient light absorptivity and efficient photolysis performance under the
irradiation of 405 nm LED. AHcleavage s1 < O and AHcieavage T1 < O both indicate the
favorable cleavage process from singlet excited-state or triplet excited-state. These
three OXEs demonstrate better performance than the commercial photoinitiator TPO,
and OXE-A1 and OXE-B4 based formulations can be used to print 3D objects via SLA.
In addition, dual photo/thermal behavior also can be observed for these three OXEs.

Investigation of the mechanism of these OXEs indicates the generation of the acyloxy



and iminyl radicals from N-O bond cleavage process, followed by a decarboxylation
reaction of the acyloxy radicals resulting in active radicals and CO.. The active radicals
can induce the free radical photopolymerization of TMPTA. According to the literature,
the iminyl radical is also reactive. In this work, these OXEs can initiate
photopolymerization with a low concentration (1105 mol g in TMPTA, or 0.45 wt%
to 0.76 wt% depending on their different molecular masses), which fully demonstrate
the initiation ability of these compounds containing two oxime esters. Therefore, this
work exhibits the significance of type 1 photoinitiators containing two oxime esters
functionalities and provides a strategy for the development of novel oxime ester-based
photoinitiators with high performance.
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