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Novel multi-material photo-curable resins
containing high-performance photoinitiating
systems and nano additives dedicated to 3D-VAT

printing¥
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Anna Jarzebska,” Monika Topa-Skwarczyrska,
Joanna Ortyl () xad-e
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@ Maciegj Pilch ¥ and

Herein the suitability of new 9-[(E)-2-phenyllanthracene and 9-[(E)-2-phenyllphenanthrene derivatives
for the role of photosensitizers of diphenylidonium salts to initiate various types of photopolymerization
processes using UV- and Vis-LED light sources were presented. The usefulness of the investigated com-
pounds for initiating the cationic photopolymerization of epoxy monomer, radical photopolymerization
of an acrylate monomer, and hybrid photopolymerization were tested. The versatility of two-component
initiating systems has been verified. The possibility of initiating the process of photopolymerization of
resins with the addition of nanoparticles (such as titanium oxide or zinc oxide) was also checked, from
which at a subsequent stage of research an attempt was made to obtain photo-curable nanocomposites.
To date, literature reports on the preparation of photo-curable nanocomposites refer to two-component
initiator systems that are used to initiate hybrid photopolymerization, where the process occurs according
to a radical mechanism. The following work presents initiating systems that were also used to initiate the
photopolymerization of hybrid resins with the addition of nanoparticles, for which photopolymerizing
monomers were used simultaneously according to the radical and cationic mechanism. The use of
anthracene and phenanthrene derivatives in combination with the iodonium salt allows for increased
process initiation efficiency. Following current trends, it was decided to test the suitability of newly devel-
oped two-component initiator systems based on 9-[(E)-2-phenylethenyllanthracene and 9-[(E)-2-phenyl-
ethenyllphenanthrene derivatives for 3D printing applications in digital light processing technology for
which low-budget devices were used. The main aspect discussed in the following work is the formation
of photo-curable polymer nanocomposites.
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automotive and dentistry. These processes are cur-
rently rapidly expanding with technologies related to forming
models using light-initiated 3D  printing.’*"**

ization processes play an extremely important role in materials
engineering.’ * Photopolymerization processes are widely used
in many industries including biomedical engineering,”
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Photopolymerization is also frequently used in the polygraphic
industry to obtain photo-cure UV varnishes and inks.>*** The
wide range of applications of this process is mainly due to its
speed and the fact that the process is not harmful to the
environment.>*™°

Especially crucial in photopolymerization processes are
initiators, which are responsible for the efficiency of the
process and the final product properties. Generally, these
photopolymerization initiators can be divided according to
their effect mechanism into photoinitiators of the first and
second types.”’* Photoinitiators of the first type undergo
photo fragmentation under the influence of radiation. This
group may include benzoin derivatives,**® acylphosphine
oxides,”*° benzylketals*® and a-hydroxyalkylphenones.*"*>

This journal is © The Royal Society of Chemistry 2023
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The second type of photoinitiators requires the presence of a
co-initiator to create reactive species (radicals) to initiate the
photopolymerization process. For the role of co-initiators, ter-
tiary amines are usually employed. Ketone derivatives are
used as photoinitiators of the second type, among which
benzophenone,**** thioxanthone*>™*® or
camphoroquinone are distinguished.

Efforts are still being made to research new initiator
systems for photopolymerization processes, mainly focused on
two-component initiator systems. A variety of functional
initiators have been developed for photochemical applications.
Recently, more and more attention has been focused on ter-
phenyl derivatives, which find applications in photochemistry
as photosensitizers in two component initiating systems and
also as fluorescent sensors. A 2015 literature report on com-
pounds with the m-terphenyl skeleton (1-amino-2,6-dicyano-
3,5-diphenylbenzene derivatives).>® These compounds were
used as fluorescent molecular probes to monitor the cationic
photopolymerization process using the FPT method
(Fluorescence Probe Technology). Based on the study, the dual
nature of m-terphenyls was established, and the suitability of
these compounds for the role of fluorescence sensors as well
as photosensitizers of diphenyliodonium salt was demon-
strated. In 2016, Assi Al Mousawi and co-workers proposed a
new series of photoinitiators based on the m-terphenyl back-
bone.>® In this work, new photoinitiators (meta-terphenyl
scaffold) are suggested for cationic free radical-promoted
epoxy polymerization under visible light using light-emitting
diodes at 405, 455 and 470 nm. Based on the experiments, the
photoinitiation ability of the proposed systems was demon-
strated. In 2020, the sensitizing properties of 2-(diethylamino)-
4,6-diphenyl-benzene-1,3-dicarbonitrile during the initiation
of cationic, radical and hybrid photopolymerization, and the
suitability of the proposed two component systems (m-terphe-
nyl derivatives/diphenyliodonium salt) for 3D printing was
demonstrated.>

Interesting photochemical properties can also be observed
for naphthalene and its derivatives. Xiao in his work presented
the group of compounds based on naphthalene backbone with
radiation absorption up to the visible range.>® In this work, he
proved that naphthalene derivatives combined with iodonium
salt or N-vinylcarbazole are capable of initiating different types
of photopolymerization processes, i.e. cationic, radical, hybrid
or thiol-ene photopolymerization using a low-intensity light
source. Another work of French researchers concerns the appli-
cation of naphthalene derivatives in three-component initiat-
ing systems.>® The study demonstrated the high performance
of naphthalene derivatives in three component photoinitiating
systems for initiating radical photopolymerization, and also
showed the suitability of the studied systems for 3D printing.

Moreover, anthracene derivatives, due to their highly attrac-
tive photophysical, photochemical and biological properties,
have a huge application spectrum. These compounds are
widely used in organic materials and in organic light-emitting
diode OLEDs as well as in polymer materials. In 2021, Liu pre-
sented two-component initiating systems based on a chalcone-
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anthracene scaffold and iodonium salt for initiating cationic
photopolymerization.>® The anthracene derivatives exhibited
good absorption properties, which led to high initiation
efficiency of the photopolymerization process using light
sources in the visible range. An interesting application of
anthracene derivatives is their use to the role of emitters in the
triplet-triplet annihilation upconversion. The development of
this process is extremely important as it may find applications
in drug delivery as well as bioimaging. In 2019, photon upcon-
version from near-infrared to blue light was described, where a
commercially available compound 9,10-bis[((triisopropyl)silyl)
ethynylJanthracene was used as an annihilator.”” The anthra-
cene derivative used proved to be a highly efficient annihilator
in the triplet-triplet annihilation upconversion. Interestingly,
anthracene derivatives are also used in biology, where their
properties such as antibacterial and anti-inflammatory are
mainly used. In the 2019 paper, new anthracene derivatives
that exhibit antimicrobial activity were presented.’® Similar to
anthracene compounds, phenanthrene derivatives are also
known in the literature. In 2021, two reactive phenanthrene
derivatives: 4-(1H-phenanthrol [9,10-d]imidazole-2-yl) benz-
aldehyde and  6,9-dimethoxyphenanthro[9,10-c|[furan-1,3-
dione, which have found application as fluorescent markers in
fluorescence microscopy.>®

In this work, the suitability of new anthracene and phen-
anthrene derivatives for the role of photosensitizers in two-
component initiating systems was investigated. Moreover the
suitability of prepared photo-curable resins for 3D printing in
DLP technology were presented. The applicability of the new
initiating systems for initiating hybrid photopolymerization in
the presence of various nano-additives was tested, and a
further study attempted to obtain composites from photo-
curable formulations. The versatility of the performance of the
investigated new initiator systems was verified, and the possi-
bility of preparing polymer nanocomposites from resin formu-
lations that polymerize according to the radical mechanism, as
well as the radical-cationic one, was also tested.

Experimental

The nine 9-[(E)-2-phenylethenyl]anthracene derivatives and the
nine 9-[(E)-2-phenylethenyl phenanthrene derivatives, differen-
tiated by the type and nature of the substituent located in the
second phenyl ring, for their role as photosensitizers of
diphenyliodonium salt (SpeedCure 938) for efficient initiation
of different types of photopolymerization process were tested.
This group included the following compounds: 9-[(E)-2-phenyl-
ethenyl]anthracene (ANT-H), 9-[(E)-2-(4-cyanophenyl)ethenyl]
anthracene  (ANT-CN),  9-(E)-2-{4-(methylsulfanyl)phenyl]-
ethenyl]anthracene (ANT-SCHj;), 9-[(E)-2-([1,1"-biphenyl]-4-y1)
ethenyl]anthracene = (ANT-C¢Hs),  9-[(E)-2-(4-methylphenyl)
ethenyl]anthracene (ANT-CHj;), 9-[(E)-2-(4-methoxyphenyl)
ethenyl]anthracene (ANT-OCHj;), 9-[(E)-2-(2-pyridyl)ethenyl]
anthracene (ANT-PYR), 9-[(E)-2-(4-chlorophenyl)ethenyl]anthra-
cene (ANT-Cl), 9-[(E)-2-(4-fluorophenyl)ethenyl]anthracene
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(ANT-F), 9-[(E)-2-phenylethenylJphenanthrene (FEN-H), 9-{(E)-2-(4-
cyanophenyl)ethenyl Jphenanthrene (FEN-CN), 9-[(E)-2-[4-(methyl-
sulfanyl)phenyl]ethenyl Jphenanthrene (FEN-SCH3), 9-[(E)-2-([1,1"
biphenyl]-4-yl)ethenyl]phenanthrene ~ (FEN-CsHs),  9-{(E)-2-(4-
methylphenyl)ethenylJphenanthrene (FEN-CHj), 9-(E)-2-(4-meth-
oxyphenyl)ethenyl]Jphenanthrene (FEN-OCHj;), 9-{(E)-2-(2-pyridyl)
ethenylJphenanthrene ~ (FEN-PYR),  9-{(E)-2-(4-chlorophenyl)
ethenylphenanthrene (FEN-CI), 9-{(E)-2-(4-fluorophenyl)ethenyl]
phenanthrene (FEN-F) (Fig. 1 and 2). Stuctures of the compounds
were confirmed by analyzing "H NMR (Fig. S.1-S.18).

As commercial materials in two-component initiating
systems were used: bis-(4-t-butylphenyl)iodonium hexafluoro-
phosphate (SpeedCure 938, Lambson Ltd) and methyl diethano-

ANT-PYR

Fig. 1 Structures of 9-[(E)-2-phenylethenyl]lanthracene derivatives.
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lamine (MDEA, Sigma Aldrich). In additional, diphenyliodo-
nium salt SpeedCure 938 was used as a reference initiator.
The following monomers were used to study the kinetics of
the photopolymerization process and for 3D printing: 3,4-
epoxycyclohexylmethyl-3,4-epoxycyclohexane-carboxylate (CADE,
Lambson Ltd), trimethylolpropane triacrylate (TMPTA, Sigma
Aldrich), 3,4-epoxycyclohexylmethyl methacrylate (M100, Sigma
Aldrich), bisphenol A ethoxylate diacrylate (BEDA, Sigma
Aldrich) and 2-hydroxyethyl methacrylate (HEMA, Sigma
Aldrich). Structures of the used compounds were shown in ESI
(Fig. S.19%). In this study nano additives such as zinc oxide
(znO, Sigma Aldrich, 20 nm nanoparticles size), aluminium
doped zinc oxide (AlZnO, 20-40 nm nanoparticles size, US
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Fig. 2 Structures of the 9-[(E)-2-phenylethenyllphenanthrene derivatives.
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Research Nanomaterials, Inc.), titanium(iv) oxide (TiO,, anatase,
Sigma Aldrich), halloysite nanoclay (Al,Si,O5(OH),-2H,0, Sigma
Aldrich) were also used.

Spectroscopic properties

Measurements of absorbance spectra. For absorbance
studies, the miniature SilverNova® TEC spectrometer
equipped with a CCD array (manufactured by StellarNet Inc.,
USA) with a spectral range of 190 nm to 1100 nm was used.
Solutions of 9-[(E)-2-phenylethenyl]anthracene and 9-[(E)-2-
phenylethenyl [phenanthrene derivatives in acetonitrile were
placed in a quartz cuvette (optical path length 1 cm). The light
source for absorbance measurements was an SL5 deuterium-
halogen lamp manufactured by StellarNet Inc.

Measurements of emission and excitation spectra and fluo-
rescence quenching. Emission and excitation spectra as well as
fluorescence extinction measurements were performed using
the Quanta Master™ 40 spectrofluorimeter (Photon
Technology International, Canada) equipped with a xenon
lamp manufactured by the Photon Institute of Krakow. Test
solutions were placed in a quartz cuvette with an optical path
length of 1 cm. For fluorescence quenching tests, iodonium
salt was used as a quencher, which was added in portions of
1.5-60 mg.

Fluorescence lifetime measurement

Fluorescence lifetimes were recorded using the EasyLife™ X
spectrophotometer (from Photon Technology International
(PTT), now part of Horiba) when excited with a light length of
310 nm. Ludox® colloidal silica solution (Sigma Aldrich)
strongly diluted in water was used as a reference. Fluorescence
lifetimes were estimated by fitting decay curves using a decon-
volution procedure in fluorescence fading analysis software.
The fluorescence decay curves were fitted using an exponential
function to obtain the fluorescence lifetime 7.

Monitoring the kinetics of photopolymerization processes by
real-time FT-IR

The apparatus for monitoring the kinetics of photo-
polymerization processes consisted of a NICOLET™ iS™ 10
spectrometer manufactured by Thermo Fisher Scientific,
which was equipped with a horizontal attachment. Various
UV-LEDs and Vis-LEDs were used as light sources, which
emitted radiation perpendicular to the surface of the test
sample with a length of:

> Amax = 365 nm (M365L2 Thorlabs; light intensity on the
sample surface: 18.6 mW cm™?)

> Amax = 405 nm (M405L3 Thorlabs; light intensity on the
sample surface: 26.5 mW cm™?)

> Amax = 420 nm (M420L3 Thorlabs; light intensity on the
sample surface: 5.5 mW cm?)

Spectra were recorded in OMNIC software. Measurements
were performed in a light-limited room at a room temperature
of 25 °C. The distance from the end of the optical fibre to the
surface of the sample was 2.1 cm.

This journal is © The Royal Society of Chemistry 2023
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The following eqn (1) was used to determine the degree of
conversion of the monomers:®*®!

. A . .
Conversion — (1 _$> <100% (1)

Abefore polymerization

where: Apefore polymerization 1S an area of the absorbance peak
characteristic for used monomer and type of photo-
polymerization  before polymerization process;  Aafer
polymerization 1S an area of the same absorbance peak, but after
polymerization process.

Cationic photopolymerization of CADE monomer

Photocurable compositions to the cationic photo-
polymerization process included: 0.1% by weight 9-{(E)-2-
phenylethenyl|Janthracene/9-[(E)-2-phenylethenylJphenanthrene
derivatives, 1% by weight SpeedCure 938 and 3,4-epoxycyclo-
hexylmethyl-3,4-epoxycyclohexane-carboxylate (CADE
monomer). Measurements were carried out under aerobic con-
ditions on a pastille made of barium fluoride (thickness
25 pm). Kinetics of the cationic photopolymerization process
was monitored on the basis of a decrease in the band area
located between wavenumbers 770 em™" and 820 cm™!, the
maximum occurs at the value equal to 790 cm™ (the band
corresponding to the occurrence of epoxy groups).

Radical photopolymerization of TMPTA monomer

To measure the kinetics of the radical photopolymerization
process, compositions consisting of the following components
were  prepared:  9-[(E)-2-phenylethenyl]anthracene/9-[(E)-2-
phenylethenyl]phenanthrene derivative (0.1% by weight),
SpeedCure 938 (1% by weight), trimethylolpropane triacrylate
(TMPTA monomer). Measurements were carried out under
anaerobic conditions (between two polypropylene films, thick-
ness 25 pm). Kinetics of the radical photopolymerization
process was monitored on the basis of the disappearance of
the band corresponding to the occurrence of double bonds
(1635 cm™).

Hybrid photopolymerization of CADE/TMPTA/
M100 monomers

For investigation of the process of hybrid photopolymerization,
compositions with monomers polymerizing according to the
cationic and radical mechanism were prepared. The photocur-
able hybrid compositions included the following monomers:
3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexane-carboxylate/tri-
methylolpropane triacrylate/3,4-epoxycyclohexylmethyl meth-
acrylate (2/2/1 by weight). The two-component initiating system
contained:  9-{(E)-2-phenylethenyl Janthracene/9-[(E)-2-phenyl-
ethenyl|phenanthrene derivative (0.1% by weight) and
SpeedCure 938 (1% by weight). The study was conducted in 3
various methods. Initially, studies were conducted under
aerobic conditions on a pastille (BaF, pastille, thickness 25 pm,
thin films). The disappearance of the band characteristic of
epoxy groups (790 cm™') and double bonds (1635 cm™") was
observed. Next, measurements were carried out under lami-
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nated conditions (between PP films, thickness 25 pm, thin
films). The last method of the study was to conduct measure-
ments under anaerobic conditions on rings (@ = 9.80 mm, thick-
ness 1.16 mm, thick layers). Monomer conversion degrees were
determined on the basis of the band decay located at the wave-
number 3700 cm™' (epoxy groups) and 6165 cm " (double
bonds). The method of applying samples in each method is
shown in Scheme 1.

Hybrid photopolymerization of HEMA/BEDA monomers

The hybrid compositions, wherein both monomers polymerize
according to the radical mechanism, comprise the following
monomers: bisphenol A ethoxylate diacrylate (BEDA) and
2-hydroxyethyl methacrylate (HEMA) (7/3). The two-component
initiator system included: the corresponding 9-[(E)-2-phenyl-
ethenyl Janthracene/9-[(E)-2-phenylethenyl [phenanthrene deriva-
tive (0.1% by weight), SpeedCure 938 (1% by weight). The
kinetics of the hybrid photopolymerization process was
monitored by the change in the area of the localized band
between the wavenumber 6130 em™" and 6200 em™" (band
maximum 6165 cm™'). Measurements were conducted under
anaerobic conditions in the ring (@ = 9.80 mm, thickness
1.16 mm, thick layers). On the basement of the original com-
position (HEMA/BEDA: 3/7 and photosensitizer/IOD (0.1/1%
by weight)), further compositions containing nanoadditives
were prepared: (a) 3% w/w halloysite nanoclay, (b) 3% w/w hal-
loysite nanoclay and 3% w/w MDEA, (c) 1% w/w AlZnO, (d) 1%
AlZnO w/w and 3% w/w MDEA, (e) 1% w/w ZnO, (f) 1% w/w
ZnO + 3% w/w MDEA, (g) 0.1% w/w TiO,, (h) 0.1% w/w TiO, +
3% w/w MDEA.

Jacob working curves

Jacob’s working curves were used to determine printing para-
meters such as critical energy (E. - energy required to initiate
photopolymerization process) and curing light penetration

@)

)

Scheme 1

2092 | Polym. Chem., 2023, 14, 2088-2106

Images of the sample during measurements of photopolymerization kinetics under various conditions: (a) air conditions on a pastille
(BaF; pastille, thickness 25 pm, thin films); (b) laminated conditions (between PP films, thickness 25 pm, thin films); (c) anaerobic conditions on rings
(@ = 9.80 mm, thickness 1.16 mm, thick layers).
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depth (D). The following formula (2) was used to determine
the above parameters:®>%

Ey
Cq =D, In|—

c

(2)

Cq is the thickness of one layer of cured resin; E, is the
energy required to cure the resin.

The critical energy (the point of intersection of the graph
with the X-axis) and the light penetration depth (the slope of
the obtained curve) were determined based on the C4 = f(E,)
diagram.

Laser 3D printouts (direct ink writing)

A laser engraver (NEJE DK-8-KZ) was used to obtain 3D prints
using laser technology. Prints were obtained at a light intensity
of 1500 mW cm™2 and a wavelength of 1 = 405 nm (spot size of
0.075 mm). Various light-curing compositions were tested:
9-[(E)-2-phenylethenyl]anthracene (0.1% by weight) + SpeedCure
938 (1% by weight) and mixture of monomers: CADE/TMPTA/
M100 (2 w/w/2 wiw/1 wiw).

DLP 3D printouts

Anycubic Photon Mono X printer (Anycubic, China) with an
averaged light output of 15.63 mW c¢cm™ was used to obtain
prints by DLP (digital light processing). Three-dimensional
objects were designed wusing Fusion360® software (by
AutoDesk). The following compositions were examined:
ANT-CH,/IOD (0.1/1% by weight) and HEMA/BEDA (3/7);
ANT-CH3/IOD (0.1/1% by weight) and mixture of monomers
HEMA/BEDA (3/7) and nanoparticle TiO, (0.1% by weight);
ANT-SCH3/IOD (0.1/1% by weight) and mixture of monomers
CADE/TMPTA/M100 (2/2/1), ANT-SCH,/IOD (0.1/1 w/w) and
mixture of monomers CADE/TMPTA/M100 (2/2/1) and nano-
particle 0.1% TiO,.

This journal is © The Royal Society of Chemistry 2023
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Optical microscopy

OLYMPUS DSX1000 optical microscope was used to observe
the generated 3D objects and take 2D and 3D photographs.

Scanning electron microscopy

The morphology characterization of 3D printed structures was
performed by scanning electron microscopy (SEM). The
samples were sputter coated with a carbon thin film and
imaging was performed using FEI E-SEM XL30 with an accel-
eration voltage of 10 kV and electron beam current of 4.0 nA.

Results and discussion
Spectroscopic properties

To investigate the spectroscopic properties of 9-[(E)-2-phenyl-
ethenyl]anthracene and 9-[(E)-2-phenylethenyl|phenanthrene
derivatives absorbance, fluorescence quenching, fluorescence
lifetime, emission and extinction measurements in acetonitrile
were performed. The following graphs show the absorption
characteristics of the studied compounds (Fig. 3).

The experiments showed that the absorbance of 9-[(E)-2-
phenylethenyl]anthracene derivatives reaches up to about
450 nm. However, 9-[(E)-2-phenylethenyl |phenanthrene deriva-
tives show a hypochromic shift compared with the analogous
anthracene derivatives and absorb radiation in the visible
range reaching up to about 420 nm.
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Among the 9-[(E)-2-phenylethenyl]anthracene derivatives,
the best spectroscopic properties (i.e., absorption range
extending into the visible range up to a wavelength of 460 nm
and a molar extinction coefficient of 17 527 dm® mol™ ecm™" at
389 nm) is exhibited by compound ANT-SCH; (9-[(E)-2-[4-
(methylsulfanyl)phenylJethenylJanthracene). This anthracene
derivative contains a -SCH; substituent in its structure, which
is classified as an electron-donor. Among the 9-[(E)-2-phenyl-
ethenyl]phenanthrene derivatives, the following compounds
have the most long-wave absorption reaching up to 420 nm:
FEN-CN (9-[(E)-2-(4-cyanophenyl)ethenyl Jphenanthrene),
FEN-SCH; (9-[(E)-2-[4-(methylsulfanyl)phenyl]ethenyl |phenan-
threne), FEN-CcHs (9-[(E)-2-([1,1-biphenyl]-4-yl)ethenyl|phe-
nanthrene). The below Table 1 presents the values of molar
extinction coefficients of studied chemical compounds at
different wavelengths.

Investigation of the electron transfer mechanism between 9-
[(E)-2 phenylethenyl]anthracene derivatives/9-[(E)-2-
phenylethenyl[phenanthrene derivatives and the iodonium
salt SpeedCure 938

The obtained absorption range of the studied compounds,
reaching the visible range, allows supposing that these com-
pounds may find application as photosensitizers in two-com-
ponent photoinitiating systems, which led to the investigation
of the electron transfer mechanism between the components
of the initiating system. The study of the mechanism of action
of two-component photoinitiating systems was investigated by
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Fig. 3 Absorption spectra of 9-[(E)-2-phenylethenyl]lanthracene and 9-[(E)-2-phenylethenyl]phenanthrene derivatives.
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Table 1 Spectroscopic properties of 9-[(E)-2-phenylethenyllanthracene and 9-[(E)-2-phenylethenyllphenantrene derivatives

ACFOHym Amax-ab “ [nm] 6'@/1max-ab “ 5@2365 nm 5@/1405 nm 5@/1420 nm
9-[(E)-2-Phenylethenyl|Janthracene derivatives

ANT-H 385 8793 8949 7364 2440
ANT-CN 389 10 667 8354 4368 1742
ANT-SCH;3 389 17 527 14 378 13593 7426
ANT-CgH5 387 11915 10 886 10909 5674
ANT-CHj;3 386 10779 8603 5627 1981
ANT-OCH; 367 8027 9550 4258 1325
ANT-PYR 386 7429 6998 3235 901
ANT-Cl 386 11270 10204 8898 3506
ANT-F 384 11683 7340 5397 1671
9-[(E)-2-Phenylethenyl Jphenanthrene derivatives

FEN-H 319 19057 4293 54 41
FEN-CN 327 24106 16 633 213 —
FEN-SCH;3 332 23882 15434 552 210
FEN-C¢Hs 326 24913 14765 305 97
FEN-CHj3 323 22 394 6713 110 89
FEN-OCH; 327 21453 9119 206 105
FEN-PYR 326 18 569 7191 90 41
FEN-CI 317 27765 9646 270 191
FEN-F 321 14 858 2626 85 54

£ - molar extinction coefficient at 2 = 365 nm, 1 = 405 nm, A = 420 nm [dm® mol™" em™"]. “ For the maximum longest wavelength absorption

band.

determining the free energy values for the electron transfer
process between 9-[(E)-2-phenylthenyl Janthracene/9-[(E)-2-phenyl-
thenyl]phenanthrene derivatives and the diphenyliodonium
salt. The oxidation potential of the tested compounds was
determined by cyclic voltammetry in acetonitrile. Based on
emission and excitation measurements, which made it poss-
ible to determine the energy of singlet states, and based on the
determined oxidation potential it was possible to determine
the Gibbs free energy. Obtaining negative Gibbs free energy
values confirmed the possibility of electron transfer between
the 9-[(E)-2-phenylethenyl]anthracene/9-[(E)-2-phenylethenyl]
phenantrene derivatives in the excited state and the iodonium
salt in the ground state.

The final step in studying the mechanism was to determine
the quantum yield of electron transfer from the excited state.
The calculated values of electron transfer quantum yields in
the singlet excited state @.(sq) vary from 0.17 to 0.85. It can be
seen that phenanthrene derivatives have a higher value of this
parameter than its value for analogous derivatives in the
anthracene group. All calculated and measured values associ-
ated with the electron transfer process are shown in Table 2.
The method of calculating each value was shown in the ESI
(Fig. 5.20-5.107%).

Investigation of the suitability of 9-[(E)-2 phenylethenyl]
anthracene/9-[(E)-2-phenylethenyl[phenanthrene derivatives to
the role of photosensitizers of diphenyliodonium salt for
initiating the cationic photopolymerization of epoxy monomer
CADE

Currently, much attention is paid to the development of cat-
ionic photopolymerization technology which is resistant to
atmospheric oxygen and during its process there doesn’t occur
the phenomenon of oxygen inhibition. Thus, cationic photo-

2094 | Polym. Chem., 2023, 14, 2088-2106

polymerization processes are particularly interesting and, what
is extremely important, they are also relatively widespread in
industrial applications because they possess several essential
advantages, which determine the practical application of this
process. The living nature of cationic photopolymerization
ensures that the reaction continues to proceed efficiently even
after the radiation source is turned off, a process referred to as
dark polymerization. This makes it possible to achieve a high
degree of over-reaction, which plays an extremely important
role in industrial practice. Therefore, nowadays photoinitiated
cationic polymerization plays an increasingly important role as
a method to obtain photo-curable polymer coatings."®*%

First, the suitability of the investigated 9-[(E)-2-phenylethe-
nyl]anthracene/9-[(E)-2-phenylethenyl]Jphenanthrene  deriva-
tives for the role of iodonium salt photosensitizers to initiate
the cationic photopolymerization process of CADE (3,4-epoxy-
cyclohexanecarboxylate 3,4-epoxycyclohexylmethylmethyl)
monomer was tested using UV/Vis radiation. The experiments
were performed using diodes emitting radiation at wave-
lengths of 4 = 365 nm, 4 = 405 nm and 1 = 420 nm. The dur-
ation of each measurement was 800 s. During the measure-
ment, the epoxy groups present in the CADE monomer struc-
ture are lost in favor of the ether bonds formed. This phenom-
enon is confirmed by: decreasing the intensity of the band at
the wavenumber of 790 ecm™" (this band corresponds to epoxy
groups), increasing the intensity of the band at a wavenumber
of 1080 cm™" (this band corresponds to the ether groups).

At first, the photopolymerization process was initiated
using a diode emitting radiation of wavelength A = 365 nm.
The obtained epoxy monomer conversions for compositions
based on anthracene and phenanthrene derivatives vary
between 20 and 62%. The greatest influence on the conversion
value was: the molar extinction coefficient of the studied

This journal is © The Royal Society of Chemistry 2023
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Table 2 Electrochemical and thermodynamic properties of 9-[(E)-2-phenylethenyllanthracene/9-[(E)-2-phenylethenyllphenantrene derivatives

Compound Ea10 [mV] Egq [GV] AGet[Sl] [eV] Exipp [Il’lV] Ksy [M_l] (Det(Sl) T(s1) [I’IS] kq |:M_1 S_l]
9-[(E)-2-Phenylethenyl|Janthracene derivatives

ANT-H 1077 2.90 -1.18 —-1790 55.71 0.54 3.41 1.63 x 10"
ANT-CN 1151 2.79 —-1.00 —-1578 — — — —
ANT-SCH; 998 2.81 -1.17 —-1773 9.51 0.17 0.81 1.17 x 10*°
ANT-CgH; 1053 2.82 -1.13 -1750 51.42 0.52 3.18 1.62 x 10'°
ANT-CHj; 1050 2.88 -1.19 —1813 53.42 0.53 2.64 2.02 x 10"
ANT-OCH; 971 2.81 -1.20 —1835 15.36 0.24 — —
ANT-PYR 1105 2.88 -1.13 —1683 8.13 0.15 — —

ANT-Cl 1101 3.00 -1.26 -1750 49.43 0.51 3.33 1.48 x 10'°
ANT-F 1078 2.90 —-1.18 —-1752 43.82 0.48 3.30 1.33 x 10"
9-[(E)-2-Phenylethenyl Jphenanthrene derivatives

FEN-H 1395 3.33 -1.30 —2005 244.53 0.84 1.39 1.76 x 10"
FEN-CN 1475 3.12 -1.01 —-1644 57.38 0.55 0.27 2.13 x 10"
FEN-SCHj3; 1149 3.13 —-1.34 —-1975 83.65 0.64 0.34 2.46 x 10
FEN-CgHj; 1287 3.19 -1.26 —1933 106.63 0.69 0.81 1.32 x 10"
FEN-CH; 1327 3.31 —-1.34 —2053 119.79 0.72 0.65 1.84 x 10"
FEN-OCHj; 1135 3.21 —-1.44 —-2088 78.71 0.62 — —
FEN-PYR 1405 3.37 -1.33 —1863 90.60 0.66 0.16 5.66 x 10"
FEN-CI 1405 3.29 -1.25 -1915 269.62 0.85 1.27 2.12 x 10™
FEN-F 1375 3.36 -1.35 —-2013 222.01 0.82 0.99 2.24 x 10"

E.q, — oxidation potential of photosensitizer [mV]; reference electrode Ag/AgCl. Es, - the singlet state energy of the photosensitizer determined
from the excitation and emission spectra. AGes1) — Gibbs free energy [eV]. Eyy,, - reduction potential [mV]. Ksy - Stern-Volmer coefficient M.
Pe(s1) — electron transfer quantum yields in the singlet excited state. z(s;) - lifetime of the excited state of the sensitizer [ns]. k4 - electron transfer
rate constant [M™"' s™']. Electrochemical measurements performed in 0.1 M solution of tetrabutylammonium hexafluorophosphate in aceto-
nitrile; Ag/AgCl reference electrode; Pt working electrode. ‘—’ - not calculated.

anthracene/phenanthrene derivative present in the compo-
sition, the value of the oxidation potential, the value of the
electron transfer constant between the photosensitizer and the
diphenyliodonium salt. Important parameters, which define
the efficiency of the two-component initiating systems, are the
induction time (time counted from the start of the process
until the start of chain growth), the slope of the kinetic curve
(tells about the speed of the process occurrence).

Among the compositions based on 9-[(E)-2-phenylethenyl]
anthracene derivatives, the highest degree of CADE monomer
conversion, equal to 62%, was obtained for the sample with com-
pound ANT-SCH; (9-(E)-2-[4-(methylsulfanyl)phenyl]ethenyl]
anthracene) as the photosensitizer. This compound exhibits a
high molar extinction coefficient at 365 nm (11276 dm® mol™"
em™) and a low oxidation potential (998 mV). High conversion
rate (60%) was also obtained for the composition containing
compound ANT-C¢H; (9-[(E)-2-([1,1"-biphenyl]-4-yl)ethenylJanthra-
cene). Analogous measurements were performed using a diode
emitting 405 nm and 420 nm radiation. Monomer conversion
values, induction times and kinetic curve slope values for
different compositions based on 9-(E)-2-phenylethenyl]anthra-
cene/9-(E)-2-phenylethenyl Jphenanthrene derivatives were shown
in Table 3.

Under visible light, phenanthrene derivatives do not show
suitability as photosensitizers of diphenyliodonium salts to
initiate the cationic photopolymerization process. This
phenomenon may be due to small values of molar extinction
coefficient at wavelength 4 = 405 nm and A = 420 nm.

The obtained results were presented in the ESI (Fig. S.108-
S.111%).

This journal is © The Royal Society of Chemistry 2023

Investigation of the suitability of 9-[(E)-2 phenylethenyl]
anthracene/9-[(E)-2-phenylethenyl Jphenanthrene derivatives to
the role of photosensitizers of diphenyliodonium salt for
initiating the radical photopolymerization of acrylate
monomer TMPTA

Radical photopolymerization is currently the most widely used
method to obtain polymeric materials. The classical radical
polymerization process consists of 3 steps: initiation, propa-
gation and termination. One of the factors initiating the
polymerization process is light. During the initiation of radical
photopolymerization, radicals are formed as a result of the
initiator decomposition under ultraviolet or visible
radiation.®®%®

The subsequent research was aimed at verification of the
usefulness of the investigated 9-[(E)-2-phenylethenyl]anthra-
cene/9-[(E)-2-phenylethenyl|phenanthrene derivatives for the
role of photosensitizers together with iodonium salt for the
initiation of radical photopolymerization of trimethyl-
olpropane triacrylate TMPTA monomer using UV/Vis radiation.
Due to the occurrence of oxygen inhibition phenomenon, it
was necessary to limit the obviousity of atmospheric oxygen to
the photopolymerizing composition. For this purpose, a drop
of the composition was applied between two fragments of PP
film, thanks to which no negative influence of oxygen on the
kinetics of the radical photopolymerization process was
observed. The experiments were carried out using light
sources in the form of UV/Vis-LEDs emitting radiation with
wavelengths of 4 = 365 nm, 4 = 405 nm and 1 = 420 nm,
respectively. Then the intensity of the band, which is character-
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Table 3 The values of epoxy monomer conversion, kinetic curve slope and induction time were

using UV-Vis LEDs @365 nm, @405 nm, @420 nm
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obtained during cationic photopolymerization

Cationic polymerization

LED @365 nm

LED @405 nm

LED @420 nm

Conversion of

Conversion of

Conversion of

CADE Induction CADE CADE
monitored at da/  time 7j,q monitored at Induction monitored at da/  Induction
Acronym ~790 cm™* dt [s] ~790 cm™* da/dt time 7ing [s] ~790 cm™" dt time 7inq [8]
Anthracene ANT-H 54 0.20 16.97 41 0.21 6.93 31 0.13 10.14
derivatives ANT-CN 51 0.14 14.87 37 0.28 12.79 27 0.26 3.30
ANT-SCH; 62 0.21 21.98 62 0.21 20.19 45 0.31 2.28
ANT-C¢Hs 60 0.17 13.19 45 0.36 2.20 36 0.14 11.08
ANT-CH,3 53 0.13  9.29 41 0.26 4.93 28 0.07 11.44
ANT-OCH; 58 0.16 21.35 32 0.09 43.74 23 0.28 3.88
ANT-PYR 49 0.40 2.06 30 0.33 4.16 21 0.14 24.91
ANT-C1 59 0.31 8.43 42 0.18 6.04 36 0.20 3.25
ANT-F 50 0.13 11.77 37 0.12 2.38 25 0.09 5.45
Phenanthrene FEN-H 35 0.08 122.04 np — — np — —
derivatives FEN-CN 58 0.30 12.31 np — — np — —
FEN-SCH; 58 0.24 3.73 np — — np — —
FEN-C¢H; 50 0.12 47.11 np — — np — —
FEN-CH;3 37 0.22 12.79 np — — np — —
FEN-OCH; 41 021 7.70 np — — np R —
FEN-PYR 41 0.09 30.99 np — — np - =
FEN-CI 50 0.24 10.66 np — — np B —
FEN-F 20 0.04 29.62 np — — np - -
REFERENCE np — — np — — np — —

np - no polymerization. Reference = IOD (1% w/w) and CADE without photosensitizers.

istic of the double bonds present in the acrylate monomer was
decreased. This band occurs at a wavenumber equal to
1635 cm ™.

Initially, a UV-LED emitting diode with a wavelength of 1 =
365 nm was used as the light source. Resulted acrylate
monomer conversion rates for compositions based on 9-[(E)-2-
phenylethenylJanthracene derivatives as photosensitizers
receive 16-36%. The induction times obtained during the
measurements for compositions containing 9-[(E)-2-pheny-
lethenyl]anthracene derivatives are different. This depended
on the type of compound used as a photosensitizer for the
diphenyliodonium salt. The shortest induction time (2.32 s)
was obtained for the composition with compound ANT-H (9-
[(E)-2-phenylethenyl Janthracene). For compositions based on
9-[(E)-2-phenylethenyl Jphenanthrene derivatives, the conver-
sions obtained, during the radical photopolymerization of
acrylate monomer TMPTA using a light source emitting ultra-
violet radiation, vary between 21 and 54%. The kinetic profile
obtained from the composition containing a bimolecular initi-
ating system: iodonium salt and FEN-CN (9-[(E)-2-(4-cyano-
phenyl)ethenyl|phenanthrene) has the conversion rate of 54%.

Analogous measurements were made using light sources
emitting radiation in the visible range at @405 nm and
@420 nm. All obtained and calculated results are placed in
Table 4.

The obtained results were presented in the ESI (Fig. S.112-
S.115%).

2096 | Polym. Chem., 2023, 14, 2088-2106

Investigation of the suitability of 9-[(E)-2 phenylethenyl]
anthracene derivatives to the role of photosensitizers of
diphenyliodonium salt for initiating the hybrid
photopolymerization of epoxy and acrylate monomers (CADE/
TMPTA/M100)

A modern approach to light-induced polymerization is hybrid
polymerization, which combines the advantages of different
photopolymerization processes because they combine
different polymerization mechanisms or various types of
materials. One kind of hybrid photopolymerization is type one
polymerization, which uses materials that polymerize accord-
ing to two different mechanisms: radical and cationic. This
process leads to the formation of interpenetrating polymer net-
works (IPNs). System IPNs is currently attracting a great deal of
interest due to their vast potential applications. They can be
used e.g. as sound and vibration damping materials, in
impact-resistant materials, as hardened plastics, membranes.
They can find also be used in electrical insulation, coatings,
encapsulants and drug carriers.®®”"

The influence of oxygen on the photopolymerizable compo-
sition could be tested by conducting the hybrid photo-
polymerization process under three different conditions ((1)
aerobic conditions, thin layer; (2) anaerobic conditions, thin
layer; (3) anaerobic conditions, thick layer). Four 9-[(E)-2-
phenylethenylJanthracene derivatives were selected for testing,
differentiated by the type of substituent (ANT-SCHj;,

This journal is © The Royal Society of Chemistry 2023
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Table 4 The values of acrylate monomer conversion, kinetic curve slope and induction time were obtained during radical photopolymerization

using UV-Vis LEDs @365 nm, @405 nm, @420 nm

Radical polymerization

LED @365 nm LED @405 nm LED @420 nm
Conversion of Conversion of Conversion of
TMPTA Induction = TMPTA Induction TMPTA Induction
monitored at time 7ing monitored at da/ time 7jq monitored at time 7inq
Acronym ~1635 cm™! da/dt [s] ~1635 cm™! dt [s] ~1635 cm™* da/dt [s]
Anthracene ANT-H 30 0.22 2.32 27 0.30 7.05 5 0.04 30.28
derivatives ANT-CN 34 0.13 14.34 21 0.21 7.43 23 0.09 7.54
ANT-SCH; 36 0.26 8.25 33 0.41 5.65 12 0.08 17.48
ANT-C¢Hs 34 0.14 2.67 32 0.33 13.65 14 0.10 2.27
ANT-CH; 32 0.27 11.03 25 0.28 11.70 13 0.08 14.86
ANT-OCH; 36 0.22 18.95 19 0.19 15.58 11 0.09 9.01
ANT-PYR 16 0.05 23.50 12 0.05 23.50 9 0.04 19.55
ANT-CI 32 0.21 10.59 32 0.15 13.98 11 0.07 1.78
ANT-F 21 0.09 3.77 23 0.22 14.25 5 0.03 18.69
Phenanthrene = FEN-H 32 0.07 2.47 np — — np — —
derivatives FEN-CN 54 0.49  34.46 17 0.09 31.15 np — —
FEN-SCH; 50 0.36 36.79 21 0.18 14.32 10 0.05 18.71
FEN-C¢Hs 47 0.15 10.55 18 0.07 32.19 np —
FEN-CH;3 34 0.14 2.68 np — — np — —
FEN-OCH; 40 0.10 4.04 5 0.03 8.21 np — —
FEN-PYR 39 0.17  79.76 np — — np — —
FEN-ClI 47 0.17  37.04 np — — np — —
FEN-F 21 0.09 3.77 np — — np — —
REFERENCE np — — np — — np — —

np - no polymerization. Reference = IOD (1% w/w) and TMPTA without photosensitizers.

ANT-C¢Hj;, ANT-CH3, ANT-Cl). The initiating system (anthra-
cene derivative/IOD (0.1/1% by weight)) was dissolved in the
monomer mixture (CADE/TMPTA/M100: 2/2/1). The following
Fig. 4 show the conversion rates of epoxy and acrylate groups
during measurements for which a diode emitting radiation at
a wavelength of 405 nm as the light source was used.

In the case when anaerobic conditions were used, for
both thin and thick films, higher conversion rates were
obtained for acrylate groupings (Fig. 4a and c¢ and
Fig. S.1167). On the other hand, when oxygen conditions

were used, higher conversion rates were obtained for epoxy
groups (Fig. 4b). This unequivocally demonstrates the fact
that oxygen inhibition occurs in radical photopolymerization,
which is disordered in photo-curable 3D printing. Thus,
when designing resin formulations for 3D printing, the unfa-
vorable effect of oxygen inhibition must be taken into
account. Nevertheless, the process of radical photo-
polymerization with newly developed photoinitiating systems
does occur - but the conversion rates achieved are lower
than when using laminates (Table 5).
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50 c c c c
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Fig. 4 Acrylate and epoxy monomer conversions obtained during hybrid photopolymerization of CADE/TMPTA/M100 monomers for bimolecular
photoinitiating systems based on various 9-[(E)-2-phenyllanthracene derivatives (ANT-SCH3, ANT-CgHs, ANT-CH3z;, ANT-Cl) and iodonium salt
SpeedCure 938; radiation source — a diode emitting radiation at a wavelength of 405 nm (a) laminate condition, thin layer; (b) air thin layer; (c) lami-

nate condition, thick layer.
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Table 5 The values of acrylate and epoxy monomer conversion were obtained during hybrid photopolymerization using Vis LED @405 nm during

different experimental conditions

Light source: LED @405 nm

Functional group conversion

Experimental
Composition conditions Thickness  Monitoring wavelengths ANT-SCH; ANT-C¢H; ANT-CH;  ANT-Cl
CADE/TMPTA/M100 (2/2/1 w/w/w) ~ Laminate 25 pm EPOX at 790 cm ™" 29 25 18 22
ACRYLATE at 1.635 cm™ 35 32 28 32
Air thin layer 25 um EPOX at 790 cm™* 37 29 22 28
ACRYLATE at 1.635 cm™" 21 20 16 18
Air thick layer  1.16 mm EPOX at 3.700 cm ™" 30 34 24 27
ACRYLATE at 6.165 cm™ 49 40 35 39

Investigation of the suitability of 9-[(E)-2 phenylethenyl]
anthracene derivative (ANT-CH3;) to the role of photosensiti-
zers of diphenyliodonium salt for initiating the hybrid photo-
polymerization of acrylate monomers (HEMA/BEDA) in the
presence of various nanofillers

In the next step, experiments were conducted with new initiat-
ing system and two different monomers: bisphenol A ethoxy-
late diacrylate (BEDA) and 2-hydroxyethyl methacrylate
(HEMA) (7/3 w/w) that polymerize according to the same
mechanism: radical photopolymerization For this research,
the most effective initiating system to date has been selected
in the form of the ANT-CH; (0.1% by weight), SpeedCure 938
diphenyliodonium salt (1% by weight). In addition, various
nanoparticles (as nanosubstituents) were added to the above
composition in subsequent steps to test their effect on photo-
polymerization kinetics. The experiments were conducted on
rings (thick layers) to avoid the negative influence of oxygen on
the photopolymerizing composition. The experiments were
conducted using a high power diode emitting radiation at
@405 nm. The conducted tests showed that the addition of
the studied nanoparticles didn’t show accelerating and sensi-
tizing properties, but also didn’t show inhibitory properties.
The quantity of added nanoparticles was optimized accord-
ingly, the amounts of nanoparticles were selected so as not to
cause interference on the FT-IR spectrum, as well as during 3D
printing. For instance, halloysite nanoclay does not absorb
radiation, which makes it possible to add it in large amounts

to a photo-curable formulation, which is why it was decided to
add it at 3% by weight. However, the titanium oxide nano-
additive caused interference on the FT-IR spectrum (saturation
of the band characteristic of C=C double bonds), so it was
decided to add it in an amount of 0.1% by weight. As can be
seen from the described example, the addition of each type of
nanoparticle requires appropriate optimization.””

To achieve even higher conversion rates, it was decided to
test a three-component system formulated as ANT-CH;, IOD
(0.1/1 w/w) and 3% N-methyldiethanolamine (MDEA). The
photopolymerization process was carried out under the same
conditions as when the binary system was employed. It can
then be clearly seen that the amine accelerates the radical
photopolymerization of HEMA/BEDA monomers, with conver-
sion rates reaching almost 100%, which is extremely important
in 3D printing.

The following Table 6 and Fig. S.117 and S.118 in
the ESIf present the results obtained during hybrid
photopolymerization.

Determination of optimum printing parameters - Jacob
working curves

The next stage of the research was to determine the optimal
printing parameters (E, and Cq4) for compositions selected for
3D printing tests. Determining the curing time of the layer is
highly significant, as too short a time can result in the resin
being uncured, while too long a time can result in the resin

Table 6 The values of acrylate monomer conversion were obtained during hybrid radical photopolymerization using Vis LED @405 nm

Light source: LED @405 nm

Functional group conversion

ANT-CH;,
Light ANT-CH, ANT-CH,;, ANT-CH,, 3%w/w  ANT-CH,,

Experimental Monitoring intensity (without 1% wiw 1% wiw halloysite  0.1% w/w

Composition conditions Thickness wavelengths [mW ecm™] nanofiller) AlZnO ZnO nanoclay  TiO,

HEMA/BEDA (3/7 Thick layer 1.16 mm ACRYLATE at 26.50 96 95 86 94 94

wiw), 3% 6165 cm™" 2.65 29 33 21 42 28

MDEA, 1% IOD

HEMA/BEDA 26.50 68 56 63 71 88

(3/7 wiw), 1% 10D 2.65 26 26 12 15 12
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being cured throughout the bath and not just the desired
object. Correctly defining printing parameters is extremely
important as it affects the quality, and thus the resolution of
the obtained printout. Determining the critical energy defines
the minimum energy needed to crosslink the light-curing
resin. To determine the relevant printing parameters it is
necessary to apply the Jacob test. Jacob’s test was performed
for the following light-curing compositions containing HEMA/
BEDA (3/7 w/w) monomers: (1) ANT-CH;, IOD (0.1/1 w/w), 3%
MDEA; (2) ANT-CHj;, 10D (0.1/1 w/w), 3% MDEA, 0.1% TiO,;
(3) ANT-CH;, IOD (0.1/1 w/w), 3% MDEA, 1% ZnO; (4)
ANT-CHj3, IOD (0.1/1 w/w), 3% MDEA, 1% AlZnO; (5) ANT-CHj,
10D (0.1/1 w/w), 3% MDEA, 3% halloysite nanoclay. To deter-
mine the printing parameters for the resin, slices with design
dimensions of 1 x 1 x 0.3 mm were printed, the exposure time
of the samples varied from 120 s to 600 s. The print thickness
(Cq) was then measured using a screw micrometer and the
thickness measurements were repeated 5 times for each
sample. Fig. 5 shows a comparison of the results obtained for

900 1 - — —
§ ® Radical resin without nanoadditives
800 ] @ Radicalresin with TiO2
1 e Radical resin with AIZnO ¢
700 J e Radicalresin with ZnO
® Radical resin with Halloysite nanoclay
600 f
E 500 ]
= ]
T 400 ]
o ]
300 }
] y = 367,24In(x) - 2630,4
200 1 y = 289,23In(x) - 2049,9
: y = 230,56In(x) - 1594,3
100 4 y = 226,67In(x) - 1566,5
] y = 323,32In(x) - 2296,1
100 1000 10000
E, [mJ/cm?]
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the resin: ANT-CH; + IOD (0.1/1 w/w) + 3% MDEA + HEMA/
BEDA (3/7) with the corresponding nano-additives using the
Jacob’s working curve method.

From the above plot of Cq = f(E,), the equations were
obtained, from which the critical energy values were deter-
mined for each of the photo-curable resins. The Table 7 below
presents the calculated critical energy values.

Based on the results obtained, it can be concluded that the
use of nano-additives such as ZnO or AlZnO allows for a sig-
nificant reduction of the critical energy values, which in sub-
sequent studies can be translated into shorter printing times.

Application of anthracene derivatives in additive
manufacturing using light-initiated techniques

Radical polymerization. The application tests were then
carried out - 3D printing using the new initiating system con-
taining the most effective photosensitizer ANT-CH;. In the
first stage, a laser engraver was used for 3D printing tests
(direct ink writing technology). The method using an engrav-

A20s 2005 m0s 300s  UDs  600s

Increase the thickness of the cured layer

»

Fig. 5 Determination of optimal printing parameters for a photo-curable resin: ANT-CHs + |OD (0.1/1 w/w) + 3% MDEA + HEMA/BEDA (3/7)
without nano additives and with TiO,, AIZnO, ZnO and halloysite nanoclay; slices printed from ANT-CH3z + |OD composition (0.1/1 w/w) + 3% MDEA

+ HEMA/BEDA (3/7) for Jacob's test.

Table 7 Critical energy value and curing light penetration depth for radical resins with different nano-additives based on Jacob'’s test

Critical Critical energy [%] Curing light Curing light penetration depth [%]
energy (in relation to formulation  penetration depth  (in relation to formulation without
Radical resin Equation [mJ em™]  without nanoadditives) [pum] nanoadditives)
Without y=367.24In(x) 1290.29 100 318 100
nanoadditives —2630.4
With TiO, y=289.23In(x) 1196.84 93 265 83
—2049.9
With AlZnO y=230.56In(x) 1007.17 78 235 74
—1594.3
With ZnO y=226.67In(x) 1003.18 78 191 60
— 1566.5
Wwith halloysite nanoclay —y=323.32In(x) 1213.95 94 277 87
—2296.1

This journal is © The Royal Society of Chemistry 2023
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ing machine involves curing a liquid resin with a laser that
emits radiation in the visible range. The additive manufactur-
ing process is carried out layer by layer. For these experiments,
photo-curable resins with an initiator system based on 9-[(E)-2-
phenylethenyl]anthracene derivatives and iodonium salt (0.1/1
w/w) were used, while the monomer composition was as
follows: CADE/TMPTA/M100 (2/2/1). Printouts were obtained at
a light intensity of 1500 mW cm™> and a wavelength of 1 =
405 nm (spot size 0.075 mm). Each printout obtained consists
of 4 layers. The curing time for the first layer was about 40 s
and for each subsequent layer about 30 s. The graphic below
illustrates images of the print obtained from one of the com-
positions based on the anthracene derivative ANT-CH; (Fig. 6).

Photographs of prints obtained from the other compo-
sitions based on 9-[(E)-2-phenylethenylJanthracene derivatives
were presented in the ESI (Photo 17).

The next research step was to investigate 3D printing using
DLP technology. For this purpose, the Anycubic Photon Mono
X printer was used. Three types of light-curing compositions
were applied for testing: (1) radical composition: ANT-CHj,
10D (0.1/1 w/w), 3% MDEA, HEMA/BEDA (3/7); (2) radical com-
position with nano-additive ANT-CH;, IOD (0.1/1 w/w), 3%
MDEA, HEMA/BEDA (3/7), 0.1% TiO,; (3) hybrid composition
ANT-SCHj3;, 10D (0.1/1 w/w), 3% MDEA, CADE/TMPTA/M100 (2/
2/1). The first composition to be tested for 3D printing was a
basic radical composition. Based on Jacob’s test, the exposure
time of one layer was selected, the irradiation time was 160 s.
The project of a 1 x 1 X 1 cube was created in Autodesk Fusion
360. The total printing time was 284 minutes, with an exposure
time of 300 seconds for the three bottom layers and 160
seconds for each subsequent layer. The following Fig. 7 shows
pictures of the individual faces of the cube. In this case, the
cube with very good resolution was obtained.

In turn, it was decided to test how the addition of TiO,
(0.1% by weight) to the composition: ANT-CH;, IOD (0.1/1
w/w), 3% MDEA, HEMA/BEDA (3/7) would affect the quality of
the resulting print and whether any problems would arise
during the process, such as particles of the nano-additive
falling to the bottom of the bath. Based on the results
obtained with Jacob working curves, it was found that the
exposure time for a single layer can be slightly shorter than for
the same resin but without TiO,. Therefore, the exposure time

View Article Online
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for the three initial layers was 300 s, while each subsequent
layer was 150 s, which reduced the printing time (the total
process time was 268 min). The quality of the resulting print is
very high, as can be seen from the resolution of the elements
on the individual faces of the cube. During the printing
process, no problems caused by the presence of titanium oxide
in the tested composition were noticed (Fig. 8a).

Moreover SEM analysis showed the presence of regular pat-
terns on the sample surface after 3D printing (Fig. 8b). These
patterns are diamond-shaped and evenly distributed over the
sample surface. The layers of material formed during the print-
ing process are also visible. No cracks or surface defects were
observed which proves the high quality of the prints. In
addition, based on the resulting images, you can determine
the accuracy of the Anycubic Photon Mono X printer, which is
50 pm.

Hybrid polymerization

The last resin made for 3D printing testing, was a hybrid resin:
ANT-SCHj3, 10D (0.1/1 w/w), 3% MDEA, CADE/TMPTA/M100
(2/2/1). During the kinetic measurements, quite high conver-
sion rates of both epoxy and acrylate groups were observed, yet
some problems appeared during printing. At first, an attempt
was made to print a 1 x 1 X 1 cm cube. The exposure time for
the three initial layers was 300 s, while each subsequent layer
was 150 s. A photograph of one of the cube walls is shown in
Fig. 9a.

The first few layers (about 30 layers) of the above print have
good resolution, as can be seen from observing the resulting
cube. However, each successive layer is cross-linked, not only
the exposed area but also the area around the print is cured.
This may be due to the fact that a hybrid resin (epoxy and acry-
late monomers) is involved, the process shows characteristics
of cationic and radical photopolymerization. As mentioned
earlier, one of the features of cationic photopolymerization is
that it occurs even when the light source is switched off. This
is also the case with this print. Photopolymerization occurs
effectively not only when the desired area is irradiated, but
also when the light source is not switched on so that cross-
linking occurs throughout the bath. The total printing time for
this cube was 268 min, a time that is too long for this hybrid
resin. A solution to this problem with cross-linking of the

ANT-CH; + SpeedCure 938 + CADE + TMPTA +M100

Fig. 6 Photographs of a 3D printout obtained from a hybrid composition based on ANT-CHz compound.

2100 | Polym. Chem., 2023, 14, 2088-2106
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Fig. 7 Photographs of a printout obtained from a photo-cured resin: ANT-CHs, 10D (0.1/1 w/w), 3% MDEA, HEMA/BEDA (3/7) (1-5 individual faces
of a cube with different letters); last column — photographs were taken under the UV flashlight.

resin in the entire volume of the bathtub could be shortened.
However the reduction in time must not be too drastic, as this
may result in the individual layers of the print not curing.

Considering the above a second attempt was made to
obtain a print from a hybrid composition (CADE/TMPTA/
M100). For this purpose, the printing parameters of the same
cube were modified in special software. These modifications
were aimed at reducing the total exposure time of the resin.
The curing time of the initial three layers was 300 s. The next
10 layers were transition layers, indicating that the time of
each successive layer of these 10 decreased linearly from a
value of 300 s to 100 s. All other layers were exposed at 100 s
(each layer). This treatment reduced the total printing time,
which was 185 minutes. Unfortunately, it turned out that the
exposure time for the initial layers (about 10 layers) was
altogether too long, causing the cross-linked resin to stick to
the bottom of the bath and the print to fail, as shown in
Fig. 9b.

A third attempt was made to obtain a print from a hybrid
composition (CADE/TMPTA/M100). For this purpose, a 1 x 1 x
0.5 cm printout has been drawn up. Reducing the cube height

This journal is © The Royal Society of Chemistry 2023

allowed for shorter printing times. Fig. 9c shows the individual
walls of the resulting print. Reducing the printing time
allowed to obtain a three-dimensional object with good resolu-
tion, without over-polymerized layers.

Reducing the print height does not solve the problem that
occurs when printing with hybrid resin. A solution to this
problem could be to set different exposure times for the indi-
vidual print layers. It is therefore necessary to make changes to
the 3D printer software, as at the moment you can only set two
different times, one is the exposure time for the bottom layer
(or several bottom layers), while the other time is the exposure
time for each subsequent layer.

Another attempt to obtain a printout from a hybrid compo-
sition (CADE/TMPTA/M100) consisted in modification of the
initiating system, from which it was decided to exclude the
amine MDEA, thus the photoinitiating system contained
ANT-SCH,/IOD (0.1/1% by weight). The addition of MDEA
amine to the photocurable resin allows to significantly acceler-
ate the process of obtaining photocurable composites. In the
case of a hybrid formulation containing monomers polymeriz-
ing according to the radical and cationic mechanism, the

Polym. Chem., 2023, 14, 2088-2106 | 2101
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(b)

Fig. 8 Photographs of a printout obtained from a photo-cured resin: ANT-CH3, IOD (0.1/1 w/w), 3% MDEA, HEMA/BEDA (3/7), 0.1% TiO, (A-D indi-
vidual faces of a cube with different letters): (a) under an optical microscope, (b) under a scanning electron microscope.

addition of MDEA caused the resin to overheat, which affected
the resin’s over-polymerization, resulting in very poor quality
of the resulting print. The elimination of MDEA amine from
the resin formulation eliminated the problem of resin over-
heating and optimized the printing parameters of the hybrid
resin, thus resulting in longer printing times. The photograph
below shows the results obtained.

2102 | Polym. Chem., 2023, 14, 2088-2106

Eliminating amine from the composition of the hybrid
resin avoided the effect of excessive polymerization during the
printing process. The resulting print is characterized by high
resolution (Fig. 10).

The final stage of the study was an attempt to print a nano-
composite from the photo-curable composition ANT-SCHj3,
I0D (0.1/1 w/w), CADE/TMPTA/M100 with titanium oxide

This journal is © The Royal Society of Chemistry 2023
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b) ©

Fig. 9 Photographs of prints obtained from a photo-cured resin: ANT-SCH3, 10D (0.1/1 w/w), 3% MDEA, CADE/TMPTA/M100 (2/2/1). (a) First
attempt, (b) second attempt, (c) third attempt.

Fig. 10 Photographs of a printout obtained from a photo-cured resin: ANT-SCH3, 10D (0.1/1 w/w), CADE/TMPTA/M100 (2/2/1) (A-D individual
faces of a cube).

This journal is © The Royal Society of Chemistry 2023 Polym. Chem., 2023, 14, 2088-2106 | 2103
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Fig. 11 Photographs of a printout obtained from a photo-cured resin: ANT-SCH3, IOD (0.1/1 w/w), CADE/TMPTA/M100 (2/2/1), 0.1% TiO.

Table 8 3D printing parameters for photo-cured resins

Layer Print

Number of Exposure time of ~ Exposure time of height  time Print size
Composition bottom layers ~ bottom layers [s]  individual layers [s]  [mm] [min] [emxemxem]  Print
ANT-CHj3, IOD (0.1/1 w/w), 3% 3 300 160 0.1 284 1x1x1 v
MDEA, HEMA/BEDA (3/7)
ANT-CHj3;, IOD (0.1/1 w/w), 3% 3 300 150 0.1 268 1x1x1 v
MDEA, HEMA/BEDA (3/7), 0.1% TiO,
ANT-SCHj3, IOD (0.1/1 w/w), 3% 3 300 150 0.1 138 1x1x0.5 v
MDEA, CADE/TMPTA/M100 (2/2/1) 3 300 150 0.1 268 1x1x1 <
ANT-SCH3, I0OD (0.1/1 w/w), CADE/ 3 300 170 0.1 300 1x1x1 v
TMPTA/M100 (2/2/1)
ANT-SCHj3, IOD (0.1/1 w/w), CADE/ 3 300 160 0.1 284 1x1x1 v

TMPTA/M100 (2/2/1), 0.1% TiO,

added. In this case, the printout with very good resolution was
obtained (Fig. 11).

The printing parameters of all the formulations discussed
are summarized in Table 8.

Conclusions

Nowadays, 3D printing plays an extremely important role in
creating three-dimensional objects for various applications.
More and more frequently, 3D printing techniques can be
found where photo-cured resins are used as input material, so
it is very important to constantly improve photoinitiating
systems, as well as the monomer composition of resins. In this
paper, the suitability of 9 compounds from the anthracene
group, as well as 9 compounds from the phenanthrene group,
varied in terms of the type of attached substituent to act as
photosensitizers of iodonium salts, was investigated. The
examined initiator systems showed versatile performance, and
can be successfully applied as photoinitiators for radical, cat-
ionic and hybrid photopolymerization. The innovative appli-
cation of the new high-performance initiator systems is their
usage for obtaining photo-curable nanocomposites from
radical resins, as well as hybrid resins, which has been con-
firmed by kinetic studies, as well as DLP 3D printing experi-
ments using low-cost equipment. The research studied the
effects of different nanoparticles on the kinetic parameters of
photo-curable resins, as well as on 3D printing parameters
(such as critical energy, for example). Based on several

2104 | Polym. Chem., 2023, 14, 2088-2106

measurements, it was found that the amount of each nano-
additive needs to be optimized. The selection of the right
amount of nano-additive, resin composition, as well as 3D
printing parameters is essential for the correct printing
process of nanocomposites, as well as for obtaining a print
with high quality and very good resolution. Nevertheless, the
above article proves that new initiating systems based on
anthracene derivatives are useful for obtaining prints from
commonly used monomers that polymerize according to the
radical mechanism. However, the novelty is also that they can
initiate the process of hybrid photopolymerization. As a result,
allergenic monomers polymerizing according to the radical
mechanism have been reduced in the formulation. This is a
precursor for the development of new hybrid formulations and
opens the way to formulations polymerizing only by the cat-
ionic mechanism, which is characterized by low polymeriz-
ation shrinkage.
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