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Abstract: A series of Type I photoinitiators (PIs) based on the nitrocarbazole scaffold
have been developed and examined for the first time as photoinitiators for visible light
photopolymerization. Three oxime esters (OXE-M, OXE-V, OXE-P) varying by the
terminal groups (acetyl, acryloyl and benzoyl) attached via the oxime ester group were
originally prepared. Favorable molar absorption coefficients were found at 405 nm for
these PIs due to the presence of the nitro group attached to the carbazole chromophore.
As a result of this, the three PIs exhibited excellent photoinitiation abilities in the
presence of acrylate monomers upon LED@ 405 nm irradiation. Markedly, OXE-M
exhibited a better performance than the benchmark Type I phosphine-oxide
(diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide TPO). Chemical mechanisms
supporting the polymerization process with these PIs were investigated by steady state
photolysis, molecular orbital calculations and real-time Fourier transformed infrared
spectroscopy. After the cleavage of N-O bond and decarboxylation, free radicals are
generated to initiate the free radical polymerization efficiently. Free radical
photopolymerization of OXE-M was applied in direct laser write and 3D printing.
Interestingly, OXE-M exhibited thermal initiation behaviors in monomers and can be

used as dual photo and thermal initiators. The highly opaque feature of carbon fibers
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makes it difficult for light penetration, so dual photo/thermal curing are used here to

prepare carbon fiber composites.

Keywords: Photoinitiator, oxime esters, 3D printing; dual cure systems

In recent decades, photopolymerization has received an increasing attention due to
its numerous advantages such as a spatial and temporal controllability, no emission of
volatile organic compounds and low energy consumption.!? This polymerization
technique has been successfully applied in many fields including conventional
industries (e.g. ink, adhesive) and many cutting-edge technologies (e.g. 3D-4D printing,
microelectronic processing etc).>”” Light-emitting diodes (LEDs) demonstrate many
distinct advantages over traditional UV irradiation sources such as security, low cost
and longer emission wavelengths. In recent years, near UV and visible LEDs have been
widely used in scientific research and industrial production.® Indeed, LEDs exhibit a
tremendous potential as an alternative to the UV irradiation sources.”!* In
photoinitiating systems, photoinitiator (PI) is a vital component which can generate
active species capable to initiate polymerization under light irradiation. At present, a
portion of commercial Pls (e.g. hydroxyl ketones, benzophenones) can only be
activated under UV irradiation.!!"! Therefore, the development of new PIs which could
be used under near UV and visible LEDs irradiation is significant.!*!

A large number of photoinitiating systems activable upon LED irradiation have
been designed, but most of them contain two or three components usually based on the
organic chromophore/onium salt/amine combinations.!®!” The performance of these
multicomponent systems is easily influenced by the solubility, the electron transfer
efficiency or the viscosity of the resins that can adversely affect the efficacy of the
different bimolecular interactions. Therefore, it is important to develop unimolecular
photoinitiating systems where these different parameters have not to be considered
anymore.'® Type 1 PIs which are excited and generate active free radicals by the
cleavage of chemical bonds have efficient photoinitiation ability for free radical

polymerization. While most of the Type I PIs are sensitive in the UV range, a few Pls
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such as 2-benzyl-2-(dimethylamino)-1-[4-(4-morpholinyl) phenyl]-1-butanone (369)
and phosphine-oxides such as diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO)

can be activated upon excitation at 405 nm.

As efficient Type I Pls, oxime esters (OXEs) have attracted a wide attention due to
their high photoreactivity.!*?> Generally, OXEs undergo the cleavage of N-O bond to
produce iminyl and acyloxy radicals in excited states (depending of the chemical
structures, cleavage from singlet or triplet state can be expected).” Then,
decarboxylation reactions occur in acyloxy radicals accompanied by the generation of
CO,. Commercial PIs such as O-benzoyl-a-oxooxime OXEOl and O-acetyloxime
OXEO02 have been successfully applied to the production of polymer films in color filter
resists.>** The maximum absorption wavelength is 326 nm and 338 nm for OXEO1
and OXEO2 respectively, and the light absorption is almost transparent for wavelength
A > 400 nm. Unfavorable conversions of methyl methacrylate were notably reported in
the presence of OXEOl and OXEO02 upon irradiation at 405 nm.>* Therefore, the
performances of OXEO1 and OXE02 under near UV and visible LED irradiation are
too poor to satisfy the demands of application.

In the present study, three oxime ester PIs (OXE-M, OXE-V, OXE-P) and the same
chromophore without the oxime-ester functionality (OXE-H) were designed and
synthesized. In these OXEs, a nitro-carbazole group is selected as the chromophore due
to the good light absorption properties in the near-UV/visible range. As far as we know,
there is no report about OXEs based on nitro-carbazole chromophores. The structures
of these photoinitiators and other compounds used in this study are shown in Scheme
1. The synthesis and characterizations of the different products are given in the
Supporting Information. The photoinitiation ability and photoactivity of the different
derivatives was studied and the application in 3D printing experiments were also carried
out. OXEs are applied as PI normally. In this study, we propose a new series of OXEs
which could be used in dual photo/thermal curing. The thermal stability and thermal
initiator behavior of these OXEs were evaluated via differential scanning calorimetry

(DSC). Markedly, these OXEs can be used as dual (photo and thermal) initiators for the
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preparation of carbon fiber composite.

OXE-M: R = CH; “on
OXE-V: R = HC=CH,

OXE-P: R = @
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Scheme 1. Chemical structures of oxime esters and other compounds investigated in

this study.

UV-visible absorption spectra of the different PIs in acetonitrile are shown in
Figure 1a and the light absorption characteristics of each molecule are given in the Table
S1. The maximum absorption wavelength (Amax) of OXE-H is located at 376 nm. Upon
introduction of the oxime ester functionality, the Amax of OXEs are slightly blue-shifted
compared to that of OXE-H and the molar extinction coefficients at maximum
absorption wavelength (€max) are increasing. The emax of OXE-P (13800 M lecm™) is
higher than that of OXE-M (13000 M 'cm™') and OXE-V (12400 M 'cm ™). The molar
extinction coefficients at 405 nm (€405 nm) for OXE-M, OXE-V and OXE-P are 4100,
3900 and 4100 M 'ecm™! respectively (much better than for the benchmark TPO). The
light absorption properties of these OXEs support their application as photoinitiators at
405 nm.

Molecular orbital calculations on the optimized geometries are depicted in Figure
1b. Both the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are strongly delocalized with a strong participation of the
nitro group and a n-n* charge transfer transition is observed. The HOMO and LUMO

of OXEs are mainly located on the nitro-carbazole and the oxime ester moieties rather
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than the substituents on the terminal moieties of oxime ester group. Therefore, the
substituents have only a slight effect on the Amax 0of OXEs which is in full agreement
with the UV-visible absorption spectra.

To investigate the photochemical reactions of these OXEs, steady state photolysis
experiments were carried out at room temperature. The UV-visible absorption spectra
of OXEs in acetonitrile were measured upon LED@405 nm irradiation at different
times. As shown in Figure 1c, the absorbance of OXE-M at gmax = 369 nm decreased
obviously after irradiation. It is attributed to the cleavage of the N-O bond. Meanwhile,
new products were formed by photolysis fragmentation, so that the maximum
absorption wavelength was blue-shifted. No clear isosbestic points were found due to
the further dissociation of the primary products. OXE-V and OXE-P systems exhibited
the same photolysis behaviors (See Figure S1). This phenomenon was also observed in
other reports.>*

Different from other Type I PIs, OXEs undergo the decarboxylation upon
irradiation normally. The generated CO> was detected by RT-FTIR. The infrared spectra
of OXE-M system in the polymerization processes at t = 0 s and t =30 s are presented
in the Figure 1d. Obviously, a new absorption peak at 2337 cm™! appears after irradiation
and it was assigned to CO,.2%?" Besides, the new absorption peaks were also observed
in OXE-V and OXE-P systems, while it was not found in acyl phosphine oxide PI TPO
and OXE-H (without the oxime-ester functionality) systems (Figure S2). It thus

demonstrates the generation of CO> for OXEs under irradiation.
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Figure 1. (a) UV-visible absorption spectra of the different PIs in acetonitrile; (b)
LUMO and HOMO of the three OXEs based on TD-DFT calculations; (c) Steady state
photolysis of OXE-M in acetonitrile; (d) The detection of CO; for OXE-M system.

In addition, the fluorescence lifetime of the three OXEs were measured (See Figure
S3). The fluorescence lifetime values exhibited very short times (<< 1.4 ns). This short
lifetime being also observed for OXE-H (without possible cleavage process), this
property is an intrinsic parameter of the nitro-carbazole oxime chromophore. The
singlet excited state energy levels (Esi1) were determined from the crossing point of
absorption and fluorescence spectra (Figure S4 and Table 1). Triplet state energy (Er)
and N-O bond energy of the three OXEs were calculated (Table 1). The N-O bond
energy of OXE-V (49.50 kcal mol™) is higher than that of OXE-M (48.62 kcal mol™)
and OXE-P (48.07 kcal mol ™). Markedly, the calculated triplet state energy levels are
higher for OXE-M, OXE-V, OXE-P than their N-O bond dissociation energy (See Table
1) suggesting a favorable cleavage from triplet state. The enthalpies of the cleavage
process from T (AHcleavage 1 = BDE(N-O) - Et) are all favorable (Table 1). This is in
full agreement with laser flash photolysis data which does not revealed the presence of
long-lived triplet states (See Figure S5). From this work, triplet state cleavage is

suspected but singlet state cleavage cannot be completely ruled out i.e. also
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energetically favorable (AHcleavage st = BDE(N-O) — Esy).

Table 1. Some parameters of the PlIs.

Thermal initiators

behavior:
Pl N-O BDE]. Es1 . AHcIeavage 512 Er L AHcIeavage le Onset temperature
- - -1 - -1
/kcal mol /kcal mol /kcal mol /kcal mol /kcal mol (°C)/acrylate
conversion (%)

OXE-M 48.62 66.21 -17.59 52.65 -4.03 113/39.3
OXE-V 49.50 66.28 -16.78 52.66 -3.16 157/27.4
OXE-P 48.07 66.36 -18.29 53.36 -5.29 158 /35.2

a: AHcleavage s1 = BDE(N-O) - Es1
b: AHcleavage T1 = BDE(N-O) -ET

The photoinitiation ability of these OXEs in acrylate monomer trimethylolpropane
triacrylate (TMPTA) was investigated in laminate (to avoid the O» inhibition) by RT-
FTIR. The conversion of acrylate functions of TMPTA was continuously followed at
about 1630 cm™'. A LED@405 nm was used as the light source for this study and the
light intensity was about 40 mW c¢m™. The visible PI TPO was selected as a reference
compound as this molecule is a benchmark Type I PI. The photopolymerization profiles
of TMPTA are shown in Figure 2. The photoinitiation ability of OXE-H was inefficient
due to the absence of the oxime ester group (no CO» released by the cleavage process-
see above). Interestingly, the three selected nitro-based OXEs demonstrated good
performance where fast polymerization rates and high final function conversions were
observed. Markedly, the OXE-M-based system exhibited a higher final function
conversion (FC = 69%) than the TPO system (FC = 65%). In addition, the final function
conversions are favorable for OXE-V system (FC = 57%) and OXE-P system (FC =
61%). The substituents R (methyl, vinyl, phenyl) on the terminal moieties of oxime
ester group make a difference on the final acrylate function conversion but not really
on the polymerization rates. OXE-M has a better performance than OXE-P which could
be ascribed to the smaller steric hindrance for methyl radical than phenyl radical. A
stabilization of the phenyl radical by delocalization of the charge on the aromatic

structure can also be suggested as adversely affecting the reactivity of the phenyl
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radicals. A lower function conversion was obtained for OXE-V system under the same

irradiation condition probably indicating a copolymerization with the acrylate network.
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Figure 2. Photopolymerization profiles of TMPTA (~ 25 pum) under LED@405 nm

irradiation in the presence of Pls (2x107 mol/g TMPTA). The irradiation starts at t =
10 s.

According to the above results, the proposed chemical mechanisms of OXEs are
illustrated in Scheme 2. Under LED@405 nm irradiation, the OXEs molecules are
promoted from their ground states to their excited states and then the cleavage of N-O
bond can occur, generating iminyl and acyloxy radicals. While the iminyl radical is
ineffective for free polymerization, after decarboxylation, acyloxy radical generates,
after CO; release, a highly active free radical (R") which is responsible for the

polymerization of acrylate monomers.
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Scheme 2. Proposed photochemical mechanisms for OXEs in this study.

The photopolymerization of OXE-M (1 wt%) in TMPTA was applied in direct laser
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write and 3D printing. The direct laser write experiments were carried out upon
irradiation with a laser diode at 405 nm under air. The letter pattern “OXE” and the
characterization by numerical optical microscopy are given in Figure 3a and 3b. The
thickness achieved by the printed pattern letter is around 2100 pm and a good spatial
resolution can be observed. In addition, as shown in Figure 3c, the square frame was
obtained through the 3D printer with a LED@405 nm. Indeed, the excellent
performance of OXE-M in photopolymerization makes it an ideal candidate for laser

write and 3D printing.

Figure 3. (a) The letter pattern “OXE” obtained by direct laser write; (b)
Characterization of the letter pattern “OXE”; (c) 3D printed object of square frame (7

X7X7 mm).

Besides the photoinitiation behavior, thermal stability and thermal initiating ability
of oxime ester PIs in monomers is also important. The thermal initiation/stability of
these formulations were tested by DSC in the dark (Figure S6) and the onset
temperatures are given in Table 1. The final acrylate conversion (FC) can also be
evaluated from these experiments using the heat released and the reaction heat for
acrylate double bond polymerization (AHmeory = 78.61 kJ/mol; leading to 844.5 J/g for
100% of acrylate function conversion in TMPTA) (FC = (heat relased/g)/ 844.5).%8
OXE-M have the lowest onset temperature and it starts to decompose in monomers at
113°C which can satisfy the application demands normally. Markedly, OXE-M, V, P
exhibited a dual photo/thermal initiator behavior. For OXE-V and OXE-P, a better

thermal stability is found, the polymerization temperature being > 150°C. The thermal
9



polymerization behavior of OXE-M was also proved by heating. The formulation was
put in oven at 150°C for 30 min and the solid polymer was observed, while pure
TMPTA was still liquid (Figure S7).

Due to the thermal initiation behaviors, OXE-M could be applied as dual
photo/thermal initiator. Opaque feature of carbon fiber makes it difficult for light
transmission, so thermal curing or dual photo/thermal curing are used to prepare carbon
fiber composites. As shown in Figure 4, carbon fiber composites were produced
successfully using OXE-M/TMPTA system (OXE-M, 1 wt%). After preparation of
prepregs (See Figure 4a), they were irradiated using LED@395 nm to initiate the
photopolymerization of TMPTA in surface (Figure 4b). The tack-free surface of
prepregs is helpful for transportation or storage. Then, the prepregs were heated at
150°C in oven for 30 min to induce the polymerization of TMPTA in depth. Fully cured
carbon fiber composites were obtained (See Figure 4c). The surface and inside of the

composites are hard and non-sticky.

Figure 4. (a) Prepregs with resin/carbon fiber (50/50, wt%/wt%); (b) Surface cured

prepregs; (c) Carbon fiber composite.

Conclusion

In this study, three original oxime ester PIs (OXE-M, OXE-V and OXE-P) were
proposed for LED photopolymerization. Due to the presence of the nitro-carbazole
chromophore, good light absorption properties were obtained for these oxime ester Pls

at 405 nm. Steady state photolysis experiments and the detection of CO; were carried

10



out in order to investigate the proposed chemical mechanisms. Under irradiation, the
cleavage of N-O bond and the decarboxylation reaction occur to generate an active free
radical which can initiate the polymerization of acrylate monomers. High function
conversions were obtained in the presence of these oxime ester PIs in TMPTA under
LED@405 nm irradiation. Notably, OXE-M was more effective than the benchmark
Type I PI TPO. Meanwhile, the effect of substituent on terminal moieties of oxime ester
group was discussed. The free radical polymerization in the presence of OXE-M was
applied in direct laser write and 3D printing experiments. Both a well resolved pattern
and a 3D objects were obtained successfully. In addition, the good thermal stability and
thermal initiator behavior is found for these OXEs. Markedly, OXE-M based system
exhibited an interesting dual photo/thermal curing ability that can be used in composite

preparation.
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