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Synthesis of carbazole—chalcone bis-oxime esters
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In this work, a series of sixteen asymmetrically substituted bis-oxime esters, CCBOEs, bearing different
substituents on the oxime ester sides were designed as Type | photoinitiators for photopolymerization
experiments done with blue light (405, 450 and 470 nm) under low light intensities (use of LEDs as the
light sources). These natural product-inspired compounds showed a strong absorption in the visible
range and exhibited a fast cleavage of the oxime ester groups upon photoexcitation, enabling complete
oxime ester consumption to be achieved within 2 s. By using the above-mentioned light sources, three
CCBOEs (namely CCBOE1, CCBOE4, and CCBOED5) bearing alkyl substituents on the oxime ester sides
exhibited high acrylate monomer conversions but also good thermal polymerization abilities, evidencing
their dual activation modes. By means of electron spin resonance (ESR) experiments, the formation of
free radicals was demonstrated and led to the proposal of a plausible initiation mechanism. The hypoth-
esis of homolytic cleavage of the N-O bond was also supported by the detection of the CO, absorption
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by theoretical calculations, enabling the excited state involved in the cleavage process to be determined.
Finally, high-resolution 3D patterns were successfully fabricated using the CCBOES5/TMPTA system

rsc.li/polymers through direct laser writing (DLW).
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A Introduction

Visible light photopolymerization constitutes a green approach
for generating free radicals.’” This technology finds extensive
applications in diverse fields such as coatings, adhesives,
graphic materials, dental materials, and 3D printing techno-
logy due to its ease of handling, robustness, efficiency and low
energy consumption.*" Oxime esters (OXEs), categorized as
Type I photoinitiators, can generate upon photoexcitation free
radicals by means of a homolytic cleavage of the N-O bond
and a decarboxylation reaction, making these structures the
focus of numerous studies in the last three years.'>™*

In addition to the advantages of being easily synthesizable,
at low cost and with high reaction yields, the oxime ester
groups can be connected to a wide range of chromophores
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such as carbazole, phenothiazine, anthracene, pyrene, cou-
marin, and chalcone so that the absorption spectra of oxime
esters can be facilely adjusted.”>™” Chalcones are biosourced
but also bioinspired o,f-unsaturated ketones that strongly
absorb in the visible range due to the excellent electronic delo-
calization existing within these structures. Because of their
extended n-conjugated structures, chalcones are also excellent
electron donating groups,'®'® and chalcones have been exten-
sively used as electron donors for various two and three-com-
ponent photoinitiating systems.?°>* Technically, chalcones
belong to the flavonoid family and these structures can be
commonly found in plants. Chalcones are notably responsible
for the color of numerous flowers and fruits.>*>> Chalcones
are also studied for their biological activities and numerous
natural chalcones exhibit pharmacological and biological
properties.”®*>® From the synthetic viewpoint, chalcones can
be easily synthesized by means of a Claisen-Schmidt conden-
sation under basic conditions, starting from cheap and easily
available reagents.> ' Benefiting from this easiness of syn-
thesis, numerous chalcones that cannot be found in Nature
have been prepared over the years, with a major contribution
in drug development. Parallel to their biological activities,
chalcones have emerged as prominent scaffolds for the design

This journal is © The Royal Society of Chemistry 2024
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of Type II photoinitiators. In this field, major advances in the
design of chalcone-based photoinitiators have been brought by
the research groups of Jacques Lalevée, Jun Nie, Jingqing Qu
and Tao Wang.”>**7*® So far, only two works about chalcone-
based OXEs have been reported in the literature. In 2022, Wu
et al. designed and synthesized a series of three D-n-A-n-A’ bis-
chalcone-based OXEs, namely TA1, TA2 and TA3.*® The final con-
version obtained during the free radical polymerization (FRP) of
1,6-hexanediol diacrylate (HDDA) as the monomer reached a
maximum of 66% after irradiation for 30 min with a 405 nm
light source. Furthermore, the photopolymerization efficiencies
of TA2 under irradiation at 455, 470, and 490 nm with LEDs were
remarkable, with final monomer conversions of 75, 79 and 72%,
respectively. However, their polymerization abilities have not
been examined for the FRP of trimethylolpropane triacrylate
(TMPTA). In 2023, Zhang et al. examined the polymerization
efficiencies of a series of pyrene-chalcone OXEs in TMPTA.”
Unfortunately, the highest final conversion was only 47% after
irradiation with a 405 nm LED for 200 s. This under-performance
was assigned to the presence of a benzene ring introduced
between the oxime ester groups and the pyrene-chalcone
chromophore. With this group acting as an electronic insulator,
the efficiency of the energy transfer from the chromophore
towards the photocleavable group was drastically reduced,
adversely affecting the photoinitiating ability.

So far, there has been only one report mentioning the utiliz-
ation of bis-oxime esters for visible light photopolymerization.
In 2022, Zhang and coworkers ingeniously devised two distinct
phenothiazine-based bis-OXEs and employed these two struc-
tures for the polymerization of TMPTA.?® After 800 s of exposure
to a 405 nm LED, the polymerization efficiency was impressive.
OXE-A1 and OXE-B2 achieved final acrylate function conver-
sions of 80% and 74%, respectively. Hence, it was concluded
that by enhancing the number of oxime ester functionalities per
molecule, more radicals can be produced, improving the reactiv-
ity of these structures. In light of these results, we considered
the introduction of two OXE functionalities per molecule as an
efficient strategy to enhance the photopolymerization efficiency
of our chalcone-based photoinitiators.

Given that blue light falls within the visible spectrum, it
presents the advantages of controllability of the emission
range and energy consumption when LEDs are used as the
light sources, and a better light penetration can be obtained
compared to UV light.>***® Opting for OXEs for the FRP of
TMPTA under blue light holds merit, especially when com-
pared to the commercially available diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide (TPO) which lacks absorption at
455 nm."® However, to date, there is currently only one report
concerning the FRP of TMPTA using OXEs under blue light.
The final conversion obtained with the N-naphthalimide ester
derivative NPIE1, as prepared by Liu et al., reached only 44%
after 200 s of exposure to 455 nm radiation.**

Given the ease of modification of the 6-position of carba-
zole, this project initially conceptualized to synthesize a series
of bis-oxime esters with the chalcone group introduced at the
6-position of carbazole. The chemical structures of these
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CCBOEs have been confirmed by means of 'H and "*C NMR,
and mass spectrometry (MS) analyses. Their photophysical
and photolysis properties were characterized using UV-visible
absorption spectroscopy. FT-IR served the dual purpose of not
only evaluating the polymerization efficacy of the CCBOEs
during the FRP of TMPTA at 405 nm, but also with blue light
(450 and 470 nm), and to record the changes in CO, content
during photopolymerization. The differences in the cleavage
efficiencies of the CCBOEs in TMPTA were elucidated through
a comparison of the singlet excited state energies and the
triplet excited state energies with the N-O bond dissociation
energies, along with the fluorescence lifetimes. Differential
Scanning Calorimetry (DSC) was employed to investigate the
thermal polymerization behaviors of the different CCBOEs in
TMPTA. The chemical mechanism of CCBOEs was comprehen-
sively investigated using FT-IR, ESR, UV-visible absorption and
fluorescence spectroscopy, along with theoretical calculations.
The selected CCBOES5 was used to print predefined 3D patterns
using direct laser writing (DLW), and the resolution of the
resulting structures was observed through numerical optical
microscopy.

B Results and discussion
B.1 Synthesis of the dyes

The synthesis of the CCBOEs involved five steps, starting from
9-ethyl-9H-carbazole C1 (see Scheme 1 and the general infor-
mation in the ESIf). Firstly, 9-ethylcarbazole C1 underwent a
Vilsmeier-Haack reaction with POCl; and DMF, producing
9-ethyl-9H-carbazole-3-carbaldehyde C2 in 92.4% yield.
Subsequently, the product C2 underwent a Claisen-Schmidt
condensation with 1,4-diacetylbenzene in methanol using 40%
KOH as the base, yielding the carbazole-based chalcone C3 as
a trans isomer (89.2% yield). Considering that the reaction was
performed at room temperature, formation of the thermo-
dynamic product (the trans form) was favored over the kinetic
one (the cis form). In a third step, recognizing the high reactiv-
ity at the 6™ position of the carbazole, an acetyl group could
be selectively introduced at this position by an acylation reac-
tion, furnishing C4 in 95.7% yield. With this precursor pre-
pared, C4 was converted to the bis-oxime CCBOEO using in-
expensive reagents such as hydroxylamine hydrochloride and
sodium acetate in a ternary mixture of solvents (methanol,
water and THF), providing CCBOEO in 97.6% yield. Finally, uti-
lizing triethylamine as the base, the oxime CCBOEO was esteri-
fied using the appropriate acid chlorides so that sixteen
bifunctional OXEs CCBOE1-CCBOE16 could be produced with
different substituents (alkyl and aryl groups).

B.2 Light absorption of properties

The UV-visible absorption spectra of these CCBOEs in di-
chloromethane (DCM) are shown in Fig. 1, and their
maximum absorption wavelengths (1) and molar extinction
coefficients (&) at Amax, 405, 450 and 470 nm are listed in
Table 1, respectively. Apart from CCBOEO, all of the com-
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Scheme 1 Synthetic routes to CCBOEs.

pounds exhibited an excellent solubility in DCM. As shown in
Fig. 1, the CCBOEs displayed a broad absorption band extend-
ing up to 500 nm, and their A,,,x are located around 389 to
392 nm (see Table 1). As shown in Table 1, the different
substituents don’t cause any obvious blueshift or redshift of
the Amax, but they affect the molar extinction coefficients
€405 nmy €450 nm and €479 nm. This can be attributed to the fact
that the different substituents on the oxime ester sides are not
in conjugation with the rest of the molecule, so their influence
is restricted to the molar extinction coefficients and not to the
positions of the absorption spectra.

All of the CCBOESs exhibited high molar extinction coefficients
at 405 nm. CCBOE15 and CCBOES8 showed the highest and the
lowest molar extinction coefficients, with e values of 16 100 M™*
em™ and 6700 M™' cm™, respectively. It’s noteworthy that all of
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Fig. 1 UV-visible absorption spectra of CCBOEs (concentration: 2 X
107° M) in DCM.
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Table 1 Light absorption properties of CCBOEs

lmax Emax €405 nm €450 nm €470 nm

CCBOEs (nm) M 'em™) M 'em™) M 'em™) M 'em™)
CCBOEO 391 12100 11 000 800 100
CCBOE1 390 15000 13700 1800 900
CCBOE2 391 11 300 10300 1200 400
CCBOE3 392 13 000 11 800 900 100
CCBOE4 392 16 600 15200 1100 0
CCBOES5 391 13 900 12 800 1200 100
CCBOE6 391 13 400 12 200 800 200
CCBOE7 392 11100 10300 600 0
CCBOE8 389 7400 6700 500 0
CCBOE9 391 11 500 10500 1100 400
CCBOE10 389 8300 7500 600 0
CCBOE11 392 9600 8800 1000 400
CCBOE12 391 13100 12 000 900 200
CCBOE13 391 13 400 12 200 1200 400
CCBOE14 389 13 200 12 000 1100 200
CCBOE15 389 17 900 16 100 900 0
CCBOE16 391 11 800 10 600 1100 400

the CCBOEs display significant absorptions at longer wavelengths
(450 and 470 nm), indicative of their potential to serve as
initiators for the polymerization of acrylate monomers under
450 nm and 470 nm LEDs. In conclusion, the bis-oxime esters,
CCBOEs, featuring carbazole and chalcone groups exhibited sig-
nificant absorptions in the visible range, making these structures
excellent candidates for photopolymerization experiments done
at 405, 450 and 470 nm.

B.3 Steady-state photolysis

In order to explore the photocleavage properties of CCBOEs,
steady-state photolysis experiments were conducted at 405 nm
and at 450 nm with LEDs for different irradiation times (see
Fig. S1 and S2t). Fig. 2 summarizes the dye consumptions
determined for the different CCBOEs.

Interestingly, except for CCBOEO which is not an oxime
ester but just an oxime, alkyl-substituted and aryl-substituted
CCBOEs showed similar photodegradation patterns, wherein
the absorption intensity at the A,,ax rapidly decreased within 1
s of exposure to 405 nm LED illumination. After this first fast
decrease step, the A Of all of the CCBOEs remained almost
unchanged after 15 s of irradiation. In fact, the decomposition
of the oxime esters is a competitive reaction channel to the cis/
trans isomerization, adversely affecting the cleavage process.
This point was evidenced by CCBOEO. In the absence of the
oxime ester group, CCBOEO exhibited a similar photolysis
process, attributed solely to the trans—cis isomerization of the
carbazole-chalcone structure upon irradiation with a 405 nm
LED'42744

Noticeably, a decrease of the photolysis efficiency was also
demonstrated upon irradiation at 450 nm. Even after 15 s of
irradiation, the absorption intensity still decreased, evidencing
that the photocleavage had not ended. After 120 s of
irradiation with a 450 nm LED, the decrease of the absorption
intensities at the A, for all CCBOEs was far lower compared
to that determined at 405 nm. In comparison to the 22% dye

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Dye consumptions of CCBOEs (concentration: 2 x 10~> M) in DCM upon irradiation with a 405 nm LED (a and b) and a 450 nm LED (c and d).

consumption for CCBOEQO, all of the CCBOEs except CCBOE13
exhibited dye consumption higher than 25% after 1 s of
irradiation with a 405 nm LED. Even with an increased
irradiation time with the 405 nm LED, after 120 s, the rate of
decrease in absorption values at the Ay.x for the CCBOEs
remained significantly higher than that of CCBOEO.
Conversely, the dye consumption of the CCBOEs after 450 nm
LED irradiation markedly decreased. Even after 120 s, the final
dye consumption for all of the alkyl-substituted CCBOEs,
CCBOE1-CCBOE?7, did not exceed 23%. Encouragingly, some
aryl-substituted CCBOEs exhibited higher dye consumptions
than CCBOEQO. This indicates that the CCBOEs are less reactive
at 450 nm than 405 nm and this is directly related to a
decrease of the molar extinction coefficients. Overall, the
photolysis experiments clearly evidenced the competition exist-
ing between photocleavage of the oxime ester groups and the
trans—cis isomerization of the chalcone core. At longer wave-
lengths, the two competitive processes are slower, photons at
450 nm being less energetic than the 405 nm ones.

Consequently, bis-oxime esters based on the carbazole-
chalcone scaffold exhibited a fast photodegradation phenom-
enon upon visible light exposure. CCBOEs are thus good can-
didates for initiating the polymerization of acrylate monomers
at 405 nm but also at longer wavelengths.

This journal is © The Royal Society of Chemistry 2024

B.4 Free radical photopolymerization

Fig. 3 presents the photopolymerization curves of CCBOEs in
thin samples under 405 nm, 450 nm and 470 nm LED sources,
respectively, while Table 2 provides the final conversions (FCs)
obtained for the different CCBOEs. Except for CCBOEO,
CCBOE13 and CCBOE16, all the other CCBOEs displayed an
excellent solubility in TMPTA. What is exciting is that in thin
samples and upon irradiation with an LED at 405 nm, the FCs
obtained for the trifunctional monomer TMPTA using
CCBOE1, CCBOE3, CCBOE4 and CCBOE5 possessing alkyl
groups on the oxime ester sides were high, exceeding 70%.
Interestingly, the highest FC was obtained with CCBOES5,
peaking at 77% after irradiation for 300 s (see Fig. 3a and b).
Conversely, none of the CCBOEs possessing aromatic rings on
the oxime ester side could furnish high monomer conversions
and all FCs were lower than 70%. This can be attributed to the
fact that, while aromatic-substituted CCBOEs can generate aryl
radicals when exposed to a 405 nm LED, their reactivities are
considerably reduced compared to those of alkyl radicals due
to an electronic stabilization. As a result of this, alkyl radicals
demonstrate an elevated reactivity in photopolymerization
reactions. Meanwhile, as shown in Fig. 3c and d, due to the
varying absorptions of the different CCBOEs at 450 nm, the

Polym. Chem., 2024, 15, 2642-2651 | 2645


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00454j

Open Access Article. Published on 05 June 2024. Downloaded on 6/13/2026 8:24:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Polymer Chemistry

(a) 3°1@405.nmLED ~ (b)®7@405 nmLED
60 4 60 4
s -
O 404 S 404
4 4
o ©
= >
S g
= & ——CCBOEQ ——CCBOE4 O 201 ——CCBOE§ —— CCBOE13
——CCBOE1 ——CCBOES5 ——CCBOE9 ——CCBOE14
——CCBOE2 —— CCBOES6 —— CCBOE10 —— CCBOE15
0 = CCBOEy =—=CCBOE/ : —— CCBOE11 ———CCBOE16
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
. CCBOE0—— CCBOE4 3
(¢) ¥ 1@450 nmLED  ccnort—occoes (d)8°1@450 nmLED ~ ——CCBOEQ ——CCBOE12
——m CCBOE2 = CCBOE6 - CCBOE8 ——CCBOE13
e CCBOE 3 = CCBOE7 -~ CCBOE9 -——CCBOE14
60 604 —— CCBOE10 —— CCBOE15
—— CCBOE11 —— CCBOE16
g S
H c
2 404 ° 404
o &
(- °
> ad >
H £
o )
O 204 O 204
0 T T T T T N 04 T T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
CCBOE0 —— CCBOE4
("]@mommieo —ocomor —cosoes (1) *J@wonmien  TCERGH TCCRon
—— CCBOE2 —— CCBOES6
e CCBOE3 = CCBOE7 ~—— CCBOE9 ——CCBOE14
—— CCBOE10 —— CCBOE15
01 = oo ~——— CCBOE11 —— CCBOE16
9 e 9
H c
L2 404 © 404
4 4
e °
z >
H £
2 o
O 204 O 204
0 5 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Fig. 3 Photopolymerization profiles of TMPTA in a laminate (25 pm) upon exposure to a 405 nm LED (a and b), a 450 nm LED (c and d) and a
470 nm LED (e and f), in the presence of different CCBOEs (2 x 10> mol g~ in TMPTA). The irradiation starts at t = 10 s.

efficiency of the N-O bond cleavage differs significantly, result-
ing in major differences in the photopolymerization kinetics
of TMPTA. Compared to the absorption at 405 nm, the absorp-
tion values of CCBOEs at 450 nm are significantly reduced,
with an absorption maximum of only 1200 M™' cm™.
Fortunately, CCBOEs containing alkyl and aryl groups demon-
strate a detectable activity in initiating the FRP of TMPTA
under 450 nm light irradiation. In comparison to CCBOEO and
aryl-substituted CCBOEs, CCBOE1 and CCBOE5 achieved FCs
of 63%. This indicates that these CCBOEs are also sensitive to
blue light, effectively triggering and promoting photo-
polymerization reactions under a 450 nm LED.

Subsequently, in order to determine until which wavelength
a polymerization could be still induced with the CCBOEs, a

2646 | Polym. Chem., 2024, 15, 2642-2651

longer irradiation wavelength i.e. an LED emitting at 470 nm
was employed for the corresponding tests (see Fig. 3e and f).
Excitingly, even at 470 nm where the CCBOEs exhibit lower
absorption properties, the final conversions after 300 s of
irradiation with a 470 nm LED are comparable to those under
a 450 nm LED light source. Both CCBOE1 and CCBOES5
achieved an FC of 63%, while CCBOE®6 attained an FC of 60%.

B.5 The decarboxylation reaction

The singlet excited state energies of the CCBOEs were obtained
by normalizing the intersection point of the UV-visible absorp-
tion curve and the fluorescence emission curve at the same
concentration (2 x 107> M) (see Fig. S3 and S4f). The triplet
state energies and the bond dissociation energies of the N-O

This journal is © The Royal Society of Chemistry 2024
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Table 2 Final acrylate function conversions (FCs) in TMPTA containing
different CCBOEs

25 pm @405 nm 25 pm @450 nm 25 pm @470 nm

LED LED LED
CCBOEs  FCs, % FCs, % FCs, %
CCBOE0 27 17 15
CCBOE1 72 63 63
CCBOE2 64 50 49
CCBOE3 73 54 53
CCBOE4 72 59 58
CCBOE5 77 63 63
CCBOE6 68 56 60
CCBOE7 45 32 35
CCBOES 68 49 51
CCBOE9 42 39 a1
CCBOE10 39 32 31
CCBOE11 68 48 51
CCBOE12 65 33 29
CCBOE13 38 32 36
CCBOE14 57 a1 34
CCBOE15 55 40 42
CCBOE16 55 37 33

bond of the CCBOEs were determined by theoretical calcu-
lations. Fluorescence lifetimes obtained by time-correlated
single-photon counting (TCSPC) are listed in Table S1.} The
more negative AHcjeavage s1 aNd AHgieavage T1 are, the higher
the likelihood of the N-O bond cleavage is.

As shown in Table S1,f CCBOEO, lacking the oxime ester
group, exhibits the largest AHcjcavage s1 and AHgieavage T1- This
is unfavorable for the cleavage of the N-O bonds it contains
under LED irradiation. However, CCBOE1-CCBOE16 showed
lower AHgieavage s1 Values, which are all <0. Interestingly, the
AHgjeavage s1 Values of the oxime ester groups directly linked to
the carbazole group are consistently lower than those deter-
mined for the oxime ester groups connected to the benzene
ring. These differences of N-O bond energies can be attributed
to the distance between the light-absorbing chromophore in
the carbazole-based chalcone and the photocleavable groups.
Indeed, the energy transfer from the carbazole group to the
adjacent oxime ester group is facilitated compared to energy
transfer to the oxime ester group standing on the opposite
side. Notably, the other oxime ester group is separated from
the chromophore by a benzene ring, which acts as a spacer
rendering the energy transfer less efficient. A similar phenom-
enon is observed in AHgieavage T1, Which is higher than
AHcjcavage s1- Overall, the negative values of AHcjeavage s1 and
AHcjeavage 1 for the CCBOEs indicate the possibility of radical
generation from the singlet and the triplet excited states.
Besides, the more negative values determined for AHgicavage s1
is in favor of a photocleavage occurring from the singlet
excited state.

Simultaneously, all of the CCBOEs exhibited short fluo-
rescence lifetimes. Even with deconvolution, the experi-
mentally and accurately determined shortest lifetimes are
lower than 1.40 ns. This observation confirms that CCBOEs
with extremely short excited-state lifetimes are more prone to
N-O bond cleavage.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

The primary rationale underlying the exceptional
initiation efficiency of the CCBOEs in the case of TMPTA is
their capacity to generate free radicals through homolytic
cleavage of the N-O bond upon exposure to either 405, 450
or 470 nm illumination. At the same time, this process
leads to the generation of CO,, subsequent to the homolytic
cleavage, which can be detected by FT-IR. As depicted in
Fig. S5, S6 and S7,} appearance of a CO, peak at 2337 cm ™"
could be observed in the infrared spectra of CCBOE1 and
CCBOE5 compared to CCBOEO, which remains unaltered fol-
lowing light irradiation for 30, 60 and 90 s. Notably, under
405, 450 and 470 nm LEDs, the characteristic peak of CO,
was detected for CCBOE1 and CCBOES5 but not for CCBOEO.
This highlights the exceptionally high decomposition
efficiency of CCBOE1-CCBOE16 after illumination, further
substantiating their outstanding polymerization efficiencies
in thin samples.

B.6 Proposed chemical mechanism

Based on the above results and reports from the literature, the
proposed photochemical mechanism of CCBOEs is depicted in
Scheme 2.'7*>*® CCBOE1-16 is first promoted to the excited
state after irradiation with a light source. Irrespective of the
excited state pathway (singlet or triplet excited state), a homoly-
tic cleavage of the N-O bond can occur, producing a diiminyl
radical located on the carbazole-chalcone structure and two
acyloxy/aryloxy radicals. These latter can decarboxylate, produ-
cing more reactive radicals, namely alkyl/aryl radicals that can
initiate the polymerization of acrylate monomers more readily.
This conjecture can be confirmed by electron spin resonance
spin trapping (ESR-ST). As shown in Fig. 4, after 15 s of
irradiation with a 405 nm LED in tert-butylbenzene as the
solvent, and by using PBN to capture the free radicals of
CCBOE4 and CCBOE5 generated after fragmentation and de-
carboxylation, the structures of the radicals formed could be
identified. The calculated hyperfine coupling constants ay and
ay are 1.8 G and 14.0 G, respectively, which proves the exist-
ence of isopropyl radicals. With ay and ay values of 14.5 G
and 2.7 G, respectively, the assignment belongs to the tert-
butyl group.

The efficient cleavage process of acyl-oxy radicals plays a
crucial role in promoting the generation of methyl, isopropyl,
and tert-butyl radicals. Consequently, CCBOE1, CCBOE4, and
CCBOE5 exhibited the best performance in photo-
polymerization among all of the compounds. This observation
is consistent with the intense absorption peaks of carbon
dioxide detected by FT-IR after their cleavage. In contrast, com-
pounds such as CCBOE9, CCBOE11, and CCBOE12, which are
not associated with the generation of carbon dioxide, showed
less satisfactory results in their radical photopolymerization
compared to the aforementioned three highly active radicals.
This is directly related to the higher ability of acyloxy groups to
decarboxylate compared to the aryloxy ones. While the absorp-
tion peaks of carbon dioxide produced after the cleavage of the
remaining compounds can be detected, they are not as promi-
nent as those of CCBOE1, CCBOE4, and CCBOES5. Moreover,
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Fig. 4 ESR-ST spectra of the PBN radical adducts of CCBOE4 (a) and CCBOES (b) under LED@405 nm irradiation in tert-butylbenzene.

the activity of the radicals generated after decarboxylation of
these compounds is not as high as that of the aforementioned
three OXEs, resulting in relatively low final monomer conver-
sions in triggering TMPTA polymerization.

B.7 Thermal initiation ability

OXEs can not only undergo a photocleavage of the N-O bond
upon light excitation, but these structures can also be ther-
mally cleaved by using the appropriate temperature.?” The con-
ditions used for investigating the thermal initiation abilities of
the different OXEs are detailed in the ESI.{ Fig. 5 illustrates
the DSC thermograms of CCBOEO, CCBOE1, CCBOES3,
CCBOE4, and CCBOES (2 x 10~°> mol g~') in TMPTA. Table S2
presents their initial initiation temperatures (Tinitial),
maximum weight loss temperatures (Tp,.x), and FCs. The
Tinitiat Of the CCBOEO/TMPTA system is 101 °C, while the
Tinitia1 Of the other selected CCBOE/TMPTA systems containing
oxime ester groups are all below 100 °C. Among them, the
CCBOE5/TMPTA system has the highest Tipisa1, at 83 °C, while
the CCBOE1/TMPTA system has the lowest Tinitial, at only
60 °C. In comparison to the Tipjga, the Thmax values of

2648 | Polym. Chem., 2024, 15, 2642-265]
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Fig. 5 DSC curves of CCBOEO/TMPTA, CCBOE1l/TMPTA, CCBOE3/
TMPTA, CCBOE4/TMPTA and CCBOES5/TMPTA systems.

CCBOE1-CCBOE5/TMPTA are similar, ranging between 171
and 179 °C. Compared to the Tp,x of the CCBOEO/TMPTA
system (222 °C), the Tyax of the CCBOE1-CCBOES5/TMPTA

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Characterization of
microscopy and SEM.

DLW patterns

by numerical optical

systems shows a positive trend. This is further supported by
the FCs, wherein the polymerization rates of the CCBOE1-
CCBOE5/TMPTA systems are all higher than that of the
CCBOEO/TMPTA system. Particularly noteworthy is that the
CCBOES5/TMPTA system exhibits the highest polymerization
rate, reaching 81%. Compared to oxime esters previously
reported in the literature and whose structures are summar-
ized in Table S3,T the CCBOEs exhibited lower initial initiation
temperatures and higher thermal initiation efficiencies during
the free radical polymerization of TMPTA. In the case of
CCBOE1 and CCBOE4, their low initiation temperatures of 60
and 65 °C can even constitute a drawback for the long-term
storage of these resins, reducing the scope of applications of
these two initiators. Overall, CCBOEs are not only suitable for
visible light-induced polymerization but also capable of initiat-
ing the polymerization of acrylate monomers at temperatures
below 100 °C.

B.8 Direct laser writing (DLW)

To assess the CCBOE/TMPTA systems in practical photo-
polymerization, CCBOE5/TMPTA was deliberately selected,
considering its exceptional performance under a 405 nm LED.
Using DLW, we created the “AMU” pattern on a small glass
plate, and the entire 3D printing process was carried out in an
ambient air environment. As shown in Fig. 6, the “AMU”
pattern with a thickness of 1000 pm was successfully produced
within a brief 2 min period. Through a digital optical micro-
scope and SEM, the contour of the pattern can be clearly
observed, indicating the model’s extremely high clarity. This is
attributed to the rapid cleavage of CCBOE5 under a 405 nm
light source, generating two molar equivalents of tert-butyl rad-
icals and thereby initiating the highly active polymerization of
acrylic ester monomers.

C Conclusions

In summary, a series of innovatively designed and successfully
synthesized carbazole-chalcone bis-oxime ester derivatives
that have never been reported in the literature before were pre-

This journal is © The Royal Society of Chemistry 2024
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sented. These CCBOEs exhibited outstanding light absorption
performances in the visible range. CCBOE1, CCBOES3,
CCBOE4, and CCBOES5 were selected for their superior photo-
polymerization kinetics, with final conversions reaching 72%,
73%, 72%, and 77%, respectively, after 300 s of 405 nm LED
irradiation. These compounds were also tested for their pro-
motion of TMPTA polymerization under 450 nm LED
irradiation. Excitingly, after 300 s of 450 nm and 470 nm LED
irradiation, the final conversions of CCBOE1 and CCBOES5 all
reached 63%, respectively. Based on the experimental results
of photopolymerization, the Type I photoinitiator initiation
mechanism was proposed, involving photolysis, theoretical cal-
culations, and CO, detection. Additionally, CCBOE1, CCBOES3,
CCBOE4, and CCBOES5 were also found to be effective in initi-
ating the polymerization of acrylic monomers under thermal
conditions. Due to its exceptional performance in the photoi-
nitiation process, CCBOE5/TMPTA, as a representative CCBOE,
was successfully utilized for the direct laser writing (DLW) of
the “AMU” pattern. The current research unequivocally indi-
cates that increasing the number of oxime ester groups is
advantageous for enhancing the photoinitiating efficiency of
chalcone-based OXEs during the visible light-induced polymer-
ization of acrylate monomers. Furthermore, they exhibit excep-
tional photoinitiating kinetics under blue light excitation.
Future advancements will necessitate the design of novel chal-
cone-based bisOXEs, diversifying the structure by modifying
the chromophore structures, such as with triphenylamine and
phenothiazine. Additionally, the investigation of oxime ester
group cleavage activity when excited at longer wavelengths will
be pursued.
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