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This article describes a newly synthesized thiol-functional amine synergist and its application as a co-
initiator in two-component photoinitiating systems to initiate radical photopolymerization utilizing light
sources in the ultraviolet and visible ranges. For this purpose, various investigations have been carried out
to explore the spectroscopic properties of the newly synthesized amine and its influence on the kinetic
parameters. Absorbance, photolysis, and electrochemical investigations were conducted, and kinetic
measurements were performed using Fourier transform infrared spectroscopy. The final research stage
involved application studies related to the use of amines in light-initiated 3D printing to obtain spatial
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structures as well as silica polymer nanocomposites. Additionally, an innovative aspect of this work is the
synthesis and application of the dimer diamine-vanillin dimethacrylate monomer (DVDMA) in 3D printing.
DVDMA, a bio-based monomer containing imine linkages, is readily cleavable under acidic conditions,
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1. Introduction

Currently, photopolymerization processes, and consequently,
3D printing in light-initiated technologies, are used in bio-
medical engineering,"® medicine,”"*> and dentistry."*®
Additive manufacturing utilizing DLP (digital light processing)
technology allows three-dimensional structures with excellent
precision to be obtained.””® DLP 3D printing has become
very popular owing to its ability to produce high-resolution
materials and perfect surface finishes, which are extremely
important in applications that require very high-quality
materials.**> DLP 3D printing, and consequently photo-
polymerization processes, are becoming increasingly popular
owing to the high availability of monomers that polymerize
according to the radical>*>® and cationic***' mechanism.

The crucial factor determining the effective photo-
polymerization process during DLP printing is the proper
selection of initiating system components.*” The initiator
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thereby contributing to the degradation of 3D-printed parts.

should completely or partially absorb the radiation emitted by
the 3D printer projector (typically, A = 405 nm).** The appropri-
ate photoinitiator employed in the composition undergoing
polymerization absorbs the radiation emitted by the light
source and, under its influence, is broken down into radicals
or ions (cations or anions), which in turn initiate the polymer-
ization process. Initiation systems often include various
amines®***® such as N,N-dimethyl-p-toluidine, 2-ethyl-dimethyl-
benzoate, and N-phenylglycine. The amines used in the
initiator ~ systems = significantly accelerate the photo-
polymerization process, which is very important from an appli-
cation point of view because it allows a significant reduction
in the exposure time of individual layers during the 3D print-
ing process. Shortening the exposure time reduces the dur-
ation of the printing process, resulting in lower costs. The
selection of suitable monomers for photocurable resins is also
significant as it determines the properties of the resulting
material.***° The monomers employed affected the mechani-
cal parameters. The appropriate selection of input materials
for the 3D printing process allows the fabrication of materials
with specific properties tailored to unique applications.
Therefore, materials with low polymerization shrinkage, high
strength, and low cytotoxicity are obtained.

There is a growing trend towards the use of bio-based
monomers and polymers in several applications, including 3D
printing and photocuring, owing to the environmental issues
associated with petroleum-derived polymers.*™** To efficiently
design and synthesize bio-based monomers, one should con-
sider the principles of green chemistry (GC), which was put
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forward by Paul Anastas in 1998 as an outcome of the
approaches to resolve the problems of the depletion of pet-
roleum resources and increasing environmental pollution.*®
According to the GC principles, the utilization of renewable
feedstocks is of great importance. GC also emphasizes that
materials should be designed for degradation. Therefore,
several monomers have been prepared in recent years for
photocuring and 3D-printing by taking these principles into
account.”®™> Herein, a monomer with a high bio-based
content was synthesized using vanillin and the diamine dimer.
The new monomer prepared in this study contains imine lin-
kages that can be easily degraded under acidic conditions.

The search, design, and synthesis of new materials dedi-
cated to DLP 3D printing is a major challenge and a focus area
for many researchers involved in photopolymerization pro-
cesses. This article presents newly synthesized materials dedi-
cated to photopolymerization and their application in DLP 3D
printing. The subject of this article is a newly synthesized
diamine-vanillin dimethacrylate monomer and amine syner-
gist AS. The effect of the addition of the AS compound on the
radical photopolymerization kinetics was investigated. The
effect of AS on the oxygen inhibition characteristics of photo-
polymerization processes that proceed according to the radical
mechanism was also analyzed. The final stage of this research
was an application study related to the utilization of the newly
synthesized compounds in additive manufacturing using the
DLP technique, which represents a promising approach in
terms of suitability for further applications related to bio-
medical engineering.

2. Experimental

2.1. Materials

The newly synthesized amine synergist AS was employed as an
amine co-initiator in the radical photopolymerization process;
the synthesis description and scheme are presented in the sup-
plement in the chapter titled “Amine synergist”, and spectra
confirming the structure of the amine are presented in
Fig. S1-S4. Ethyl 4-dimethylaminobenzoate (EDB; Alfa Aesar)
was used as the amine reference. The following compounds
were used as commercial initiators: bis-(4-t-butylphenyl)iodo-
nium hexafluorophosphate (IOD; Lambson), diphenyliodo-
nium hexafluorophosphate (HIP; Alfa Aesar), (2,4,6-trimethyl
benzoyl) phosphine oxide (TPO; Allnex), and (7-methoxy-4-
methylcoumarin-3-yl)phenyliodonium  hexafluorophosphate
(7MP). The structures of all the photoinitiating system com-
ponents are shown in Fig. 1.

The monomers chosen for the kinetics of the photo-
polymerization process and 3D printing experiments were tri-
methylolpropane triacrylate (TMPTA, Sigma Aldrich), 1,6-hexa-
nediol diacrylate (HDDA, Sigma Aldrich), diurethane dimeth-
acrylate, a mixture of isomers (UDMA, Sigma Aldrich), and the
newly synthesized biobased monomer diamine-vanillin
dimethacrylate. The synthesis description of the diamine-
vanillin dimethacrylate monomer and the synthesis scheme

3896 | Polym. Chem., 2025, 16, 3895-3915
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Fig. 1 The structures of photoinitiating system components.

are presented in the Supplement in the chapter titled
“Biobased monomer”, and the spectra confirming the struc-
ture of the obtained monomer are presented in Fig. S5-S8. The
structure of the monomer was validated using NMR and FT-IR.
The monomer structures employed to investigate radical
photopolymerization kinetics are shown in Fig. 2.

Silicon dioxide was utilized to obtain photocurable polymer
nanocomposites (nanoparticle size 10-20 nm; Sigma Aldrich).

2.2. Characterization methods

2.2.1.
spectroscopic properties (absorbance and photolysis measure-
ments) of the individual components of the initiating system,
a Cary 60 UV-VIS spectrophotometer (Agilent Technologies)
with a wide spectral range of 190-1100 nm equipped with a
xenon flash lamp (80 Hz) was employed. Solutions of the inves-
tigated components of the initiating system in acetonitrile at a
concentration of 8.4 x 107> mol dm™ were placed in a quartz
cuvette with an optical path length of 1 cm. The obtained raw

Spectroscopic measurements. To determine the

TMPTA \ Q
[e]
o =N
O\/\/\/\ J\/
- oo ° Biobased

monomer

Fig. 2 The monomer structures utilized for kinetic research and 3D
printing experiments.

This journal is © The Royal Society of Chemistry 2025
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results were converted and presented as the dependence of the
molar extinction coefficient on the wavelength, and the follow-
ing formula was used:

I xc @
where ¢ is the molar extinction coefficient [mol™ dm?® cm™], A
is the absorbance, [ is the optical path [cm], and c is the
sample concentration [mol dm™]. Photostability measure-
ments were performed for the newly synthesized amine syner-
gist using a solution of the same concentration as that used
for the absorbance measurements. Photolysis was performed
using various light sources in the ultraviolet range. The follow-
ing diodes were applied as light sources: Amax = 300 nm
(M300L4 Thorlabs; the light intensity on the photolysis solu-
tion was 14.98 mW cm ™), A = 340 nm (M340L4 Thorlabs,
the light intensity on the photolysis solution was 14.98 mW
em™?), and Ayax = 365 nm (M365L3 Thorlabs, the light inten-
sity on the photolysis solution was 14.98 mW cm™2).

2.2.2. Oxidation potential measurements. The oxidation
potential of the AS compound (E,, vs. Ag/AgCl), playing the
role of the co-initiator, was measured using cyclic voltammetry.
For this purpose, an electrochemical analyzer M161 and an
electrode stand M164 (MTM-ANKO, Poland) were used with a
standard three-electrode cell. Tetrabutylammonium hexa-
fluorophosphate (0.1 M) (Sigma Aldrich) was employed as the
basic electrolyte. A platinum plate was used as the auxiliary
electrode, a silver electrode (Ag/AgCl) was used as the reference
electrode, and a glassy carbon electrode was applied as the
working electrode. Voltammetry was performed at a scan rate
of 100 mV s™%; ferrocene was used as a standard, and the
potentials were determined from the half-peak potentials.

2.2.3. Photopolymerization kinetics investigation. Fourier
transform infrared spectroscopy (FTIR) was employed to verify
the effect of the amine synergist additive on the kinetics of the
photopolymerization process. An FI/IR-6700 spectrometer
(Jasco) equipped with a special holder dedicated to measuring
the photopolymerization kinetics was utilized. The measure-
ments were conducted in a thermostatic chamber where the
temperature was maintained at 25 °C during all measure-
ments. The light source was a diode with A;,,x = 340 nm and
Amax = 405 nm. The optical fiber end was 2.1 cm away from the
photopolymerizing composition. The conversion was calcu-
lated based on the band area (4) characteristic of acrylates (v =
1635 cm™" for acrylic C=C bond oscillation).>® The following
formula®*~>® was employed to determine the conversion of the
acrylate monomer:

A -
Conversion — (1 _ afterpolymerlzatlon) % 100[%] (2)

Abpefore polymerization

The preparation of photocurable resins for radical photo-
polymerization consists of dissolving the initiator system in
the radical monomer TMPTA or in a mixture of monomers
that polymerize according to the radical mechanism.
Measurements were carried out between fragments of a poly-

This journal is © The Royal Society of Chemistry 2025
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propylene film, which allowed anaerobic conditions. The
photocurable resin was applied to the film in such a way as to
obtain an absorbance value of 1.2 for the maximum observed
acrylate-specific band. In addition, to examine the effect of
atmospheric oxygen on the photopolymerizing composition
with the addition of an amine synergist, measurements were
performed on a barium fluoride-made pastille.

2.2.4. Measurements of thermal stability of AS and photo-
curable resins with AS addition. Thermal stability measure-
ments were carried out using differential scanning calorimetry
(DSC) on a Photo-DSC 204 F1 Phoenix calorimeter (from
Netzsch-Gerdtebau GmbH, Germany), equipped with a
thermal attachment. The thermal stability of the AS compound
was measured using a special attachment dedicated to thermal
measurements. The measurement was carried out in a closed
crucible (aluminum lid pierced) under a nitrogen flow of 50 ml
min~'. The measurement consisted of heating the compound
in the closed crucible to 200 °C and then cooling the measure-
ment system. An empty crucible was used as a reference.
Measurements of compositions containing different weight
concentrations of AS (0%, 1%, 2% and 5%) in a monomer
mixture (HDDA/UDMA/biobased monomer) included heating
the system to 200 °C, followed by cooling the measurement
system. The monomer mixture (without the addition of TPO
and AS) was applied as a reference.

2.2.5. Additive manufacturing experiments. 3D printing
was performed with a Lumen X+™ printer (Cellink Inc.),
which works on DLP technology; the light source was a projec-
tor that emits maximum energy at a wavelength of 1 = 405 nm.
The intensity of light incident on the printed surface object
was 1.99-9.95 mW cm™>. The light intensities were measured
using a PM160 measuring device (Si Sensor Power Meter,
ThorLabs). 3D printing experiments were performed for resin
polymerization according to the radical mechanism, together
with the amine synergist, to investigate the effect of the
addition of the newly synthesized co-initiator on 3D printing
parameters, as well as on the quality of the obtained three-
dimensional structures. All 3D models utilized for printing
were designed using Fusion 360 software (AutoDesk) in stl.
format. Jacob’s working curve test was employed to determine
the critical energy, E., and light penetration depth, D,, using

the following formula:*">°

Ca=D,ln [?} 3)

(9

where Cjy is the thickness of the cured layer [pm] and E, is the
light energy at the surface [mJ cm™2].

The models utilized for the 3D printing experiments are
shown in Fig. 3. Fig. 3a illustrates the design of a slice dedi-
cated to performing Jacob’s working curve test. Fig. 3b and c
show the 2D and 3D projects designed for 3D printing utilizing
photocurable resins.

2.2.6. Investigation of viscosity properties of resins dedi-
cated to photocurable 3D printing of polymer composites. A
modular compact Rheometer MCR302 (Anton Paar, Ashland,

Polym. Chem., 2025, 16, 3895-3915 | 3897
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Fig. 3 Models utilized for the 3D DLP printing experiments: (a) Jacob’s working curve test slice design, (b) cube model applied to DLP 3D printing
with photocurable resins without the addition of biobased monomer, (c) cube model utilized for DLP 3D printing with photocurable resins with bio-

based monomer.

VA, USA) was utilized to investigate the viscosity properties of
the resins for 3D printing. The experiments were conducted at
25 °C. Each measurement lasted 550 s. The measurement gap
between the spindle and the platform was 0.1 mm. A
PP25 measuring spindle was employed for viscosity measure-
ments. The RheoCompass software was set to a variable head
speed (shear rate) ranging from 1 s~ to 100 s~

2.2.7. Visualization of printed spatial structures

2.2.7.1. Optical microscopy analysis. An OLYMPUS DSX1000
optical microscope was employed for the optical imaging of
the 3D prints. The images were captured with an objective that
guarantees a three-fold zoom of the composite structure
printed by applying 3D DLP technology. DSX software, dedi-
cated to the analysis of 3D structures, was utilized to obtain
microscopic images.

2.2.7.2. SEM analysis. To analyze the surface quality of the
obtained prints, a high-resolution scanning electron micro-
scope Apreo 2 S LoVac (Thermo Fisher Scientific) equipped
with X-ray dispersive spectrometry (EDS) UltraDry (Thermo
Fisher Scientific) and octane element (EDAX Ametek GmbH)
detectors was employed. The imaging of prints coated with a
thin layer of gold was performed at an accelerating voltage of
2.0 kv and an electron beam current of 0.4 nA.

2.2.7.3. Gel content. The gel content of the selected photo-
cured compositions was determined via Soxhlet extraction,
using acetone as the solvent. The details and gel content calcu-
lations have been described elsewhere.®*%"

2.2.7.4. Contact Angle. The water contact angles (WCA) of
the photosets were determined using a Kruss tensiometer
(Easy Drop DSA-2). Measurements were performed using

3898 | Polym. Chem., 2025, 16, 3895-3915

3-5 pL drops of distilled water. At least three measurements
were taken for each sample, and the average was recorded.

2.2.7.5. Optical properties. Transmission spectra of the
photosets were obtained using a Shimadzu 3100 UV-vis-NIR
spectrometer.

2.2.7.6. Thermogravimetric analyses. Thermogravimetric
analysis (TGA) of the photosets was performed using a
PerkinElmer thermogravimetric analyzer (Pyris 1 TGA model).
Samples were run from 30 to 600 °C at a heating rate of 20 °C
min~" under a nitrogen atmosphere.

3. Results and discussion

3.1. Spectroscopic and electrochemical properties of the
amine synergist and other components of initiating systems

Absorbance analyses were conducted to understand the spec-
troscopic characteristics of the initiating system components.
Absorbance measurements of the commercial cationic photoi-
nitiators based on iodonium salts: IOD (bis-(4-¢-butylphenyl)
iodonium hexafluorophosphate), HIP (diphenyliodonium
hexafluorophosphate), and 7MP  ((7-methoxy-4-methyl-
coumarin-3-yl)phenyliodonium  hexafluorophosphate) and
amine compounds as co-initiators (commercially available
amine EDB (ethyl 4-dimethylaminobenzoate) and the newly
synthesized co-initiator AS for initiating radical photo-
polymerization) were performed. The measurements demon-
strated that the amine synergist AS absorbs radiation in the
ultraviolet range, reaching a wavelength of A = 370 nm,
whereas the absorption spectrum of the commercial co-

This journal is © The Royal Society of Chemistry 2025
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(a and b) Comparison of the absorption characteristics of (a) iodonium salt-based photoinitiators: IOD, HIP and 7MP used for the photo-

polymerization process and (b) amine co-initiators AS and EDB with the emission spectra of UV- and VisLED-type light sources.

initiator EDB reaches 4 = 350 nm, which already suggests an
advantage of AS over EDB, as it allows an increase in the range
of light sources used for the photopolymerization process.
Moreover, the absorption characteristics of the initiators,
which were subsequently applied to initiate the radical photo-
polymerization process in combination with an amine co-
initiator, were also compared. As shown in Fig. 4a, commer-
cially available cationic photoinitiators based on the iodonium
salt IOD and HIP absorb irradiation up to approximately
320 nm. However, the absorption of the cationic initiator,
7MP, extended to the visible range. The absorbance spectra of
all initiators/co-initiators employed to initiate the radical
photopolymerization process are shown in Fig. 4a and b.

The molar extinction coefficients and absorption maxima
are summarized in Table 1.

In addition, the photostability of the amine synergist AS in
acetonitrile was measured to check the stability of the newly
synthesized compound under different ultraviolet light
sources (4 = 300 nm, A = 340 nm, and 365 nm). Research using
light sources with 4 = 340 nm and 1 = 365 nm confirmed that
the compound was stable. The photolysis characteristics of the
AS compound are presented in the SI (Fig. S9a-S9c). Moreover,
to confirm the feasibility of employing the amine synergist AS

as a co-initiator in two-component initiator systems for initiat-
ing radical photopolymerization, its oxidation potential was
compared to that of the commonly used EDB co-initiator.
Electrochemical tests were performed on the amine synergists
using cyclic voltammetry. Studies have shown that the oxi-
dation potential of amine synergists is 792 mV, whereas litera-
ture data show that the oxidation potential of EDB is 1058 mV
(vs. Ag/AgCl).®* The cyclic voltammogram curves of the oxi-
dation of the amine synergist AS in acetonitrile are shown in
the SI (Fig. S10).

3.2. Effect of amine synergist addition on radical
photopolymerization kinetics under both aerobic and oxygen-
limited conditions

The first stage of kinetic studies involved checking the effect of
the amine synergist additive on radical photopolymerization
kinetics under different conditions, that is, under aerobic and
atmospheric oxygen-limited conditions. The composition of
the monomer mixture was optimized for further kinetic experi-
ments and for light-initiated 3D printing. For these experi-
ments, the synthesized biobased monomer containing imine
linkages (DVDMA), displaying degradability under acidic con-
ditions or leading to dynamic covalent networks, was

Table 1 Spectroscopic characterization of commercial cationic photoinitiators based on an iodonium salt and amine compounds as co-initiators

Compound Amax-ab [0] Eé)lmax-ab E@4340 nm £@4365 nm £@2405 nm

Commercial cationic photoinitiators based on an iodonium salt

10D 241 21695 — — —

HIP 229 14 566 — — —

7MP 350 22384 19 645 18197 47

Amine co-initiators

AS 340 450 450 18 —

EDB 309 10 464 132 — —

Aax-an — the wavelength corresponding to the absorption maximum for the longest wavelength band [nm]. €qumax-ab — EXtinction coefficient at
max—ab.

This journal is © The Royal Society of Chemistry 2025
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employed. Various amounts of this monomer (0, 10, 20, 30,
and 40% by weight) were added to the UDMA/HDDA (60/40
w/w) formulation, replacing UDMA. The commercially avail-
able TPO radical initiator (1% w/w) was used as the photo-
initiator. The initiator was weighed in relation to the monomer
matrix. The precise compositions of the resins investigated are
listed in Table 2. Measurements were performed under
oxygen-limited conditions. For the measurements, a Vis-LED
emitting radiation with a wavelength of 1 = 405 nm was
applied, where the intensity of the light incident on the exam-
ined sample was 5.58 mW cm™>.

Investigations of the effect of biobased monomer addition
on kinetic parameters showed that functional group conver-
sion first increased with 10% and 20% biobased monomer
addition and then started to decrease (Fig. 5a). The functional
group conversion was calculated based on the disappearance

Table 2 Formulation of photocurable resins polymerized by the radical
mechanism based on the UDMA/HDDA/biobased monomer and the
TPO initiator

UDMA  HDDA  Biobased TPO
Resin (wiw) (wiw) monomer (w/w)  (w/w)
Resin-0% BIO-TPO 60% 40% 0% 1%
Resin-10% BIO-TPO 50% 10%
Resin-20% BIO-TPO 40% 20%
Resin-30% BIO-TPO 30% 30%
Resin-40% BIO-TPO 20% 40%

View Article Online
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of the band characteristic of acrylate groups - v = 1635 cm™ "
(Fig. 5b). When the concentration of the newly synthesized
monomer was 40%, a dramatic decrease in conversion was
observed compared to a smaller amount of biobased
monomer-containing formulations (>30%). This was attribu-
ted to the increased viscosity of the formulation. The formu-
lation with the composition UDMA:HDDA :biobased
monomer 40 :40: 20 was selected for subsequent experiments
related to the effect of atmospheric oxygen on the photopoly-
merizing formulation and 3D printing experiments because it
had the highest conversion of acrylate groups (C = 88%), the
highest value of the dC/dt kinetic curve slope (dC/dt = 4.37 s7%,
Fig. 5¢), and a short induction time (2.51 s, Fig. 5¢) (Table 3).

Table 3 demonstrates the effect of biobased monomer
addition on the conversion of functional groups, slope of the
kinetic curve, and induction time during the measurement of
the radical photopolymerization process kinetics.

The primary kinetic research stage allowed optimization of
the monomer composition of the photocurable resin.
Subsequently, the effects of the amine synergist additives (0, 1,
2, and 5% w/w) on the kinetics of the radical photo-
polymerization process were examined (Table 4). The amine
synergist, like the initiator, was weighed relative to the
monomer matrix. Initially, the tests were conducted under
anaerobic conditions, where a drop of the photopolymerizing
composition was applied between two pieces of polypropylene
film. The measurements involved a Vis-LED emitting radiation
with a wavelength of 4 = 405 nm, where the intensity of the
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Fig. 5 Results achieved during radical photopolymerization of photocurable resins based on UDMA/HDDA monomers with different biobased
monomer contents and the TPO initiator during VisLED@405 nm diode irradiation under atmospheric oxygen-limited conditions: (a) kinetic profiles
representing the time dependence of functional group conversion, (b) FT-IR spectrum before and after the radical photopolymerization process,
including the band characteristic of C—=C bonds, and (c) diagram illustrating the values of the kinetic curve slope and induction time obtained during
radical photopolymerization for resins with increasing amounts of the biobased monomer.
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Table 3 The values of functional group conversion, kinetic curve slope,
and induction time obtained from the radical photopolymerization kine-
tics of resins with various biobased monomer amounts

Conversion dc/dt Induction time
Resin [%] [s™"] [s]
Resin-0% BIO-TPO 84 5.05 3.40
Resin-10% BIO-TPO 87 3.70 1.09
Resin-20% BIO-TPO 88 4.37 2.51
Resin-30% BIO-TPO 83 3.91 3.96
Resin-40% BIO-TPO 58 1.10 5.69

light incident on the studied sample was 5.58 mW c¢m™>. The
exact formulations of the resins are listed in Table 4.
Based on infrared spectroscopy measurements, it was

found that addition of small amounts of amine synergists (1%
or 2% by weight) did not affect the kinetics of the process, as

View Article Online
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the conversion of C=C bonds remained almost constant
(88-89%) for both compositions with and without amine
synergists. Addition of 5% amine synergist caused a significant
deterioration of the kinetic parameters; it can be seen that the
conversion of functional groups decreased (68%), and the
value of the slope of the kinetic curve also declined, indicating
that the process occurs more slowly (Fig. 6a and c). The func-
tional group conversion was calculated based on the dis-
appearance of the band characteristic of C=C bonds (Fig. 6b).

Table 5 summarizes the results obtained from radical
photopolymerization carried out under atmospheric oxygen-
limited conditions for resins with varying amounts of the
amine synergist AS.

For comparison, analogous measurements were performed
under aerobic conditions. We also investigated the effect of AS
on this selected formulation under an oxygen atmosphere
(Fig. 7a-c). A resin drop was placed on a pastille fabricated

Table 4 Formulation of photocurable resins polymerized by the radical mechanism based on the UDMA/HDDA/biobased monomer and the TPO

initiator with the addition of the amine synergist AS

Resin UDMA (w/w) HDDA (w/w) Biobased monomer (w/w) Initiator (w/w) Amine synergist
Resin-20% BIO-TPO 40% 40% 20% 1% TPO 0%
Resin-20% BIO-TPO-1%AS 1%
Resin-20% BIO-TPO-2%AS 2%
Resin-20% BIO-TPO-5%AS 5%
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Fig. 6 Results achieved during radical photopolymerization of photocurable resins based on Resin-20%BIO-TPO with different amounts of the
amine synergist AS during VisLED@405 nm diode irradiation under atmospheric oxygen-limited conditions: (a) kinetic profiles representing the time
dependence of functional group conversion, (b) FT-IR spectrum before and after the radical photopolymerization process, including the band
characteristic of C=C bonds, and (c) diagram illustrating the values of the kinetic curve slope and induction time obtained during radical photo-
polymerization for resins with increasing amounts of the amine synergist AS.
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Table 5 The values of functional group conversion, kinetic curve slope,
and induction time obtained from the radical photopolymerization kine-
tics of photocurable resins based on Resin-20%BIO-TPO with different
amounts of the amine synergist AS under atmospheric oxygen-limited
conditions

Conversion dc/dt Induction time
Resin (%] [s™"] [s]
Resin-20% BIO-TPO 88 4.37 2.51
Resin-20% BIO-TPO-1%AS 89 5.07 2.54
Resin-20% BIO-TPO-2%AS 88 5.81 2.58
Resin-20% BIO-TPO-5%AS 67 1.67 2.64

from barium fluoride. These results clearly demonstrate that
the addition of the newly synthesized AS was effective under
aerobic conditions. Although the conversion was 0% in the
absence of AS, it increased to 19% when the AS concentration
was 5%, as shown in Table 6. With an increase in the AS
content in the investigated composition, a decrease in the
oxygen inhibition effect was observed, which is a characteristic
of radical photopolymerization. The higher the amount of the
amine synergist AS in the photocurable resin, the higher the
acrylate monomer conversion. For Resin-20% BIO-TPO, the
degree of double-bond over-reactivity was 0%, confirming the
absence of radical photopolymerization in the presence of
atmospheric oxygen. With the increase in the AS compound in
the photocurable compositions, the occurrence of radical

View Article Online
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Table 6 The values of functional group conversion, kinetic curve slope,
and induction time obtained from the radical photopolymerization kine-
tics of photocurable resins based on Resin-20%BIO-TPO with different
amounts of the amine synergist AS under aerobic conditions

Conversion dc/dt Induction time
Resin [%] [s™"] [s]
Resin-20% BIO-TPO 0 — —
Resin-20% BIO-TPO-1%AS 4 1.15 2.12
Resin-20% BIO-TPO-2%AS 12 1.21 2.08
Resin-20% BIO-TPO-5%AS 19 1.31 1.94

photopolymerization and the reduction of the oxygen inhi-
bition phenomenon can be observed. In the case of Resin-20%
BIO-TPO-5%AS, in which the addition of the AS compound
was 5% by weight, the conversion of C=C bonds was 19%.
Reduced oxygen inhibition was caused by the presence of a ter-
tiary amine and free thiol groups in the structure of the newly
synthesized amine synergist.

Table 6 summarizes the results obtained from radical
photopolymerization carried out under atmospheric oxygen
conditions for resins with varying amounts of the amine syner-
gist AS.

Moreover, for the AS compound and all the photocurable
resins with the AS additive, thermal stability tests were carried
out to verify how the AS additive affects the stability of the
compositions and whether the established storage conditions
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Fig. 7 Results achieved during radical photopolymerization of photocurable resins based on Resin-20%BIO-TPO with different amounts of the
amine synergist AS during VisLED@405 nm diode irradiation under atmospheric oxygen conditions: (a) kinetic profiles representing the time depen-
dence of functional groups’ degree of conversion, (b) FT-IR spectrum before and after the radical photopolymerization process, including the band
characteristic of C=C bonds, and (c) diagram illustrating the values of the kinetic curve slope and induction time obtained during radical photo-
polymerization for resins with increasing amounts of the amine synergist AS.
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of the photocurable resins are necessary. The same tempera-
ture range was established for both the AS compound and AS-
added resins. The test samples were heated in the range from
20 °C to 200 °C. The temperature measurement of the amine
synergist carried out proved that the tested compound is stable
over the entire range of temperatures investigated.
Furthermore, at temperatures up to 200 °C, no significant
thermal effects were observed for the photocurable resins
without the AS additive (Resin-20% BIO-TPO) and with 1%
(Resin-20%  BIO-TPO-1%AS) and 2% AS (Resin-20%
BIO-TPO-2%AS) additive. Therefore, at increased temperatures,
the addition of AS and, consequently, thiol groups does not
affect the thermal stability of the compositions. In the case of
the addition of 5% AS to the photocurable resin (Resin-20%
BIO-TPO-5%AS), thermal effects can be observed on the DSC
plot, which appear at a temperature of about 140 °C, which,
however, does not cause any problems related to the storage of
resins at room temperature. No signs of instability of the exam-
ined formulations were observed during the tests. Time and
temperature dependence graphs obtained by the DSC method
for the AS compound and the resins in Table 4 are included in
the SI (Fig. S11-S15).

3.3. 3D printing experiments with photocurable radical
resins based on monomers: UDMA/HDDA/biobased monomer

Subsequently, based on kinetic studies, resins were selected
for projector light-initiated 3D printing experiments. Three
photocurable resins with a TPO photoinitiator were selected
for 3D printing experiments. The first and most fundamental
component was a resin containing a UDMA/HDDA/biobased
monomer (Resin-20% BIO-TPO). Subsequently, the basic resin
was modified to obtain further photocurable resins for visible-
light-initiated additive processes. The first modification was
the addition of 5% by weight of the amine synergist to Resin-
20% BIO-TPO, resulting in Resin-20% BIO-TPO-5%AS. Next,
the resin with 5% AS was further modified with 2% nanosilica
addition (Resin-20% BIO-TPO-5%AS-2% SiO,). The nanosilica
was weighed in relation to the monomer matrix. The compo-
sitions were selected for the formation of spatial structures
using light, as shown in Table 7.

Viscosity measurements of the monomer matrices were per-
formed before the DLP 3D printing experiments were con-
ducted. Viscosity is an extremely important parameter that
determines the suitability of photocurable resins for light-
initiated 3D printing. Low-viscosity resins are generally advan-
tageous for the printing process; however, parts produced
from such resins tend to exhibit high brittleness. Conversely,

View Article Online
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Table 8 Radical monomer matrices based on the UDMA/HDDA/bio-

based monomer differentiated by the amount of the amine synergist
and nanosilica dedicated to viscosity measurements

Biobased
UDMA HDDA monomer AS SiO,
Resin wiw)  (wiw)  (W/w) (wiw)  (wiw)
Matrix-20% BIO 40% 40% 20% 0% 0%
Matrix-20% BIO-5%AS 5% 0%
Matrix-20% BIO-5% 5% 2%

AS-2% SiO,

higher viscosity photocurable resins facilitate the fabrication
of objects with improved mechanical properties. The viscosity
value provides essential information about the 3D printing
process, including considerations such as the need for support
structures Table 8 presents the matrices subjected to viscosity
measurements.

Viscosity measurements showed that the viscosity of Matrix-
20% BIO containing UDMA/HDDA/biobased monomer was
728 mPa s. Addition of 5% AS to Matrix-20% BIO caused a
slight increase in viscosity, and the viscosity of Matrix-20%
BIO-5%AS became 740 mPa s. The viscosity of the matrix con-
taining Matrix-20% BIO-5%AS-2% SiO, nanosilica is 850 mPa
s. The viscosity experiments demonstrated that the investi-
gated resins are high viscosity resins and show suitability for
DLP 3D printing experiments. Fig. 8 presents the viscosity
values of the monomer matrices utilized for projector-light-
initiated 3D printing.

1200
Matrix- Matrix- Matrix-

1000 20% BIO 20% BIO-5%AS 20% BIO -5%AS -2% SiO,
— 850
[ -
g 800 7 728 74_10
E
2 600 3
7]
o
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Fig. 8 Viscosity of radical monomer matrices based on UDMA/HDDA/
biobased monomer differentiated by the amount of the amine synergist
and nanosilica utilized for DLP 3D printing.

Table 7 Formulation of photocurable resins polymerized by the radical mechanism selected for 3D printing experiments based on the UDMA/
HDDA/biobased monomer and the TPO initiator with different amounts of the amine synergist and nanosilica

Resin UDMA (w/w) HDDA (w/w) Biobased monomer (w/w) Initiator (w/w) AS (wiw) Sio, (w/w)
Resin-20% BIO-TPO 40% 40% 20% 1% TPO 0% 0%
Resin-20% BIO-TPO-5%AS 5% 0%
Resin-20% BIO-TPO-5%AS-2% SiO, 5% 2%

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Determination of fundamental parameters of 3D printing: (A) figure of basic Jacob’s basic working curves determined for photocurable
resins based on UDMA/HDDA/biobased monomer differentiated by the amount of the amine synergist and nanosilica; (B) the Lumen X+™ printer
working with DLP technology during resin exposure to create a slice dedicated to determining the basic parameters of 3D printing; and (C) slices
obtained from photocurable resins polymerizing according to the radical mechanism Resin-20% BIO-TPO-5%AS —2% SiO, received during exposure
without the application of a printing platform using different exposure times.

Jacob’s working curve test, an essential tool for determining
the basic parameters of 3D printing, was performed. The test
allowed the determination of the critical energy E. and depth of
light penetration Dj,. The intersection of the obtained curves with
the X-axis indicates the values of the critical energy, which indi-
cates the minimum exposure required to cure the solid layer,
whereas the slope of the curves indicates the depth of penetration
(Fig. 9a). The test was based on printing five slices (1 x 1 cm) of
each resin without a printing platform (Fig. 9b) using different
resin exposure times (5, 10, 15, 20, and 25 s - Fig. 9¢). Based on
the thickness of the slices measured with a micrometer screw,
exposure time of a slice, and intensity of light incident on the
printing object during printing, the basic printing parameters
defining the effectiveness of the photopolymerizing resin were
determined. Based on the quotient of the curing time of each
slice and the intensity of the light incident on the printed slice
(measured with a ThorLabs PM 160 Optical Power Meter), E,
(light energy at the surface [m] cm™>]) was calculated.

When compared, it can be seen that the addition of AS
decreased the E. value to 2.04 m] cm™> (Resin-20%
BIO-TPO-5%AS) from 3.84 m] cm™? (Resin-20% BIO-TPO). The
decrease in critical energy implies that less energy is required
for curing. Moreover, it can be seen that the penetration depth
also decreased when AS was incorporated. The decreased light

3904 | Polym. Chem., 2025, 16, 3895-3915

penetration depth indicates greater control over the resolution
and quality of the printing. Thus, it can be said that the syn-
thesized AS is an intriguing additive for 3D printing appli-
cations. When fillers are used in 3D printing resins, more
energy is required for curing and E. increases. We added 2%
SiO, nanoparticles to 5% AS-containing formulations and
found that the E. was almost the same as that of the filler-free
formulation. This situation was attributed to the oxygen inhi-
bition function of AS, which increased the curing speed and
decreased E.. Table 9 summarizes the 3D printing parameters
obtained during Jacob’s working curve test.

Table 9 Fundamental printing parameters determined by Jacob'’s
working curve method for photocurable resins based on the UDMA/
HDDA/biobased monomer differentiated by the amount of the amine
synergist and nanosilica with the TPO initiator

Critical ~ Light
energy  penetration
Resin Equation [mJ em™?] depth [um]
Resin-20% BIO-TPO y =228.37 In(x) — 307.53 3.84 216.96
Resin-20% BIO- y=173.25In(x) — 123.43 2.04 166.94
TPO-5%AS
Resin-20% BIO- y=162.72In(x) — 119.46 2.08 162.08

TPO-5%AS -2% SiO,

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Graphics showing the 3D model, 2D images and 3D images of prints obtained with Resin-20% BIO-TPO-5%AS-2% SiO,.

The very promising results obtained during Jacob’s working
curve test allowed the resins to be applied in the printing of
three-dimensional structures. The same printer settings were
used for all the resins. The power of the printing device was
20%, which provides a light intensity incident on the printing
object of 1.99 mW cm™>. The exposure time for the initial
printed layers was 30 s, while that for the remaining layers was
8 s. The thickness of each layer is 100 pm. The obtained struc-
tures were visualized on an optical microscope, as well as on a
scanning electron microscope. The following graph illustrates
the object obtained from Resin-20% BIO-TPO-5%AS-2% SiO,
(Fig. 10). Graphics of the prints obtained with the other resins
(Resin-20% BIO-TPO and Resin-20% BIO-TPO-5%AS) are
shown in the SI (Fig. S16-S17a).

In addition, SEM imaging was performed on Resin-20%
BIO-TPO-5%AS and Resin-20% BIO-TPO-5%AS-2% SiO, prints
to study the resolution of the obtained 3D structures.
Visualization using scanning electron microscopy (SEM)
enabled the acquisition of precise images of the surface,
which provided information about the high quality of the
layers of the resulting print. Fig. 11 shows the graph obtained
for the structure printed with Resin-20% BIO-TPO-5%AS-2%
SiO,. A graphic of a 3D object printed with Resin-20%
BIO-TPO-5%AS is shown in the SI (Fig. S17b).

SEM analysis of the print obtained from the photocurable
resin Resin-20% BIO-TPO-5%AS-2% SiO, showed that the
resulting print has a high resolution, as evidenced by the
clearly visible layers. Additionally, based on the above-men-
tioned SEM analysis, it can also be deduced that Resin-20%
BIO-TPO-5%AS-2% SiO, is highly suitable for DLP 3D printing,
as the thickness of the obtained layers is very similar to the

This journal is © The Royal Society of Chemistry 2025

model layer thickness of 100 pm, confirming that the investi-
gated resin is characterized by very low polymerization
shrinkage.

3.4. The application of AS as a co-initiator for cationic
photoinitiators to initiate radical photopolymerization

The first stage of this research investigated the effects of
different AS contents on the kinetics of the photo-
polymerization process and DLP 3D printing. The second
stage of the research is related to the application of AS in two-
component initiator systems, where commercial cationic
photoinitiators based on iodonium salts (IOD and HIP),
characterized by an absorption spectrum reaching up to
approximately 320 nm, were applied as photoinitiators. The
use of amines in two-component initiator systems allows for
the generation of reactive radicals that can initiate the radical
photopolymerization process using a light source with a wave-
length that commercial iodonium salts cannot absorb.
Infrared spectroscopy was used to compare the amine syner-
gist AS with EDB as co-initiators for initiating radical
photopolymerization. For this purpose, four resins differen-
tiated by the initiator system were prepared. The resin compo-
sitions are listed in Table 10. The compositions were prepared
to contain twice the molar excess of amine relative to the iodo-
nium salt.

Radical photopolymerization was performed under con-
ditions of limited access to atmospheric oxygen, and a UV-LED
diode emitting radiation with a wavelength of 4 = 340 nm was
applied as the light source. The light source was turned on 10
s after the measurement. The light intensity incident on the
photopolymerizing radical resin is 6.99 mW cm™>. Fig. 12 illus-

Polym. Chem., 2025, 16, 3895-3915 | 3905
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Fig. 11 SEM images of a print obtained with Resin-20% BIO-TPO-5%AS-2% SiO, employing DLP technology.

Table 10 Resins polymerizing according to the radical mechanism using a two-component initiator system based on commercial cationic photoini-
tiators based on iodonium salts (IOD or HIP) and amine co-initiators (AS or EDB)

Resin Monomer AS [mol] 10D [mol] EDB [mol] HIP [mol]
Resin-AS+IOD_TMPTA TMPTA 4.18x107° 2.09 x 107° — —
Resin-EDB+IOD_TMPTA — 2.09 x 107° 4.18x107° —
Resin-AS+HIP_TMPTA 4.18x107° — — 2.09 x 107°
Resin-EDB+HIP_TMPTA — — 4.18x107° 2.09 x107°
trates the results obtained during the radical photo- As shown in Fig. 12, two-component initiator systems with

polymerization of the TMPTA monomer and the spectra before  AS were more effective than those containing EDB. The TMPTA
and after photopolymerization, indicating the band character- acrylate monomer conversion was approximately 50% for
istics of acrylates. resins containing AS + IOD (Resin-AS+IOD_TMPTA) and

3906 | Polym. Chem., 2025, 16, 3895-3915 This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Results achieved during radical photopolymerization of photocurable resins based on the TMPTA monomer containing a two-component
initiator system based on commercial cationic photoinitiators based on iodonium salts (IOD or HIP) and amine co-initiators (AS or EDB) during
UV-LED@340 nm diode irradiation under atmospheric oxygen-limited conditions: (a) kinetic profiles representing the time dependence of acrylate
groups’ degree of conversion, (b) FT-IR spectrum before and after the radical photopolymerization process, including the band characteristic of
acrylate groups, and (c) diagram illustrating the values of the kinetic curve slope and induction time obtained during radical photopolymerization for

resins with different two-component initiator systems.

Table 11 The values of acrylate conversion, kinetic curve slope and
induction time obtained from the radical photopolymerization kinetics
of resins containing a two-component initiator system based on com-
mercial cationic photoinitiators based on iodonium salts (IOD or HIP)
and amine co-initiators (AS or EDB)

Table 12 Resins polymerizing according to the radical mechanism
containing a two-component initiator system based on commercial cat-
ionic photoinitiators based on the iodonium salt 7MP and the amine co-
initiator AS

Conversion dc/dt Induction time
Resin [%] [s7"] [s]
Resin-AS+IOD_TMPTA 50 2.84 0.33
Resin-EDB+IOD_TMPTA 27 0.14 3.35
Resin-AS+HIP_TMPTA 51 2.94 0.29
Resin-EDB+HIP_TMPTA 18 0.12 14.10

AS+HIP (Resin-AS+HIP_TMPTA), whereas analogous resins
with EDB only reacted at 18% (Resin-EDB+HIP_TMPTA) and
27% (Resin-EDB+IOD_TMPTA), as shown in Table 11. Based
on preliminary application studies, the newly synthesized
amine synergist AS has a significant advantage over commer-
cially available EDB. The better results obtained for AS than
for EDB are due to differences in the molar values of the
extinction coefficients, as well as the oxidation potential. The
molar extinction coefficient for EDB reached very low values at
A =340 nm, whereas the oxidation potential of EDB was higher
than that of the newly synthesized amine synergist AS.

The next stage was to prepare a radical resin with a two-
component initiator system containing the amine synergist AS

This journal is © The Royal Society of Chemistry 2025

Resin 7MP [mol] AS [mol] Monomer
Resin-7MP:AS_1:0 4.18%x107° — TMPTA
Resin-7MP:AS_1:1 418 x107°
Resin-7MP:AS_1:2 8.36 X107
Resin-7MP:AS_1:3 1.25x107*
Resin-7MP:AS_1:4 1.67 x107*
Resin-7MP:AS_1:5 2.09 x 107*

and commercial cationic photoinitiators based on the iodo-
nium salt 7MP ((7-methoxy-4-methylcoumarin-3-yl)phenyliodo-
nium hexafluorophosphate). The radical resin formulations
used are listed in Table 12. Because the absorption range of
the photoinitiator 7MP extends into the visible range, Vis-
LED@405 nm was employed. The light intensity incident on
the photopolymerizing radical resin is 15.98 mW cm™>.

The investigation involved checking the effect of the
addition of amine synergists on the initiation of radical photo-
polymerization, where a typical cationic photoinitiator was
applied as the photoinitiator, which is ideal for initiating the
cationic photopolymerization of epoxy and vinyl monomers, as
shown in the literature.®> As shown in Fig. 13, the cationic

Polym. Chem., 2025, 16, 3895-3915 | 3907
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Fig. 13 Results achieved during radical photopolymerization of photocurable resins based on the TMPTA monomer containing a two-component
initiator system based on a commercial cationic photoinitiator based on the iodonium salt 7MP and the amine co-initiator AS during Vis-
LED@405 nm diode irradiation under atmospheric oxygen-limited conditions: (a) kinetic profiles representing the time dependence of acrylate
groups’ degree of conversion, (b) FT-IR spectrum before and after the radical photopolymerization process, including the band characteristic of
C=C bonds, and (c) diagram illustrating the values of the kinetic curve slope and induction time obtained during radical photopolymerization of
resins containing the 7MP initiator and varying amounts of the amine co-initiator AS.

initiator 7MP was not suitable for initiating radical photo-
polymerization of TMPTA, as the resulting conversion of acry-
late groups was 0%. As the amount of the co-initiator AS in the
composition increases, higher conversions of acrylate groups
can be observed, reaching 61% at a fivefold molar excess of AS
relative to the photoinitiator 7MP. The combination of AS with
a cationic initiator allows the generation of reactive radicals,
and consequently, the efficient initiation of radical photo-
polymerization under visible light. With the increasing
amount of AS in the photocurable resins, it is possible to
observe not only an increase in the degree of over-reactivity of
the functional groups, but also an increase in the speed of the
photopolymerization process, as evidenced by the increasing
value of the slope of the kinetic curve and the decreasing value
of the induction time (Fig. 13a and c). Fig. 13b presents the
disappearance of the band characteristic of the acrylate groups
during radical photopolymerization of the TMPTA monomer.

Table 13 summarizes the results obtained from radical
photopolymerization carried out under atmospheric oxygen-
limited conditions for resins containing the 7MP initiator by
varying the amount of the co-initiator AS.

The final research stage on the application of a two-com-
ponent initiator system with AS as the co-initiator and 7MP as
the photoinitiator was the 3D printing experiment. An initiator
system containing twofold molar excess of the amine relative
to the 7MP initiator was chosen for the investigation. The two
resins were polymerized according to a free radical mecha-

3908 | Polym. Chem., 2025, 16, 3895-3915

Table 13 The values of acrylate conversion, kinetic curve slope and
induction time obtained from the radical photopolymerization kinetics
of resins containing the 7MP initiator and varying amounts of the amine
co-initiator AS

Conversion dc/de Induction time

Resin [%] [s™] [s]

Resin-7MP:AS_1:0 0 — —

Resin-7MP:AS_1:1 36 2.96 0.98
Resin-7MP:AS_1:2 46 3.99 0.72
Resin-7MP:AS_1:3 53 5.94 0.63
Resin-7MP:AS_1:4 54 6.21 0.39
Resin-7MP:AS_1:5 61 6.75 0.31

nism. One contained UDMA/HDDA monomers (50/50 w/w) —
Resin-7MP: AS (1:2) UDMA/HDDA, whereas the other con-
tained an additional biobased monomer UDMA/HDDA/bio-
based monomer (40/40/20 w/w) — Resin-7MP : AS (1:2)_UDMA/
HDDA/BIO. First, kinetic studies were performed on the pre-
pared compositions to determine the effect of biobased
monomer addition on the kinetics of the radical photo-
polymerization process. The research was conducted by apply-
ing Fourier transform infrared spectroscopy, where an LED
emitting radiation with a wavelength of A = 405 nm was used
as the light source. This allowed for the creation of conditions
analogous to 3D printing, where the light source was a projec-
tor with the same wavelength.

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Results achieved during radical photopolymerization of photocurable resins based on the UDMA/HDDA monomer containing a two-com-
ponent initiator system based on a commercial cationic photoinitiator based on the iodonium salt 7MP and the amine co-initiator AS during Vis-
LED@405 nm diode irradiation under atmospheric oxygen-limited conditions: (a) kinetic profiles representing the time dependence of functional
groups’ degree of conversion, (b) FT-IR spectrum before and after the radical photopolymerization process, including the band characteristic of
C=C bonds, and (c) diagram illustrating the values of the kinetic curve slope and induction time obtained during radical photopolymerization of
resins containing the 7MP initiator and varying amounts of the amine co-initiator AS.

As shown in Fig. 14, addition of 20% biobased monomer to
the UDMA/HDDA mixture caused a decrease in the degree of
functional group conversion, which was negligible at 15%.
Despite obtaining a lower conversion for the resin with the
addition of biobased monomers (Resin-7MP : AS (1:2)_UDMA/
HDDA/BIO), the other kinetic parameters improved, the induc-
tion time decreased, and the value of the slope of the kinetic
curve increased (Table 14).

The promising results obtained for radical resins with the
AS + 7MP two-component initiation system allow them to be
further developed and explored for potential applications in
3D printing. First, the viscosity properties of the resins dedi-
cated to 3D printing were measured. Therefore, two formu-
lations were prepared: radical monomers and amine syner-
gists. The precise formulation for viscosity research is pre-
sented in Table 15.

Viscosity measurements showed that Matrix-UDMA/HDDA has
a viscosity of 540 mPa s. Modification of the above-mentioned
matrix by addition of 20% biobased monomer (Matrix-UDMA/
HDDA/BIO) results in a significant increase in the viscosity of the
resin formulation (738 mPa s), suggesting that the structures
obtained from the photocurable resin with the addition of a bio-
based monomer will have better mechanical properties compared
to the resin without the addition of a biobased monomer. Fig. 15
illustrates the viscosity values for the different monomer matrices.

For photocurable resins: Resin-7MP:AS (1:2)_UDMA/
HDDA and Resin-7MP:AS (1:2) UDMA/HDDA/BIO, Jacob’s

This journal is © The Royal Society of Chemistry 2025

Table 14 The values of functional group conversion, kinetic curve
slope, and induction time obtained from the radical photo-
polymerization kinetics of resins containing the 7MP + AS two-com-
ponent initiating system employed in subsequent 3D printing
experiments

Conversion dC/d¢ Induction
Resin [%] [s7'] time[s]
Resin-7MP:AS (1:2)_UDMA/HDDA 77 1.44 1234
Resin-7MP: AS (1:2)_UDMA/HDDA/ 62 1.31 6.77

BIO

Table 15 Radical monomer matrices based on UDMA/HDDA differen-
tiated by the amount of the biobased monomer dedicated to viscosity
measurements

Biobased
UDMA HDDA monomer AS
Resin wiw)  (wiw)  (wiw) [mol]
Matrix-UDMA/HDDA 50 50 — 8.36 x 107°
Matrix-UDMA/HDDA/BIO 40 40 20

working curve test was carried out using the same procedure
as for resins containing the TPO initiator (Table 16).

Jacob’s working curve test showed that addition of 20% bio-
based monomer to the UDMA/HDDA mixture resulted in an

Polym. Chem., 2025, 16, 3895-3915 | 3909
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Fig. 15 Viscosity of radical monomer matrices based on UDMA/HDDA
differentiated by the amount of the biobased monomer utilized for DLP
3D printing.

Table 16 Fundamental printing parameters determined by Jacob's
working curve method for resins based on UDMA/HDDA differentiated
by the amount of the biobased monomer with the 7MP initiator

Critical Light
energy penetration
Resin Equation [mJ em™] depth [um]
Resin-7MP: AS (1:2) y=162.12In(x) 5.69 161.78
_UDMA/HDDA — 281.79
Resin-7MP: AS (1:2) y=145.591In(x)  50.26 141.38
_UDMA/HDDA/BIO - 570.31

almost nine-fold increase in the critical energy value while
reducing the depth of light penetration, which is not beneficial
for 3D printing. The exposure time for the initial layers of both
Resin-7MP: AS (1:2)_UDMA/HDDA and Resin-7MP:AS (1:2)
_UDMA/HDDA/BIO was 100 s, while that for the remaining
layers was 30 s. The difference is in the intensity of the light
incident on the printed object. For Resin-7MP:AS (1:2)
_UDMA/HDDA, the light intensity during printing was
2.99 mW cm?, whereas that of Resin-7MP: AS (1:2)_UDMA/
HDDA/BIO was 3.98 mW cm™>. The thickness of the printed
layer in both cases was 100 um. The plots of the dependence
of light penetration depth D;, on the critical energy E. for each
of the studied resins with the 7MP initiator are presented in
the SI (Fig. S18). Fig. 16a presents images of Resin-7MP: AS
(1:2)_UDMA/HDDA printed on an optical microscope,
whereas Fig. 16b illustrates images of this print taken on a
scanning electron microscope. The SEM image confirmed the
high quality of the obtained three-dimensional object. Single
layers can be seen, as well as pixels, which indicates that the
7MP + AS two-component initiator system is highly suitable for
initiating radical photopolymerization and can successfully
find applications in light-initiated 3D printing. In addition, as
shown in Fig. 16b, the pixels of the printed object are approxi-
mately 50 pm in size, which is equal to the resolution of the

3910 | Polym. Chem., 2025, 16, 3895-3915
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printer employed,
shrinkage.

Moreover, microscopic analysis of the object printed
from Resin-7MP:AS (1:2) UDMA/HDDA/BIO was per-
formed. According to Fig. 17, the printed shapes are
visible, but defects between the printed layers can also be
seen. Based on the obtained prints, it can be concluded
that the addition of a biomonomer results in the deterio-
ration of print quality, but is a very promising approach
for biomedical applications. The SEM analysis of the print
obtained from Resin-7MP:AS (1:2)_UDMA/HDDA/BIO is
presented in the SI (Fig. S19).

In addition, hardness tests were conducted on the prints
received from Resin-7MP:AS (1:2)_UDMA/HDDA and Resin-
7MP: AS (1:2)_UDMA/HDDA/BIO using the Shore scale. The
printout obtained from Resin-7MP:AS (1:2) UDMA/HDDA
was characterized by a hardness of 71 + 1, whereas the printout
obtained from Resin-7MP:AS (1:2)_UDMA/HDDA/BIO with
the addition of biobased monomers was characterized by a
hardness of 83 + 2. The high viscosity of the biobased
monomer increased the viscosity of the UDMA/HDDA
monomer matrix, resulting in improved mechanical pro-
perties. Summarizing the validity of the application of the bio-
based monomer to the photopolymerization process, it can be
concluded that the addition of the biobased monomer reduces
the induction time during the radical photopolymerization
process, which is suitable for projector light-initiated 3D print-
ing, and improves the mechanical properties of the printed
three-dimensional structures.

3.4.1. Physical, optical, thermal, and surface wettability
properties of the selected compositions. We investigated the
effect of the amine synergist on the optical and thermal pro-
perties of three selected compositions. The first composition
(Control) was composed of 40% UDMA, 40% HDDA, 20% bio-
based monomer, and 1% TPO. The second selected compo-
sition was the same as the first (control), except that it con-
tained an additional 5% AS. The second formulation was
named ControlAS. Finally, a third formulation (ControlSiNP)
was prepared by adding 2% SiO, nanoparticles to ControlAS.
First, we determined the gel content of the photosets via
Soxhlet extraction with acetone. As shown in Fig. 18a, the gel
content of the control was 96%, which decreased with the
addition of the amine synergist. The addition of silica nano-
particles led to a further decrease in the gel content.
Nevertheless, the gel content of the photosets was acceptable.
Although the addition of AS led to a decline in the double-
bond conversion owing to its light absorption and decreasing
cure depth, a significant improvement was observed in the
surface wettability properties (Fig. 18b). The water contact
angle of the control formulation was 40° + 3. This value was
attributed to the presence of polar urethane bonds (UDMA),
polar imine bonds, and oxygen inhibition, which led to the
polar surface features. The addition of the amine synergist
increased the contact angle to 63° + 2°, which can be ascribed
to decreased oxygen inhibition. The addition of silica nano-
particles did not lead to a significant change in the contact

indicating very low polymerization

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 Graphics showing the 3D model, 2D images and 3D images of prints obtained with Resin-7MP:AS (1:2)_UDMA/HDDA: (a) optical

microscopy analysis and (b) SEM analysis.

angle values, owing to the relatively low amount within the
composition.

The prepared photosets were yellow because of the presence
of the vegetable-oil-based DVDMA. We assessed the optical
properties of the photosets by recording their light trans-
mission spectra (Fig. 18¢c). As observed from these spectra, the
control formulation displayed a higher level of light trans-
mission in the 400-800 nm region. The addition of AS led to a
decline in the light transmission percentage owing to the light
absorption of AS. The addition of silica nanoparticles also
decreased the penetration of light owing to the light scattering
and blocking effect of the nanoparticles.

This journal is © The Royal Society of Chemistry 2025

Finally, the thermal properties of the photosets were investi-
gated. TGA thermograms of the photosets are shown in
Fig. 18d. All samples displayed similar degradation profiles.
All studied compositions exhibited weight losses between 30
and 300 °C which were attributed to the decomposition of the
unreacted monomers and photoinitiator residues. The amine
synergist-containing samples (ControlAS and ControlSiNP) dis-
played relatively higher weight losses in this region (30-300 °C)
than the Control formulation. This finding is in good agree-
ment with the gel content values. The maximum weight loss
temperature for all the compositions was approximately
450 °C, and no significant difference was found among the

Polym. Chem., 2025, 16, 3895-3915 | 3911
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Fig. 17 Graphics showing the 3D model, 2D images and 3D images of prints obtained with Resin-7MP: AS (1:2)_UDMA/HDDA/BIO employing
optical microscopy.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

a b
) [ —
2 ge >
100 80
5 - S - nifa
g 2w
= T s g
£ 96 g >
S g a0
5 84 £
9 70 74 o 30
65
20
60
Control ControlAs ControlSiNP 10
0
Control ControlAS ControlSiNP
c d
) 100 ) T
90 e T
80 80
/ - 70
B o~
2 60 < 60
= e
= 50
40 = \
20 40
s Control @ \
20 sm——ControlAS 3 3 Control
) s ControlAS \
ControlSiNP 20 ControlSiNP \
0 - - o 10 ¥
400 500 600 700 800 — =
nm 0 - - = - = = -
30 50 100 150 200 250 300 350 400 450 500 550 600

Temperature (°C)

Fig. 18 The gel content values (a), water contact angle values (b), transmission spectra (c), and TGA thermograms (d) of the photosets.
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investigated formulations. The char yield of the control sample
was 2.2% at 600 °C. However, the char yield slightly increased
to 3.5% upon the addition of AS. The addition of silica nano-
particles resulted in a higher char yield (2.9%) than that
obtained with the control formulation.

3.4.2. Recycling of the dimer diamine from the photocured
films. The biobased monomers used in this work were
designed to contain imine groups. It is known that imine func-
tional groups can be hydrolyzed in aqueous acids back to alde-
hyde/ketone and amine group-bearing former compounds.
Based on these properties of imines, many degradable poly-
mers and vitrimers have been prepared.®*®® Herein, we also
attempted to demonstrate that the dimer diamine can be
recycled from fully cured films. A small piece (~0.5 g) of a
photocured film (ControlAS) was heated to 65 °C in 10 mL of
THF/1 M HCI (2 : 8 by volume) for 2 h, according to the litera-
ture (Fig. $20).°> Some portion of the film was dissolved in the
mixture. The solution was filtered, and THF was evaporated. 1
M NaOHg,q) solution was added until the pH reached approxi-
mately 9. The yellow mixture was extracted with chloroform.
Finally, the chloroform was evaporated, and a yellow liquid
residue was obtained. The FTIR spectra of the neat diamine
dimer and the extracted residue are shown in Fig. S20. It can
be seen from the spectrum of the extracted residue that it con-
tains vibration bands similar to the dimer diamine. On the
other hand, the spectrum of the residue also displays charac-
teristic vanillin bands, such as the aldehyde carbonyl band
(1668 cm™") and the C-O stretching band at 1026 cm™". Thus,
some of the unreacted bio-based monomers entrapped in the
film were also degraded. Therefore, the vanillin residue was
also detected. Furthermore, AS could also be extracted into the
residue during the THF/HCI treatment. Although the residue
is a mixture of vanillin and dimer diamine, vanillin can be
removed from the residue by washing with an aqueous solu-
tion of sodium bisulfite if necessary.

This result indicates that the films could partially decom-
pose under the above-mentioned conditions, and a residue
composed of vanillin and the dimer diamine could be
obtained.

3. Conclusion

This paper describes novel synthesized amine compounds and
their potential applications in photochemistry. It has been
demonstrated that it can be successfully employed in two-com-
ponent initiator systems in conjunction with an iodonium salt
that absorbs up to approximately A = 320 nm (IOD or HIP) to
initiate radical photopolymerization under light-emitting radi-
ation with a wavelength of 2 = 340 nm. In addition, it has also
been proven that the newly synthesized amine synergist, owing
to the presence of a tertiary amine and free thiol groups in its
structure, can reduce oxygen inhibition, which is an unfavor-
able phenomenon characteristic of the radical photo-
polymerization process. The application of the amine synergist
creates new opportunities to replace the current two-com-

This journal is © The Royal Society of Chemistry 2025
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ponent solution. The used of the amine synergist allows the re-
placement of two independent ingredients, namely an amine
(source of additional radicals) and a thiol (reduction of oxygen
inhibition), with a single ingredient containing both an amine
and a thiol group. In addition, due to the absorption spectrum
reaching the UV-A range, the use of the amine synergist allows
the expansion of the capabilities of the light sources employed,
allowing for greater application possibilities. Most commer-
cially available amines absorb radiation in the ultraviolet
range, reaching up to about 350 nm, which does not allow the
application of a 4 = 365 nm light source. The presence of both
groups in a single molecule enables synergistic action, which
translates into increased reactivity, selectivity and stability of
the system. The employment of a single compound containing
an amine group and a thiol group is a more efficient and econ-
omical solution than the use of two separate components,
which may have important implications for the further devel-
opment of modern methods of synthesis and chemical appli-
cations. Furthermore, it has been proven that the AS com-
pound can be employed in a two-component initiator system
in combination with a standard 7MP cationic initiator using
light in the visible range. The 7MP initiator, as a one-com-
ponent initiator system, was insufficient to efficiently initiate
radical photopolymerization; when combined with AS, there
was a high initiation efficiency. In addition, amine synergists
can be utilized in DLP 3D printing, as confirmed by the
obtained prints characterized by very high resolution, pre-
cision, and surface quality. Another aspect discussed in this
article is the synthesis and application of a novel monomer -
diamine-vanillin dimethacrylate. The effects of the newly syn-
thesized monomer on the radical photopolymerization kine-
tics and the DLP 3D printing process were investigated. It has
been proven that the addition of a biobased monomer to
photocurable resins reduces the induction time. This also
proved the suitability of the biobased monomer for obtaining
three-dimensional structures with improved mechanical pro-
perties. DVDMA bio-based monomers contain imine linkages
that are easily cleaved under acidic conditions.
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and FT-IR spectroscopy) of the bio-based monomer, dimmer
diamine-vanillin dimethacrylate (DVDMA); (3) photolysis
measurements of the AS compound in acetonitrile upon
irradiation with LEDs at 300 nm, 340 nm, and 365 nm; (4)
cyclic voltammetry curves of the amine synergist (AS) in aceto-
nitrile; (5) measurements of the thermal stability of the amine
synergist (AS); (6) differential thermal analysis of resin compo-
sitions, including Resin-20% BIO-TPO and formulations con-
taining the amine synergist at 1% and 2% concentrations
(Resin-20% BIO-TPO-1% AS and Resin-20% BIO-TPO-2% AS);
(7) experimental results related to 3D printing of various com-
positions, including graphics showing 3D models, 2D images,
and 3D images of prints obtained with Resin-20% BIO-TPO
and Resin-20% BIO-TPO-5% AS; (8) Jacob’s working curves for
a photocurable resin based on UDMA/HDDA with varying
amounts of bio-based monomer and 7 MP initiator; (9) results
of 3D printing experiments with compositions based on mono-
mers UDMA/HDDA/BIO, including SEM images of a print
obtained with Resin-7MP:AS (1 : 2)_ UDMA/HDDA/BIO using
DLP technology; (10) results of the recycling process of the
dimer diamine from photocured films. See DOI: https:/doi.
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