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1. INTRODUCTION

Substitution of petroleum-derived materials with plant-based materials in
polymer synthesis is beneficial due to their low toxicity, reduced dependence on
finite fossil resources, and lower greenhouse gas emissions [1]. Natural compounds
can be used directly or after chemical modification for the synthesis of polymers [2].
The main resource of bio-based materials is plants as they can produce rapid
accumulation of biomass with minimal efforts [3]. Bio-based polymers can replicate
mechanical and thermal characteristics of petroleum-based polymers and also add
new features, such as antimicrobial activity, biodegradability or shape memory
properties. Vanillin is one of a few bio-based and aromatic compounds that are
industrially available. In recent years, vanillin and its derivatives attracted a huge
interest of scientific community as valuable source of monomers for polymer
synthesis [4]. Vanillin-based polymers were obtained by thermal- and
photopolymerization [5,6]. However, there are no examples of wvanillin-based
polymers in dual curing systems.

Dual curing is a process, which combines two different polymerization
reactions occuring simultaneously or sequentially. As a result, polymers with unique
properties are obtained due to the formation of interpenetrating or
semi-interpenetrating networks [7]. The desired properties of synthesized polymers
can be easily manipulated by changing the dominant reaction. Both, thermal and
photopolymerizations can be used in the dual curing process. However,
photopolymerization has huge advantages against thermal polymerization [8]. It is a
fast and environmentally friendly curing process, which only needs seconds or
minutes to fully polymerize resin, it can be performed at room temperature or even
lower temperatures without the need of heating and can be used to cure only the
selected areas of the resin [9].

Four commercially available vanillin derivatives, vanillin dimethacrylate,
vanillin diacrylate, vanillin hydroxypropane dimethacrylate, and vanillin alcohol
diglycidyl ether, were chosen for the synthesis of novel bio-based photopolymers.
During this study six series of vanillin-based polymers and one separate resin were
synthesized and the influence of vanillin derivative, comonomers and photoinitiator
to the properties of the resulting polymers was investigated. The experimental
results have been presented in seven publications.

The aim of the work was to develop new vanillin-based photocross-linked
polymers for microtransfer molding and optical 3D printing technologies.

The tasks proposed for the achievement of the above-stated aim were as
follows:

1. To design vanillin-based photocurable resins and investigate the
influence of resin composition on photocuring process and rheological
characteristics.

2. To synthesize, new vanillin-based photocross-linked polymers,
investigate the influence of composition to the properties of polymers;



3. To investigate the influence of resin composition and process
conditions on photocuring kinetics and the properties of resulted
polymers in dual-curing systems;

4. To test the suitability of the photocurable vanillin-based resins for
microtransfer molding and optical 3D printing.

Scientific novelty

1. Novel wvanillin-based photocross-linked polymers have been
synthesized; for the first time, the influence of the photoinitiator on the
photocuring kinetics and the properties of the resulting polymers was
investigated in vanillin-based photocurable systems.

2. For the first time, novel vanillin-based resins were tested in dual
curing systems and their photocuring kinetics and the properties of the
resulting polymers were investigated.

3. For the first time, vanillin derivatives were used for the synthesis of
shape-memory polymers.

Practical value of the work
1. Vanillin diacrylate-based resin and wvanillin diacrylate-, tridecyl
methacrylate- and 1,3-benzenedithiol-based resins are suitable for
application in microtransfer molding.
2. Selected vanillin dimethacrylate-, acrylated epoxidized soybean oil-
and pentaerythritol tetrakis(3-mercaptopropionate)-based resin is
suitable for application in optical 3D printing technologies.

The main statements of doctoral thesis:
1. Vanillin-based resins are suitable for the synthesis of shape-memory
polymers.
2. Vanillin-based photocurable resins are suitable for application in
microtransfer molding and optical 3D printing.

Contribution of the author

The author has designed and characterized six different series of vanillin-based
photopolymers and one separate resin, investigated photocuring kinetics of the
designed resins, thermal, mechanical and shape-memory properties of the resulting
polymers, and prepared manuscripts. Prof. Dr. Jolita Ostrauskaité (Kaunas
University of Technology) contributed to conceptualising the initial ideas, advising
with the synthesis and characterization of vanillin-based polymers and contributed to
the editing of all seven papers. Dr. Sigita Grauzelien¢ (née Kasétaité) (Kaunas
University of Technology) advised with regards to the synthesis and characterization
of vanillin-based polymers and contributed to the editing of articles. Prof. Dr.
Mangirdas Malinauskas (Laser Research Center, Vilnius University) advised with
the direct laser writing and microtransfer molding and contributed to the editing of
the papers. Dr. Sima Rekstyté and Edvinas Skliutas (Laser Research Center, Vilnius
University) performed direct laser writing and microtransfer molding of the selected
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resins, analyzed molded structures and contributed to drafting the manuscript of the
article. Jurga JerSovaité (Laser Research Center, Vilnius University) performed
microtransfer molding of the selected resins. Dr. Vita Raudoniené and Dr. Danguolé
Bridziuvien¢ (Biodeterioration Research Laboratory, Nature Research Center)
performed antimicrobial testing of the selected polymer samples. Dr. Egidija
Rainosalo (Centria University of Applied Sciences, Finland) conceived and designed
the thermomechanical experiments and analyzed the data. Justinas Jaras, Vilté
Sereikaité and Greta Motiekaityté (Kaunas University of Technology) contributed to
the experimental part. Dr. Kristina Kantminiené (Kaunas University of Technology)
contributed to the editing of the article. Dimitra Ladika and Dr. David Gray
(Institute of Electronic Structure and Laser, Foundation for Research and
Technology, Greece) contributed to the investigation of two-beam initiation
threshold experiment and writing original draft preparation of manuscript of article.
Vaidas Talacka (“Ameralabs”) determined printing parameters for the selected resin
and performed digital light processing 3D printing of the selected resin.

List of scientific publications on the topic of the dissertation

1. Auksé Navaruckiené, Sigita Kasétaité, Jolita Ostrauskaité. Vanillin-
based thiol-ene systems as photoresins for optical 3D printing. Rapid
prototyping journal. 2020, 26 (2), 402-408. JIF: 3.095.

2. Auksé Navaruckiené, Edvinas Skliutas, Sigita Kasétaite, Sima
Rekstyté, Vita Raudonien¢, Danguolé Bridziuviené, Mangirdas
Malinauskas, Jolita Ostrauskaité. Vanillin acrylate-based resins for
optical 3D printing. Polymers. 2020, 12 (2), 397. JIF: 4.329.

3. Auksé Navaruckiené¢, Danguolé Bridziuvien¢, Vita Raudoniené,
Egidija Rainosalo, Jolita Ostrauskaité. Influence of vanillin acrylate-
based resin composition on resin photocuring kinetics and
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(3), 653. JIF: 3.748.

4. Auksé Navaruckiené, Danguolé Bridziuviené, Vita Raudoniene,
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5. Justinas Jaras, Auks¢ Navaruckiené, Edvinas Skliutas, Jurga
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responsive shape memory vanillin-based photopolymers for
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6. Vilte Sereikaite, Auksé Navaruckiené, Justinas Jaras, Edvinas
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based dual cure photopolymerizable system for light-based 3D
structuring. Polymers. 2022, 14, 5361. JIF: 4.967.

7. Greta Motiekaityté, Auksé Navaruckiené, Vita Raudoniené, Danguolé
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Antimicrobial dual-cured photopolymers of vanillin alcohol diglycidyl
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ether and glycerol dimethacrylate. Journal of applied polymer science.
2023, 740 (2), €53289. JIF: 3.057.

1.1. Vanillin-based monomers

Vanillin is the main constituent of vanilla (Vanilla planifolia), which is one of
the most popular natural flavor commonly used in food, beverage and cosmetic
industries [10]. About 20% of vanillin is produced from natural sources. It can be
extracted directly from plants or produced by chemical modification of lignin [11].
Vanillin, produced by chemical modification of lignin is considered as natural,
making lignin the main source of the plant-derived vanillin [12]. Recently vanillin
and its derivatives had been used in polymer synthesis due to their aromatic
structure and their hydroxyl, phenol and aldehyde groups, which can be modified to
obtain new monomers for polymerization [13, 14, 15].

Various attemts to synthesize vanillin-based acrylates were reported in the
literature. Wool et al. synthesized vanillin methacrylate by the reaction of vanillin
and methacrylic anhydride. The reaction was carried out under argon atmosphere at
50°C for 24 h. 4-dimethylaminopyridine was used as a catalyst. The obtained
vanillin methacrylate was later used in the synthesis of bio-based thermoset [16].
Abdelaty et al. synthesized vanillin acrylate monomer in a one-step reaction of
vanillin and acryloyl chloride in the presence of triethylamine. The obtained vanillin
acrylate was used to synthesize thermo-responsive functional copolymers using
comonomer N-isopropylacrylamide [17]. Mabry et al. determined that chemical
reduction of vanillin can result in vanillyl alcohol, which can react with methacrylic
anhydride and form vanillin dimethacrylate (VDM), which was stated as suitable
monomer for polymer synthesis [18].

Vanillin was also successfully used in the synthesis of epoxy monomers.
Diglycidyl ether of methoxyhydroquinone was synthesized by using vanillic acid,
which is obtained by chemically modifying vanillin. Vanillic acid was mixed with
benzyltriethylammonium chloride and epichlorhydrin and stirred for 1 h at 75°C.
Next, NaOH was added and mixture was stirred at 25°C for 1 h. As a result,
diglycidyl ether of methoxyhydroquinone was obtained and was reported as suitable
monomer for the synthesis of thermosets [19]. Sangermano et al. synthesized
vanillin alcohol diglycidyl ether (VDGE) by two step reaction using vanillyl alcohol,
which was obtained by chemical reduction of vanillin. Vanillyl alcohol was mixed
with benzyltriethylammonium chloride and epichlorhydrin and the reaction was
carried out at 30°C for 4 h. In the second step, the mixture was cooled down to 15°C
and NaOH was added. Mixture was stirred at 15°C for 12 h. The resulted VDGE
monomer was reported as a promising monomer for cationic photopolymerization
[5]. Structures of monomer which can be obtained by the modification of vanillin
are presented in Figure 1. These examples show that vanillin is a promising material
for monomer, and later, polymer synthesis.
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Figure 1. Structures of monomer which can be obtained by the chemical
modification of vanillin

1.2. Vanillin-based polymers, their properties and application

In the recent years, there have been various attempts to use vanillin and its
derivatives in polymer synthesis [14]. Thermal polymerization has been successfully
used for polymer production from vanillin derivatives. VDM-based polymer was
synthesized using thermal polymerization by curing resin at 90°C and 130°C for 2 h.
The resulted cross-linked polymers showed high glass transition temperature (T,) of
90.5°C and were considered as promising candidates for polymer composite
production [20]. Dai et al. used vanillin-based monomer in thermal polymerization
to synthesize benzocyclobutane-based polymer. This polymer showed high thermal
stability with temperature at 10% weight loss (Zgec-10%) higher than 400°C, good
mechanical properties and low water absorption [21].

Vanillin-based polymers were also obtained by photopolymerization. Liguori
et al. successfully designed photocurable resins using methacrylated vanillin and
ethylenediamine. Homogenous and uniform cross-linked polymer films with high
thermal stability and self healing properties were obtained by UV photocuring of
these resins [22]. Abdelaty used free-radical photopolymerization of wvanillin
acrylates  with  N-isopropylacrylamide and maleimide to  synthesize
temperature-responsive polymers. These polymers are considered to be used as
biosensor hydrogels for drug-delivery [23]. Xu ef al. designed photocurable
imine-containing methacrylate resins using vanillin methacrylate and di- or
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trifunctional amines. The resulted polymers showed vitrimeric properties with
chemical recyclability and thermal reprocessability [24].

Various literature sources have reported vanillin and its derivatives as
antimicrobial materials. Salmi-Mani et a/l. had developed antimicrobial polyethylene
terepthalate (PET) polymer by grafting N-(4-hydroxy-3-methoxybenzyl) acrylamide
monomer on the surface of the PET. Newly developed polymer demonstrated
inhibition against gram-positive strains with a reduction up to 97% [25]. Gonz alez-
Ceballos et al. had developed metal-free antimicrobial polymer based on
commercially available acrylic monomers with covalently linked vanillin
derivatives. The resulted polymers showed inhibition against Escherichia coli,
Staphylococcus aureus, and Listeria monocytogenes with reduction up to 99.95%,
99.96%, and 99.02%, respectively. This polymer was tested in the food industry as a
package material and was reported to increase the shelf life of a packed meat
products by 50% [26].

Vanillin-based epoxy resins were reported as potential candidates to replace
vinyl ester-based resins due to their aromatic structure [16]. The incorporation of
vanillin derivatives into the resins can increase mechanical strength, thermal stability
and resistence of the resulting polymers [27]. Various resourses have reported the
use of wvanillin derivatives for broad applications such as adhesive, plastic,
architecture, food industry, etc.

Vanillin-based vitrimer with self-healing ability was sucessfully synthesized
by imidization of dialdehyde monomer. The research showed that mechanical
properties of healed sample were restored to 74.5% of the original sample after 1 h
healing. These properties are very important for the reprocessability of
vanillin-based polymers [28]. Other literature source reported that epoxy vitrimer
was synthesized from vanillin and isophorone diamine. It showed high thermal
stability and excellent tensile strength and was degradable in an isophorone diamine
solution. These properties showed that vanillin-based vitrimers can be easily
recycled and used to synthesize new vitrimers [29].

Magnetic microspheres were synthesized via suspension polymerization using
vanillin methacrylate and methacrylated Fe;O4 nanoparticles and were used as an
adsorbent for the removal of pollutants from the wastewater [30]. Another,
temperature and pH responsive smart materials were synthesized using vanillin
derivatives and showed great potential application as biosensor hydrogels [31].
Various divanillin- and o-vanillin-based polymers exhibited good fluorescence
effect making them suitable candidates for the production of electro-optic devices. It
was reported that halogen free vanillin-based polymers were synthesized and applied
as flame retarding materials [4]. Vanillin-based polymers were also applied in
biomedical and aerospace industries [27].

In summary, vanillin-based polymers exhibit a wide range of unique properties
and their application areas are unlimited. However, there is still a lack of
information about vanillin-based cross-linked polymers, their use in dual curing
systems and application in high-tech. Due to this, vanillin-based photocross-linked
polymers were synthesized using a dual-curing technique and applied in optical 3D
printing and microtransfer molding techniques in this work.
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1.3. Photopolymerization mechanisms used in this study

In this study, different photopolymerization mechanisms were used and
compared as well as combined in dual-curing systems (Figure 2). Free-radical
photopolymerization is relatively insensitive to impurities and can be run at room
temperature or below [8]. It is a rapid process that occurs in a matter of minutes or
seconds. The main disadvantage of free radical photopolymerization is the poor
control of molecular weight, as well as oxygen inhibition [32]. In this work,
free-radical photopolymerization was used to polymerize acrylate monomers. When
only one acrylate monomer was used, acrylate homopolymerization took place.
However, when two different acrylate monomers were used, homopolymerization of
each monomer and copolymerization of two acrylate monomers can take place at the
same time.

Thiol-Michael potopolymerization, which is a variant of thiol-ene
photopolymerization, can occur when an acrylate monomer reacts with a thiol
comonomer (Figure 2). The main difference between these two reactions is that
during thiol-ene polymerization thiol reacts with electron-rich alkene (vinyl group),
while during thiol-Michael photopolymerization thiol reacts with the electron
deficient alkene (acrylate functional group) [33]. Both, thiol-ene and thiol-Michael
photopolymerizations are light-activated reactions which proceed rapidly with no
side products [34]. The main advantage of these photopolymerizations is that there
is no inhibition of oxygen [35].

Cationic photopolymerization was used in the last publication of this study.
Vanillin alcohol diglycidyl ether was chosen as monomer for this reaction. The main
advantages of this polymerization is high reaction rate, which can be achieved at
high and low temperatures and it is not inhibited by oxygen [36]. However, high
reactivity leads to undesired side reactions which results in high branching and
lower molecular weight [37].

Dual-curing process was used to combine free-radical photopolymerization
with thiol-ene (thiol-Michael) and cationic polymerization simultaneously or
sequentially. This allows developing the materials with unique thermal and
mechanical properties, due to the formation of interpenetrating or
semi-interpenetrating polymer networks [38]. The desired properties of synthesized
polymers can be easily tuned by changing the dominant reaction [7]. In this study,
resins with off-stoichiometric acrylate:thiol content were formulated to obtain dual-
curing systems in which free-radical and thiol-ene (thiol-Michael) polymerization
mechanisms were combined.
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2. REVIEW OF ARTICLES

2.1. Investigation of vanillin-based thiol-ene systems and influence of resin
composition on the photocuring kinetics

This chapter is based on published work: A. Navaruckiené, S. Kasétaite, J.
Ostrauskaité. Vanillin-based thiol-ene systems as photoresins for optical 3D
printing. Rapid prototyping journal. 2020, 26 (2), 402-408 [39]. JIF: 3.095. Input:
0.334.

The aim of this study was to design new bio-based photopolymers using
vanillin derivatives and investigate their properties. Vanillin diacrylate (VD) and
vanillin dimethacrylate (VDM) were used as main starting materials for the
development of new bio-based polymers and 1.3-benzenedithiol (BDT) was used as
a comonomer. Two photoinitiators, ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate
(TPOL) and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) were used in
different quantities in order to determine the influence of photoinitiator and its
concentration on polymer properties. Fourteen compositions were designed to
determine the influence of solvent and vanillin derivative on photocuring kinetics of
the resins (Table 1). Codes A1-A14 used in this chapter correspond to the codes
C1-C14 in the published article. The chemical structures of used materials are
presented in Figure 3.

%thﬁ &3@? Q
SO 03T

|
o

TPOL TPO
Figure 3. Structures of vanillin dimethacrylate (VDM), vanillin diacrylate

(VD), 1,3-benzenedithiol (BDT), ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate
(TPOL), and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO)
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Table 1. Composition of the resins A1-A14

Resin | Vanillin | Amount of | Amount | Photoinitiator | Amount of | Solvent
derivative vanillin of photoinitiator,
derivative, BDT, mol.%
mol mol
Al VDM 1 1 TPOL 1 DCM
A2 VDM 1 1 TPO 1 DCM
A3 VD 1 1 TPOL 1 -
A4 VD 1 1 TPO 1 -
A5 VDM 1 1 TPOL 3 DCM
A6 VD 1 1 TPOL 3 -
A7 VD 1 1 TPOL 3 DCM
A8 VDM 1 1 TPO 3 DCM
A9 VD 1 1 TPO 3 -
Al10 VD 1 1 TPO 3 DCM
All VDM 1 1 TPOL 5 DCM
Al2 VDM 1 1 TPO 5 DCM
Al3 VD 1 1 TPOL 5 -
Al4 VD 1 1 TPO 5 -

All collected data presented in this dissertation were statistically analyzed
using ANOVA for the Microsoft Excel programme. All the experiments were
performed five times and the results were assumed as the average values + standard
deviation as described in published articles.

Real-time photorheometry was used to investigate the photocuring kinetics of
vanillin-based systems. The composition of the resins had significant influence on
photocuring kinetics. The values of storage modulus (G’) and gel point (z.1) of the
vanillin-based resins are presented in Figure 4. It was determined that more rigid
polymers were obtained when VD was used instead of VDM as the storage modulus
was increased from 0.73 (AS) to 0.81 (A7) MPa. The more rigid polymers were
obtained from VD-based resins A4 (20.2 MPa) in comparison to A3 (17.8 MPa)
when TPO was used as photoinitiator instead of TPOL due to the higher reactivity of
TPO compared to TPOL [40]. The increased amount of photoinitiator led to the
direct reduction of G’ values and the reduced rigidity of polymer (series of A3
(17.80 MPa), A6 (9.92 MPa) and A13 (1.96 MPa)). However, by increasing the
amount of photoinitiator from 1 mol.% to 3 mol.% the gel point can be reduced up
to 8 s indicating the faster photopolymerization process, which is an important
parameter for the production of polymers.

After taking all of this into consideration, polymers A5 and A6 were selected
for further investigation.
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Figure 4. Storage modulus (a) and gel point (b) values of compositions Al—
Al4

The cross-linked structure of vanillin-based polymers was confirmed by FT-IR
spectroscopy and the Soxhlet extraction. The higher values of insoluble fraction
were obtained by VD-based polymer A6 (92%) in comparison to polymer AS (87%)
due to the solvent acting as chain transfer agent.

Differential scaning calorimetry (DSC) and thermogravimetrical analysis
(TGA) were used to determine the thermal characteristics of polymers. The glass
transition temperature (7,) was very similar for both polymers AS (7, = -4°C) and
A6 (Ty =-5°C), however, the temperature at 10% weight loss (Tgcc-10%) Was different.
Polymer A6 showed higher thermal stability (7cc-104 = 270°C) compared to polymer
AS (Tuec-10%=250°C).

2.2. Synthesis and investigation of vanillin acrylate-based polymers by
free-radical photopolymerization

This chapter is based on published work: A. Navaruckiené, E. Skliutas, S.
Kasétaite, S. Rekstyté, V. Raudoniené, D. Bridziuviené, M. Malinauskas, J.
Ostrauskaite. Vanillin acrylate-based resins for optical 3D printing. Polymers.
2020, 12 (2), 397 [41]. JIF: 4.967. Input. 0.125.

Vanillin derivatives showed promising results in photocurable systems with
comonomer BDT as described in chapter 2.1, however the systems without BDT
were not investigated. Vanillin derivatives were chosen as main starting materials
for this study without comonomers in order to investigate the influence of vanillin
acrylate, solvent and the quantity of the photoinitiator on the properties of the
resulting polymers and to test the most promising composition in direct laser writing
(DLW) and microtransfer molding (uWTM) techniques. Photocross-linked polymers
were prepared by radical photopolymerization of VD or VDM, using different
amounts of TPOL as photoinitiator (Figure 2). The compositions of the resins are
presented in Table 2. Codes B1-B9 used in this chapter correspond to the codes C1—
C9 in the published article. Mechanical and rheological characteristics of the
designed resins were compared to commercially available resins for optical 3D
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printing PR48 and FormLabs Clear FL6PCLO02 in order to check their suitability for
optical 3D printing.

Table 2. Composition of the resins B1-B9

Resin Vanillin Amount of Solvent Amount of
derivative vanillin photoinitiator TPOL,
derivative, mol.%
mol
B1 VD 1 - 1
B2 VD 1 DCM 1
B3 VDM 1 DCM 1
B4 VD 1 - 3
B5 VD 1 DCM 3
B6 VDM 1 DCM 3
B7 VD 1 - 5
B8 VD 1 DCM 5
B9 VDM 1 DCM 5

The values of G’ and #41 of the resins B1-B9 are presented in Figure 5. The
fastest photocuring was demonstrated by resins containing 3 mol.% of TPOL and
the resulted polymers were the most rigid. The only exception is polymer BS (G’ =
11.3 MPa), the rigidity of which was reduced by the use of DCM in the composition.
The photocuring rate of all VD-based resins was lower in comparison to
corresponding VDM-based resins. The reason for that is a darker color of VD in
comparison to VDM causing the longer photocuring process as light needs more
time to reach and cure deeper layers of the resins. Resins B4-B6, prepared with 3
mol.% of TPOL, were selected as the most promising ones for further investigation.

To determine if these resins are suitable for optical 3D printing, their
rheological characteristics were compared to the commercially available
petroleum-based resins PR48 and FormLabs Clear FL6PCL02. The photocuring rate
of resins B4 and B6 was the same or slightly higher than that of commercial resins,
the only exception was resin B5, the photocuring rate of which was two times lower
than that of commercial resins. As for the rigidity, polymers B4 and B6 (18.10 and
18.20 MPa respectively) were more rigid than that of Formlabs Clear FL6PCL02
(15.20 MPa), but less rigid than that of PR48 (21.40 MPa).
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Figure 5. Storage modulus (a) and gel point (b) values of compositions B1—
B9, PR48 and Formlabs Clear FL6PCL02

Soxhlet extraction and swelling tests were performed to confirm the
cross-linked structure of the polymers. The highest yield of insoluble fraction was
obtained for VD-based polymer B4 (96%) prepared without solvent. This polymer
also had the lowest swelling values in chloroform (49.22%) and toluene (48.62%),
which indicated that a denser inner polymer network was formed.

Polymers B4 and B6 showed similar glass transition temperatures (87 and
86°C, respectively), while the 7, of BS was lower (79°C). Similar values of Tgec-10%
(330-350°C) were obtained during thermal decomposition of polymers. The highest
thermal stability was showed by polymer B4, while the lowest by polymer B5 and
correlated to the values of yield of insoluble fraction (96 and 77%, respectively).

Resin B4 was tested in DLW technology to determine the optimal fabrication
parameters. The testing was performed at the Laser Research Center, Vilnius
University. 3D microporous woodpile structures and the figurine of Marvin were
manufactured and showed high level of shrinkage during printing process and
visible voids on the surface (Figure 6 (a) to (c)). p®TM was selected as an alternative
method to avoid these obstacles. Acrylated epoxidized soybean oil (AESO) was
used to produce a master structure of Marvin and moulds were made from resin B4
(Figure 6 (d)). In this case, the figurine of Marvin, produced using resin B4 in
prepared mould, had smooth surface and replicated structure of the Marvin (Figure 6

(e)).
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Figure 6. (a) — 75 x 75 um? size woodpile structures out of B4 resin: v varies
from 2.8 to 3.4 mm/s, (b) — close-up of the 75 x 75 um? woodpile structure: v = 1
mm/s, (c) — Figurine of Marvin out of B4 resin: v = 1.8 mm/s, (d) — Figurine of
Marvin out of AESO: v = 1.2 mm/s, (e) — Figurine of Marvin out of B4 resin
moulded from the master structure via microtransfer molding, 365 nm wavelength
light source was used for curing

2.3. [Investigation and comparison of free-radical and thiol-Michael
photopolymerization and study of the resulting antimicrobial vanillin-based
polymers

This chapter is based on published work: 4. Navaruckiené, D. Bridziuviené, V.
Raudoniené, E. Rainosalo, J. Ostrauskaiteé. Influence of vanillin acrylate-based resin
composition on resin photocuring kinetics and antimicrobial properties of the
resulting polymers. Materials. 2021, 14 (3), 653 [42]. JIF: 3.748. Input: 0.200.

Vanillin derivatives showed promising results in photocurable systems with
and without comonomers as described in chapters 4.1 and 4.2. The aim of this study
was to compare vanillin-based copolymers with homopolymers. Twenty one
different resins were composed to determine the influence of vanillin derivative,
thiol and its amount, photoinitiator and its amount, and presence of the solvent to
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photocuring kinetics and the rigidity of the resulting polymers (Table 3). VDM and
VD were selected for the photopolymerization with BDT and photoinitiator
phenylbis(2.,4,6-trimethylbenzoyl)phosphine oxide (BAPO) (Figure 7).
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Figure 7. Structure of phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO)

Table 3. Composition of the resins C1-C21

Resin Vanillin Amount | Amount of Solvent BAPO
derivative | of vanillin | BDT, mol concentration,
derivative, mol.%
mol
C1 VD 1 1 - 1
C2 VD 1 1 DCM 1
C3 VD 1 - - 1
C4 VD 1 - DCM 1
C5 VDM 1 1 DCM 1
Co6 VDM 1 - DCM 1
C7 VD 1 1 - 3
C8 VD 1 1 DCM 3
C9 VD 1 - - 3
C10 VD 1 - DCM 3
Cl11 VDM 1 1 DCM 3
C12 VDM 1 - DCM 3
C13 VD 1 1 - 5
Cl14 VD 1 1 DCM 5
C15 VD 1 - - 5
C16 VD 1 - DCM 5
C17 VDM 1 1 DCM 5
C18 VDM 1 - DCM 5
C19 VD 1 0.5 - 3
C20 VD 1 0.5 DCM 3
C21 VDM 1 0.5 DCM 3
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A series of the resins with 1, 3 and 5 mol.% of BAPO were investigated by
real-time photorheometry to obtain the optimal concentration (Figure 8). Resin with
3 mol.% of BAPO was chosen for further investigation as it resulted in similar or
faster photocuring rate comparing to the resins containing 1 mol.% of BAPO. Even
though resins with 5 mol.% of BAPO showed higher photocuring rate, they could
not be used as undissolved particles of BAPO were visible in the polymer samples.
The addition of solvent into composition resulted in lower photocuring rate and
reduced the rigidity of the polymers. The te increased from 7.0 to 10.0 s and G* was
reduced from 12.7 to 12.0 MPa by adding solvent in pure VD-based composition.
The rigidity of polymers was also reduced by the addition of thiol, however at this
time the photocuring rate was increased. For example, the addition of BDT in VD-
based composition reduced the rigidity from 12.7 MPa to 1.57 MPa and the value of
tgel from 7.0 to 3.6 s. To better determine the influence of BDT on photocuring rate
and rigidity of the obtained polymers, 3 resins with off-stoichiometric amount of
acrylate:thiol content were composed. Dual curing process, combining thiol-Michael
and free-radical mechanisms, was used for the synthesis of these polymers. The
photocuring rate of these resins was slightly lower than that of thiol-Michael
photopolymerization, but the resulting polymers were more rigid. For example,
VDM-based polymer with 0.5 mol BDT reached #g after 5.3 s and the final rigidity
of 15.2 MPa when VDM-based polymer with 1 mol of BDT reached #s. after 3.6 s
and the final rigidity of 2.14 MPa. The rheological characteristics of the selected
resins were compared to the commercially available petroleum-based resins for
optical 3D printing, PR48 (¢t = 6.0 s, G’ = 21.4 MPa) and FormLabs Clear
FL6PCLO2 (fge = 6.0 s, G’ = 15.2 MPa). Vanillin-based resins showed similar
reaction rate as commercially available ones, however the rigidity of the resulted
polymers was slightly lower.
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Figure 8. Storage modulus (a) and gel point (b) values of compositions C1—
C21, PR48 and Formlabs Clear FL6PCL02
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2.4. Synthesis and investigation of properties of dual-cured antimicrobial
vanillin acrylate-based photopolymers

This chapter is based on published work: A. Navaruckiené, D. Bridziuviené, V.
Raudoniené, E. Rainosalo, J. Ostrauskaité. Vanillin acrylate-based thermo-
responsive shape memory antimicrobial photopolymers. Express polymer letters.
2022, 16 (3), 279-295 [43]. JIF: 3.952. Input: 0.200.

The amount of thiol has significant influence on the photocuring kinetics of
vanillin-based photopolymers as described in chapter 4.3. The aim of this study was
to determine the influence of vanillin derivative and the amount of comonomer BDT
to the properties of the resulting polymers. Six vanillin acrylate-based polymer
compositions were developed to achieve this aim. Three commercially available
vanillin derivatives, vanillin hydroxypropane dimethacrylate (VHDM) (Figure 9),
VDM and VD, were used in dual-curing systems with TPOL.
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Figure 9. Chemical structure of vanillin hydroxypropane dimethacrylate
(VHDM).

Compositions of the vanillin-based resins are presented in Table 4. Codes D1—
D6 used in this chapter correspond to codes C1-C6 in the published article.
Different ratios of acrylate and thiol were chosen to obtain the desired properties of
polymers by manipulating dominant reactions in dual-curing systems. During dual-
curing process, two main reactions, thiol-acrylate photopolymerization and acrylate
homopolymerization, are occurring at the same time. When the ratio of acrylate to
thiol is reduced from 1:1 to 1:0.5, acrylate homopolymerization becomes a dominant
reaction and the properties of the resulting polymers change.

Table 4. Composition of the resins D1-D6

Resin | Vanillin Amount of Amount of Amount of Solvent
derivative vanillin BDT, mol photoinitiator
derivative, TPOL, mol.%
mol
D1 VD 1 1 3 -
D2 VD 1 0.5 3 -
D3 VDM 1 1 3 THF
D4 VDM 1 0.5 3 THF
D5 VHDM 1 1 3 -
D6 VHDM 1 0.5 3 -
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Values of G, f,e1 and polymer shrinkage are presented in Figure 10. In all cases
photocuring was faster and more rigid polymers were obtained when 0.5 mol of thiol
was used and acrylate homopolymerization was the dominant reaction. For example,
the photocuring rate of VD-based resin increased (Z,. increased from 6.2 to 4.8 s)
and the rigidity of resulted polymers increased (G increased from 8.89 to 11.4 MPa)
by reducing the amount of thiol from 1 to 0.5 mol. However, the reduction of thiol
amount increased the shrinkage of all polymers up to 4%, as acrylates have tendency
to shrink during photopolymerization [44].

a) 16

b) 79 ) 9-
14 4 —
6 I 8
T 124 L 7 4
< ®1 I
= 104 s 6
o o 3
o = 4 < 5
5 8 il )
[ ©
8 S 34 z 4
£ 6 = £
[ -
) o, »n 3
S 4 1
2 24
n
24 14 14
0- 0 ~ > b o g
DRSNS TFPITPS

Figure 10. Storage modulus (a), gel point (b) and shrinkage (c) values of
compositions D1-D6

Similar to rheological characteristics, better thermal properties were shown by
polymers with lower amount of BDT. Tjyec-104 Was increased from 327 to 341°C and
T, increased from 17 to 40°C by reducing the amount of thiol in VHDM-based
polymer compositions. The lowest values of 10% weight loss were shown by
VDM-based polymers (277-294°C). The reason for that is the presence of the
solvent THF in the resin, which acts as a chain transfer agent and is responsible for
the formation of linear and branched macromolecules during the
photopolymerization process [45]. The lower values of 7, and Tgec-104 correlated to
the lower amount of the yield of insoluble fraction, which was in the range of 82—
87% when 1 mol of BDT was used and increased to 95-99.9% when the amount of
thiol was reduced.

The tensile test was performed to investigate the mechanical properties of
polymers D1-D6. Polymers, prepared with 1 mol of BDT, showed low values of
Young’s modulus and high elongation at break (1.4-3.5 MPa and 19.0-119.7%) in
comparison to polymers, prepared with 0.5 mol of BDT (3952.3-11339.4 MPa and
6.8-12.3%). The lowest values of Young’s modulus and elongation at break were
shown by VDM-based polymers, which were caused by the formation of linear or
branched macromolecules in the presence of the solvent [45]. The highest values of
Young’s modulus and elongation at break were shown by VHDM-based polymers.
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The reason for that was the longer chains between crosslinking points, which were
formed during photopolymerization.

All synthesized polymers showed thermo-responsive shape memory
properties. The ability to change their permanent shape and maintain temporary
shape was determined by their 7,. The scheme of shape memory properties of
polymer D6 (7, = 40°C) is presented in Figure 11. Polymer specimen was heated to
the temperature above its 7, (up to 60°C) and deformed to desired shape (coil). After
deformation, the specimen was cooled down to temperature below its 7, (25°C).
This process is called high-temperature programming. At that temperature the
polymer specimen was able to maintain a coil shape with no shape changes in time.
Shape memory properties were confirmed by heating polymer specimen again as it
was able to return to its permanent shape within seconds. The same tendency was
shown by all six vanillin-based polymers of this series.

Heating up to

60 °C
|
Permanent shape Transforming to temporary
of polymer sample shape
Cooling
down to

q e P

Heating up to
60 °C

Return to permanent High-temperature
shape programming

Figure 11. Shape memory behaviour of polymer D6

2.5. Synthesis and investigation of properties of vanillin dimethacrylate- and
tridecyl methacrylate-based shape memory photopolymers.

This chapter is based on published work: J. Jaras, A. Navaruckiené, E.
Skliutas, J. Jersovaité, M. Malinauskas, J. Ostrauskaité. Thermo-responsive shape
memory vanillin-based photopolymers for microtransfer molding. Polymers. 2022,
14 (12), 2460 [46]. JIF: 4.967. Input: 0.166.

The main limitation of monomer VDM in polymer synthesis was the need of
the solvent in the initial mixture as described in chapter 4.4. To eliminate this
limitation tridecyl methacrylate (C13-MA) was chosen as a comonomer, which also
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acted as solvent for VDM particles. VDM was mixed with various amounts of
C13-MA and BDT, and twelve compositions were developed in order to find
efficient system for uyTM. Codes E1-E12 used in this chapter correspond to codes
C1-C12 in the published article. The amount of C13-MA was increased from 1.5 to
4.5 mol and the amount of BDT was decreased from 1 mol to 0.25 mol, while the
amount of VDM remained constant (Table 5). As mentioned in chapter 2.4., two
different reactions, thiol-acrylate polymerization and acrylate homopolymerization,
occur during dual-curing process. These reactions were manipulated to create unique
polymers by changing the amount of C13-MA and BDT.

Table 5. Composition of resins E1-E12

Amount of Amount of Amount of Amount of
VDM, mol BDT, mol | C13-MA, mol TPOL, mol.%
Resin ! i s %(0 CHy 1 i /Q
Seaadi®iliagy T
0 n o)
YI\O SH n=12 W
E1l 1 1 1.5 3
E2 1 0.75 1.5 3
E3 1 0.5 1.5 3
E4 1 0.25 1.5 3
E5 1 1 3 3
Eé6 1 0.75 3 3
E7 1 0.5 3 3
ES8 1 0.25 3 3
E9 1 1 4.5 3
E10 1 0.75 4.5 3
E11 1 0.5 4.5 3
E12 1 0.25 4.5 3

It was determined that less rigid polymers were obtained and photocuring was
slower when the amount of C13-MA increased (Figure 12). For example, the rigidity
decreased (G’ decreased from 17.343 MPa (E4) to 2.930 MPa (E12)) by increasing
the amount of C13-MA from 1.5 to 4.5 mol. The same results were obtained by
changing the amount of BDT. When the amount of BDT increased from 0.25 to 1
mol, the value of G’ decreased from 10.148 MPa (E8) to 0.031 MPa (ES). Even
though an increased amount of BDT slowed down the photocuring process and
lowered the rigidity of polymers, it also reduced the shrinkage of the polymers. The
shrinkage was reduced from 10% (E12) to 1% (E9) by increasing the amount of
thiol from 0.25 to 1 mol.
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Figure 12. Storage modulus (a), gel point (b) and shrinkage (c) values of
compositions E1-E12

Dynamic mechanical thermal analysis (DMTA) was used to determine 7, of
the polymers. T, of the polymers depended on their composition. The increase in
C13-MA amount from 1.5 to 4.5 mol reduced 7, from 54°C (E4) to 17°C (E12). T,
was also reduced by the increase of the amount of BDT. For example, when the
amount of thiol was increased from 0.25 to 1 mol, 7, was reduced from 28°C (E8) to
-9°C (E5). A similar tendency was observed during the TGA test. Tdec-10% Was
reduced from 332°C (E4) to 308°C (E1) by increasing the amount of BDT from
0.25 to 1 mol. An increased amount of C13-MA from 1.5 to 3 mol resulted in higher
values of Taec-10%, however further increase of C13-MA amount from 3 to 4.5 mol
decreased the values of Taec-10%.

Mechanical properties of polymers E1, E2, E5 and E9 were not tested as they
were too soft. The highest values of Young’s modulus and the lowest values of
elongation at break were shown by polymer E4 (60.05 MPa and 5.47%), which was
prepared with the lowest amount of BDT and C13-MA. It was determined that the
addition of BDT (polymer E3) resulted in an increased value of elongation at break
and lower Young’s modulus (12.44 MPa and 17.3%). The reason for that was the
flexible thioether linkages, which allow polymers to stretch more during the tensile
test. The increased amount of C13-MA in the composition had a similar effect as
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BDT. The value of the Young’s modulus decreased from 60.05 MPa (polymer E4
with 1.5 mol C13-MA) to 5.53 MPa (polymer E12 with 4.5 mol C13-MA) while
elongation at break increased from 5.47% (polymer E4) to 8.38% (polymer E12).
The reason for that was the long carbon chain of tridecyl methacrylate [47].

All synthesized polymers E1-E12 showed thermo-responsive shape memory
properties. As explained in chapter 2.4., polymer samples can be heated to the
temperature higher than their 7, deformed to the desired temporary shape which is
fixed by cooling the samples below their 7. Polymers can always return to their
permanent shape by heating them to temperature higher than their 7,. A scheme of
the shape memory behavior of polymer E8 is presented in Figure 13. A counterpoise
weight was used to show that polymer E8 is a rigid material. Polymer can easily
return to its permanent shape without counterpoise weight.
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Figure 13. Scheme of shape-memory behaviour of polymer E§

Two different photocurable resins, E1 (forming soft polymer) and E8 (forming
rigid polymer), were selected for testing in wTM. The results are presented in Figure
14. Image (a) shows a 3D printed USAF target and image (b) represents
polydimethylsiloxane (PDMS) stamp, prepared by using the 3D printed target.
Images (c) and (d) are replicas made of E1 and E8 resins. Both resins were able to
replicate unique features of the target (shape, letters, numbers and lines). Due to this,
both resins have a great perspective for the pTM technique.
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Figure 14. Results of pTM. (a) 3D printed 1951 USAF target (25% of the
downloaded vector file size). (b) PDMS soft mold. (c) and (d) are replicas made out
of E1 and E8 resins, respectively. Scalebars are equal in all the images and represent
5 mm.

2.6. Vanillin dimethacrylate and acrylated epoxidized soybean oil-based dual
cure systems. Dependency of polymer properties on polymer composition

This chapter is based on published work: V. Sereikaité, A. Navaruckiené, J.
Jaras, E. Skliutas, D. Ladika, D. Gray, M. Malinauskas, V. Talacka, J. Ostrauskaite.
Functionalized soybean oil- and vanillin-based dual cure photopolymerizable
system for light-based 3D structuring. Polymers. 2022, 14, 5361 [48]. JIF: 4.967.
Input: 0.111.

All five series of polymers described in chapters 4.1-4.5 showed properties
suitable for microtransfer molding, although none of them were good enough for
optical 3D printing. After analyzing the previous results and literature, a new
composition containing 3 mol of AESO, 1 mol of VDM, 0.25 mol of pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP), 2.5 wt.% of TPO, and 0.08 wt.% of UVB
was designed (Figure 15). AESO was chosen as a bio-based comonomer to increase
the biorenewable carbon content (BRC) of the resulting polymer, reduce the price of
polymer, increase printability, and apply it in optical 3D printing. The calculated
BRC content of the polymer VS was 76.45%.
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Figure 15. Chemical structures of acrylated epoxidized soybean oil (AESO),
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and 2,5-bis(5-tert-butyl-2-
benzoxazolyl)thiophene (UVB).

AESO was selected as the main component due to its photocuring rate suitable
for 3D printing and its biobased origin. Pure AESO polymers are known to be
brittle, thus VDM was chosen as a comonomer to improve mechanical and thermal
characteristics of resins [16]. PETMP was added to the mixture to provide flexibility
to a rigid polymer network, as well as shape memory properties of the resulting
polymers [49]. The lower than stoichiometric amount of acrylic and thiol groups
was selected to obtain more rigid and mechanically stronger polymers by the
domination of acrylate homopolymerization. The discussed influence of the
components of the resins to the properties of polymer VS is summarized in Figure
16.
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Figure 16. Scheme of the influence of component amounts on some
parameters of the polymer VS

Real-time photorheometry was used to determine the rheological
characteristics of the resin VS. It was determined that polymer VS is a rigid material
as it reached the value of G’ (317.66 MPa) which was 20 times bigger than that of
vanillin dimethacrylate- and thiol-based polymers [43]. This composition also
showed fast photocuring as it reached the gel point after only 1.5 s without an
induction period. These results make resin VS a promising candidate for optical 3D
printing.

Polymer VS showed high values of the mechanical characteristics and reached
the Young’s modulus of 4753.1 MPa and the elongation at break of 4.72%. These
parameters show that polymer VS is a rigid and stiff material.

The composed resin was tested in SLA 3D printing technology at company
Ameralabs. Results showed that the resin was able to obtain even smallest details by
maintaining a smooth surface. The images of 3D printed “Ameralabs Town” are
presented in Figure 17.
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Figure 17. Images of SLA 3D printed polymer structures. The front side is on
the left (a), and the back side is on the right (b).

The main limitations for the printing process were high viscosity of the resin,
which was increased by the use of AESO, and a relatively slow printing process.

2.7. Synthesis and investigation of properties of sequentially and
simultaneously dual-cured vanillin-based polymers

This chapter is based on published work: G. Motiekaityté, A. Navaruckiené, V.
Raudoniené, D. Bridziuviene, J. Jaras, K. Kantminiené, J. Ostrauskaite.
Antimicrobial dual-cured photopolymers of vanillin alcohol diglycidyl ether and
glycerol dimethacrylate. Journal of applied polymer science. 2023, 140 (2), e53289
[50]. JIF: 3.057. Input: 0.142.

Vanillin-based acrylates showed a great perspective in polymer synthesis and
dual curing as was described in chapters 4.1-4.6. Vanillin alcohol diglycidyl ether
(VDGE) was chosen as an epoxide monomer to investigate how different types of
vanillin derivatives perform in this process and investigate the properties of the
resulting polymers. Glycerol dimethacrylate (GDMK) was chosen as a comonomer
and two photoinitiators, BAPO and triarylsulfonium hexafluorophosphate salts
(TASHFF), were used in this study (Figure 18). Codes G1-G3 used in this chapter
correspond to codes C1-C3 in the published article. The composition of the resins is
presented in Table 6. A star-shaped figure (*) next to the resin codes indicates that
sequential photocuring process was used for that resin.
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Figure 18. Chemical structure of vanillin alcohol diglycidyl ether, n=0.0-0.2

(VDGE), glycerol dimethacrylate (GDMK) and triarylsulfonium
hexafluorophosphate salts (TASHFF).
Table 6. The composition of resins G1-G3
Resin Amount of | Amount of | Amount of | Amount of | Amount of
VDGE, GDMK, TASHFF, BAPO, DCM, mol
mol mol mol.% mol.%
Gl1 1 0.5 3 3 0.4
G2 1 1 3 3 0.4
G3 0.5 1 3 3 0.2
VDGE 1 0 3 0 0.4
GDMK 1 0 3 0

Dual-curing process was performed in two different ways: sequential and
simultaneous. During the sequential dual-curing, a light filter was used to
manipulate the photocuring process. When the light filter was used, only the
free-radical photopolymerization was initiated and when the filter was removed
cationic photopolymerization started. The results are presented in Figure 19. Resin
G1* showed the highest difference in rigidity between the first and the second stages
of the curing. The reason for that was the highest amount of VDGE in the resin,
which reacts during the second stage of photocuring. The increase in the polymer
rigidity from 11.51-23.00 MPa after first stage to 22.63-25.56 MPa after second
stage was observed in sequential dual curing. It was determined that the increase in
GDMK content increased the photocuring rate and the rigidity of the resulted
polymers.
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Figure 19. Dependence of the storage modulus G° of the resins on the
irradiation time (sequential photocuring). Solid line — wavelength range of 400—450
nm, split line — wavelength range of 250—450 nm.

During simultaneous dual-curing process both reactions started at the same
time with no limitations. The results are presented in Figure 20. In this case, the
photocuring rate was very similar for all three polymers as #,1 was in the range of
12.0-12.5 s. The highest rigidity was showed by polymer G2, but it was very similar
to the rigidity of polymer G3 (28.23 and 27.51 MPa, respectively). The same as in
the sequential process, the lowest rigidity was shown by polymer G1 (17.97 MPa)
with the lowest amount of GDMK. Polymers prepared by using the simultaneous
process were chosen for further investigation due to the similar rheological
characteristics in comparison to sequential process and less complicated production
process.
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Figure 20. Dependence of the storage modulus G° of the resins on the
irradiation time (simultaneous photocuring).

It was determined that the increased amount of VDGE in the polymer
composition also increased the 75 of polymers. 7, was increased from 41°C (G3) to
57°C (G1) by increasing amount of VDGE. However, different results were
obtained during the TGA test. The increased amount of VDGE lowered Tgec-10% from
274°C (G3) to 227°C (G1). These results correlated to the rigidity of the polymers.

Tensile test showed that Young’s modulus increased (from 76.64 MPa to
190.71 MPa) and the elongation at break decreased (from 4.75% to 3.41%) when the
amount of GDMK in the composition was increased. The reason for that is
structures of GDMK and VDGE, as VDGE is a longer molecule compared to
GDMK and leads to the formation of longer chains in the polymer structure when
higher amount of VDGE is used and the resulting polymer is more flexible [51].
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3. CONCLUSIONS

1. The developed photocurable resins with vanillin derivatives have the following
features:

a) More rigid polymers were obtained when vanillin diacrylate was used
instead of vanillin dimethacrylate as the storage modulus was increased
from 0.73 to 0.81 MPa;

b) The presence of dichloromethane slowed down the photocuring process

and reduced the rigidity of the resulted photopolymers.

c) 3 mol.% of photoinitiators phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide and ethyl(2,4,6-
trimethylbenzoyl)phenylphosphinate is an optimal amount as it results in
the best ratio of photocuring rate and rigidity of the product;

d) The photocuring rate of vanillin acrylate-based resins and the rigidity of
the resulting polymers were similar to commercially available
petroleum-based resins for optical 3D printing considering them as
suitable candidates for optical 3D printing.

2. Vanillin acrylate-based cross-linked polymers have been synthesized by
photopolymerization with and without the addition of comonomers and shows these
properties:

a)

b)

d)

Photocuring rate of vanillin diacrylate-based resins was lower than that of
vanillin dimethacrylate-based resins; vanillin acrylate-based polymers
showed high values of the yield of insoluble fraction (77-99%), confirming
that most part of the product is a cross-linked polymer network;

The increased amount of comonomers 1,3-benzenedithiol or tridecyl
methacrylate reduced the glass transition temperature and the destruction
temperature at the 10% weight loss of polymers;

The increased amount of comonomers 1,3-benzenedithiol, tridecyl
methacrylate or acrylated epoxidized soybean oil reduced the values of
Young’s modulus and increased the values of elongation at break of
polymers.

Polymers with vanillin and 1,3-benzenedithiol fragments showed
thermos-responsive shape memory properties which are determined by their
glass transition temperature.

3. Vanillin epoxide-based photopolymers have been synthesized using sequential
and simultaneous dual-curing:
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a) The increase in glycerol dimethacrylate content from 0.5 to 1 mol
increased the photocuring rate from 12.5 s to 12.0 s and the rigidity of
the resulting polymers from 17.97 to 28.23 MPa in both dual-curing
methods;

b) The increased amount of wvanillin diglycidyl ether in the resin

composition from 0.5 to 1 mol increased the glass transition temperature
of polymers from 41 to 57°C. and lowered the destruction temperature at
the 10% weight loss from 274°C to 227°C;



c) The dual-curing of vanillin-based photocurable systems is a simple way
to obtain polymers with increased rigidity, as the polymer rigidity was
increased from 11.51-23.00 MPa after the first stage to 22.63-25.56
MPa after the second stage in sequential dual curing and more rigid
polymers (17.97-27.51 MPa) with the same composition were obtained
after simultaneous dual curing.

4. Vanillin-based resins are suitable for application in microtransfer molding and
optical 3D printing:

a) Vanillin acrylate-based resin and vanillin dimethacrylate-based resins
with tridecyl methacrylate and 1,3-benzenedithiol are suitable for
application in microtransfer molding, as they were able to replicate
unique features of the target (shape, letters, numbers and lines);

b) Photosensitive dual-curable resin of vanillin dimethacrylate, acrylated
epoxidized soybean oil and  pentaerythritol tetrakis(3-
mercaptopropionate) is suitable for optical 3D printing technology as it
showed high printing accuracy and good layer adhesion.

39



4. SANTRAUKA

IVADAS

I§ naftos produkty gauty medziagy pakeitimas augalinés kilmés medziagomis
polimery sintezei yra naudingas dél jy mazo toksiSkumo, sumazéjusios
priklausomybés nuo riboty iSkastiniy iStekliy ir maZesnio Siltnamio efekta
sukelian¢iy dujy kiekio [1]. Biopolimerai gali biiti sintetinami tiesiogiai arba
gaunami chemiskai modifikuojant ir véliau polimerizuojant gamtinés kilmes
medziagas [2]. Pagrindiné tokiy medziagy zaliava yra augalai, nes jie gali greitai
generuoti biomase ir jiems reikalingi minimalis iStekliai [3]. Biopolimery
mechaninés bei terminés savybés gali biiti panaSios | polimery, gauty i§ naftos
produkty, savybes, ir jie netgi gali turéti papildomy savybiy, tokiy kaip
antimikrobinis veiklumas, bioskaidumas ar formos atminties savybés. Vanilinas yra
viena i§ gamtoje aptinkamy antimikrobiniy medziagy. Pastaraisiais metais vanilinas
ir jo dariniai pritrauké tyréjy démesj dél galimybés jj panaudoti gaminti
monomerams, kurie véliau gali buti naudojami polimery sintezei [4]. Polimerai su
vanilino fragmentais gali biiti gaunami terminés polimerizacijos ar
fotopolimerizacijos bidu [5, 6]. Taciau §iuo metu dar néra polimery su vanilino
fragmentais, pritaikyty dvigubojo kietinimo sistemoms.

Dvigubasis kietinimas — tai procesas, sujungiantis dvi polimerizacijos
reakcijas, kurios gali vykti nuosekliai arba vienu metu. Sio proceso metu gaunamos
medziagos su persipinanciais ar i§ dalies persipinanciais polimery tinklais, kurie
suteikia joms unikalias savybes [7]. Gauty polimery savybés gali biiti lengvai
pakeiciamos kei¢iant dominuojancia polimerizacijos reakcija. Dvigubojo kietinimo
procesui gali biiti taikoma tiek terminé polimerizacija, tiek ir fotopolimerizacija.
Palyginus S§ias reakcijas galima teigti, jog fotopolimerizacija yra pranasesné uz
terming polimerizacija [8]. Tai yra greitas ir aplinkai draugiskas bei tvarus procesas,
kuris vyksta akimirksniu (dervai sukietinti uztenka keliy sekundziy ar minuciy), jam
nebiitinas kaitinimas ir jis gali bati vykdomas kambario ar netgi Zemesnéje
temperatiiroje, taip pat gali selektyviai sukietinti tik pasirinktas dervos vietas [9].

Siame darbe naudoti keturi komerciniai vanilino dariniai: vanilino diakrilatas,
vanilino dimetakrilatas, vanilino hidroksipropano dimetakrilatas ir vanilino
alkoholio diglicidileteris. Tyrimo metu buvo susintetintos SeSios skirtingos
fotopolimery su vanilino fragmentais serijos bei viena atskira derva ir iStirtos jy
savybiy priklausomybés nuo pasirinkto vanilino darinio, kopolimery, taip pat
fotoiniciatoriaus tipo bei jo kiekio. Tyrimy rezultatai pristatyti septyniose
publikacijose.

Darbo tikslas — sukurti naujus tinklinius fotopolimerus su vanilino
fragmentais, skirtus mikrojspaudimo litografijai bei optiniam trima¢iam (3D)
spausdinimui.

Siam tikslui pasiekti buvo iSkelti tokie uZdaviniai:

1. Sukurti naujas fotojautrias dervas su vanilino junginiais ir istirti jy
sudéties jtaka fotokietinimo procesui bei reologinéms savybéms.
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2. Susintetinti ir charakterizuoti naujus fototinklinius polimerus su
jvairiy vanilino dariniy fragmentais ir nustatyti jy savybiy
priklausomybe nuo sudéties.

3. Istirti dvigubojo kietinimo sistemy su vanilino junginiais sudéties ir
proceso salygy jtaka fotokietéjimo kinetikai, gauty polimery
struktiirai ir savybéms.

4. Istirti fotojautriy dervy su vanilino junginiais tinkamuma
mikrojspaudimo litografijai ir optiniam trimaciam (3D) spausdinimui.

Mokslinis naujumas

1. Susintetinti nauji fototinklinti polimerai su vanilino fragmentais ir
pirma kartg istirta fotoiniciatoriaus jtaka dervy su vanilino junginiais
fotokietinimo kinetikai bei gauty polimery savybéms.

2. Pirma karta nauji tinkliniai polimerai su vanilino fragmentais buvo
iSbandyti dvigubojo kietinimo sistemose, iStirta jy fotokietinimo
kinetika ir gauty polimery savybés.

3. Pirma karta vanilino dariniai panaudoti formos atminties polimery
sintezei.

Darbo praktiné verté
1. Dervos, sudarytos i$ vanilino diakrilato be komonomery, taip pat
dervos, sudarytos i§ vanilino diakrilato, tridecilmetakrilato ir 1,3-
benzenditiolio, gali biiti pritaikytos mikrojspaudimo litografijai.
2. Vanilino dimetakrilato, akrilinto epoksidinto sojy aliejaus ir
pentaeritritoltetrakis(3-merkaptopropionato) derva yra tinkama
naudoti stereolitografinio trimacio (3D) spausdinimo technologijai.

Ginamieji disertacijos teiginiai:
1. Dervos su vanilino fragmentais yra tinkamos formos atminties
polimery sintezei.
2. Fotojautrios dervos su vanilino fragmentais yra tinkamos
mikrojspaudimo litografijai ir optiniam trimaciam (3D) spausdinimui.

Autorés indélis rengiant disertacija

Disertacijos autoré sukiiré ir charakterizavo SeSias skirtingas fotopolimery su
vanilino fragmentais serijas bei vieng atskirag derva, iStyré dervy fotokietinimo
kinetika ir gauty polimery termines, mechanines bei formos atminties savybes, taip
pat parengé straipsniy rankrasc¢ius. Prof. dr. Jolita Ostrauskaité (Kauno technologijos
universitetas) prisidéjo prie pradiniy idéjy generavimo, rengiant tyrimy idéjas bei
tikslus, konsultavo sintetinant bei charakterizuojant polimery su vanilino
fragmentais kompozicijas ir prisidéjo redaguojant moksliniy straipsniy rankrascius.
Dr. Sigita Grauzeliené (buv. Kasétaite¢) (Kauno technologijos universitetas)
konsultavo sintetinant bei charakterizuojant polimerus su vanilino fragmentais ir
prisidéjo redaguojant moksliniy straipsniy rankras¢ius. Prof. dr. Mangirdas
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Malinauskas (Lazeriniy tyrimy centras, Vilniaus universitetas) konsultavo atliekant
tiesioginj lazerinj raSyma bei mikrojspaudimo litografija ir prisidéjo redaguojant
straipsniy rankra$¢ius. Dr. Sima Rekstyté ir Edvinas Skliutas (Lazeriniy tyrimy
centras, Vilniaus universitetas) atliko tiesioginj lazerinj raSyma bei mikrojspaudimo
litografija, analizavo gautas struktiiras ir prisid¢jo redaguojant straipsniy
rankrascius. Jurga JerSovaité (Lazeriniy tyrimy centras, Vilniaus universitetas) atliko
atrinkty dervy mikrojspaudimo litografija. Dr. Vita Raudoniené ir dr. Danguolé
Bridziuvien¢ (Biodestruktoriy tyrimo laboratorija, Gamtos tyrimy centras) atliko
atrinkty polimery antimikrobinius tyrimus. Dr. Egidija Rainosalo (Centria taikomujy
moksly universitetas, Suomija) kiiré termomechaninius eksperimentus ir analizavo
rezultatus. Justinas Jaras, Vilté Sereikaité ir Greta Motiekaityte (Kauno
technologijos universitetas) prisidéjo prie eksperimentinés dalies. Dr. Kristina
Kantminien¢ (Kauno technologijos universitetas) prisidéjo redaguojant straipsniy
rankrascius. Dimitra Ladika ir dr. David Gray (Graikijos Elektroniniy struktiiry ir
lazeriy institutas, Tyrimy ir technologijy centras) prisidéjo prie dviejy spinduliy
inicijavimo tyrimo ir rengiant straipsnio rankrastj. Vaidas Talacka (MB
,»,AmeralLabs) nustaté tinkamus parametrus optiniam trimaciam (3D) spausdinimui,
naudodamas derva, i§spausdino trimacius (3D) gaminius.

Publikaciju sarasas disertacijos tema

1. Auksé Navaruckiené, Sigita Kasétaité, Jolita Ostrauskaité. Vanillin-
based thiol-ene systems as photoresins for optical 3D printing. Rapid
prototyping journal. 2020, 26 (2), 402-408. JIF: 3.095.

2. Auksé Navaruckiené, Edvinas Skliutas, Sigita Kasétaite, Sima
Rekstyté, Vita Raudoniene, Danguolé Bridziuviené, Mangirdas
Malinauskas, Jolita Ostrauskaité. Vanillin acrylate-based resins for
optical 3D printing. Polymers. 2020, 12 (2), 397. JIF: 4.329.

3. Auksé Navaruckiené¢, Danguolé Bridziuvien¢, Vita Raudoniené,
Egidija Rainosalo, Jolita Ostrauskaité. Influence of vanillin acrylate-
based resin composition on resin photocuring kinetics and
antimicrobial properties of the resulting polymers. Materials. 2021, 14
(3), 653. JIF: 3.748.

4. Auksé Navaruckiené, Danguolé Bridziuviené, Vita Raudoniene,
Egidija Rainosalo, Jolita Ostrauskaité. Vanillin acrylate-based thermo-
responsive shape memory antimicrobial photopolymers. Express
polymer letters. 2022, 16 (3), 279-295. JIF: 3.952.

5. Justinas Jaras, Auksé¢ Navaruckiené, Edvinas Skliutas, Jurga
JerSovaite, Mangirdas Malinauskas, Jolita Ostrauskaité. Thermo-
responsive shape memory vanillin-based photopolymers for
microtransfer molding. Polymers. 2022, 14 (12), 2460. JIF: 4.967.

6. Vilte Sereikaite, Auksé Navaruckiené, Justinas Jaras, Edvinas
Skliutas, Dimitra Ladika, David Gray, Mangirdas Malinauskas, Vaidas
Talacka, Jolita Ostrauskaité. Functionalized soybean oil- and vanillin-
based dual cure photopolymerizable system for light-based 3D
structuring. Polymers. 2022, 14, 5361. JIF: 4.967.
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7. Greta Motiekaityté, Auksé Navaruckien¢, Vita Raudoniené, Danguolé
Bridziuviené, Justinas Jaras, Kristina Kantminiené, Jolita Ostrauskaité.
Antimicrobial dual-cured photopolymers of vanillin alcohol diglycidyl
ether and glycerol dimethacrylate. Journal of applied polymer science.
2023, 740 (2), €53289. JIF: 3.057.

4.1. Vanilino tioleno sistemos ir dervy sudéties jtaka fotopolimerizacijai

Sis skyrius paraSytas remiantis publikuotu straipsniu: 4. Navaruckiené,
S. Kasétaite, J. Ostrauskaité. Vanillin-based thiol-ene systems as photoresins for
optical 3D printing. Rapid prototyping journal. 2020, 26 (2), 402—408 [39]. JIF:
3.095. Indélis: 0,334.

Sio darbo tikslas buvo fotopolimerizacijos biidu susintetinti naujus
biopolimerus naudojant vanilino darinius ir iStirti jy savybes. Vanilino diakrilatas
(VD) ir vanilino dimetakrilatas (VDM) buvo pasirinkti kaip pagrindinés medziagos
polimery sintezei, o 1,3-benzenditiolis (BDT) naudotas kaip komonomeras. Siekiant
atrinkti tinkamiausig fotoiniciatoriy bei jo kiekj buvo pasirinkti du fotoiniciatoriai —
etil(2,4,6-trimetilbenzoil )fenilfosfinatas (TPOL) ir difenil(2,4,6-
trimetilbenzoil)fosfino oksidas (TPO). Norint istirti tirpiklio bei jo kiekio ir vanilino
darinio jtaka fotokietinimo kinetikai, buvo sukurta keturiolika kompozicijy
(1 lentele). Kompozicijoms suteikti kodai A1-Al4, kurie atitinka straipsnyje
vartotus kodus C1-C14. Naudoty medziagy struktiirinés formulés pateiktos
1 paveiksle.

| i | o SH
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TPOL TPO
1 pav. Vanilino dimetakrilato (VDM), vanilino diakrilato (VD), 1,3-

benzenditiolio (BDT), etil(2,4,6-trimetilbenzoil)fenilfosfinato (TPOL) ir
difenil(2,4,6-trimetilbenzoil)fosfino oksido (TPO) struktiirinés formulés
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1 lentelé. Dervy A1-A14 sudétis

Derva | Vanilino | Vanilino | BDT | Fotoiniciatorius | Fotoiniciatoriaus | Tirpiklis
darinys darinio | kiekis, kiekis, mol.%
kiekis, mol
mol
Al VDM 1 1 TPOL 1 DCM
A2 VDM 1 1 TPO 1 DCM
A3 VD 1 1 TPOL 1 —
A4 VD 1 1 TPO 1 —
A5 VDM 1 1 TPOL 3 DCM
A6 VD 1 1 TPOL 3 —
A7 VD 1 1 TPOL 3 DCM
A8 VDM 1 1 TPO 3 DCM
A9 VD 1 1 TPO 3 —
A10 VD 1 1 TPO 3 DCM
All VDM 1 1 TPOL 5 DCM
Al2 VDM 1 1 TPO 5 DCM
Al3 VD 1 1 TPOL 5 —
Al4 VD 1 1 TPO 5 —

Visi Sioje disertacijoje pateikti tyrimy rezultatai buvo statistiskai iSanalizuoti,
naudojant Microsoft Excel programg ANOVA. Visi eksperimentai buvo atlikti po
penkis kartus ir rezultatai iSreik$ti vidurkiu + standartinis nuokrypis, kaip apraSyta
paskelbtuose straipsniuose.

Fotoreometrija buvo taikoma istirti dervy su vanilino junginiais fotokietinimo
kinetikai. Nustatyta, jog reologinés charakteristikos priklauso nuo dervy sudéties.
Dervy su vanilino junginiais tampros (kaupimo) modulio G’ ir gelio taSko (Zer)
vertés pateiktos 2 paveiksle.

Standesni polimerai gauti naudojant VD monomera vietoj VDM. Taip pat
standesni polimerai gauti, kai vietoj TPOL naudotas TPO (lyginant A4 polimera
(20,2 MPa) su A3 polimeru (17,8 MPa). Tai vyksta dél didesnio TPO reaktyvumo
palyginus su TPOL [40]. Fotoiniciatoriaus kiekio didinimas lémé G’ sumazéjima,
kuris reiSké ir gauty polimery standumo sumazéjima (A3 (17,80 MPa), A6
(9,92 MPa) ir Al13 (1,96 MPa) polimery serija). Nepaisant to, didinant
fotoiniciatoriaus kiekj nuo 1 mol.% iki 3 mol.%, #.1 verté gali sumazéti net 8 s dél
greitesnés fotopolimerizacijos, kurios greitis yra labai svarbus polimery gamybai.

Ivertinus $iuos duomenis, buvo nuspresta tolimesniems tyrimams naudoti AS
ir A6 polimerus.
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2 pav. Dervy A1-A14 tampros (kaupimo) modulio (a) ir gelio tasko (b) vertés

4.2. Polimery su vanilino akrilaty fragmentais sintezé taikant radikaline
fotopolimerizacijq ir gauty polimery savybiy tyrimas

Sis skyrius paraSytas remiantis publikuotu straipsniu: 4. Navaruckiené,
E. Skliutas, S. Kasetaite, S. Rekstyte, V. Raudoniene, D. Bridziuviene,
M. Malinauskas, J. Ostrauskaité. Vanillin acrylate-based resins for optical
3D printing. Polymers. 2020, 12 (2), 397 [41]. JIF: 4.967. Indélis: 0,125.

Vanilino dariniai pritaikyti  fotokietinamoms sistemoms naudojant
komonomera BDT, kaip aprasSyta 4.1 poskyryje, taciau sistemose be BDT jie nebuvo
iSbandyti. Vanilino dariniai pasirinkti kaip pradinés medZziagos nenaudojant
komonomery, siekiant iStirti vanilino akrilato, tirpiklio, fotoiniciatoriaus bei jo
kiekio jtaka gauty polimery savybéms ir pritaikyti pasirinktas kompozicijas
tiesioginio lazerinio rasymo (DLW) bei mikrojspaudimo litografijos (uTM)
technologijose. Radikaliné fotopolimerizacija pritaikyta polimery su VD ir VDM
fragmentais sintezei, naudojant skirtingus fotoiniciatoriaus TPOL kiekius
(1 paveikslas). Dervy sudétis pateikta 2 lenteléje. Dervoms buvo priskirti kodai B1—-
B9, kurie atitinka straipsnyje vartotus kodus C1-C9. Gauty kompozicijy reologinés
ir mechaninés charakteristikos buvo palygintos su komerciniy trimac¢iam (3D)
spausdinimui naudojamy dervy, PR48 ir FormLabs Clear FL6PCL(2, savybémis.
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2 lentelé. Dervy B1-B9 sudétis

Derva Vanilino Vanilino Tirpiklis Fotoiniciatoriaus
darinys darinio TPOL kiekis, mol.%
kiekis, mol
B1 VD 1 — 1
B2 VD 1 DCM 1
B3 VDM 1 DCM 1
B4 VD 1 — 3
B5 VD 1 DCM 3
B6 VDM 1 DCM 3
B7 VD 1 — 5
B8 VD 1 DCM 5
B9 VDM 1 DCM 5

Kompozicijy B1-B9 G’ ir t. vertés pateiktos 3 paveiksle. Fotokietinimas
vyko greiciausiai, kai buvo naudojami 3 mol.% fotoiniciatoriaus TPOL. Taip pat,
naudojant 3 mol.% TPOL buvo gautos vienos i$ didziausiy G’ ver¢iy, kurios nusako
polimery standumg. Vienintelé iSimtis buvo polimeras B5 (G’ = 11,3 MPa), kurio
standumo sumazgjimg lémé tirpiklio naudojimas kompozicijoje. Visais atvejais
fotopolimerizacija vyko grei¢iau, kai VDM buvo naudojamas vietoj VD. To
priezastis yra tamsi VD spalva, kuri trukdo Sviesai pasiekti gilesnius dervos
sluoksnius ir taip létina fotopolimerizacijos procesa. Tolimesniems tyrimams buvo
pasirinktos kompozicijos B4-B6, paruostos naudojant 3 mol.% TPOL.

Siekiant jvertinti pasirinkty dervy tinkamumg trimac¢iam (3D) spausdinimui,
gauti rezultatai buvo palyginti su komercinémis dervomis PR48 ir FormLabs Clear
FL6PCLO2. Dervy B4 ir B6 fotokietéjimo greitis buvo toks pat arba kiek didesnis
nei komerciniy dervy. Vienintel¢ iSimtis buvo BS, kurios fotokietéjimas vyko
dvigubai léCiau nei komerciniy dervy. Polimerai B4 ir B6 (G’ =18,10 MPa;
18,20 MPa) buvo standesni nei FormLabs Clear FL6PCL02 (15,20 MPa), bet
minkstesni nei PR48 (21,40 MPa).
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3 pav. Kompozicijy B1-B9, PR48 bei Formlabs Clear FL6PCL(02 tampros
(kaupimo) modulio (a) ir gelio tasko (b) vertés

DLW technologija buvo taikoma siekiant parinkti optinio trimacio (3D)
spausdinimo parametrus B4 dervai. Tyrimai buvo atlikti Vilniaus universiteto
Lazeriniy tyrimy centre. Trimaciai (3D) pagaliukai ir Marvino figirélés buvo
atspausdintos, taciau dél didelio susitraukimo ir matomy ertmiy pavirSiuje B4 derva
nebuvo tinkama Siam spausdinimo metodui (4 paveikslas (a)—(c)). uTM buvo
pasirinkta kaip alternatyva optiniam trimaciam (3D) spausdinimui. Akrilintas
epoksidintas sojy aliejus (AESO) buvo panaudotas spausdinti prading Marvino
struktiirg, pagal kurig véliau sukurta liejimo forma (4 paveikslas (d)). Taikant Sig
technologija buvo gautas lygus B4 polimero struktiiros pavirSius, puikiai
atkartojantis liejimo forma (4 paveikslas (e)).
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3,4 mm/s

SRR

4 pav. (a)— 75 x 75 um? dydzio struktiiros i§ B4 dervos: v kinta nuo 2,8 iki
3,4 mm/s; (b) — priartinta 75 x 75 um? figtirélé: v = 1 mm/s; (c) — Marvino figiirélé i3
B4 dervos: v=1,8 mm/s; (d)— Marvino figirélé i AESO: v=1,2 mm/s; (e)—
Marvino figtrélés i§ B4 dervos taikant Stampavimo technika, fotokietinimui
naudotas 365 nm bangos ilgio Sviesos $altinis

4.3. Radikalinés bei tiol-Michael fotopolimerizacijy palyginimas ir gauty
polimery antimikrobiniy savybiy tyrimas

Sis skyrius paraSytas remiantis publikuotu straipsniu: 4. Navaruckiené,
D. Bridziuviené, V. Raudoniené, E. Rainosalo, J. Ostrauskaité. Influence of vanillin
acrylate-based resin composition on resin photocuring kinetics and antimicrobial
properties of the resulting polymers. Materials. 2021, 14 (3), 653 [42]. JIF: 3.748.
Indélis: 0,200.

Vanilino dariniai buvo pritaikyti fotokietinamose sistemose naudojant
komonomerus ir jy nenaudojant, kaip buvo aprasyta 4.1 ir 4.2 poskyriuose. Sio
darbo tikslas — palyginti vanilino fragmenty turinius homopolimerus su
kopolimerais. Siekiant nustatyti dervos sudéties (vanilino darinio, tiolio bei jo
kiekio, fotoiniciatoriaus bei jo kiekio ir tirpiklio) jtaka fotokietéjimo kinetikai ir
gauty polimery savybéms buvo sukurta dvideSimt viena skirtingos sudéties derva
(3 lentel¢). Siam tyrimui pasirinkti VDM arba VD su arba be BDT ir
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fotoiniciatoriumi

(5 paveikslas).

5 pav.
formulé

3 lentelé. Dervy C1—-C21 sudétis

fenil-bis(2,4,6-trimetilbenzoil)fosfino

O,
: T
O

BAPO

oksidu

(BAPO)

Fenil-bis(2,4,6-trimetilbenzoil)fosfino oksido (BAPO) struktiiriné

Derva Vanilino Vanilino | BDT Tirpiklis BAPO kiekis,
darinys darinio | kiekis, mol mol.%
kiekis,
mol
C1 VD 1 1 — 1
C2 VD 1 1 DCM 1
C3 VD 1 — — 1
C4 VD 1 — DCM 1
C5 VDM 1 1 DCM 1
Cé VDM 1 — DCM 1
C7 VD 1 1 — 3
C8 VD 1 1 DCM 3
Cc9 VD 1 — — 3
C10 VD 1 — DCM 3
C11 VDM 1 1 DCM 3
C12 VDM 1 — DCM 3
C13 VD 1 1 — 5
C14 VD 1 1 DCM 5
Ci15 VD 1 — — 5
C16 VD 1 — DCM 5
C17 VDM 1 1 DCM 5
C18 VDM 1 — DCM 5
C19 VD 1 0,5 — 3
C20 VD 1 0,5 DCM 3
C21 VDM 1 0,5 DCM 3

Siekiant nustatyti optimaly fotoiniciatoriaus kiekj, buvo paruosta dervy serija
su 1, 3 ir 5 mol.% BAPO (6 paveikslas). Nustatyta, jog naudojant 3 mol.% BAPO
fotokietéjimo greitis yra didesnis arba panaSus j dervy, paruosty su 1 mol.% BAPO.
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Dervos su 5 mol.% BAPO polimerizavosi grei€iau, bet gautuose polimeruose buvo
pastebéta neistirpusiy BAPO daleliy. [vertinus Siuos rezultatus, nuspresta
tolimesniems tyrimams naudoti 3 mol.% fotoiniciatoriaus. Nustatyta, jog dervoje
naudojant tirpiklj, 1étéja fotopolimerizacija ir gaunami minkStesni polimerai.
Pridéjus tirpiklio | VD derva t padidéjo nuo 7,0 s iki 10,0 s, o G’ sumazeéjo nuo
12,7 MPa iki 12,0 MPa. MinkStesni polimerai gauti ir naudojant tiolj, taciau,
priesingai nei tirpiklio atveju, fotokiet¢jimas greitejo. Pavyzdziui, pridéjus BDT |
VD derva standumas sumazéjo nuo 12,7 MPa iki 1,57 MPa, o £, sumazejo nuo 7,0 s
iki 3,6 s. Siekiant geriau jvertinti tiolio jtaka fotokietéjimui, buvo paruostos trys
dervos su nestechiometriniu tiolio ir akrilgrupiy santykiu. Siy dervy
fotopolimerizacijos metu vyko dvigubasis kietinimas, sujungiantis tiol-Michael ir
radikalinés polimerizacijos mechanizmus. Gauti polimerai buvo standesni nei tiol-
Michael metodu gautieji, taciau fotopolimerizacijos greitis buvo kiek mazesnis.
Pavyzdziui, VDM polimerai su 0,5 mol BDT pasieké #e1 po 5,3 s, 0 jy standumas
buvo 15,2 MPa, palyginimui, VDM polimerai su 1 mol BDT pasieke #z1 po 3,6 s, 0
ju standumas buvo 2,14 MPa. Atrinkty dervy (su 3 mol.% BAPO) reologinés
charakteristikos buvo palygintos su komerciniy dervy, skirty optiniam trimac¢iam
(3D) spausdinimui PR48 (tz=6,0s, G’ =21,4 MPa), ir FormLabs Clear
FLO6PCLO2 (tge1 = 6,0 s, G’ = 15,2 MPa) savybémis. Nustatyta, jog atrinkty dervy su
vanilino junginiais fotokietéjimo greitis labai panasus | komerciniy, taciau gauti
polimerai yra kiek minkStesni.
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6 pav. Kompozicijy C1-C21, PR48 bei Formlabs Clear FL6PCL(02 tampros
(kaupimo) modulio (a) ir gelio tasko (b) vertés
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4.4. Dvigubojo kietinimo fotopolimery su vanilino akrilaty fragmentais
sintezé ir savybiy tyrimas

Sis skyrius paraSytas remiantis publikuotu straipsniu: 4. Navaruckiené,
D. Bridziuviené, V. Raudoniené, E. Rainosalo, J. Ostrauskaité. Vanillin acrylate-
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based thermo-responsive shape memory antimicrobial photopolymers. Express
polymer letters. 2022, 16 (3), 279-295 [43]. JIF: 3.952. Indélis: 0,200.

Tiolio kiekio pokytis kompozicijose pakeite polimery fotokietinimo kinetikg ir
gauty polimery savybes, kaip buvo apradyta 4.3 poskyryje. Sio tyrimo tikslas —
jvertinti vanilino darinio bei komonomero BDT kiekio jtaka fotokietinimo kinetikai
ir gauty polimery savybéms. Siam tikslui pasiekti sukurtos $eSios kompozicijos.
Trys komerciniai vanilino dariniai, vanilino hidroksipropano dimetakrilatas
(VHDM), VDM ir VD buvo iSbandyti dvigubojo kietinimo sistemose su BDT ir
fotoiniciatoriumi TPOL (7 paveikslas).

o
0)
Y Y
OH
oMo
OH
VHDM

7 pav. Vanilino hidroksipropano dimetakrilato (VHDM) struktiiriné formulé

Kompozicijy sudétis pateikta 4 lenteléje. Sioms kompozicijoms priskirti kodai
D1-D6, kurie atitinka straipsnio kodus C1-Cé6. Skirtingas tio- ir akrilgrupiy santykis
buvo pasirinktas siekiant pakeisti gauty polimery savybes. Dvigubojo kietinimo
proceso metu lygiagreciai vyksta dvi polimerizacijos reakcijos, tiolio-akrilato
fotopolimerizacija ir akrilato homopolimerizacija. Sumazinus tiolio ir akrilgrupiy
santykj nuo 1:1 iki 1:0,5, akrilaty homopolimerizacija tampa dominuojancia reakcija
ir gauty polimery savybés pasikeicia.

4 lentelé. Dervy D1-D6 sudétis

Derva | Vanilino Vanilino 1,3- Fotoiniciatoriaus | Tirpiklis
darinys darinio benzenditio- TPOL kiekis,
kiekis, mol lio kiekis, mol.%
mol
D1 VD 1 1 3 —
D2 VD 1 0,5 3 —
D3 VDM 1 1 3 THF
D4 VDM 1 0,5 3 THF
D5 VHDM 1 1 3 —
D6 VHDM 1 0,5 3 —

G’, g ir susitraukimo vertés pateiktos 8 paveiksle. Visais atvejais
fotokietéjimas vyko greiCiau ir gauti standesni polimerai, kai buvo naudojamas
mazesnis BDT kiekis ir dominavo akrilaty homopolimerizacija. Sumazinus tiolio
kieki nuo 1 mol iki 0,5 mol, VD dervy fotokietéjimo greitis padidéjo nuo 6,2 s iki
4,8 s, o gauty polimery standumas — nuo 8,89 MPa iki 11,4 MPa. Tiolio kiekio
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sumazinimas taip pat padidino polimery susitraukima 4 % dél gerai zinomo akrilaty
polinkio trauktis polimerizacijos metu [44].
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8 pav. Kompozicijy D1-Dé6 tampros (kaupimo) modulio (a), gelio tasko (b) ir
susitraukimo (c) vertés

Siekiant istirti polimery D1-D6 mechanines savybes buvo atliktas tempimo
testas. Mazesnés Jungo modulio ir didesnés iStjsos tempiant vertés buvo gautos
polimery, kurie buvo paruosti naudojant 1 mol BDT (1,4-3,5 MPa ir 19,0-119,7 %)
lyginant su polimerais, paruostais naudojant 0,5 mol BDT (3952,3-11339.,4 MPa ir
6,8-12,3 %). Maziausios Jungo modulio ir iStjsos tempiant vertés buvo gautos
polimery su VDM fragmentais. Tai lémé tirpiklis, dél kurio fotopolimerizacijos
metu susiformavo linijiniai ar Sakoti polimero fragmentai [45]. VHDM polimerai
pasizyméjo didziausiomis Jungo modulio ir iStisos tempiant vertémis. Tai lémé ilgy
VHDM grandiniy fragmentai, susidare fotopolimerizacijos metu.

Visi polimerai su vanilino fragmentais pasiZyméjo terminio atsako formos
atminties savybémis. Stikl¢jimo temperatira léme jy sugeb¢jimag pakeisti nuolating
formg | laikingja ir ja iSlaikyti esant tinkamai temperatirai. Polimero D6
(Ty =40 °C) formos atminties savybiy tyrimo schema pateikta 9 paveiksle. Polimero
bandinys buvo pakaitintas iki temperatiiros, didesnés nei jo stikl¢jimo temperatiira
(iki 60 °C) ir deformuotas j norima forma (Siuo atveju spirale). Po deformavimo
bandinys buvo atvésintas iki temperatiiros, mazesnés uz jo T, (iki 25 °C). Sis
procesas vadinamas terminiu programavimu. Tokioje temperatiiroje bandinys galéjo
iSlaikyti nekintanCig laikingja forma neribota laikotarpj. Dar kartag pakaitinus
polimera iki 60 °C, jis akimirksniu grizo j savo pradine, pastoviaja forma, taip
parodydamas, kad turi formos atminties savybes. Visi $eSi bandiniai su vanilino
fragmentais pasizyméjo tokiomis paciomis savybémis.

53
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Sugrjzimas j pastoviaja Terminis
bandinio formg programavimas

9 pav. Polimero D6 formos atminties savybiy schema

4.5. Vanilino dimetakrilato bei tridecilmetakrilato formos atminties
fotopolimery sintezé ir savybiy tyrimas

Sis  skyrius paraSytas remiantis publikuotu  straipsniu:  J. Jaras,
A. Navaruckiené, E. Skliutas, J. Jersovaite, M. Malinauskas, J. Ostrauskaite.
Thermo-responsive shape memory vanillin-based photopolymers for microtransfer
molding. Polymers. 2022, 14 (12), 2460 [46]. JIF: 4.967. Indélis: 0,166.

Pagrindinis monomero VDM trikumas atliekant polimery sinteze buvo
tirpiklio poreikis, kaip aprasyta 4.4 poskyryje. Siekiant paSalinti §] trikuma
tridecilmetakrilatas (C13-MA) buvo pasirinktas kaip komonomeras, kuris taip pat
veikia ir kaip tirpiklis. Siekiant sukurti tinkamg kompozicija pTM technologijai,
VDM buvo sumaiSytas su jvairiais kiekiais C13-MA ir BDT, sukurta dvylika
kompozicijy, kuriy sudétis pateikta 5 lentel¢je. Dervoms buvo suteikti kodai E1-
E12, kurie atitinka straipsnio kodus C1-C12. VDM kiekis buvo iSlaikomas
pastovus, C13-MA kiekj didinant nuo 1,5 mol iki 4,5 mol, o BDT kickj mazinant
nuo 1 mol iki 0,25 mol. Kaip buvo aprasoma 4.4 poskyryje, dvigubojo kietinimo
metu vyksta dvi reakcijos, tiolio-akrilato  polimerizacija ir akrilato
homopolimerizacija. Siekiant gauti specifiniy savybiy polimerus Sios reakcijos buvo
valdomos, kei¢iant C13-MA ir BDT kiekius.
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5 lentelé. Dervy E1-E12 sudétis

VDM kiekis, mol ' B'DT C13-MA kiekis, TPOL kiekis,

kiekis, mol mol mol.%

o o
Derva cL * 04 __{CHs ﬁ/@
o DAOH/ Q/ )ﬁ‘/ ‘{ﬁj /@iu\p[
o} n 0.
\!Hko SH n=12 W

E1l 1 1 1,5 3
E2 1 0,75 1,5 3
E3 1 0,5 1,5 3
E4 1 0,25 1,5 3
E5 1 1 3 3
E6 1 0,75 3 3
E7 1 0,5 3 3
ES8 1 0,25 3 3
E9 1 1 4.5 3
E10 1 0,75 4.5 3
E11 1 0,5 4.5 3
E12 1 0,25 4.5 3

Tyrimo metu buvo nustatyta, jog C13-MA létina fotopolimerizacija ir didinant
jo kieki gaunami minkstesni polimerai (10 paveikslas). Pavyzdziui, didinant C13-
MA kiekji nuo 1,5mol iki 4,5 mol, gauty polimery standumas sumazéja nuo
17,343 MPa (E4) iki 2,930 MPa (E12). Panasts rezultatai gauti ir didant BDT kiekj,
G’ verté sumazéjo nuo 10,148 MPa (E8) iki 0,031 MPa (ES) padidinus tiolio kiekj
nuo 0,25 mol iki 1 mol. Nors létino fotopolimerizacijos procesa ir minkstino
polimerus, BDT taip pat mazino polimery susitraukimg. Padidinus BDT kiekj nuo
0,25 mol iki 1 mol, susitraukimas sumazéjo nuo 10 % (E12) iki 1 % (E9).
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10 pav. Bandiniy E1-E12 tampros (kaupimo) modulio (a), gelio tasko (b) ir
susitraukimo (¢) vertés

Polimery E1, E2, E5 ir E9 mechaniniy savybiy istirti nepavyko, nes jie buvo
per minksti. Didziausiomis Jungo modulio ir maziausiomis iStjsos tempiant vertémis
pasizyméjo E4 polimeras (60,05 MPa ir 5,47 %), kuris buvo paruosStas naudojant
maziausius kiekius C13-MA ir BDT. Nustatyta, jog BDT kiekio padidinimas
(polimeras E3) padidina pailgéjimo tempiant ir sumazina polimery Jungo modulio
vertes (12,44 MPa ir 17,3 %). Tai jvyko dél lankséiy tioeterio rysiy, kurie leidzia
polimerams tjsti tempimo metu. Panasy efekta suteiké ir C13-MA kiekio didinimas.
Nustatyta, jog Jungo modulio verté sumazéjo nuo 60,05 MPa (polimeras E4 su
1,5 mol C13-MA) iki 5,53 MPa (polimeras E12 su 4,5 mol C13-MA), o iStisa
tempiant padidéjo nuo 5,47 % (polimeras E4) iki 8,38 % (polimeras E12). Tai leme
ilga C13-MA anglies atomy grandiné.

Visi 12 polimery pasizyméjo terminio atsako formos atminties savybémis.
Kaip jau buvo paaiskinta 4.4 poskyryje, siekiant pakeisti ir uzfiksuoti polimery
bandiniy formga jie turi biiti pakaitinami vir§ stikl¢jimo temperatiiros, deformuojami j
laikingja formg ir vél atS8aldomi iki temperattiros, mazesnés uz jy 7. Vél pakaitinus
polimery bandinius vir§ 7T, vertés jie akimirksniu grjZta j pastoviaja formg. Polimero
E8 formos atminties savybiy schema pateikta 11 paveiksle. Svarstis buvo
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naudojamas siekiant parodyti, jog polimeras E8 yra tvirta medziaga, jo gebéjimui
sugrjzti | pastoviaja forma svarstis jtakos neturi.

ll

Pastovioji bandinio Deformavimas | laikingjg
forma formag

Saldymas
Zemiau

Tg
.
SugrjZimas | pastoviajg
bandinio formag Terminis programavimas

11 pav. Polimero E8 formos atminties savybiy schema

Dvi dervos su vanilino junginiais, E1 (formuojanti minks$tus polimerus) ir E8
(formuojanti standzius polimerus), buvo atrinktos pfTM technologijai. Bandymo
rezultatai pateikti 12 paveiksle: (a) dalyje matoma optinio trima¢io (3D)
spausdinimo btidu suformuota USAF Sablono nuotrauka, pagal kurj buvo pagaminta
polidimetilsiloksano (PDMS) stampavimo forma (b); (c) ir (d) dalyse matomos i§
polimery E1 ir E8 suformuoty repliky nuotraukos. Abi dervos atkartojo unikalias
Sablono savybes (formas, raides, numerius ir linijas). Abi dervos gali buti
naudojamos pTM technologijoje.

[ e

| = :}[ﬂ,ﬁﬂuuns i:

12 pav. uTM rezultatai: (a) iSspausdinto 1951 USAF Sablono nuotrauka; (b)
PDMS stampavimo formos nuotrauka; (c) ir (d) E1 ir E8 dervy repliky nuotraukos.
Bruksniai nuotraukose atitinka 5 mm
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4.6. Vanilino dimetakrilato bei akrilinto epoksidinto sojy aliejaus dvigubojo
kietinimo fotopolimery sintezé ir savybiy tyrimas

Sis skyrius parengtas remiantis publikuotu straipsniu: V. Sereikaité,
A. Navaruckiene, J. Jaras, E. Skliutas, D. Ladika, D. Gray, M. Malinauskas,
V. Talacka, J. Ostrauskaité. Functionalized soybean oil- and vanillin-based dual
cure photopolymerizable system for light-based 3D structuring. Polymers. 2022, 14,
5361 [48]. JIF: 4.967. Indélis: 0,111.

Visos penkios polimery serijos, apraSytos 4.1-4.5 poskyriuose, buvo tinkamos
mikrojspaudimo litografijai, taiau né viena i§ jy netiko optiniam trimaciam (3D)
spausdinimui. Atsizvelgus | pragjusiy tyrimy rezultatus ir atliktg literatiros analizg
buvo sukurta nauja kompozicija VS, sudaryta i§ 3 mol.% AESO, 1 mol VDM,
0,25 mol pentaeritritoltetrakis(3-merkaptopropionato (PETMP), 2,5 mol % TPO ir
0,08 mol % UVB (13 paveikslas). AESO buvo parinktas kaip komonomeras VDM
siekiant padidinti polimero gamtinés anglies kiekj (BRC), sumazinti polimery kaing
ir pritaikyti polimerus optiniam trima¢iam (3D) spausdinimui. ApskaiCiuotas
polimero VS BRC buvo 76,45 %.

=

x

— \[I/W\W

X@EN%

uvB

)J\A
13 pav. Akrilinto epoksidinto sojy aliejaus (AESO), pentaeritritoltetrakis(3-

merkaptopropionato) (PETMP) ir 2,5-bis(5-tret-butilbenzoksazol-2-il)tiofeno
(UVB) struktiirinés formulés

AESO buvo parinktas kaip pagrindinis dervos komponentas dél tinkamumo
optiniam trimac¢iam (3D) spausdinimui ir gamtinés kilmés. Gryno AESO polimerai
yra trapts, tod¢l VDM buvo parinktas siekiant pagerinti AESO termines ir
mechanines savybes [16]. PETMP buvo parinktas siekiant padidinti gauto polimero
lankstumag ir suteikti jam formos atminties savybes [49]. Siekiant gauti mechaniskai
stipresnius polimerus buvo nuspresta akrilaty homopolimerizacijg taikyti kaip
dominuojancia reakcija. Dél Sios priezasties buvo pasirinktas nestechiometrinis tio-
ir akrilgrupiy santykis. Apibendrinta komponenty jtaka polimero charakteristikoms
pateikta 14 paveiksle.
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AESO t — polimero charakteristikos
Kietumas | vertés didéjimas didéjant
Trapumas 1 komponento kiekiui o
T | — polimero charakteristikos
Mechaninis stiprumas | : e e
oD S tabil vertés mazéjimas didéjant
_err_'?!n's stabl uma_sT komponento kiekiui
Stlklejlmo_temperatura1 1, | - teigiama jtaka
Spausdinamumas | 1, | — neigiama jtaka

PETMP VDM
Kietumas | Kietumas ¢
Trapumas | Trapumas |
Mechaninis stiprumas | Mechaninis stiprumas
Terminis stabilumas | Terminis stabilumas
Stiklejimo temperatira | Stiklejimo temperatra
Spausdinamumas | Spausdinamumas |

14 pav. Komponento jtakos polimero VS charakteristikoms schema

Fotoreometrijos metodu buvo nustatyta, jog polimero VS standumas
(317,66 MPa) yra net 20karty didesnis nei vanilino dimetakrilato ir tiolio
polimery [43]. Si derva pasieké gelio taska vos per 1,5 s be indukcijos periodo.
Tokie rezultatai parodo, jog VS derva yra tinkama optiniam trimaciam (3D)
spausdinimui.

Polimeras VS pasizyméjo puikiomis mechaninémis savybémis. Polimero
Jungo modulio verté sieké 4753,1 MPa, o iStjsa tempiant buvo 4,72 %. Sios vertés
parodo, jog polimeras VS yra standi medziaga.

Derva VS buvo isbandyta SLA trimacio (3D) spausdinimo technologijoje. VS
atkartojo net smulkiausias maketo detales iSlaikydama lygy pavirsiy. 15 paveiksle
pateiktos i§spausdintos ,,Ameral.abs Miesto* nuotraukos.

15 pav. I$spausdintos VS polimero struktiiros priekinés (a) ir galinés (b) pusés
nuotraukos
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Pagrindiniai spausdinimo proceso trukdziai naudojant VS derva buvo gana
didelé¢ dervos klampa, kurig 1émé AESO naudojimas kompozicijoje ir gana létas
spausdinimo procesas.

4.7. Pakopinio bei vienalaikio dvigubojo kietinimo sistemy palyginimas ir
gauty polimery savybiy tyrimas

Sis skyrius paraSytas remiantis publikuotu straipsniu: G. Motiekaityté,
A. Navaruckiené, V. Raudoniené, D. Bridziuviene, J. Jaras, K. Kantminiene,
J. Ostrauskaité. Antimicrobial dual-cured photopolymers of vanillin alcohol
diglycidyl ether and glycerol dimethacrylate. Journal of applied polymer science.
2023, 140 (2), €53289 [50]. JIF: 3.057. Indélis: 0,142.

Akrilatai su vanilino fragmentais parodé puikias panaudojimo galimybes
atliekant polimery sinteze ir taikant dvigubojo kietinimo procesa, kaip buvo apraSyta
4.1-4.6 poskyriuose. Vanilino alkoholio diglicidileteris (VDGE) buvo pasirinktas
kaip epoksigrupes turintis monomeras siekiant nustatyti jy tinkamuma dvigubojo
kietinimo procese ir kaip jie kei¢ia polimery savybes. Glicerolio dimetakrilatas
(GDMK) buvo parinktas kaip komonomeras. Du fotoiniciatoriai, BAPO ir
triarilsulfonio heksafluoro fosfaty miSinys (TASHFF) buvo naudoti Siame tyrime
(16 paveikslas). Dervoms buvo suteikti kodai G1-G3, kurie atitinka straipsnyje
naudotus kodus C1-C3. Kompozicijy sudétis pateikta 6 lentelgje. Zvaigzduté (*)
Salia junginio kodo parodo, kad buvo taikomas pakopinis fotokietinimas.

S VR @@g

OH
I i

VDGE 0
OH PFG- S+4©73‘©78+ PFS-
)H‘/O\/K/O\’Hk
o (o]
GDMK TASHFF

16 pav. Vanilino alkoholio diglicidileterio, »=0,0-0,2 (VDGE), glicerolio
dimetakrilato (GDMK) ir triarilsulfonio heksafluoro fosfaty misinio (TASHFF)
strukttrinés formulés
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6 lentelé. Dervy G1-G3 sudétis

Derva VDGE GDMK TASHFF BAPO DCM
kiekis, mol | kiekis, mol kiekis, kiekis, kiekis, mol
mol % mol %

G1 1 0,5 3 3 0,4

G2 1 1 3 3 0,4

G3 0,5 1 3 3 0,2
VDGE 1 0 3 0 0,4
GDMK 1 0 3 0

Kiet¢jimo kinetikai iStirti buvo taikomas fotoreometrijos metodas. Dvigubasis
kietinimas buvo iSbandytas dviem btdais, kaip vienalaikis ir pakopinis kietinimas.
Pakopinio kietinimo metu radikalinés ir katijoninés fotopolimerizacijy atskyrimui
buvo naudojamas Sviesos filtras. Pirmosios pakopos metu, naudojant Sviesos filtra,
buvo inicijuojama radikaliné fotopolimerizacija. Jai jvykus, filtras buvo pasalintas ir
inicijuota katijoniné fotopolimerizacija. Gauti rezultatai pateikti 17 paveiksle.
Didziausias skirtumas tarp standumo po pirmosios ir antrosios pakopos buvo
pastebétas G1* kompozicijoje. Tai lémé kompozicijoje esantis didesnis nei kitose
dervose VDGE kiekis, kuris polimerizuojamas katijoninés fotopolimerizacijos budu.
Nustatyta, jog didinant GDMK kiekj kompozicijoje gaunami standesni polimerai ir
fotopolimerizacija vyksta greiciau.
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17 pav. Dervy tampros modulio G* priklausomybé nuo Svitinimo trukmes
(pakopinis kietinimas). IStisiné linija — bangos ilgis 400-450 nm, punktyriné linija —
bangos ilgis 250450 nm

Vienalaikio kietinimo metu abi fotopolimerizacijos reakcijos prasidéjo
lygiagre¢iai. Rezultatai pateikti 18 paveiksle. Siuo atveju visy dervy fotokietéjimo
greitis buvo artimas, jy et buvo tarp 12,0-12,5 s. Polimeras G2 buvo kieciausias i$
visy polimery su vanilino fragmentais, taciau jo standumas buvo labai artimas
polimero G3 standumui (28,23 MPa ir 27,51 MPa). Kaip ir pakopinio kietinimo
metu, minkS¢iausias buvo polimeras G1 (17,97 MPa), kuriame naudotas maziausias
GDMK kiekis. Tolimesniems tyrimams buvo pasirinkti polimerai, gauti vienalaikio
kietinimo budu. Tai lémé savybés, panaSios | pakopinio kietinimo biidu gauty
polimery savybes ir paprastesnis gamybos procesas.
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18 pav. Dervy tampros modulio G* priklausomybé nuo Svitinimo trukmes
(vienalaikis kietinimas)

Nustatyta, jog didéjant VDGE kiekiui dervose, polimery stikléjimo
temperatira padidéja nuo 41 °C (G3) iki 57 °C (G1). Nepaisant to, didinant VDGE
kiekj polimery 10 % masés nuostoliy temperatiira sumazeja nuo 274 °C (G3) iki
227 °C (G1). Sie rezultatai koreliuoja su polimery reologinémis charakteristikomis.

Tempimo testas parodé, kad Jungo modulis padidéjo (nuo 76,64 MPa iki
190,71 MPa), o iStisa tempiant sumazejo (nuo 4,75 % iki 3,41 %) kai dervose
padidéjo GDMK kiekis. Tai léemé GDMK ir VDGE struktiry skirtumai. Ilgesné
VDGE molekulé suformuoja ilgesnes polimerines grandines, kuriy daugéja didinant
VDGE kiekj, ir tai lemia polimery lankstuma [51].
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5. ISVADOS

1. Sukurtos fotojautrios dervos su vanilino junginiais pasiZymi tokiomis ypatybémis:

a)

b)

¢)

d)

standesni polimerai gaunami, kai vanilino diakrilatas naudojamas vietoj
vanilino dimetakrilato (tai parodo tampros modulio ver¢iy padidéjimas nuo
0,73 MPa iki 0,81 MPa);

tirpiklio (dichlormetano arba tetrahidrofurano) naudojimas dervose létina
fotopolimerizacijg ir gaunami polimerai yra maziau standds;

3 mol % yra optimalus fotoiniciatoriy fenilbis(2,4,6-trimetilbenzoil)fosfino
oksido,  difenil(2,4,6-trimetilbenzoil)fosfino  oksido ir etil(2,4,6-
trimetilbenzoil)fenilfosfinato kiekis, nes gaunamas geriausias kietinimo
greicio ir produkto standumo santykis;

dervos su vanilino junginiais yra tinkamos optinio trimacio (3D)
spausdinimo technologijai, nes jy fotokietinimo greitis ir gauty polimery
standumas yra panasus | komerciniy dervy, skirty optiniam trimac¢iam (3D)
spausdinimui.

2. Tinkliniai polimerai su vanilino akrilaty fragmentais, gauti fotopolimerizacijos
btidu, naudojant ir nenaudojant komonomery, pasiZymi tokiomis savybémis:

a)

b)

¢)

d)

polimerai su vanilino akrilaty fragmentais pasizymi dideliu netirpios
frakcijos kiekiu (77-99 %), kuris parodo, jog didZioji dalis produkto yra
tinklinés struktiiros;

komonomery (1,3-benzenditiolio ar tridecilmetakrilato) kiekio didinimas
dervose sumazina polimery stikléjimo temperatiira ir destrukcijos
temperatiira, esant 10 % masés nuostoliams;

komonomery 1,3-benzenditiolio, tridecilmetakrilato ar akrilinto epoksidinto
sojy aliejaus kiekio didinimas dervose mazina polimery Jungo modulio
vertes ir didina santykinés istjsos trikio metu vertes;

polimerai su vanilino ir 1,3-benzenditiolio fragmentais pasiZymi terminio
atsako formos atminties savybémis, kurios priklauso nuo jy stikléjimo
temperaturos.

3. Vanilino alkoholio diglicidileterio fotopolimerus galima susintetinti, taikant
vienalaikj arba pakopinj dvigubajj kietinima:

a)

b)
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glicerolio dimetakrilato kiekio padidinimas dervose nuo 0,5 mol iki 1 mol
pagreitina fotokietinima nuo 12,5 s iki 12,0 s, ir polimery standumas abiejy
tipy reakcijose padidéja nuo 17,97 MPa iki 28,23 MPa;

vanilino alkoholio diglicidileterio kiekio padidinimas dervose nuo 0,5 mol
iki 1 mol padidina polimery stikl¢jimo temperatiirg nuo 41 °C iki 57 °C ir
sumazina destrukcijos temperatiira, esant 10 % masés nuostoliams, nuo
274 °C iki 227 °C;

fotojautriy sistemy su vanilino junginiais dvigubasis kietinimas yra
paprastas budas gauti didesnio standumo polimerus, nes pakopinio
dvigubojo kietinimo metu standumas padidéjo nuo 11,51-23,00 MPa po



pirmo etapo iki 22,63-25,56 MPa po antro etapo, o po vienalaikio dvigubojo
kietinimo buvo gauti standesni analogiskos sudéties polimerai (17,97—
27,51 MPa).

4. Fotojautrios dervos su vanilino junginiais yra tinkamos naudoti mikrojspaudimo
litografijai ir optiniam trimaciam (3D) spausdinimui:

a)

b)

gryno vanilino diakrilato derva ir vanilino dimetakrilato dervos su
tridecilmetakrilatu ir 1,3-benzenditioliu yra tinkamos mikrojspaudimo
litografijai, nes gali tiksliai atkartoti unikalius Sablono poZzymius (forma,
raides, skaicius ir linijas);

fotojautri dvigubojo kietinimo derva, sudaryta i§ vanilino dimetakrilato,
akrilinto  epoksidinto  sojy  aliejaus  ir  pentaeritritoltetrakis(3-
merkaptopropionato) yra tinkama optinio trimacio (3D) spausdinimo
technologijai dél didelio spausdinimo tikslumo ir gero sluoksniy sukibimo
tarpusavyje.
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Vanillin-based Thiol-ene Systems as Photoresins for Optical 3D Printing
ABSTRACT:

Purpose — This study aims to present a design and investigation of novel vanillin-based thiol-ene photocurable systems
as candidate materials for optical 3D printing.

Design/methodology/approach — Two vanillin acrylates, vanillin dimethacrylate and vanillin diacrylate, were tested in
thiol-ene photocurable sy with 1,3-b dithiol. The kinetics of photocross-linking was investigated by real-time
photorheometry using two photoinitiators, ~diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide or ethyl(2,4,6-
trimethylbenzoyl)phenylphosphinate, in different quantities. The dependencies of rheological properties of resins on the
used vanillin derivative, photoinitiator, and the presence of solvent, as well as structure, thermal and mechanical properties
of the selected polymers were investigated.

Findings — The most rigid polymers were obtained from vanillin diacrylate-based resins without any solvent. The vanillin
diacrylate-based polymer possessed higher values of cross-linking density, yield of insoluble fraction, thermal stability
and better mechanical properties in comparison to the vanillin dimethacrylate-based polymer.

Originality/value — The kinetics of photocross-linking of vanillin-based thiol-ene systems was investigated by real-time
photorheometry for the first time. The designed novel photocurable systems based on vanillin acrylates and 1,3-
benzenedithiol are promising renewable photoresins for optical 3D printing on demand.

Keywords: vanillin acrylates; thiol-ene; photocross-linking; real-time photorheometry; optical 3D printing

1. INTRODUCTION

Optical 3D printing, also known as stereolithography, one of additive manufacturing technologies, is a contactless
fabrication method offering material processing precision, flexibility and variety of substances to rapid prototyping or low
scale manufacturing of mechanical, medical, optical components and devices (Ligon ef al., 2017; Barner-Kowollik ef al.,
2017; Malinauskas ef al., 2016; Kotz et al., 2018). It uses photopolymerization process to form 3D polymeric objects from
photosensitive low molar mass molecules (Zhang and Xiao, 2018). In such technology, the replacement of petroleum-
based materials by materials derived from renewable resources would give the ecological and economic benefits due to
the latter low toxicity, improved recovery options at the end of a product’s life, less dependency on limited and increasingly
expensive fossil resources (Villarrubia-Gomez et al., 2018; Chae and An, 2018; Liu et al., 2019; Bose et al., 2018).

Vanillin is currently one of the only biobased and aromatic compounds that are industrially available (Fache et al.,
2015). Mostly it is obtained by extraction from the beans of vanilla orchid (Dong et al., 2014) or by chemical modification
of lignin which is the second most prevalent biopolymer (Isola et al., 2018). In the last years vanillin and its derivatives
have been used in polymer synthesis as their aromatic resins provide the high rigidity and thermal stability of resulting
polymers (Zhang et al., 2015; Stanzione ef al., 2012). Vanillin demonstrates high antibacterial activity which allows the
use of vanillin containing polymers in food packing or medicine (Salmi-Mani ef al., 2018). Various polymers were
obtained from vanillin derivatives by free radical polymerization (Zhang et al., 2015) or thermal polymerization (Zhang
et al., 2015). The first studies on photopolymerisation of vanillin derivatives appeared recently (Salmi-Mani ef al., 2018).

Advantages of photopolymerization are the high reaction rate, low volatile organic compound emission and
opportunity to control the reaction by applying irradiation only on the selected areas of the samples (Decker, 2002;
Sangermano ef al., 2014). Thiol-ene photopolymerization is one of the promising methods for the synthesis of polymers
from renewable resourses (Machado ef al., 2017). This method is characterized by high reaction speed (“click™ reaction),
the reaction is not inhibited by oxygen (Yoshimura ef al., 2015), and requires only a small amount of photoinitiator or no
photoinitiator at all (Cramer et al., 2003). Acrylates, vinyl ethers, allyl ethers and unsaturated hydrocarbons are used for
thiol-ene photopolymerization the mostly (Roper ef al., 2004). Polymers obtained by thiol-ene photopolymerization show
high elastic modulus, low viscosity and high polymer chain growing speed (Zhang et al., 2014). Thiol-ene copolymers are
transparent and have good mechanical properties (Cramer et al., 2003). These polymers can be used as restorative dental
resins, scaffolds for biomaterial and injectable intraocular lenses (Wang e al., 2013).
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In this study, after considering the advantages of vanillin and thiol-ene photopolymerization, two commercially
available vanillin derivatives, vanillin dimethacrylate (VDM) and vanillin diacrylate (VD), were tested in thiol-ene
photocurable ~ systems ~ with  1,3-benzenedithiol  (1.3BDT) (Fig.1). Two photoinitiators, ethyl(2,4,6-
trimethylbenzoyl)phenylphosphinate (TPOL) and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) (Fig.1), were
examined in UV/Vis curing process. TPOL was selected since it is in liquid form at room temperature and can be easily
incorporated into a formulation (Green, 2010). TPO was selected because of its tendency not to add yellowish color to
polymers and high reaction speed (Albuquerque ef al., 2013). TPOL and TPO are commonly used in 3D printing because
of photobleaching effect, which provides transparent coatings and allows to cure coating in its lower layers (Green, 2010).
The influence of selected vanillin derivative, photoinitiator, and the presence of solvent to photocross-linking rate and
rigidity of the resulting polymers was evaluated by real-time photorheometry.

Soaas¥voaading

VDM vD 1.3BDT

O o)

TPOL TPO
Fig. 1. Structures of vanillin dimethacrylate (VDM), vanillin diacrylate (VD), 1,3-benzenedithiol (1.3BDT),
cthyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL), and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO)

O—19=0

1. MATERIALS AND METHODS
1.1. Materials

Vanillin dimethacrylate (VDM) and vanillin diacrylate (VD) were purchased from Specific Polymers. 1,3-
Benzenedithiol (1.3BDT) and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) were recieved from Sigma-
Aldrich. Ethyl(2.4,6-trimethylbenzoyl)phenylphosphinate (TPOL) was purchased from Fluorochem. Dichloromethane
(DCM) was purchased from Reachem Slovakia. All these materials were used as received.

1.2. Real-time photorheometry

UV/Vis real time photorheometry curing tests were performed with resins containing 1 mol of vanillin derivative
(VDM or VD), 1 mol of thiol (1.3BDT), and 1, 3 or 5 mol.% of photoinitiator (TPO or TPOL) (Table I) on a MCR302
rheometer from Anton Paar equipped with the plate/plate measuring system. A minimal amount of DCM was used in some
resins to dissolve solid components or for comparative investigations. The Peltier-controlled temperature chamber with
the glass plate (diameter 38 mm) and the top plate PPO8 (diameter 8 mm) was used. The samples were irradiated by
UV/Vis light in a wavelength range of 250-450 nm through the glass plate of the temperature chamber using UV/Vis spot
curing system OmniCure S2000, Lumen Dynamics Group Inc. Measuring gap was set to 0.1 mm. Shear mode with the
frequency of 10 Hz and shear strain of 0.9 % were used in all cases. Storage modulus G', loss modulus G", loss factor tand
(tand = G"/G"), and complex viscosity n* were recorded as a function of irradiation time. G', G", and n* values were taken
after 350 s of UV/Vis irradiation (Table II). The gel point te was defined as a crossover point of G' and G" modulus.
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Table 1. Composition of the resins C1-C10

Resin Vanillin Thiol Photoinitiator Amount of Solvent
derivative photoinitiator,
mol.%
C1 VDM TPOL 1 DCM
C2 VDM TPO 1 DCM
c3 VD TPOL 1 -
C4 VD TPO 1 -
[& VDM 1.3BDT TPOL 3 DCM
C6 VD TPOL 3 -
c7 VD TPOL 3 DCM
[¢] VDM TPO 3 DCM
[¢] VD TPO 3 -
C10 VD TPO 3 DCM
Cc1 VDM TPOL 5 DCM
C12 VDM TPO 5 DCM
C13 VD TPOL 5 -
C14 VD TPO 5 -
1.3. Preparation of cross-linked polymer sj

The mixtures containing 1 mol of vanillin derivative (VDM or VD), 1 mol of 1.3BDT, 1, 3 or 5 mol.% of TPOL
and, if needed, a minimal amount of DCM were stirred with a magnetic stirrer until homogenous phase was reached, then
poured on a plastic sheet or into the Teflon mold and cured for 1-3 min under the Helios Italquartz UV lamp (model GR.E
500 W) with UV/Vis light at intensity of 310 mW/cm?.

14. Characterization techniques

FT-IR spectra were recorded using Perkin Elmer Spectrum BX II FT-IR spectrometer. The reflection was measured
during the test. The range of wavenumber was (650-4000) cm'.

The yield of insoluble fraction was determined after polymer sample (0.5 g) extraction with acetone for 24 h using
a Soxhlet extractor. After the extraction, the insoluble fractions were dried under vacuum until no changes of the weight
were observed. The yield of insoluble fraction was determined as a difference of the weight of the sample taken for the
extraction and the weight of the insoluble fraction obtained after extraction and drying.

Differential scanning calorimetry (DSC) measurements were performed on a Perkin Elmer DSC 8500 apparatus at
a heating rate of 20 “C/min under nitrogen atmosphere (50 mL/min). The aluminum hermetic pans were used. The
temperature was ranged from -90 °C to 100 °C. The heating-cooling-heating cycle was used. The data were taken from
the second heating curve.

Thermogravimetrical analysis (TGA) was performed on a Perkin Elmer TGA 4000 apparatus. The temperature was
ranged from 10 °C to 800 °C with the heating rate of 20 *C/min under nitrogen atmosphere (100 mL/min). The aluminum
oxide pans were used.

The stress-strain curves of the films were obtained with a material testing machine BDO-FBO.5TH (Zwick/Roell).
The strain rate for tensile test of all samples was 50 mm/min. Mechanical testing was performed on dog bone shaped
specimens with the length of 45 mm and the thickness of 0.1 (£0.02) mm. At least 3 tests were made to obtain the accurate
results.

The top pressure test was performed on a material testing machine BDO-FBO.STH (Zwick/Roell). The
compression force was 5 N in all cases. The thickness of specimens was 3.2 (+0.2) mm, the width of specimens was 30.0
(£0.00) mm. The specimens were placed in a Teflon mold of the same size to avoid the expansion of specimens to the
sides during the test. At least 10 tests for each specimen were made to obtain the accurate results. The compression
modulus was calculated by the following equation:
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gtk
< S-Al

where E. is a compression modulus (MPa); F is a force (N); S is a surface area of specimen (mm?); lo is an initial
thickness of specimen (mm); and Al is the difference of an initial thickness of specimen and thickness of a loaded specimen
(mm).

The bending test was performed on TA Instruments RSA-G2 Solids Analyzer. Three point bending test was used.
The thickness of specimens was 1.7 (0.1) mm, the width was 5.00 (=0.00) mm, and the length was 40.00 (=0.00) mm.

Cross-linking density was calculated according to the theory of rubber elasticity using the following equation:

G' = VRT

where v is a cross-linking density (mol/m®); G' is the steady-state value of storage modulus taken from the real-
time photoreometry measurement curve after 350 seconds (Pa); R is the universal gas constant (8.314 J/molK); T is the
temperature (K) (Flory, 1953).

2. RESULTS AND DISCUSSION
2.1 Monitoring of photocross-linking kinetics by real-time photorheometry

Real-time photorheometry was used to monitor the evolution of thiol-ene photocross-linking process. As an
cxample, the dependencies of storage modulus G', loss modulus G", loss factor tand, and complex viscosity n* of the
VDM-based resin C5 on irradiation time are presented in Fig. 2. When irradiation of the resin CS started, the values of
storage modulus G', loss modulus G", and complex viscosity n* started to increase indicating the beginning of cross-
linking process. The onset of gelation process is described as the gel point (tg), i.¢. the point at which G' and G" modulus
curves intersect (Mezger, 2011). As the irradation of the resin C5 proceeded with time, the values of G', G" modulus and
n* continued to increase due to the gel aging and settled down into steady-state indicating the end of the cross-linking
process. All vanillin-based resins investigated in this study showed the similar behaviours. Real-time photorheometry data
of all resins are summarized in Table II.
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Fig. 2. Dependencies of storage modulus G, loss modulus G", loss factor tan 8, and complex viscosity n* of the resin
CS5 on irradiation time
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Table 2. Rheological characteristics of the resins C1-C14

Resin Storage modulus G', | Loss modulus G", Complex viscosity n*, Gel point* tg,
MPa MPa MPas s
C1 0.48 £ 0.04 0.10 £ 0.04 0.0078 £ 0.0002 12 +£0.20
C2 0.48 £ 0.02 0.07 £0.03 0.0077 +0.0003 11+0.30
C3 17.80 =£0.34 4.69 £ 0.40 0.2900 = 0.0240 15 +0.40
Cc4 20.2+0.52 9.31+0.22 0.3540 £ 0.0320 11+£0.35
Cs 0.73 £0.03 0.23£0.03 0.0120 + 0.0023 8+0.25
C6 9.92 £ 0.32 5.54+0.20 0.1800 £ 0.0152 7£0.20
c7 0.81 £0.04 0.16 £ 0.05 0.0130 +0.0024 12 +0.45
Cc8 0.58 +0.22 0.31£0.04 0.0100 % 0.0022 10 +0.20
9 9.34 £ 0.46 3.62£0.15 0.1600 +0.0134 8+0.20
C10 0.45+0.02 0.15£0.02 0.0076 = 0.0005 10 £ 0.25
C11 1.33£0.42 0.13£0.01 0.0212 = 0.0016 10 £ 0.30
C12 0.18 £0.02 0.10 £0.03 0.0033 % 0.0006 10 = 0.40
C13 1.96 £ 0.20 3.00=0.24 0.0570 = 0.0032 12 £0.20
C14 3.34+0.40 428 £0.32 0.0860 + 0.0042 8+0.20

*- calculated from the UV/Vis irradiation onset.

It was determined that rheological characteristics of the resins C1-C14 depend on their composition. As the storage
modulus G' characterizes the rigidity of the formed thermosetting polymers (Candan et al., 2016), the more rigid polymers
were obtained from VD-based resins without any solvent C3, C4, C6, C9, C13, C14 (Table II and Fig. 3, as an example).
It could be explained by the higher reactivity of acrylic group in comparison to methacrylic group (Anseth ef al., 1994)
leading to the formation of more cross-linked structure of the polymers (section 3.2) and by the influence of solvent leading
to the reduction of the cross-linking rate (Fig. 4) and the density of cross-links (section 3.2). The more rigid polymers C4,
€9, C14 were obtained from VD-based resins when TPO was used as photoinitiator in comparison to the plymers C3, C6,
C13 (Table IT and Fig. 3, as an example). This could be explained by the higher reactivity of TPO comparing to TPOL
(Green, 2010). The tendency of the reduction of G’ values and therewith the rigidity of the formed VD-based polymers
(series of C3, C6, C13 and series of C4, C9, C14) with the increase of photoinitiator concentration was observed (Table
2). The addition of solvent into the resins redused the rigidity of VDM- and VD-based polymers C5, C7, C11 synthesized
using photoinitiator TPO in comparison to those with TPOL (C8, C10, C12, respectively).

The polymers C5 and C6 were selected for further investigations according to the photocross-linking rate and
polymer rigidity.

Storage modulus G', Pa

0" ey T J
0f5 10 15 20 25 30 35 40 45 300 350
UVNVis irradiation onset  Time, s

Fig. 3. Dependencics of storage modulus G' of VDM-based resins (C5, C8) and VD-based resins (C6, C9) on
irradiation time. Resins containing TPO (C8, C9), resins containing TPOL (C5, C6)
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Fig. 4. Dependencies of storage modulus G' of the resin without DCM (C6) and containing DCM (C7) on irradiation
time

2.2. Characterization of photocross-linked polymer structure

The formation of polymers was confirmed by FT-IR spectroscopy and Soxhlet extraction experiment. FT-IR
spectral analysis confirmed that the photocross-linked polymers were constructed from the fragments of both monomers,
vanillin derivative and 1.3BDT. The signal of C=C group which was present at 1607 cm™! in the FT-IR spectra of VDM
and VD was reduced in polymer spectra. The signal of S-H group which was present at 2561 cm in the spectrum of 1.3-
BDT disappeared and the characteristic C-S group stretch at 1153-1119 cm appeared in the FT-IR spectra of the cross-
linked polymers. As an example, the FT-IR spectra of VDM, 1.3BDT and the cross-linked polymer CS are presented in
Fig. 5.
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Fig. 5. FT-IR spectra of VDM, 1.3BDT and the cross-linked polymer C5
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The Soxhlet extraction was performed and cross-linking density was calculated to confirm the cross-linked
structure of vanillin-based polymers. The high yields of insoluble fraction showed that both monomers, vanillin derivative
and thiol, participated in the formation of the cross-linked structure. The dependence of the used vanillin monomer on the
yield of insoluble fraction and cross-linking density was observed. The higher values of the yield of insoluble fraction (92
%) and cross-linking density (3952 mol/m?) were obtained for VD-based polymer C6 in comparison to those of the VDM-
based polymer C5 (87 % and 291 mol/m’, respectively). The lower values of the yield of insoluble fraction and cross-
linking density of polymers mainly could be due to DCM behaviour not only as a solvent but also as a chain transfer agent.
It was confirmed by investigation of the VD-based polymers prepared with and without DCM. For example, the yield of
insoluble fraction (78 %) and cross-linking density (322 mol/m®) of the VD-based polymer C7 prepared using DCM were
much lower than those of the VD-based polymer C6 which was prepared without DCM.

2.3. Thermal properties of photocross-linked polymers

The temperature range in which polymers can be used is very important for their application. Therefore, thermal
characteristics of the cross-linked polymers C5 and C6 were determined by DSC and TGA. The synthesized cross-linked
polymers are amorphous materials as only the glass transitions were observed in DSC curves. Glass transition temperatures
(Ty) of both polymers C5 and C6 are very similar (-4 °C and -5 °C, respectively) and do not depend on cross-linking
density and the yield of insoluble fraction. These T, values are comparable with those of the cross-linked polymers
synthesized from acrylated epoxidized soybean oil and 1.3BDT (Ty: -8-1 °C) (Miezinyte et al., 2019), as well as T, of the
cross-linked polymers synthesized from acrylated epoxidized soybean oil and VDM (T, from -2.6 °C to -1.6 “C)
(Lebedevaite et al., 2019), which were considered as potential materials for optical 3D printing.

Thermal decomposition of the synthesized polymers C5 and C6 occured in two-three steps (Fig. 6). Additional
step in the thermogravimetric curve of the VDM-based polymer C5 could be explained by the presence of the short linear
or branched macromolecules. The temperature of 10 % weight loss of the VD-based polymer C6 (270 °C) was higher than
that of the VDM-based polymer C5 (250 °C) and correlated with the higher yield of insoluble fraction and cross-linking
density of the VD-based polymer C6.
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Fig. 6 The thermogravimetric curves of the cross-linked polymers C5 and C6

24. Mechanical properties of photocross-linked polymers

The mechanical characterization of polymers is important in designing their future applications. Thus, hanical
characteristics of the cross-linked polymers C5 and C6 are summarized in Table III. The images of the films and tablet
shape specimens are presented in Fig. 7. The higher values of tensile strength, elastic modulus and lower value of
clongation to failure were obtained for the polymer C5 compared to those of the polymer C6 due to the lower cross-linking
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density and the yield of insoluble fraction of the polymer CS. The specimens of both polymers did not break during the
bending test. The determined force of 30 % specimen bent for the polymer C5 was lower than that of the polymer C6.
Consequently, the cross-linked polymer C6 is more rigid than the polymer CS. The same dependence of mechanical
properties on polymer cross-linking density was obtained after the top pressure test. The polymer C6 demonstrated higher
compression modulus and lower deformation during compression test than those of the polymer C5. Hence, the polymer
C6 was more pressure resistant due to the higher cross-linking density. Both polymers C5 and C6 possessed slightly lower
compression modulus that that of the polymers synthesized from acrylated epoxidized soybean oil and 1.3BDT (1.5-2.5
MPa) (Miezinyte ef al., 2019).

Fig. 7 The images of the films (a) and tablet shape specimens (b) of the cross-linked polymers
C5 and C6

Table 3. Mechanical characteristics of the cross-linked vanillin-based polymers

Polymer Tensile Elongation Elastic Force of Deformation Compression
strength, to failure, % modulus, specimen bend during modulus, MPa
MPa MPa of 30 %, N compression, %
[¢] 25+1.5 0.5£0.02 2953+9.5 0.02 £0.02 14.29 +0.02 0.70 £ 0.02
C6 5+0.9 31£3.60 16+4.6 0.18 £0.40 10.55 +0.02 0.94 +0.02

3. CONCLUSIONS

Cross-linked polymers were obtained by thiol-ene photopolymemauon of vamllm dimethacrylate or vanillin
diacrylate and 1,3-benzenedithiol wusing ethyl(2,4,6-trimethylt yl)phenylp or diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide as photoinitiator. The kinetics of photocross-linking of vanillin-based thiol-ene systems
was investigated by real-time photorhcometry for the first time. This method was found to provide fast and valuable
information about the influence of photosensitive resin formulations on the reaction rate and rheological properties of
resins, as well as rigidity of the resulting polymers that can be used to evaluate and select resins for manufacturing of
polymeric products with desired mechanical properties by light-based technologies. The most rigid polymers were
obtained from vanillin diacrylate-based resins without any solvent. The vanillin diacrylate-based polymer possessed higher
values of cross-linking density, yield of insoluble fraction, thermal stability, and better mechanical properties in
comparison to the vanillin dimethacrylate-based polymer. The real-time photorheometry measurements confirmed the
quick formation of cross-linked structure polymers which mechanical and thermal properties could be sufficient for
various practlcal appllcauon The designed novel photocurable systems based on vanillin acrylates and 1,3-benzenedithiol

are p; g ble phc ins for optical 3D printing on demand.
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Abstract: The investigation of biobased systems as photocurable resins for optical 3D printing has
attracted great attention in recent years; therefore, novel vanillin acrylate-based resins were
designed and investigated. Cross-linked polymers were prepared by radical photopolymerization
of wvanillin derivatives (vanillin  dimethacrylate and vanillin diacrylate) using
ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate as photoinitiator. The changes of rheological
properties were examined during the curing with ultraviolet/visible irradiation to detect the
influences of solvent, photoinitiator, and vanillin derivative on cross-linking rate and network
formation. Vanillin diacrylate-based polymers had higher values of yield of insoluble fraction,
thermal stability, and better mechanical properties in comparison to vanillin dimethacrylate-based
polymers. Moreover, the vanillin diacrylate polymer film showed a significant antimicrobial effect,
only a bit weaker than that of chitosan film. Thermal and mechanical properties of vanillin
acrylate-based polymers were comparable with those of commercial petroleum-derived materials
used in optical 3D printing. Also, vanillin diacrylate proved to be well-suited for optical printing as
was demonstrated by employing direct laser writing 3D lithography and microtransfer molding
techniques.

Keywords: vanillin dimethacrylate; vanillin diacrylate; photopolymerization; optical 3D printing;
direct laser writing; replica molding

1. Introduction

3D printing, also known as additive manufacturing, is a growing technology that has drawn
increasing attention globally and has made a revolutionary impact on product fabrication in areas
like medicine, the food industry, textiles, architecture, and construction [1]. Polymers are widely
used in our everyday life due to their lightness, firmness, and relatively low cost; however, they are
hard to form into intricate geometries. Additive manufacturing is the solution of creating complex
geometries from plastics [2]. Several 3D printing technologies exist, allowing to create structures out
of photo-curable resins. In stereolithography, resins are formed into 2D patterned layers [3], which
become solid after exposing to UV light. By repeating this procedure, a 3D structure can be created
layer by layer [4]. On the other hand, direct laser writing (DLW) 3D lithography can employ
ultrashort pulses of focused VIS or near IR radiation instead of linearly absorbed UV light. This way
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a nonlinear light-matter interaction is achieved that confines the absorption and, subsequently, the
cross-linking reaction in a small volume inside the resin, thus enabling full 3D (nonlayered)
fabrication of structures with subwavelength feature sizes [5]. For 2D or quasi-3D structures,
microtransfer molding (nanoimprint lithography) can be used. It employs the solidification of a resin
(usually by UV light or thermally) inside the soft mold, thus replicating the master structure that
was used to create the mold [6]. This technique is especially suitable in cases when many identical
objects are required, as the same master structure can be used to make several molds, each suitable
to create hundreds of replicas.

Advantages of photopolymerization are energy efficiency, high reaction rates, freedom from
solvents [7], and the ability to photocure only the desired area of the resin [8]. Photopolymerization
does not require any specific temperatures and can be performed at ambient conditions [9]. These
features allow photopolymerization to be used in many engineering and manufacturing fields such
as dental restoration, coatings, and 3D printing [10]. Radical photopolymerization is one of the most
widely used photopolymerization processes. In this process, photoinitiator is used to generate
radicals through cleavage and hydrogen abstraction reactions [11]. Acrylates and methacrylates are
mostly used in free radical photopolymerization [12].

Vanillin is mostly obtained by extraction from the beans of vanilla orchids or by chemical
modification of lignin, which is the second most prevalent biopolymer. Due to its aromatic
structure, vanillin could replace widely used petro-based aromatic monomers [13]. Vanillin
polymers exhibit re-processability and biodegradability under acid solution [14], as well as
biodegradability in soil [15]. Recently, vanillin has been used to synthesize high-performance
flame-retardant epoxy resins containing phosphorus [16]. Vanillin is one of the known natural
compounds with antimicrobial properties [17]. It was determined that the polymeric films of vanillin
derivatives also showed antimicrobial activity, which allow the use of vanillin-based polymers in
food packing and medicine [18].

In this study, two commercially available vanillin derivatives, vanillin dimethacrylate (VDM)
and  vanillin  diacrylate (VD), were tested in  photocurable systems using
ethyl(24,6-trimethylbenzoyl)phenylphosphinate (TPOL) as photoinitiator (Figure 1). TPOL was
selected due to its high reaction rate and liquid form at room temperature [12]. TPOL is commonly
used in optical 3D printing due to the photobleaching effect, which provides transparent coatings
and allows coatings to cure in its lower layers [12]. The influence of the selected vanillin derivative,
amount of photoinitiator, and the solvent’s to photocross-linking rate and rigidity of resulting
polymers were evaluated by real-time photorheometry. The yield of insoluble fraction, cross-linking
density, and swelling value of selected polymers were calculated to confirm the cross-linked
structure. Antimicrobial activity of the selected polymer film was determined and compared with
that of chitosan and oxyethyl starch films. Thermal and mechanical properties were investigated and
compared with those of other acrylate polymers based on natural phenolics, acrylated epoxidized
soybean oil-based polymers, and commercial petroleum-derived materials used in optical 3D printing.
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Figure 1. Chemical structures of vanillin dimethacrylate (VDM), vanillin diacrylate (VD), and
ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL).
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2. Materials and Methods

2.1. Materials

Vanillin dimethacrylate (VDM) and vanillin diacrylate (VD) (both from Specific Polymers),
cthyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL, Fluorochem), dichloromethane (DCM,
Reachem Slovakia), and chitosan and hydroxyethyl starch (both from Sigma-Aldrich) were used as
received. The Autodesk Standard Clear Prototyping Resin (PR48) was received from Autodesk.
FormLabs Clear FL6PCL02 resin was received from FormLabs.

2.2. Real-Time Photorheometry

UV/Vis curing tests were performed with resins containing 1 mol of vanillin derivative (VDM
or VD) and 1, 3, or 5 mol.% of photoinitiator (TPOL) (Table 1) on a MCR302 rheometer (Anton Paar,
Graz, Austria) equipped with the plate/plate measuring system. A minimal amount of DCM was
used in some resins to dissolve solid components or for comparative investigations. The
Peltier-controlled temperature chamber with the glass plate (diameter 38 mm) and the top plate
PPO08 (diameter 8 mm) was used. The measuring gap was set to 0.1 mm. The samples were irradiated
by UV/Vis light in a wavelength range of 250-450 nm through the glass plate of the temperature
chamber using UV/Vis spot curing system OmniCure S2000 (Lumen Dynamics Group Inc.,
Mississauga, ON, Canada). The temperature was 24 °C. Shear mode with the frequency of 10 Hz and
shear strain of 0.9% were used in all cases. Storage modulus G’, loss modulus G”, loss factor tand
(tand = G”/G’), and complex viscosity n* were recorded as a function of irradiation time. G’, G”, and
n* values were taken after 350 s of UV/Vis irradiation (Table 2). The gel point ts: was defined as a
crossover point of G’ and G” modulus.

Table 1. Composition of the resins C1-C9.

Resin Vanillin Derivative Solvent Amount of Ph iator TPOL, mol.%

C1 VD - 1
(&] VD DCM 1
(&) VDM DCM 1
C4 VD - 3
C5 VD DCM 3
Cé VDM DCM 3
C7 VD - 5
c8 VD DCM 5
C9 VDM DCM 5

Table 2. Rheological characteristics of the resins C1-C9.

Storage Modulus G,  Loss Modulus G”, Complex Viscosity n*, Gel Point *

Resin MPa MPa MPas te, s
c1 7.35 634 015 14
2 1340 235 022 20
c3 13.00 1.65 021 6
ca 18.10 270 029 6
cs 11.30 1.64 018 12
c6 1820 294 029 5
c7 1330 578 023 10
cs 14.50 202 023 14
co 19.80 336 032 6
FormLabs Clear
Leroioz 1520 335 025 6
PR4S 2140 119 035 6

* calculated from the UV/Vis irradiation onset.
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2.3. Preparation of Cross-Linked Polymer Specimens

The mixtures containing 1 mol of vanillin derivative (VDM or VD), 1, 3, or 5 mol.% of TPOL,
and, if needed, a minimal amount of DCM (0.25 mL of DCM was used for 1 g of acrylate) were
stirred at room temperature (25 °C) with a magnetic stirrer until homogenous phase was reached,
then poured into a Teflon mold and cured for 1-4 min under a UV lamp (Helios Italquartz, model
GR.E 500 W, Milan, Italy) with UV/Vis light at intensity of 310 mW/cm?2.

2.4. Characterization Techniques

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded using a Spectrum BX II
FT-IR spectrometer (Perkin Elmer, Llantrisant, UK). The reflection was measured during the test.
The range of wavenumbers was (650-4000) cm.

Cross-linked polymers C3-C6 FT-IR (cm™): 1714-1758, 1710-1732, 1730-1754 (v, C=0), 1603,
1603-1649, 16031647 (v, C=C), 737, 801-802 (v, CHa).

The yield of insoluble fraction was determined by Soxhlet extraction. Polymer samples of 0.5 g
were extracted with acetone for 24 h. After the extraction, the insoluble fractions were dried under
vacuum until no changes of the weight were observed. The yield of insoluble fraction was calculated
as a difference of the weight before extraction and after extraction and drying.

Differential scanning calorimetry (DSC) measurements were performed on a DSC 8500
apparatus (Perkin Elmer, Llantrisant, UK). The heating rate of 20 °C/min under nitrogen atmosphere
(50 mL/min) was used. The temperature ranged from =30 to 140 °C. A heating-cooling-heating cycle
was used. Aluminum hermetic pans were used. The data were taken from the second heating curve.

Thermogravimetrical analysis (TGA) was performed on a TGA 4000 apparatus (Perkin Elmer,
Llantrisant, UK). A heating rate of 20 °C/min under nitrogen atmosphere (100 mL/min) was chosen,
and the temperature ranged from 10 to 800 °C. Aluminum oxide pans were used.

The top pressure test was performed on a BDO-FBO.5TH material testing machine
(Zwick/Roell, Kennesaw, GA, USA). In all cases, the compression force was 5 N. The speed of
compression was 50 mm/min. All tests were performed at 20 °C. The specimen was pressed with a
cylindrical steel rod with a flat end of 8 mm diameter. The width of specimens was 30.0 (+0.00) mm
and the thickness of specimens was 2.2 (+0.2) mm. In order to avoid the expansion of specimens to the
sides during the test, the specimens were placed in a Teflon mold of the same size. To obtain accurate
results, 10 tests for each specimen were made. The compression modulus was calculated by the
following equation:

g Feh
TSl

O]

where E:is a compression modulus (MPa); S is a surface area of specimen (mm?); F is a force (N); Al
is the difference of an initial thickness of specimen and thickness of a loaded specimen (mm); and lo
is an initial thickness of specimen (mm).

The bending test was performed on RSA-G2 Solids Analyzer (TA Instruments, New Castle,
Delaware, USA). The thickness of specimens was 1.7 (+0.1) mm, the width was 5.00 (+0.00) mm, and
the length was 40.00 (£0.00) mm. Tests were carried out at 20 °C. The speed of bending was 0.1 mm/s.
Three-point contact bending geometry with a 25 mm gap between end contacts was used.

Bending modulus was calculated using the following equation:

3-F-L
s=20
2.w-d”
where 6 is the bending modulus (Pa); F is the maximum force applied to the specimen (N); L is the length
of the specimen (m); w is the width of the specimen (m); and d is the thickness of the specimen (m) [19].
The swelling value of the cross-linked polymer specimens was obtained by measuring the

volume of specimens swollen in chloroform and toluene at 25 °C. The polymer film specimens of 15
(20.1) mm length, 5 (£0.00) mm width, and 0.5 (x0.05) mm thickness were used. A glassy container
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comprised two spherical parts of 50 mL joined by a tube graduated with the accuracy of 0.02 mL was
used. One spherical part was separated from the graduated tube by a liquid-permeable partition.
This spherical part was fitted with the neck closed by a stopper. The swelling agent was poured, and
the sample was placed in through this neck. The initial volume of the polymer film was measured
before placing into the measuring container. The measuring container was kept in such position that
a sample was immersed in the swelling agent during the test and turned in such position that the
liquid leaked to another side of the container at every 5 min. The change of the volume of the
swelling agent was measured. The swelling value was calculated by the following equation:

V-7,

a = -100 (3)

0

where a is a swelling value (%); V is a volume of swollen specimen (mL); and Vois an initial volume
of specimen (mL).

The antimicrobial activity of the polymers was estimated quantitatively by inoculating
specimens with microbial suspension. The test microorganisms were Gram-negative bacterium
Escherichia coli ATCC 25,922 (E. coli) and Gram-positive bacterium Staphylococcus aureus ATCC 29,213
(S. aureus). The concentration of inoculum suspension was assessed with a spectrophotometer
(Evolution 60S, Thermo Fisher Scientific, Waltham, MA, USA) and then corrected by seeding the
suspension on Mueller Hinton agar (MHA). The final inoculum concentration of E. coli was 7 x 10°
and 8 x 105 CFU/mL of S. aureus. The films of chitosan and hydroxyethyl starch prepared by casting
from aqueous solutions were used for comparison. The testing specimens of C4, chitosan, and
hydroxyethyl starch in dimensions of 10 x 10 mm were placed into sterile Petri dishes of 50 mm
diameter, inoculated with 10 uL of prepared bacterial suspension, and incubated in humid chambers
at (35 + 2) °C. After 2, 6, and 24 h the specimens were washed with 2 mL of sterile 0.85% saline, and
serial dilutions of culture suspensions were sown on MHA in Petri dishes. The dishes with bacteria
were incubated for 48 h at (35  2) °C. After incubation, colony numbers were counted, and percent
reduction was calculated by the following equation: (a - b)/a x 100%, where a is a concentration of
colony forming units (CFU/mL) in inoculum; and b is a mean of recovered bacteria (CFU/mL) on
specimens from triplicate after incubation.

2.5. Optical Micro-Fabrication Techniques

Two types of optical printing techniques were used to produce 3D objects out of custom made
photocross-linkable resins. At first, direct laser writing (DLW) 3D lithography experiments were
conducted employing a Pharos laser (515 nm, 300 fs, 200 kHz, Light Conversion Ltd., Vilnius,
Lithuania), 20 x NA = 0.8 and 63 x NA = 1.4 objectives, and combined movement of the linear stages
and galvano-scanners. The setup is shown in Figure 2a, and its detailed description can be found in a
previous publication [20]. The goal was to figure out if the resins were suitable for ultrafast laser
pulse initiated 3D polymerization. Woodpile structures were chosen as test objects. Their 3D model
consisted of two layers of 2D gratings, connected by vertical columns 20 um high. The gratings
comprised orthogonal sets of logs 15 um wide and 75 pum long with a 15 pm gap between them,
resulting in a 30 um period of the structure. Each log was fabricated by performing multiple parallel
scans, and the number depended on the distance dv between them. dxy was set to 0.25 and 0.5 um.
Optimal exposure parameters were determined by varying the laser power (P), which corresponded
to the light intensity (I) at the sample and scanning velocity (v). During the fabrication, the resin was
placed on a glass substrate through which it was irradiated by the laser beam. After the exposure,
the samples were developed in dichloromethane for 30 min, removing the uncured resin and leaving
only the produced structures on the substrate.
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Figure 2. (a) Optical setup for direct laser writing (DLW) 3D lithography. (b) Steps of making the
replica by the mic Iding (UTM) tect

1

Secondly, a microtransfer molding (uTM) technique, also known as nanoimprint lithography,
was employed [21]. Steps involved in making the replica are depicted in Figure 2b. First, a master
structure was fabricated out of acrylated epoxidized soybean oil (AESO) by DLW.
Polydimethylsiloxane (PDMS) was poured over this structure and thermally cured at 100 °C for 1 h,
thus creating a soft mold (stamp). It was then used to make a replica out of C4 resin. The chosen
structure was a 3D sculpture of Marvin—a SLT model, used as a benchmark sample for the material
testing in the 3D printing community. A UV diode emitting 365 nm wavelength light (C52010,
Thorlabs, Newton, NJ, USA) was used to cure the C4 resin and obtain the replica.

The fabricated structures were characterized using scanning electron microscopes (SEM,
Hitachi TM-1000, Tokyo, Japan and Prisma E, Eindhoven, The Netherlands).

3. Results

3.1. Monitoring of Photocross-Linking Kinetics by Real-Time Photorheometry

The photopolymerization of vanillin acrylate-based (VD and VDM) resins with various
concentrations of TPOL as photoinitiator was studied by real-time photorheometry. As an example,
Figure 3 shows the evolution of storage modulus G’, loss modulus G”, loss factor tand, and complex
viscosity n* of the VDM-based resin C9 during UV/Vis irradiation. The cross-linking process began
when the values of G’, G”, and n* started to increase. The gel point (ts1) (defined as G'=G") [22] of
resin C9 was reached after 6 s from UV/Vis irradiation onset. As irradation of the resin proceeded with
time, the values of G’, G” modulus, and 7* continued to increase due to gel aging and settling down into
a steady-state, indicating the end of the cross-linking process. All vanillin acrylate-based resins showed
similar behaviours. Real-time photorheometry data of all resins are summarized in Table 2.

Storage modulus G' (Pa)
Loss modulus G" (Pa)
Loss factor tan 5
Complex viscosity n* (mPa.s)

5 10 15 20 25 300 350
UVNVis irradiation onset Time (s)

Figure 3. Dependencies of storage modulus G’, loss modulus G”, loss factor tand, and complex
viscosity n* of resin C9 on irradiation time, at 24 °C.
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As the storage modulus G’ characterizes the rigidity of the formed thermosetting polymers [23],
the dependencies of G on irradiation time of the resins with 1, 3, and 5 mol.% of TPOL are shown in
Figure 4a. Comparing the shape of the G’ curves of the resins with different concentrations of
photoinitiator, the fastest photocross-linking and the highest final rigidity were demonstrated by
resin C4 with 3 mol.% of TPOL in the VD-based resins without solvent series (C1, C4, and C7). The
presence of solvent had a higher influence on the photocross-linking rate than the concentration of
photoinitiator. In VD-based resins with solvent series (C2, C5, and C8), the photocross-linking rates
of two resins with 3 mol.% and 5 mol.% of TPOL (C5 and C8 respectively) were very similar and
faster than that of resin C2, although a more rigid polymer was obtained from resin C8. In
VDM-based resins with solvent series (C3, C6, and C9), the photocross-linking rate did not depend
on the concentration of TPOL, although a more rigid polymer was obtained from resin C9 with 5
mol.% of TPOL. Comparing the gel points (fg) of the resins (Table 2), the fg: was reached the fastest
when 3 mol.% of the TPOL was used in the case of all resin series. When a higher amount of
photoinitiator was used, the effectiveness of photocross-linking was reduced due to the rapid
photocross-linking of the surface layer, which reduced light penetration into the deeper layers of the
material [24]. The addition of the solvent into the resin slowed down the photocross-linking process,
and less-rigid polymers were obtained. For example, the resin C4 without solvent reached the gel
point after 6 s and a rigidity of 18.10 MPa was obtained, while resin C5 reached the gel point only
after 12 s and obtained a rigidity of 11.30 MPa (Table 2). This could be due to the solvent action as a
chain transfer agent which slows down the photocross-linking process [25]. The photocross-linking
of all VDM-based resins (C3, C6, and C9) was faster compared to all VD-based resins (C1, C2, C4,
C5, C7, and C8), although the acrylate group was earlier described as more active than the
methacrylate group [26]. This could be due to the darker color of VD-based resins compared with
VDM-based resins that could cause a slower polymerization process by making it harder for the
light to reach and cure the deeper layers of the resins [27].
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Figure 4. (a) Dependencies of storage dulus G’ of the resins C1-C9 on irradiation time.

Concentration of TPOL in the resins: green curves—1 mol.%, black curves—3 mol.%, red curves—5
mol.%. (b) Dependencies of storage modulus G’ of the resins C4-C6, FormLabs Clear FL6PCLO02 and
PR48 on irradiation time, at 24 °C.

The series of resins with 3 mol.% of TPOL (C4, C5, and C6) were selected for further
investigations according to the photocross-linking rate and polymer rigidity. These resins were
compared with commercial acrylate resins for optical 3D printing, FormLabs Clear FL6PCL02 and
PR48 (Figure 4b). Both commercial resins demonstrated similar photocross-linking rates (both tg=6
s) as resin C4 (tw = 6 s) (Table 2). However, resin C6 demonstrated a slightly higher
photocross-linking rate (g = 5 s) than commercial resins. Moreover, the rigidity of resins C4 (G’ =
18.10 MPa) and C6 (G’ = 18.20 MPa) was slightly higher than that of FormLabs Clear FL6PCLO02 (G’ =
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15.20 MPa), but less than that of PR48 (G’ = 21.40 MPa). Resin C5 demonstrated poor behavior
compared with commercial resins. The photocross-linking was slower (fgi= 12 s) and the rigidity
was the lowest (G’ =18.10 MPa) from all the selected resins C4, C6, and commercial resins (Table 2).

3.2. Characterization of Photocross-Linked Polymer Structure

The chemical structure of the vanillin-based polymers was identified by FT-IR spectroscopy. The
signals of C=C group, which were present at 1607 cm!, and C=O group, which were present at 1730
cm, in the FT-IR spectra of VDM and VD were reduced in the polymer spectra. The large increase of
C-C group signal was detected at 1128-1131 cm™, which shows the formation of polymer. As an
example, the FT-IR spectra of VD and the cross-linked polymers C4 and C5 are presented in Figure 5.

Reflectance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Figure 5. FT-IR spectra of VD and the cross-linked polymers C4 and C5.

To confirm the formed cross-linked structure of polymers, Soxhlet extraction was performed.
The highest value of the yield of insoluble fraction was obtained for polymer C4, for which synthesis
of VD was used without addition of DCM in comparison to polymer C5 (96% in comparison to 77%)
(Table 3). Swelling tests are of great importance to characterize the network structure. The higher
swelling values showed that longer chains between the cross-linking points were formed in the
polymer. Both C4 and C5 are vanillin diacrylate-based polymers; the only difference is that a small
amount of DCM was used in the reaction mixture of C5, which resulted in the formation of the lower
yield of insoluble fraction (Table 3) and the lower crosslinking density confirmed by the higher
swelling values of polymer C5 (Figure 6, Table 3). C6 is vanillin dimethacrylate-based polymer in
which preparation of a small amount of DCM was used; thus, higher swelling values were obtained
in chloroform. Some other factors such as the polymer-solvent interaction can affect swelling
properties as well. Vanillin dimethacrylate is soluble in chloroform and insoluble in toluene. The
poor interaction of vanillin dimethacrylate-based polymer chains with toluene was the reason why
the swelling of polymer C6 in toluene was worse than that in chloroform (Figure 6).
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Figure 6. The swelling values of polymers C4-C6 in chloroform (a) and toluene solvent (b)
Table 3. Characteristics of the cross-linked vanillin-based polymers.

Polymer Yield of Insoluble Swelling Value in Swelling Value in
4 Fraction, % Chloroform, % Toluene, %
C4 96 49.22 +0.06 48.62 £0.06
C5 77 97.83 +0.06 96.85 = 0.06
Cé 89 104.21 £ 0.06 54.72 +0.06

3.3. Thermal Properties of Photocross-Linked Polymers

DSC and TGA were used to study the thermal characteristics of the photocross-linked polymers
C4-C6. Synthesized polymers are amorphous materials; therefore, only a glass transition was
obtained in DSC curves (Figure 7a). The glass transition temperatures (Tg) of polymers C4 and C6
were very similar (87 and 86 °C, respectively) and depended on the cross-linking density and the
yield of insoluble fraction. A lower glass transition temperature was observed for polymer C5 (63
‘C), with the lowest cross-linking density determined from the swelling test results. The glass
transition temperatures of obtained polymers were similar to the acrylate resins based on natural
phenolics, presented as candidate materials for stereolithography (79 “C) [28].
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Figure 7. DSC thermog (a) and thermog ic curves (b) of cross-linked polymers C4-C6.

Thermal decomposition of the synthesized polymers occurred in two steps (Figure 7b). The first
step in the TGA curves can be explained by the presence of the branched or linear macromolecules.
The temperature of 10% weight loss (Tu-10%) of the VD-based polymer C4 (350 ‘C) was higher than
that of the VD-based polymer C5 prepared using DCM (330 °C) and the VDM-based polymer C6
(340 °C). Higher Tuec-10% correlated with the higher yield of insoluble fraction and cross-linking
density. The temperature of 10% weight loss of obtained polymers was similar or even slightly
higher than that of some acrylated epoxidized soybean oil-based polymers (297-356 “C) tested in 3D
printing [20].

3.4. Mechanical Properties of Photocross-Linked Polymers

Only resin C4 was suitable for the preparation of the specimens for bending and top pressure
tests because the specimens of resins C5 and C6 cracked during the photocross-linking process, and
it was impossible to make uniform specimens for these tests. To improve the mechanical properties
of these polymers, addition of reactive diluents will be carried out in further studies. Commercial
photoresins PR48 and FormLabs Clear FL6PCL02 were tested in the same conditions to compare
their mechanical characteristics with those of polymer C4. The mechanical testing results are
summarized in Table 4. All polymers demonstrated low deformation during compression tests.
Polymer C4 demonstrated a lower compression modulus than that of the polymers prepared from
the commercial resins PR48 and FormLabs Clear FL6PCL02, but a much higher compression
modulus than the acrylated epoxidized soybean oil based polymers (0.19-0.66 Pa) tested in 3D
printing [20]. The specimens of all polymers did not break during the bending test. Very similar 30%
specimen bending forces and bending modulus were obtained for polymers C4 and PR48. The
specimen prepared from FormLabs Clear FL6PCL02 demonstrated a lower 30% specimen bending
force and bending modulus.

Table 4. Mechanical characteristics of the cross-linked vanillin-based polymers.

. . . Force of Bending
Deformation during Compression .
Polymer Compression, % Modulus, MPa Specimen Bend Modulus,
’ . of 30 %, N MPa

C4 4.95+0.02 2.01+0.02 3.65+0.04 9.47 £0.04

PR48 1.79+0.02 5.56 +0.02 3.39£0.07 8.80+0.07
FormLabs

Clear 1.39+0.02 7.17 +£0.02 0.42 +0.02 1.09 0.02
FL6PCL02

According to the results, resin C4 was selected for further testing by optical micro-fabrication
techniques, and the testing of antimicrobial activity was carried out.

3.5. Antimicrobial Activity

The testing of antimicrobial activity was performed for polymer C4 and two reference polymer
films of chitosan and hydroxyethyl starch. The results of antibacterial activity testing demonstrated
that polymer C4 killed 99% of both Gram-negative E. coli and Gram-positive S. aureus after 6 h of
contact time, and after 24 h, all bacteria on this film were lifeless (Figure 8). Bacteria on the
hydroxyethyl starch film, having no antibacterial activity, even began to propagate after 2 contact
hours. In comparison with chitosan, which is known to have a very strong antibacterial activity [29],
polymer C4 showed only a bit weaker activity. In our experiment, bacteria on the chitosan film were
killed completely after 2 contact hours. These results are in agreement with other studies indicating
significant antimicrobial effects of vanillin and vanillin incorporation into complex compounds
[18,30,31].
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Figure 8. The reduction of E. coli (a) and S. aureus (b) cells during 24 h of contact time with specimens
of polymer C4, chitosan, and hydroxyethyl starch.

3.6. Characterization of Optically Printed Structures

A test to assess the optimal fabrication parameters was performed, and the capability to
produce 3D microporous woodpile structures out of the resin C4 via DLW was demonstrated. An
array of 75 x 75 um? woodpiles is shown in Figure 9a,b. Manufacturing parameters and focusing
conditions are provided in the caption of Figure 9.
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Figure 9. (a) Array of the 75 x 75 um? size woodpile structures out of C4 resin: v varies from 2.8 to 3.4
mm/s, P =04 mW (I=1.2 TW/cm?) and dsy = 0.25 pum (lower row), P =0.5 mW (I =1.5 TW/cm?) and dvy
=0.5 um (upper row). (b) Close-up of the 75 x 75 um? woodpile structure: v=1 mm/s, P = 0.3 mW (I =
0.9 TW/em?), dsy = 0.25 pum. (c) Sculpture of Marvin out of C4 resin: v=1.8 mm/s, P = 0.1 mW (/= 0.3
TW/em?), dyy = 0.25 pum. (d) Sculpture of Marvin out of AESO: v =12 mm/s, P = 0.18 mW (I = 0.6
TW/ecm?), dvy = 0.25 pum. (e) Sculptures of Marvin out of C4 resin molded from the master structure
(section (d)) via micr Iding; 365 nm length light source was used for curing. Objects
in sections (a) and (b) were manufactured with 20 x 0.8 NA objective, (c) and (d) 63 x 1.4 NA. All SEM
images were obtained at 45° angle.

Produced objects corresponded to the used 3D model, however with deviations including tilted
columns and not fully formed logs. These could happen due to the too low degree of cross-linking,
which causes shrinkage, when dwy 0.5 pm was applied. Also, the voids on the woodpile’s surfaces
were observed. The voids were caused by bubbles, which have appeared due to the inhomogeneity
of the resin, resulting in the deviation of the optical damage threshold through the whole material.
Thus, in exposing resin C4 with tightly focused laser irradiation, some parts were over-exposed and
induced bubble formation. Using a higher numerical aperture objective, a sculpture of Marvin was
produced (Figure 9¢). The basic shape of the given STL model was polymerized, but detailed parts of
the face, ears, and the loop were missing. To obtain a well-defined Marvin out of C4 resin, a uTM
technique was employed. A master structure of Marvin was produced out of AESO (Figure 9d). The
replicated structures of Marvin were manufactured by curing the C4 resin inside a PDMS mold with
UV diode. The obtained objects are demonstrated in Figure 9e. In this case, the produced Marvin
had a smooth surface and detailed parts, except loops, which were not replicated due to the limited
capability of the uTM technique to replicate closed loops. Differences in material surface appearance
emerged because of the different illumination conditions. Using DLW, objects were made of stitched
scanning point-by-point manner and thresholded light-matter interaction, sensitive to the material’s
inhomogeneity. On the other hand, with f'TM a uniform UV irradiation distribution resulted in
homogeneous curing.

4. Conclusions

Novel vanillin acrylate-based resins were designed and investigated as candidate materials for
optical 3D printing. The kinetics of photocross-linking of vanillin dimethacrylate or vanillin
diacrylate using ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate as  photoinitiator ~ were
investigated by real-time photorheometry. The photocross-linking of the vanillin
dimethacrylate-based resins was faster compared with the vanillin diacrylate-based resins. The gel
point was reached the fastest when 3 mol.% of photoinitiator was used. The addition of solvent into
the resin slowed down the photocross-linking process, and less-rigid polymers were obtained. The
vanillin diacrylate-based polymer prepared without solvent possessed higher values of yield of
insoluble fraction, thermal stability, and lower swelling values in comparison to the vanillin
dimethacrylate-based polymer. Only the vanillin diacrylate-based polymer prepared without
solvent was appropriate for testing of mechanical properties. It demonstrated similar properties to
those of the commercially available photocurable resins. Subsequently, the possibility to optically
structure this resin was successfully demonstrated. Although acquisition of a smooth surface of the
structures proved to be challenging when employing DLW 3D lithography due to material
inhomogeneity, the microtransfer molding technique allowed to overcome this limitation. For the
improvement of the mechanical properties of other polymers, the addition of reactive diluents will
be carried out in further studies. Vanillin diacrylate polymer film showed a significant antimicrobial
effect only a bit weaker than that of chitosan film.
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Abstract: The investigation of the influence of vanillin acrylate-based resin composition on pho-
tocuring kinetics and antimicrobial properties of the resulting polymers was performed in order
to find efficient photocurable systems for optical 3D printing of bio-based polymers with tunable
rigidity, as well as with antibacterial and antifungal activity. Two vanillin derivatives, vanillin
diacrylate and vanillin dimethacrylate, were tested in photocurable systems using phenyl bis(2,4,6-
trimethylbenzoyl)phosphine oxide as a photoinitiator. The influence of vanillin acrylate monomer,
amount of photoinitiator, presence and amount of dithiol, and presence of solvent on photocuring
kinetics was investigated by real-time photoreometry. Polymers of different rigidity were obtained
by changing the photocurable resin composition. The photocuring kinetics of the selected vanillin
acrylate-based resins was comparable with that of commercial petroleum-based acrylate resins for
optical 3D printing. Polymers based on both vanillin acrylates showed a significant antibacterial
activity against Escherichia coli and Staphylococcus aureus. Vanillin diacrylate-based polymer films also
demonstrated an antifungal activity in direct contact with Aspergillus niger and Aspergillus terreus.
Vanillin diacrylate-based dual curing systems were selected as the most promising for optical 3D
printing of bio-based polymers with antibacterial and antifungal activity.

Keywords: thermosets; bio-based polymers; photocuring; photoreometry; antimicrobial polymers;
optical 3D printing

1. Introduction

Recently, the search for bio-based photocurable resins for optical 3D printing has
received considerable academic and industry attention due to the possibility of efficient
development and production of sustainable products on-demand. Optical 3D printing is
getting popular in the manufacturing companies since it is a cheap and fast way to produce
new products in complex shapes [1]. It provides such benefits as lower material loss,
reduced product weight, and the possibility to print spare parts without using fixtures or
molds [2,3]. Optical 3D printing is used in various areas, such as dentistry [4], medicine [5],
construction industry [6], etc. [7]. Increasing the popularity of optical 3D printing leads to
the environmental problems, such as lack of bio-based materials with the same properties
as petroleum-based materials [8] and recycling problems of the used products [9]. Addition-
ally, nowadays, the antimicrobial activity of polymers is more important than ever. Food
packaging for perishable products, such as meat and meat products [10], antimicrobial
coatings for medical instruments, and implantable biomedical devices [11] are only a few
examples of the possible application of such polymers.
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One of the possible starting materials for the synthesis of bio-based polymers with
an antimicrobial activity is vanillin [12]. Natural vanillin can be extracted from two
different species of vanilla orchids: Vanilla tahitensis and Vanilla planifolia [13]. A cheaper
way to obtain vanillin is the chemical modification of lignin [14]. Vanillin produced
from lignin is considered as a natural vanillin [15] and is 250 times cheaper than synthetic
vanillin [16]. Pure vanillin demonstrates impressive antibacterial activity against Escherichia
coli and Zygosaccharomyces rouxii bacteria [13]. Some of the vanillin derivatives were also
investigated for antibacterial and antifungal activity and were moderately active against
them [17-21].

Photopolymerization is a valuable tool for the production of vanillin-based poly-
mers. It can be used in a wide range of such areas as automotive, optical, and electronic
equipment coatings [22], nanotechnology [23], stereolithography [24], medicine [25], etc.
Photopolymerization is a fast polymerization process, which allows curing only the se-
lected area of the product [22,26]. Vanillin acrylate, methacrylate, or acrylamide are the
most common compounds for chain-growth polymerization [27]. Their polymerization is
easily induced by UV light when the appropriate photoinitiator is used [28]. Vanillin-based
photopolymers were successfully synthesized using acrylated epoxidized soybean oil as a
comonomer [29].

Several photocuring techniques, free-radical photopolymerization, thiol-Michael pho-
topolymerization, and dual curing combining both of them, were used in this study.
Free-radical photopolymerization is relatively insensitive to impurities [30] and does not
require the exclusion of moisture [31]. Heating is not required for this reaction, it can be run
atroom temperature or below [32] in solvent-free systems [33] with a spatial and temporal
control of initiation [34] and it is a rapid process that occurs within a matter of minutes [35].
The main disadvantage of free-radical photopolymerization is the poor control of molec-
ular weight and its distribution [36], as well as oxygen inhibition [37]. Thiol-Michael
photopolymerization is a light activated reaction [38] which proceeds rapidly with no side
products [39]. Its main advantages over free-radical photopolymerization are no inhibi-
tion by moisture and oxygen [40] and generation of homogenous materials [41]. Other
advantages are high reaction rate [42], spatial and temporal control [43], and selective
reactivity [44]. Dual curing is an effective tool to control the polymer network formation to
obtain thermosets with desirable properties [45].

This work is a continuation of the previous studies [46,47] and focuses on the com-
parison of the influence of the resin composition on photocuring kinetics of free-radical,
thiol-Michael, and dual curing systems with phenyl bis(2,4,6-trimethylbenzoyl) phosphine
oxide (BAPO), as well as on antibacterial and antifungal properties of the resulting poly-
mers. BAPO was selected for this study due to its advantage to release four radicals
from a single monomer. Therefore, increasing the initiation performance [48] compared to
ethyl (2,4,6-thimethylbenzoyl) phenyl phosphinate (TPOL) and diphenyl (2,4,6-trimethyl
benzoyl) phosphine oxide (TPO) [46,47], which delivers two radicals [49]. Moreover, BAPO
shows a more intensive absorbance, which indicates its higher photosensitivity and thus
efficiency in comparison to TPOL and TPO [46,47]. BAPO is a type I photoinitiator which
can participate in both thiol-Michael and radical photopolymerization reactions [50]. It
does not require the addition of a co-initiator and generates radicals by a photocleavage
process [51]. BAPO absorbs light at a relatively short wavelength, and as a result, polymers
produced using BAPO have a very pale yellow color or no color at all [52]. These polymers
demonstrate a high color stability and do not get yellow over time [53,54].

This work was performed in order to find efficient photocurable systems for optical
3D printing of bio-based polymers with tunable rigidity, as well as with antibacterial and
antifungal activity.

2. Materials and Methods

Vanillin dimethacrylate (VDM) and vanillin diacrylate (VD) were purchased from Spe-
cific Polymers (Castries, France). 1,3-Benzenedithiol (BDT), phenyl bis(2,4,6-trimethylbenzo
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yl)phosphine oxide (BAPO), chitosan, and hydroxyethyl starch were purchased from Sigma-
Aldrich (Darmstadt, Germany ). Dichloromethane (DCM) was purchased from Reachem
Slovakia (Bratislava, Slovakia). All the materials were used as received. The FormLabs
Clear FL6PCLO02 resin was received from FormLabs (Somerville, MA, USA). The Au-
todesk Standard Clear Prototyping Resin (PR48) was received from Autodesk (Mill Valley,
CA, USA).

UV/Vis real-time photorheometry curing tests were performed with the resins con-
taining 1 mol of vanillin derivative (VDM or VD), 0.5 or 1 mol of thiol (BDT) or without
it, solvent DCM or without it, and 1, 3, or 5 mol% of photoinitiator (BAPO) (Figure 1) on
a MCR302 rheometer (Anton Paar, Graz, Austria) equipped with the plate/plate measur-
ing system. The Peltier-controlled temperature chamber with the glass plate (diameter
38 mm) and the top plate PP08 (diameter 8 mm) was used. The measuring gap was set to
0.1 mm. The samples were irradiated by UV/Vis light in a wavelength range of 250-450 nm
through the glass plate of the temperature chamber using the UV /Vis spot curing system
OmniCure 52000 (Lumen Dynamics Group Inc., Mississauga, ON, Canada). The shear
mode with the frequency of 10 Hz and shear strain of 0.9% were used in all cases. The
values of the storage modulus (G’) after 350 s of irradiation and the values of the gel point
(tge1), defined as a crossover point of the storage modulus G” and loss modulus G”, were
selected for the analysis during this study. The arithmetic average of each parameter of
three measurements of each resin was calculated. The variation of the experimental results
did not exceed 5% within the group.

L0 o

VDM D
o
SH |
b
o o
SH
BDT BAPO

Figure 1. Structures of vanillin dimethacrylate (VDM), vanillin diacrylate (VD), 1,3-benzenedithiol
(BDT), and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO).

Resin codes indicating the resin content were created as follows:

- 1VDMor1 VD shows that 1 mol of vanillin derivative, vanillin dimethacrylate (VDM),
or vanillin diacrylate (VD) was used;

- 1BDTor0.5BDT shows the presence and amount (1 mol or 0.5 mol) of 1,3-benzenedithiol;

- the number before BAPO indicates the concentration of the photoinitiator (1 BAPO
means that 1 mol% of BAPO, 3BAPO—3 mol% of BAPO, and 5 BAPO—5 mol% of

BAPO were used);

- DCM indicates the presence of dichloromethane in the resin composition.

For example, 1ZVDM/1BDT/1IBAPO/DCM is a resin composed of 1 mol of vanillin
dimethacrylate, 1 mol of 1,3-benzenedithiol, 1 mol% of bis(2 4,6-trimethylbenzoyl)phosphine
oxide, and a minimal amount of dichloromethane is needed to dissolve the solid compo-
nents (0.25 g of DCM for 1 g of vanillin acrylate).
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The vanillin-based polymer films were prepared by mixing all the materials with a
magnetic stirrer at room temperature (25 °C) until the homogenous phase was reached and
then poured into a Teflon mold and cured for 1-2 min under an UV lamp (Helios Italquartz,
model GR.E 500 W, Milan, Italy) with UV/Vis light at an intensity of 310 mW/cm?.
Photocross-linked polymer films were not washed after the UV curing. The films of
chitosan and hydroxyethyl starch were prepared by casting from aqueous solutions (2% of
chitosan and 9% of hydroxyethyl starch) of the commercial solid powders and drying at
room temperature (25 °C).

The yield of insoluble fraction was determined by Soxhlet extraction. Polymer samples
of 0.5 g were extracted with acetone for 24 h. After the extraction, the insoluble fractions
were dried under a vacuum until no changes of the weight were observed. The yield of the
insoluble fraction was calculated as a difference of the weight before extraction and after
extraction and drying. The arithmetic average of the yield of insoluble fraction of the three
film samples of each polymer was calculated. The variation of the experimental results did
not exceed 5% within the group.

The swelling value of the cross-linked polymer specimens was obtained by measuring
the volume of specimens swollen in acetone and toluene at 25 °C. The polymer film
specimens of 10 (0.1) mm length, 3 (0.00) mm width, and 1.5 (£0.1) mm thickness were
used. The initial volume of the polymer specimen was measured before placing it into
the measuring container. After the solvent was poured into the measuring container, the
change of the volume of the swelling agent was measured every 5 min until no change
was obtained. V- W

-V

« =y -100 1)
where a is a swelling value (%); V is a volume of the swollen specimen (mL); and Vj is
an initial volume of the specimen (mL). The arithmetic average of the swelling value of
the three film samples of each polymer was calculated. The variation of the experimental
results did not exceed 5% within the group. No change of the volume was observed after
90 min for all the polymer samples. This value was taken for the comparison of swelling
values of different polymers.

The study of the antimicrobial (antibacterial and antifungal) activity of polymers
was performed in two ways: By the contact of polymer film specimens with a microbial
growing culture on a solid medium and by the direct contact with microbial spores. The
test microorganisms were Gram-negative bacterium Escherichia coli ATCC 25,922 (E. coli)
and Gram-positive bacterium Staphylococcus aureus ATCC 29,213 (S. aureus), which were
procured from the American Type Culture Collection (Manassas, VA, USA)., as well as
fungal strains: Aspergillus niger 1089-13 (A. niger) and Aspergillus terreus 1084-10 (A. terreus)
which were taken from the collection of Biodeterioration Research Laboratory, Nature
Research Center (Vilnius, Lithuania).

In the first way performed according to ISO 846:1998 [55], Petri dishes with a Mueller
Hinton Agar (MHA, Liofilmchem, Roseto degli Abruzzi, Italy) medium were inoculated
with test bacterium E. coli or S. aureus and dishes with a Malt Extract Agar (MEA, Liofilm-
chem, Italy) medium were inoculated with A. niger or A. terreus. The test specimens of
vanillin-based polymers and chitosan in dimensions of 10 mm x 10 mm x 0.4 mm and
hydroxyethyl starch in dimensions of 20 mm x 20 mm x 0.4 mm were placed on the
medium in the center of the dishes. Chitosan and hydroxyethyl starch were used as refer-
ence polymers. The films of chitosan and hydroxyethyl starch were prepared by casting
from aqueous solutions. The dishes with bacteria were incubated for 48 h at 35 + 2 °C and
the dishes with fungi were incubated for 5 days at 26 + 2 °C. After incubation, the antimi-
crobial activity was evaluated by the growth inhibition zones (mm) of microorganisms that
have shown up around the specimens. Each specimen was tested in triplicate experiments.
The mean value of the zones and mean standard deviation was calculated.

The second way of the polymer antimicrobial activity estimation was performed by
a direct polymer film specimen inoculation with the suspension of microbial spores. The
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concentration of the inoculum of bacterium suspension was assessed with a spectropho-
tometer (Evolution 60S, Thermo Fisher Scientific, Waltham, MA, USA) at 600 nm and
fungal suspension at 530 nm, then corrected by seeding the bacterium suspension on a
Mueller Hinton Agar (MHA, Liofilmchem, Italy) and the fungal suspension on a Malt
Extract Agar (MEA, Liofilmchem, Italy). The final inoculum concentrations were 6 x 10°
for E. coli, 7 x 10° for S. aureus, 2.2 x 10° for A. niger, and 2 x 10° colony forming units/mL
(CFU/mL) for A. terreus. The testing specimens of vanillin-based polymers and chitosan
in dimensions of 10 mm x 10 mm x 0.4 mm, and the testing specimens of hydroxyethyl
starch in dimensions of 20 mm x 20 mm x 0.4 mm were placed into 50 mm diameter
sterile Petri dishes, inoculated with 10 ul of prepared bacterial or fungal suspension and
incubated in humid chambers with bacteria at 35 & 2 °C and with fungi at 26 + 2 °C. Each
specimen was tested in triplicate experiments. After 24 h, the specimens were washed with
2 mL of saline (0.9%) and serial dilutions of culture suspensions were sown on MHA for
bacteria and on MEA for fungi in Petri dishes. The dishes with bacteria were incubated
for 48 h at 35 =+ 2 °C and the dishes with fungi were incubated for 5 days at 26 + 2 °C.
After incubation, colony numbers were counted and the percent reduction was calculated
according to the formula: (@ — b)/a x 100%, where a is the concentration of the colony
forming units (CFU/mL) in inoculum suspension; b is a mean of the recovered spores
(CFU/mL) on specimens from triplicate experiments after incubation. The log reduction
of viable spores was calculated according to the formula: log(a)—log(b), where a is the
concentration of the colony forming units (CFU/mL) in the inoculum suspension; b is a
mean of the recovered spores (CFU/mL) on specimens from triplicate experiments after
incubation.

Statistical Analysis. The collected data were statistically analyzed using ANOVA for
the Microsoft Excel programme. All the experiments were performed three times and the
results were assumed as the average values =+ standard deviation. The estimated p-value
was below 0.05 within the groups.

3. Results and Discussion
3.1. Influence of Resin Composition on Photocuring Kinetics

The photocuring kinetics of vanillin acrylate-based photocurable resins of different
compositions was investigated by real-time photoreometry and compared. The values of
the storage modulus (G’) and the gel point (g.) were analyzed during this study. The
trends of loss modules are the same as those of the storage modules during irradiation of
all vanillin-based resins, thus, only storage modules will be analyzed in this work.

The gel point is a point at which a high-viscosity Newtonian fluid turns into a solid
elastic material [52]. It characterizes the formation of the polymer network. The storage
modulus is a measure of the deformation energy stored by the sample during the shear
process and representing the elastic behavior of the material [56]. It characterizes the
rigidity of the resulting polymers.

3.1.1. Influence of Photoinitiator Concentration

VDM-based resins prepared with or without BDT showed a clear dependence of
an increase in the fgel value with the increasing BAPO concentration (Figure 2a). BAPO
is a highly reactive photoinitiator and its very low concentration is sufficient to initiate
polymerization effectively. In VDM-based resins, the lowest value of ty¢ was determined
when 1 mol% of BAPO was used. However, at higher photoinitiator concentrations, the
tgel values increased. It could be due to the generation of the higher concentration of
free radicals at the surface, which block the sufficient energy from penetrating, leading to
the reduced rate of polymerization [57]. The tge) values of the VDM-based resins with or
without BDT and 1-3 mol% of BAPO are very similar. However, a significant reduction of
the G’ values was obtained when BDT was used, showing the formation of linear polymer
chains with flexible thioether linkages [52] in these cases (1VDM/1BDT/1BAPO/DCM,
1VDM/1BDT/3BAPO/DCM) (Figure 2b). The higher the G’ value and rigidity of the re-
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sulted VDM-based polymer with BDT (VDM/1BDT/5BAPO/DCM) was obtained probably
due to the increase of termination reactions of macroradicals with free radicals which usu-
ally occur at the high photoinitiator concentration [48,58], and thus the shorter polymer
chains leading to the less rigid polymer were formed in this case. The G’ values of pure
VDM resins increased with an increase in the BAPO concentration (VDM/1BAPO/DCM,
VDM/3BAPO/DCM). However, the G value of the resin with 5 mol% of BAPO (VDM/5BA
PO/DCM) was lower due to the effect of termination reactions.

b)

Storage modulus G', MPa

Figure 2. Gel point fg (a) and storage modulus G’ (b) of the VDM-based resins. Green columns—1 mol% of BAPO;
red columns—3 mol% of BAPO; blue columns—5 mol% of BAPO; leaning lines from bottom to top—presence of 1,3-
benzenedithiol (BDT); leaning lines from top to bottom—presence of dichloromethane (DCM).

Acrylates are more reactive than methacrylates, as secondary acrylate radicals are
very unstable in comparison to highly stable tertiary methacrylate radicals [59]. Due to
this reason, the lower fge| values and thus the higher polymerization rate of VD-based
resins were obtained with an increase in the BAPO concentration. The comparison of the
tgel and G’ values of VD-based resins prepared with 1 and 3 mol% of BAPO is presented
in Figure 3. The lower tg values and the higher photocuring rate were demonstrated
by VD-based resins when 3 mol% rather than 1 mol% of BAPO were used. The fgq
values of the resins prepared with thiol and the pure VD-based resin without solvent,
1VD/1BDT/3BAPO, 1VD/1BDT/3BAPO/DCM, and 1VD/3BAPO were 3.6,3.9,and 7.0 s,
respectively (Figure 3a). VD-based resins prepared with BDT and with or without DCM
resulted in more rigid polymers when 1 mol% of BAPO was used (1VD/1BDT/1BAPO,
1VD/1BDT/1BAPO/DCM), while the pure VD-based resin resulted in a more rigid polymer
when 3 mol% of BAPO were used (1VD/3BAPO) (Figure 3b). It was due to the different
mechanisms of photopolymerization. The higher amount of photoinitiator in the thiol-
Michael photopolymerization (when BDT was used in the resins) resulted in a higher
concentration of thiolate anions and the formation of a higher amount of linear polymer
chains with flexible thioether linkages [60,61] and thus, the lower rigidity of polymers
(Figure 3b).
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Figure 3. Gel point teel (@) and storage modulus G’ (b) of the VD-based resins. Green columns—1 mol% of BAPO; red
columns—3 mol% of BAPO; leaning lines from bottom to top—presence of BDT; leaning lines from top to bottom—presence
of DCM.

Photocuring of resin 1VD/5BAPO/DCM with 5 mol% of BAPO was the fastest (gel
point 5.8 s) compared with resin 1ZVD/1IBAPO/DCM containing 1 mol% of BAPO (gel
point 10.2 s) and resin 1ZVD/3BAPO/DCM containing 3 mol% of BAPO (gel point 10.0 s)
(Figure 4a). The solvent created a more homogenous phase for resin 1IVD/5BAPO/DCM
and that led to a better dissolution of BAPO, faster photocuring, and the formation of
a more rigid polymer. In pure VD-based systems with and without DCM, the rigidity
increased gradually with the increase of the photoinitiator concentration since a high
amount of molecules was available for the generation of free radicals. The highest rigidity
was shown by polymers with 5 mol% of BAPO, while the lowest was shown with 1 mol%
of BAPO (Figure 4b), as the higher concentration of reactive species resulted in a higher
rigidity of polymers [62].
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Figure 4. Gel point tgel (a) and storage modulus G’ (b) of the VD-based resins. Green columns—1 mol% of BAPO; red
columns—3 mol% of BAPO; blue columns—5 mol% of BAPO; leaning lines from top to bottom—presence of DCM.

For a further investigation, 3 mol% of BAPO was chosen as it resulted in faster or
only a slightly slower photocuring than that with 1 mol% of BAPO. However, 5 mol% of
BAPO could not be used in further studies due to the left undissolved particles of BAPO in
polymers 1VD/1BDT/5BAPO and 1VD/5BAPO, which were prepared without DCM.

3.1.2. Influence of Dichloromethane

VD-based resins were selected to characterize the influence of DCM to the photocuring
rate and rigidity of the obtained polymers since only VD-based resins could be prepared
without a solvent, as VD is in a liquid state at room temperature while VDM is a solid ma-
terial.

In most cases, DCM slowed down the photocuring process and less rigid polymers
were obtained (Figure 5). These results were characteristic for all resins with 1 and 3 mol%
of BAPO. This can be explained by the DCM action as a chain transfer agent slowing the pho-
tocuring process [58]. For example, the resin without solvent 1VD/3BAPO reached fg after
7 s and G’ of 12.7 MPa after 350 s, while the same resin with solvent 1ZVD/3BAPO/DCM
reached fge only after 10 s and G’ of 12.0 MPa after 350 s.
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Figure 5. Gel point tgel (a) and storage modulus G’ (b) of the VD-based resins. Green columns—1 mol% of BAPO; red
columns—3 mol% of BAPO; blue columns—5 mol% of BAPO; leaning lines from bottom to top—presence of BDT; leaning
lines from top to bottom—presence of DCM.

The same results were obtained for the VD-based resins with 5 mol% of BAPO, resin
1VD/1BDT/5BAPO photocured faster than 1VD/1BDT/5BAPO/DCM. The addition of
DCM lowered the concentration of monomers in the resin and led to more chain transfer re-
actions [50], which resulted in a high tgel value and lower G’ of 1ZVD/1BDT/5BAPO/DCM.
Different results were obtained for the pure VD-based resins with 5 mol% of BAPO,
1VD/5BAPO and 1VD/5BAPO/DCM, which undergo a free radical photopolymerization
mechanism. The concentration of BAPO was too high in resin 1ZVD/5BAPO and small
undissolved particles of BAPO were still visible in the polymer after photocuring. In this
case, a more rigid polymer was obtained when DCM was used, as a solvent homoge-
nized resin by dissolving the high amount of photoinitiator particles. Therefore, resin
1VD/5BAPO/DCM resulted in a higher rigidity of the obtained polymer and faster curing
(tge1 =58's, G’ = 16.1 MPa) than that of 1IVD/SBAPO (tg = 7.15, G’ = 15.1 MPa).

3.1.3. Influence of Vanillin Derivative

A series of resins with different vanillin derivatives (VDM or VD), DCM, and 3 mol% of
BAPO were selected to determine the influence of vanillin acrylate monomer to photocuring
kinetics (Figure 6). In all these cases, more rigid polymers were formed from VDM-based
resins compared to VD-based resins due to the higher stability of methacrylate radicals,
which slow down the photopolymerization process and form a more uniform polymeric
network [59]. The VDM-based resin without thiol 1VDM/3BAPO/DCM reached G’ of
14.00 MPa after 350 s, while G’ of the VD-based resin without thiol 1IVD/3BAPO/DCM was
12.00 MPa after 350 s. As for the reaction rate, the VDM-based resin 1VDM/3BAPO/DCM
reached the gel point faster than the VD-based resin 1VD/3BAPO/DCM (3.2 and 10.0 s,
respectively). VD-based resins are supposed to polymerize faster than VDM-based ones,
but in this case, the reaction was slowed down by the color of the VD. VDM is a white color
powder which results in a colorless resin when dissolved in DCM. VD is a dark yellow
liquid which results in a yellow resin. The darker color makes it harder for the light to reach
deeper layers of the resin and polymerize it [63]. This was confirmed by the swelling values
and the yield of insoluble fraction. VDM-based polymers demonstrated a higher yield of
insoluble fraction and lower swelling values in both tested solvents. The yield of insolu-
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ble fraction of the VDM-based polymer without thiol IVDM/3BAPO/DCM was 84.14%
when the VD-based polymer without thiol 1ZVD/3BAPO/DCM was 80.71% (Figure 7). The
swelling values observed after 90 min in acetone and toluene correlates to the yield of in-
soluble fraction. The VDM-based polymer without thiol 1VDM/3BAPO/DCM reached the
swelling value of 12% in acetone and 8% in toluene, while the VD-based polymer without
thiol 1VD/3BAPO/DCM reached the swelling value of 20% in acetone and 10% in toluene
(Figure 8). Resins, prepared with thiol demonstrated similar results. The VDM-based resin
with thiol 1ZVDM/1BDT/3BAPO/DCM reached G’ of 2.14 MPa after 350 s, while G’ of the
VD-based resin without thiol 1VD/1BDT/3BAPO/DCM was 0.12 MPa after 350 s. Both
resins reached fg, at a similar time, but the VDM-based resin reached it slightly faster (3.6 s)
than the VD-based resin (3.9 s), as a result of the darker color of the VD-based resin [63].
VDM-based polymers with thiols also demonstrated a higher yield of insoluble fraction
and lower swelling values in both tested solvents. The yield of insoluble fraction of the
VDM-based polymer with thiol 1VDM/1BDT/3BAPO/DCM was 88.54% when the VD-
based polymer with thiol 1VD/1BDT/3BAPO/DCM was 85.22% (Figure 7). The swelling
values observed after 90 min in acetone and toluene correlates to the yield of insoluble
fraction. The VDM-based polymer with thiol 1IVDM/1BDT/3BAPO/DCM reached the
swelling value of 25% in acetone and 15% in toluene, while the VD-based polymer with
thiol 1VD/1BDT/3BAPO/DCM reached the swelling value of 90% in acetone and 24% in
toluene (Figure 8). Higher swelling values were obtained in acetone as vanillin acrylates are
soluble in acetone and insoluble in toluene. The poor interaction of vanillin acrylate-based
polymer chains with toluene was the reason for the worse swelling than in acetone. The
higher swelling values and lower yields of insoluble fractions showed that longer chains
between cross-linking points were formed.

b)

Storage modulus G', MPa

Figure 6. Gel point fg, (a) and storage modulus G’ (b) of the VD and VDM-based resins with 3 mol% of BAPO. Pink
columns—VD-based resin; red columns—VDM-based resin; leaning lines from bottom to top—presence of 1.3 BDT; leaning
lines from top to bottom—presence of DCM.
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Figure 7. The yield of insoluble fraction of the VD and VDM-based polymers with 3 mol% of
BAPO after 24 h extraction in acetone. Pink columns—VD-based polymer; red columns—VDM-
based polymer; leaning lines from bottom to top—presence of 1.3 BDT; leaning lines from top to
bottom—presence of DCM.
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Figure 8. The swelling values of polymers in acetone (a) and in toluene (b) after 90 min of the VD and VDM-based polymers
with 3 mol% of BAPO. Pink columns—VD-based polymer; red columns—VDM-based polymer; leaning lines from bottom
to top—presence of 1.3 BDT; leaning lines from top to bottom—presence of DCM.

3.1.4. Influence of Thiol Addition and Its Amount

The reaction mechanism had a significant influence on the photocuring kinetics of
VDM-based and VD-based resins. BAPO is a universal photoinitiator, which can initiate
both free-radical and thiol-Michael photopolymerizations. The free-radical photopolymer-
ization occurred when only vanillin acrylate was used as a monomer. The thiol-Michael
photopolymerization occurred in vanillin acrylate-based resins containing BDT, when the
ratio of the acrylate and thiol groups was 1:1 and 1:0.5. Dual curing, combining free-radical
and thiol-Michael mechanisms, occurred when a lower amount than the stoichiomet-
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ric of thiol was used (acrylate: thiol, 1:0.5). The polymers with the higher amount of
thioether bonds are formed from the resins with the stoichiometric ratio of acrylate and
thiol monomers (acrylate: thiol, 1:1), while the polymers with the higher amount of carbon-
carbon bonds are formed from the resins with the lower than stoichiometric amount of
thiol (acrylate: thiol, 1:0.5). The incorporation of thiol fragments into polymer chains leads
to the significant changes of polymer mechanical properties [52]. How this has affected the
rigidity of vanillin-based polymers will be described below. Nevertheless, both hard and
rigid as well as soft and flexible polymers are desirable for optical 3D printing of thermoset
products for particular applications.

The resins with 3 mol% of BAPO were selected to investigate the influence of thiol
addition and its amount on vanillin acrylate-based resin photocuring kinetics. In vanillin
acrylate-based resins, different results of the reaction rate (gel point) were observed us-
ing free radical and thiol-Michael mechanisms, as it could be expected. For example,
the G’ curves of VD-based resins prepared with thiol and with or without the solvent,
1VD/1BDT/3BAPO and 1VD/1BDT/3BAPO/DCM, and VD-based resins prepared with-
out thiol and with or without the solvent, 1ZVD/3BAPO and 1VD/3BAPO/DCM, are pre-
sented in Figure 9. In all these cases, the reaction was faster when resins were prepared
with the stoichiometric amount of thiol (acrylate: thiol,1:1), due to the high reactivity of the
thiol radicals formed in the initiation stage of polymerization [52]. Moreover, BDT had a
significant influence on the rigidity of the polymers. In all cases, polymers were less rigid
when the stoichiometric amount of BDT (acrylate: thiol,1:1) was used in the resins. It was
due to the formation of many different polymer chains of different lengths with flexible
thioether linkages [48]. For example, the VD-based resin with thiol 1VD/1BDT/3BAPO
reached the gel point after 3.6 s and its G’ was only 1.7 MPa after 350 s, while the VD-based
resin without thiol 1ZVD/3BAPO reached the gel point only after 7.0 s, but the obtained
G’ was 12.7 MPa after 350 s. As for the resins based on VDM, the reaction was slightly
slower, when thiols were used. VDM has a lower reactivity than the VD due to the higher
stability of methylacrylate radicals. This stability slows down the thiol-Michael photopoly-
merization [64]. The VDM-based resin with thiol and solvent 1VDM/1BDT/3BAPO/DCM
reached the gel point after 3.6 s and the VDM-based resin with the solvent and without
thiol 1ZVDM/3BAPO/DCM reached the gel point after 3.2 s.
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Figure 9. Dependencies of storage modulus G’ of the VD and VDM-based resins, containing 3 mol% of BAPO and
commercial resins PR48 and Formlabs Clear FL6PCLO02 on the irradiation time.
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The analogous series of the resins with the lower than the stoichiometric amount of
thiol (acrylate: thiol, 1:0.5) and 3 mol% of BAPO were prepared by combining the free-
radical and thiol-Michael photopolymerization in order to get the dual curing systems.
Resins 1VD/0.5BDT/3BAPO, 1VD/0.5BDT/3BAPO/DCM, and 1VDM/0.5BDT/3BAPO/
DCM resulted in a 2 s slower photocuring (fgel = 5.3, 5.8, and 5.3 s, respectively) than
the resins polymerized only by the thiol-Michael reaction mechanism (acrylate: thiol, 1:1).
However, all the polymers prepared with a 0.5 mole of BDT demonstrated a higher rigidity
than the polymers prepared with 1 mole of BDT. The VD-based resin with a 0.5 mole of
thiol and 3 mol% BAPO (1VD/0.5BDT/3BAPO) reached G’ of 14.3 MPa after 350 s, which
was higher than that of the pure VD-based polymer synthesized with 3 mol% of BAPO
(1VD/3BAPO, G’ = 12,7 MPa, after 350 s). The analogous polymer prepared with solvent
(1VD/0.5BDT/3BAPO/DCM) was slightly less rigid and reached G’ of 11.6 MPa after 350 s.
The addition of solvent into the resin also slightly slowed down the photocuring process
and the rigidity of polymers due to the chain transfer reactions [61]. Similar results were
observed for the VDM-based resin with the lower than stoichiometric amount of thiol
(acrylate: thiol, 1:0.5), 3 mol% of BAPO, and DCM (1VDM/0.5BDT/3BAPO/DCM). The
resulted polymer reached G’ of 15.2 MPa after 350 s, which was higher than that of the
VDM homopolymer synthesized with 3 mol% of BAPO and DCM (1VDM/3BAPO/DCM,
G’ = 14.0 MPa, after 350 s). The higher rigidity of polymers, prepared with a 0.5 mole
of thiol is the result of the dual curing process. During this process, the macromolecular
chains of acrylate homopolymer and copolymer interpenetrate. That results in a higher
density and thus the higher rigidity of polymers [45]. On the other hand, the free-radical
photopolymerization is slower than the thiol-Michael photopolymerization and this com-
bination of the two reaction mechanisms (when acrylate: thiol, 1:0.5) results in a slower
photocuring process than the thiol-Michael photopolymerization (when acrylate: thiol,
1:1) [61].

The viscosity of the resins depended on their composition. The higher amount of BDT
was added to the resin, the lower viscosity of the resin was determined. The most viscous
resin was 1VD/3BAPO without BDT. Its viscosity was 75,024 4 137 mPa-s. The viscosity of
the resin with 0.5 mol of BDT (1VD/0.5BDT/3BAPO) was 3007 + 42 mPa-s, and that with
1 mol of BDT (1VD/1BDT/3BAPO) was 468 + 15 mPa-s. No change in the resin viscosity
was observed and no difference was observed between the UV curing kinetics curves of
freshly prepared vanillin-based resins containing BDT or without it and those kept in the
dark for several days.

Aseries of the resins with 3 mol% of BAPO were compared with commercial petroleum-
derived acrylate resins, Formlabs Clear FL6PCL02 and PR48 (Figure 9). Both commer-
cial resins demonstrated a similar photocuring rate (both fge) = 6 s). Most of the VD-
based and VDM-based resins demonstrated an even higher photocuring rate than com-
mercial resins, for example, 1VD/1BDT/3BAPO (tge| =3.6s), 1IVD/1BDT/3BAPO/DCM
(tgel = 3.9 5), IVDM/1BDT/3BAPO/DCM (tge) = 3.6 5), IVDM/3BAPO/DCM (tge) = 3.25),
1VD/0.5BDT/3BAPO (tge| = 5.3 5), 1VD/0.5BDT/3BAPO/DCM (tge) = 5.8 ), and 1IVDM/
0.5BDT/3BAPO/DCM (fge) = 5.3 5). Only pure VD-based resins with and without the
solvent, IVD/3BAPO (tg) = 7.0 s) and TVD/3BAPO/DCM (tge) = 10.0's), demonstrated the
lower photocuring rate than that of commercial resins due to the lower rate of free radical
photopolymerization. As for rigidity, VD-based and VDM-based resins prepared with or
without the solvent and without thiol, 1VD/3BAPO (G’ = 12.70 MPa), 1VD/3BAPO/DCM
(G’ =12.00 MPa), and the pure VDM-based resin with the solvent 1IVDM/3BAPO/DCM
(G’ =14.00 MPa) showed a similar rigidity as Formlabs Clear FL6PCL02 (G’ = 15.20 MPa),
but a lower rigidity than PR48 (G’ = 21.40 MPa). Dual-cured polymers demonstrated
a similar rigidity, 1VD/0.5BDT/3BAPO (G’ = 14.23 MPa), 1VD/0.5BDT/3BAPO/DCM
(G” = 11.60 MPa), and 1VDM/0.5BDT/3BAPO/DCM (G’ = 15.20 MPa), and the VDM-based
resin 1IVDM/0.5BDT/3BAPO/DCM demonstrated even the same rigidity as Formlabs
Clear FL6PCL02 (G” = 15.20 MPa), but a lower rigidity than PR48 (G = 21.40 MPa). How-
ever, the VDM homopolymer 1ZVDM/3BAPO/DCM was very brittle, so vanillin diacrylate-
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based double-curing systems 1VD/0.5BDT/3BAPO and 1VD/0.5BDT/3BAPO/DCM were
selected as the most promising for optical 3D printing.

3.2. Influence of Resin Composition on the Resulting Polymer Antibacterial and
Antifungal Activity

The antibacterial and antifungal activity of the selected vanillin acrylate-based polymer
films was exhibited on a cultural medium by measuring growth inhibition zones and
during the direct contact with the specimens by calculating the log reduction and percent
reduction of viable microbial spores. Two reference polymer films of chitosan, a well-
known antibacterial polymer and hydroxyethyl starch having no such activity were used.
The dependency of the antibacterial and antifungal activity on the vanillin derivative and
the presence of thiol was observed.

During the development of bacteria on the culture medium, only a slight inhibition of
1VD/3BAPO and chitosan films by E. coli was observed (Table 1, Figures 10 and 11.). The
growth inhibition of Gram-positive bacterium S. aureus was slightly more pronounced. In
this case, almost all the films tested were active except 1IVDM/1BDT/3BAPO/DCM and
the hydroxyethyl starch film. It was determined that only the films prepared by radical
photopolymerization were active against E. coli and only VD-based films were active
against S. aureus. VDM-based films were less active against microorganisms probably due
to the lower concentration of carbonyl groups, the presence of which has a positive effect
on the antimicrobial activity of compounds [65].

The vanillin acrylate-based polymers showed a more pronounced antibacterial activity
by the direct spore contact with the films (Table 1). Almost all the films tested and chitosan
completely abolished the bacterial viability after 24 h of contact with spores, with the
exception of 1ZVDM/1BDT/3BAPO/DCM and hydroxyethyl starch films. The polymer film
of 1IVDM/1BDT/3BAPO/DCM reduced the number of viable E. coli spores to log 1.98, and
the loss of viability spores was 98.96%. Meanwhile, the hydroxyethyl starch film reduced
the number of E. coli and S. aureus spores to log 1.25 and 2.85, respectively, and the loss of
viability spores was 94.42 and 99.86%, respectively. It was determined that VD-based films
had a better antibacterial activity than VDM-based films against E. coli, but all the tested
polymers showed the same antibacterial activity against S. aureus.

Table 1. Antibacterial activity characteristics of polymer film specimens.

Escherichia coli Staphylococcus aureus
Polymer Film Growth Log i Growth Log Percent
= Inhibition  Reduction <SR ROUCON pypibition  Reduction  Reduction
Zone, mm after24 h after Zone, mm after24 h after24 h
1VD/1BDT/3BAPO 0 0 100 21408 0 100
1VD/1BDT/3BAPO/
DCM 0 0 100 20400 0 100
1VD/3BAPO 1.0+07 0 100 21+08 0 100
1VDM/1BDT/3BAPO/
DCM 0 1.98 98.96 0 0 100
Chitosan 20+£07 0 100 25+ 05 0 100
Hydroxyethyl starch 0 125 94.42 0 2.85 99.86
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Figure 10. Toxicity testing of polymer film specimens for fungus Escherichia coli on a Mueller Hin-
ton Agar (MHA) medium: (a) 1VD/1BDT/3BAPO, (b) 1VD/1BDT/3BAPO/DCM, (c) 1VD/3BAPO,
(d) 17VDM/1BDT/3BAPO/DCM, (e) chitosan, (f) hydroxyethyl starch.

Figure 11.  Toxicity testing of polymer film specimens for fungus Staphylococcus aureus
on a MHA medium: (a) 1VD/1IBDT/3BAPO, (b) 1VDABDT/3BAPO/DCM, (c) 1VD/3BAPO,
(d) IVDM/1BDT/3BAPO/DCM, (e) chitosan, (f) hydroxyethyl starch.

The antifungal activity of vanillin-based polymers depended on the fungal species.
The growth of A. niger on the culture medium was slightly inhibited only by 1VD/3BAPO,
while A. terreus—was inhibited by 1VD/1BDT/3BAPO and 1VD/1BDT/3BAPO/DCM
films (Table 2, Figures 12 and 13). The antifungal activity against A. niger was visible
only for the VD-based film prepared without thiol. The addition of thiol resulted in the anti-
fungal activity against A. terreus. Moreover, A.niger was affected by a higher concentration
of carbonyl groups, which are less active against fungi than against bacteria [66], while A.
terreus was only affected by a higher concentration of carbonyl groups in the VD-based film
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prepared without thiol and the presence of sulphur with the great antifungal activity [67]
in VD-based films prepared with thiol. The main reason for these results is the higher
concentration and the great antifungal activity of sulphur, which is present in VD-based
films prepared with thiol [68].

Table 2. Antifungal activity characteristics of polymer film specimens.

Aspergillus niger Aspergillus terreus
Polymer Film Growth ¢ Percent Growth Log Percent
Y Inhibition ~ "°BRECUCON  poduction  Inhibition  Reduction  Reduction
Zone, mm after after24 h Zone, mm after24 h after24 h
1VD/1BDT/3BAPO 0 0 100 22404 3.15 99.93
1VD/1BDT/3BAPO/
DCM 0 0 100 22404 3.70 99.98
1VD/3BAPO 32408 2.33 99.54 0 3.40 99.96
1VDM/1BDT/3BAPO/
DCM 0 2.89 99.87 0 292 99.88
Chitosan 0 0 100 0 211 99.23
Hydroxyethyl starch 0 3.07 99.92 0 235 99.56

Figure 12. Toxicity testing of polymer film specimens for fungus Aspergillus niger on a Malt Ex-
tract Agar (MEA) medium: (a) 1VD/1BDT/3BAPO, (b) 1VD/1BDT/3BAPO/DCM, (c) 1VD/3BAPO,
(d) 1IVDM/1BDT/3BAPO/DCM, (e) chitosan, (f) hydroxyethyl starch.
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Figure 13. Toxicity testing of polymer film specimens for fungus Aspergillus terreus on
a MEA medium: (a) 1VD/1BDT/3BAPO, (b) 1VD/1BDT/3BAPO/DCM, (c) 1VD/3BAPO,
(d) 1VDM/1BDT/3BAPO/DCM, (e) chitosan, (f) hydroxyethyl starch.

The antifungal activity of vanillin acrylate-based polymer films was more pronounced
when a direct contact of the fungal spores with the films was used, but it depended on
the fungal species, as well. The polymer films of 1VD/1BDT/3BAPO, 1VD/1BDT/3BAPO/
DCM, and chitosan completely abolished the viability of A. niger within 24 h due to the
higher concentration of carbonyl groups and sulphur, as mentioned earlier. The viability of
A. terreus was reduced the most by the film of 1ZVD/1BDT/3BAPO/DCM with 99.98% of
spores losing viability. Other VD-based polymer films pronounced a similar antifungal
activity for A. terreus. Only the antifungal activity of 1IVDM/1BDT/3BAPO/DCM was less
pronounced for this fungus as the concentration of antifungal agents was lower in the
VDM-based film. The results of studies performed by different methods differ since film
biocides are not released into the environment and act more efficiently in contact with the
microorganism [69].

4. Conclusions

All components of the resins have a significant influence on photocuring kinetics
and properties of the resulting polymers. The addition of solvent into the resin slowed
down the photocuring process and less rigid polymers were obtained. The addition of
thiol increased the photocuring rate but reduced the rigidity of the resulting polymers.
Dual curing, combining free-radical and thiol-Michael mechanisms, resulted in a slightly
slower photocuring process than the thiol-Michael photopolymerization, but more rigid
polymers were formed. The reaction rate of the selected vanillin acrylate-based resins was
similar or even faster than that of commercial petroleum-based acrylate resins for optical
3D printing. However, the resulting polymers were slightly less rigid. Vanillin acrylate- and
vanillin methacrylate-based polymers showed a significant antibacterial activity against
Escherichia coli and Staphylococcus aureus in direct contact and on the medium. Toxicity to
the microscopic fungus Aspergillus niger and Aspergillus terreus was less pronounced, the
viability of Aspergillus niger spores in direct contact was reduced by all the investigated
vanillin acrylate-based resins. The viability of Aspergillus terreus was also reduced by
the vanillin diacrylate-based resins, although the reduction of viability by the vanillin
dimethacrylate-based polymer was lower. Vanillin diacrylate-based dual curing systems
were selected as the most promising for optical 3D printing of bio-based polymers with an
antibacterial and antifungal activity.
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Abstract. Vanillin acrylate-based thermo-responsive shape memory photopolymers with high thermal stability, tunable me-
chanical properties, and antimicrobial activity have been developed. Photocurable resins containing one of the three com-
mercial vanillin derivatives, vanillin diacrylate, vanillin dimethacrylate, and vanillin hydroxypropane dimethacrylate, and
1,3-benzenedithiol were tested. The results of dual curing systems with different ratios of thiol and acrylate (1:1 and 0.5:1)
were compared. The reduction of thiol content increased the rate of photocuring, improved the mechanical performance of
polymers (Young’s modulus was increased from 1.4-3.5 to 3952.3-11339.4 MPa), and their heat resistance (the 10% weight
loss increased from 277-327 to 294-341°C). All polymers were able to return to their primary shape after deformation and
maintain their temporary shape at a temperature lower than their glass transition temperature (-3-46 °C). Furthermore, all-
polymer films exhibited significant antit ial activity against Escherichia coli and Staphylococcus aureus (cell reduction
reached 99.8-100% after 24 h) and antifungal activity against Aspergillus flavus and Aspergillus niger (cell reduction reached
72.3-100% after 24 h).

0
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Key is: ther ing resins, ph ization, dual-curing, shape memory, antimicrobial activity

1. Introduction Bio-based materials attract the interest of the sci-
Recently, shape memory polymers have received entific community as an ecological and economical
much attention due to their unique ability to obtain  alternative to petrochemical-based materials [6].
temporary shapes and return to their permanent shape ~ Bio-based high-performance materials are becom-
in response to stimulus [1]. These polymers have a  ing a major trend in the research and development
wide application area, such as intelligent medical de-  of shape memory polymers [7]. The typical char-
vices, heat-shrinkable tubes for electronics [2], aero-  acteristics of high-performance polymers are high
space applications, and self-healing materials [3]. mechanical strength and high heat resistance [8]. In
Nowadays, technologies are an integral part of every-  recent years, new bio-based shape-memory poly-
day life, and the need for smart materials is growing — mers have been synthesized from plant-derived ma-
rapidly [4], leading to the increasing interest in new  terials by thermal polymerization. Only a few bio-
bio-based shape memory polymers suitable for fu-  based shape memory polymers have been prepared
ture applications in the fast-growing field of smart by UV photopolymerization [9]. However, most
materials [5]. bio-based shape memory polymers have low glass
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transition temperatures, which limits their applica-
tions [7].

Antimicrobial shape-memory materials are attracting
a lot of attention in biomedical applications [10],
e.g., bone scaffolding [ 11]. For example, a self-heal-
able conductive polyurethane with shape memory
and antimicrobial properties has been synthesized
and shown to be suitable for use as a bone scaffold
[12]. Antimicrobial shape memory composites have
been developed by combining synthetic polymers
possessing shape memory properties and natural
polymers [13]. However, most antimicrobial mate-
rials that possess shape memory properties are not
bio-based. To fill this gap, this study focused on de-
veloping novel bio-based antimicrobial shape mem-
ory polymers using vanillin derivatives.
Approximately 20% of vanillin is produced from nat-
ural sources. It can be extracted directly from plants,
such as vanilla orchid beans or produced by the chem-
ical modification of lignin. Lignin is the main source
of plant-derived vanillin [ 14]. In the last years, vanillin
and its derivatives have been used in polymer syn-
thesis because their aromatic structure provides
polymers with high rigidity and thermal stability [15].
Hydroxyl and aldehyde groups present in vanillin
can be modified, and new derivatives might be used
as monomers for polymerization [16]. Vanillin
demonstrates high antibacterial activity that leads to
its extensive use in food packaging or medicine [17].
Both thermal polymerization [18, 19] and photopoly-
merization [20] have been used for polymer synthe-
sis from vanillin derivatives. Vanillin methacrylate
was successfully copolymerized with acrylate epox-
idized soybean oil. The mechanical properties of these
polymers were improved by increasing the amount
of vanillin methacrylate fragments in the polymer
[19]. Vanillin methacrylate and vanillin dimethacry-
late were also used in radical polymerization. The
polymers obtained demonstrated high thermal sta-
bility and had a huge potential in the production of
polymer composites [18]. Vanillin acrylate has also
been used in radical polymerization. Vanillin acry-
late-based polymers were stiff materials with a high
glass transition temperature (up to 168 °C) and could
be used as organic coatings [19]. Recently, the use
of vanillin for the synthesis of renewable polymers
has attracted a lot of interest as it is one of the com-
mercially available bio-based aromatic compounds
[21]. However, none of these studies focused on the
use of vanillin derivatives in dual curing systems or

in the production of shape memory polymers. In this
study, for the first time, the photocuring kinetics of
vanillin acrylate-based dual curing systems and me-
chanical, thermal, and antimicrobial properties of the
resulting polymers have been investigated.

Dual curing is one of the possible ways to obtain
shape-memory materials. The combination of two
simultaneous or sequential curing reactions [22] re-
sults in the formation of interpenetrating or semi-in-
terpenetrating polymer networks [23]. This allows
the development of materials with unique thermal and
mechanical properties that could not be obtained
using other polymerization reactions [24, 25]. Dual-
cured thermosets were successfully prepared using
off-stoichiometric formulations of thiol-acrylate sys-
tems [26]. The resulting materials display a wide
range of properties [27] and are easily adaptable to
a wide variety of applications, such as shape-memory
polymers, optical materials, protective coatings, pho-
tolithography, holographic materials, ezc. [28].

In this work, commercial vanillin acrylates were se-
lected with the aim of finding efficient photocurable
systems suitable for industrial application in environ-
mentally friendly light-based additive manufacturing
technologies. Three vanillin derivatives, vanillin di-
acrylate (VD), vanillin dimethacrylate (VDM), and
vanillin hydroxypropane dimethacrylate (VHDM),
were tested in photopolymerization with 1,3-ben-
zenedithiol (BDT). By varying the ratio of acrylate
to thiol (from 1:1 to 1:0.5), the rate of thiol-acrylate
photopolymerization and free-radical photopolymer-
ization was tuned, and polymers possessing different
mechanical and thermal properties were obtained.
Ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate
(TPOL) was selected as the photoinitiator, as it is
preferred due to the photobleaching effect that pro-
vides transparent coatings and allows the lower lay-
ers of the coating to cure [29]. Real-time photorheom-
etry was used to monitor the photocuring kinetics,
rheological parameters, and shrinkage, as these pa-
rameters have a significant impact on the application
of polymer resins. The yield of insoluble fraction and
swelling value of the polymers were calculated to
confirm their crosslinked structure. The thermal and
mechanical properties were investigated and com-
pared with those of other acrylate-based photopoly-
mers [30]. Also, the antibacterial and antifungal
properties of the polymer films were investigated as
well. All of the properties mentioned above enable
the wide use of vanillin-based antimicrobial shape
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memory polymers in a huge variety of applications,
including smart materials.

2. Experimental

2.1. Materials

Vanillin diacrylate (VD), vanillin dimethacrylate
(VDM), and vanillin hydroxypropane dimethacry-
late (VHDM) (all from Specific Polymers), 1,3-ben-
zenedithiol (BDT), ethyl(2,4,6-trimethylbenzoyl)
phenylphosphinate (TPOL, Fluorochem) (Figure 1),
tetrahydrofurane (THF, Eurochemicals), chitosan and
hydroxyethyl starch (both from Sigma-Aldrich) were
used as received.

2.2. Preparation of crosslinked polymer
specimens

The mixtures containing 1 mol of vanillin derivative
(VD, VDM or VHDM), 3 mol% of TPOL, 1 or
0.5 mol of BDT were stirred with a magnetic stirrer
atroom temperature (25 °C) for 1 min. VDM was dis-
solved in small volume of THF before mixing with
other resin components (0.2 ml of THF for 1 g of

BDT TPOL

Figure 1. Chemical structure of vanillin hydroxypropane
dimethacrylate (VHDM), vanillin dimethacrylate
(VDM), vanillin diacrylate (VD), 1,3-benzene-
dithiol (BDT) and ethyl(2,4,6-trimethylbenzoyl)
phenylphosphinate (TPOL).

Table 1. Composition of resins C1-C6.

VDM). When homogenous mixtures were obtained,
the resins were poured into a Teflon mold and cured
for 2—5 min under a UV/Vis lamp (Helios Italquartz,
model GR.E 500 W, Milan, Italy) with an intensity
of 310 mW/cm?. The composition of the resins is
presented in Table 1.

2.3. Characterization techniques

Fourier transformation infrared spectroscopy (FT-
IR) spectra were recorded using a Spectrum BX II
FT-IR spectrometer (Perkin Elmer, Llantrisant, UK)
in the range of 650-4000 cm. Reflection was meas-
ured during the test.

The Soxhlet extraction was used to determine the
yield of the insoluble fraction. Polymer samples of
0.3 g were extracted with acetone for 24 h. After 24 h,
the insoluble fractions were dried under vacuum until
no change in mass was observed. The yield of the
insoluble fraction was calculated as the difference in
mass before and after the extraction and drying.
The swelling values of the crosslinked polymer spec-
imens were obtained by measuring the mass of spec-
imens swollen in acetone at 25 °C. Polymer film spec-
imens of 20+0.1 mm length, 9+0.05 mm width, and
1£0.05 mm thickness were used. The change of
mass was measured every 10 min and the percentage
change in mass was calculated.

Differential scanning calorimetry (DSC) measure-
ments were performed on a DSC 8500 apparatus
(Perkin Elmer, Llantrisant, UK). The heating rate of
20°C/min under nitrogen atmosphere (50 ml/min)
and the temperature range of —40-110°C of the heat-
ing—cooling—heating cycle were used. Hermetic alu-
minum pans were used. The glass transition temper-
ature was calculated as a midpoint of the glass
transition step of the second heating curve using the
TA Universal Analysis software.
Thermogravimetric analysis (TGA) was performed
ona TGA 4000 apparatus (Perkin Elmer, Llantrisant,
UK). A heating rate of 20°C/min under a nitrogen

Vanillin Amount of vanillin Amount of 1,3- Amount of the
Resin Aorivative derivative b dithiol photoiniti TPOL Solvent
[mol] [mol| [mol%]

¢t | VD 1 10 [ 3 =

2 VD 1 05 3 =

c3 VDM 1 1.0 3 THF
cs | vbMm 1 05 3 THF
cs | VHDM 1 1.0 3 =

C6 | VHDM 1 0.5 3 =
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atmosphere (100 ml/min) was chosen. The temper-
ature range of 10-800 °C was used. Aluminum oxide
pans were used.

Measurement of the temperature at which the mate-
rial starts to soften under compression load was car-
ried out on an MCR302 rheometer (Anton Paar,
Graz, Austria) in the temperature range from —40 to
60°C with a heating rate of 2°C/min. The thickness
of specimens was 1.0£0.15 mm. 8 mm diameter flat
end road was used to apply the load. The maximum
load was 5 N applied with a frequency of 1 Hz.
The mechanical properties of the synthesized poly-
mers were determined by the tensile test, which was
performed on a Testometric M500-50CT testing ma-
chine (Testometric Co Ltd, Rochdale, UK) with flat-
face grips at room temperature (25 °C). The dimen-
sions of the test specimens were 50+0.00x10+0.00x
1+0.15 mm. The gap between the grips was set to
20 mm, and a test was performed at the speed of
5 mm/min until the specimen broke. Young’s mod-
ulus, tensile strength, and elongation at break were
determined.

Statistical analysis. The collected data were statisti-
cally analyzed using ANOVA for the Microsoft Excel
program. All experiments were carried out in tripli-
cate, except for the tensile test in which five repli-
cates were used, and the results are presented as the
average values + standard deviation. The estimated
p-value was below 0.05 within the groups.

2.4. Real-time photorheometry

UV/Vis curing tests were performed with vanillin
acrylate-based resins containing 1 mol of acrylate
(VD, VDM, or VHDM), 1 or 0.5 mol of BDT,
3 mol% of TPOL, and a small amount of THF (only
in VDM-based resins) on an MCR302 rheometer
(Anton Paar, Graz, Austria) equipped with the plate/
plate measuring system. The Peltier-controlled tem-
perature chamber with the glass plate (diameter was
38 mm) and the top plate PP15 (diameter was 15 mm)
was used. The measurement gap was set to 0.1 mm,
and the samples were irradiated with UV/Vis light
in a wavelength range of 250450 nm through the
glass plate using the UV/Vis spot curing system Om-
niCure S2000 (Lumen Dynamics Group Inc., Mis-
sissauga, ON, Canada). The temperature was 25 °C.
In all cases, a shear mode with a frequency of 10 Hz
and a shear strain of 1% was used. The storage mod-
ulus (G"), the loss modulus (G"), the loss factor (tand),
and the complex viscosity (n") were recorded as a
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function of the irradiation time. Values for each pa-
rameter were collected every 1 second, of 125 points
per 125 seconds of photocuring. The gel point (#y)
indicated the formation of the polymeric network
and was calculated as the intersection point of G’ and
G". The shrinkage was calculated from the reduction
of the height of sample during the polymerization
process. The normal force was set to O N during the
measurement of sample shrinkage. The mean value
and standard deviation were obtained from five
measurements of each resin.

2.5. Antimicrobial test

The study of the antimicrobial (antibacterial and an-
tifungal) activity of polymers was performed using
two strains of bacteria, Gram-negative bacteria Es-
cherichia coli ATCC 25922 (E. coli) and Gram-pos-
itive bacteria Staphylococcus aureus ATCC 29213
(S. aureus), and two fungal strains, Aspergillus niger
0999-14 (A. niger) and Aspergillus flavus 1087-03
(A. flavus). Microorganism suspensions were pre-
pared from fully mature cultures. The concentration
of suspensions was determined by measuring the op-
tical density with a spectrophotometer (Evolution
608, Thermo Fisher Scientific, Waltham, MA, USA)
and then was corrected by plating on nutrient media.
The final inoculum concentrations were 7.6-10° for
E. coli, 4.7-10° for S. aureus, 2.6-10° for A. niger,
and 1.66-10° colony-forming units/ml [CFU/ml] for
A. flavus. The test films (10x 10 mm) were placed in
empty Petri dishes. Then 10 pl of the bacterial or
fungal suspension was applied to their surface. For
comparison, chitosan and hydroxyethyl starch films
were infected in the same manner. Plates with infect-
ed films were incubated for 24 h in a humid chamber
(90% relative humidity) at 37°C in the case of in-
fection with bacteria and at 26 °C in the case of in-
fection with the fungi. After 2, 6, and 24 h of incu-
bation, 2 ml of saline was applied to each film to
remove the spores. The resulting suspensions were
seeded on nutrient media (bacteria on Mueller Hinton
Agar (MHA, Liofilmchem, Italy) and microscopic
fungi on Malt Extract Agar (MEA, Liofilmchem,
Italy)) and incubated at 37 °C with bacteria and 26 °C
with fungi. After 1-2 days of incubation, the grown
bacterial colonies were counted, whereas the fungal
colonies were counted after 5-6 days. The percent-
age reduction was calculated according to the for-
mula: (@ — b)/a-100%, and the Ig reduction of viable
spores was calculated according to the formula:
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Iga — 1gb, where a is the concentration of the colony-
forming units [CFU/ml] in inoculum suspension; b
is a mean of viable spores [CFU/ml] on specimens
from triplicate experiments after incubation.

3. Results and discussions
3.1. Monitoring of photocuring kinetics

by real-time photorheometry
The photocuring of vanillin acrylate-based resins
was studied by real-time photorheometry. The reac-
tion speed (described by #gel, induction period and
slope of the curve) is the limiting factor in applica-
tions requiring fast polymerization and crosslinking.
For example, in optical 3D printing, a lower value
of tge can increase the speed of the printing process
from hours to minutes as the models are composed
of different layers. All of these layers require their
individual time to polymerize, which results in a
long process when resins with high 7, values are
used [31]. Shrinkage is the second important param-
eter for optical 3D printing and other applications of
polymers. High shrinkage values can limit the prepa-
ration of final products from resins as they make it
hard to obtain the desired size [32]. The rigidity of
polymers is important in their final application; how-
ever, both soft and flexible polymers and hard and
rigid polymers are used in different areas of appli-
cation. In this study, real-time photorheometry was
used to monitor the storage modulus G’ which char-
acterizes the rigidity of the formed polymers and
shrinkage, which characterizes the volume loss [%)]
during the photocuring process [33]. The real-time
photorheometry data for all resins are summarized
in Table 2. The dependencies of the storage modulus
G', the loss modulus G”, loss factor tand, and com-
plex viscosity n° of the resin C9 on irradiation time
are presented in Figure 2.
The dependence of the storage modulus G’ on irra-
diation time of all vanillin-based resins is presented
in Figure 3. As seen from the comparison of the
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Figure 2. Depend of storage modulus G', loss modu-

lus G", loss factor tan, and complex viscosity n°
of resin C9 on irradiation time.

shape of the G’ curves of all resins and the data from
Table 1, the highest final rigidity was demonstrated
by dual-cured polymers with 1 mol of vanillin deriv-
ative (VD, VDM, or VHDM) and 0.5 mol of thiol
(BDT) compared to polymers with 1 mol of thiol
(BDT). The radical homopolymerization of acrylates
became dominant in the dual-curing system, com-
bining free-radical and thiol-acrylate photopolymer-
ization in a higher ratio of acrylate to thiol [34]. An-
other advantage of the dominant radical homopoly-
merization of acrylates was the increase in the rate
of photocuring. In all cases (C2, C4, C6), the fgel WS
reached faster when 0.5 mol of thiol was used. For
example, C5 reached the gel point at 4.8 s and the
rigidity of 5.47 MPa, while C6 reached the gel point
at 3.4 s and the rigidity of 14.92 MPa.

The induction period, measured as the onset of the
G increase, of polymers prepared with 0.5 mol of
thiol was also shorter than that of polymers prepared
with 1 mol of thiol. After the onset of UV irradiation,
G’ of polymers with 0.5 mol of thiol increased rap-
idly with as little as a 1 second induction period, and
the curve reached the plateau faster than that of poly-
mers with 1 mol of thiol. The induction period of VD
and VHDM-based polymers with 0.5 mol thiol was
the same; only VDM-based polymer C4 had a slightly

Table 2. Rheological characteristics of vanillin acrylate-based resins.

Resin Storagemr:ll::;llus, G'  Loss r:;:ldl:l:lus, G" Loss factor, tand Compl;:;l\r:l::;slly. M Gel p:)sllnl‘ toa ShT;:(lagc
C1 8.89+0.67 2.37£0.71 0.35£0.02 0.149+0.001 6.2£0.10 5.75£0.50
[o7] 11.14£0.61 2.96£0.05 0.2120.01 0.181+0.027 4.8+0.10 7.25+0.50
c3 0.59+0.06 0.30+0.01 0.51£0.04 0.011£0.001 6.4+0.00 4.00£0.00
Cc4 10.52+0.12 1.5620.16 0.15£0.01 0.169+0.001 5.2+£0.00 8.00=0.00
[er} 5.47+0.61 4.15+0.05 0.76+0.05 0.109+0.001 4.8+0.00 4.00£0.00
C6 14.92+0.16 5.01+0.72 0.34x0.02 0.250+0.031 3.40.10 6.50=0.58
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longer induction period due to the action of THF as
a chain transfer agent that slows the photocuring
process [35]. Polymers prepared with 1 mol of thiol
had an induction period similar for all acrylates and
a slightly longer induction period than polymers pre-
pared with 0.5 mol of thiol. The G’ curves were not
so steep for these polymers and reached the plateau
slower than for polymers with 0.5 mol thiol. These
parameters have indicated that photopolymerization
of resins with 1 mol thiol is a slower process [36].

Resins for various applications are required to have
low shrinkage values or no shrinkage at all during the
polymerization process, as it is one of the key pa-
rameters for high-quality final product [37]. It was de-
termined that all polymers, prepared with 0.5 mol of
thiol, shrunk more than those prepared with 1 mole
of thiol. The higher shrinkage is the result of the free-
radical photopolymerization of acrylates, one of two
reactions that take place during the dual curing
process [34]. Acrylates have a tendency to shrink dur-
ing the polymerization process because long-distance
connections through weak van der Waals forces are
replaced by short, strong covalent bonds between car-
bon atoms in monomer units [37]. In this case, the use
of the higher amount of thiol has the advantage of re-
ducing the shrinkage during the photocuring process
by lowering the amount of acrylate in the resin and
the resulting polymer. For example, the double
amount of thiol in VDM-based resin lowered the
shrinkage twice, from 8% (C4) when 0.5 mol of thiol
were used to 4% (C3) when 1 mol of thiol was used.
The structure of the vanillin derivative also had an
influence on photocuring kinetics and the value of
shrinkage of the resulted polymers. For resins pre-
pared with 0.5 mol of thiol, the lowest rigidity and
the highest gel point value were shown by VDM-
based resin with THF (C3), and the resulted polymer
shrunk most of all polymers. The photocuring induc-
tion period of the VDM-based resin was also higher
than that of the VD- and VHDM-based resins. This
can be explained by the action of THF as a chain
transfer agent that slows the photocuring process
[35]. The VD-based resin with 0.5 mol of thiol
demonstrated similar results to the VDM-based resin;
although C2 resin was slightly more rigid, it reached
the gel point faster and shrunk less lightly than the
VDM-based one. The explanation for these results is
the different reactivity of the acrylate and methacry-
late groups. Methacrylates are less reactive than acry-
lates as tertiary methacrylate radicals are highly stable
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compared to unstable secondary acrylate radicals [38].
Despite that, the VD-based polymer with 0.5 mol of
thiol reached the plateau slightly slower than other
resins with 0.5 mol of thiol. That indicated that the
photopolymerization slowed down at the end. This
can be explained by the darker color of vanillin di-
acrylate, which makes it harder to cure the deeper
layers of the resin and slows the photopolymerization
[39]. The best results among all resins, prepared with
0.5 mol of thiol, were demonstrated by the VHDM-
based resin C6, which was the most rigid, had the
lowest value of 7, and shrunk the least. The chem-
ical structure of VHDM is the reason for these re-
sults. VHDM is a longer molecule in comparison with
VD and VDM, and the reaction rate increases linear-
ly by increasing the distance between polymerizable
groups in the polymerization process [40].

Similar results were obtained by comparing resins
obtained from different vanillin derivatives and
1 mol of thiol. The only difference was the rigidity of
VD- and VHDM-based polymers. The VD-based
polymer C1 was more rigid than the VHDM-based
polymer C5. This difference could be due to the high
amount of thiol radicals formed in the initiation stage
of polymerization when 1 mol of thiol was used. That
led to the formation of many different polymer chains
of different lengths with flexible thioether linkages,
resulting in a lower rigidity of the obtained polymers
[41]. The VHDM-based polymer formed a large num-
ber of polymeric chains with longer distances be-
tween the linkages in the presence of 1 mol of thiol
compared to the VD-based polymer, which resulted
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Figure 3. Dep y of storage modulus G’ of the resins
on irradiation time. — VD-based resins, — VDM-
based resins, — VHDM-based resins, solid line —
presence of 1 mol of BDT, split line — presence of
0.5 mol of BDT.
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in lower rigidity of polymer C5. These results were
confirmed by the higher swelling values of this
polymer.

3.2. Characterization of photocross-linked
polymer structure

The chemical structure of the vanillin-based poly-
mers was identified by FT-IR spectroscopy. The in-
tensity of the signals attributed to the C=C group,
which were present at 1607 cm™', and the signals of
the C=0 group, which were present at 1730 cm™, in
the FT-IR spectra of VD, VDM, and VHDM, were re-
duced in their polymer spectra. The signal of the S-H
group, which was present at 2,561 cm™! in the spec-
trum of BDT, was weaker in the spectra of the poly-
mers with 1 mol of thiol, and the signal of the C-S
group was observed at 1153-1119 cm™ indicated the
formation of polymers. The S—H group signal is ab-
sent in the spectra of the polymers with 0.5 mol of
thiol, indicating that all S—H groups reacted to form
a polymer network. A weak signal of C=C groups is
present in the FT-IR spectra of all polymers, indicat-
ing that a small amount of unreacted acryl groups is
left in the polymers. As an example, the FT-IR spec-
tra of VHDM, BDT, and the crosslinked polymers
C5 and C6 are presented in Figure 4.

The Soxhlet extraction was performed to confirm the
crosslinked structure of the polymers. The high yield
of the insoluble fraction showed that all monomers
participated in the formation of the crosslinked struc-
ture. The results are summarized in Table 3. The lower

—— VHDM ——BDT ——C5 ceé
S-H C=0 C=C C-S

Reflectance [a.u.]

—

T T T T— 7 T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™']

Figure 4. FT-IR spectra of VHDM, BDT and the cross-
linked polymers C5 and C6.

values of the insoluble fraction (82-87%) were
obtained when 1 mol of BDT was used compared to
polymers with 0.5 mol of BDT (95-100%). Higher
values of the insoluble fraction correlate with the
swelling values of the resulting polymers (Figure 5).
Lower values of the polymer swelling indicate that
shorter chains were formed between the crosslinking
points in the polymers. A small signal of unreacted
thiol groups was observed in FT-IR spectra of poly-
mers prepared with 1 mol of thiol (C1, C3, and CS5).
The presence of unreacted functional groups shows
that fewer crosslinks were formed in the polymers,
and thus the high swelling value of polymer samples
and the reduced yield of insoluble fraction were ob-
tained [42]. During extraction in acetone, soluble
components (unreacted monomers, linear oligomers,
or branched oligomers) were washed out, resulting in
lower values of the gel fraction. The swelling values
of polymers with 0.5 mol of thiol were much lower
(4-9%) than those of polymers prepared with 1 mol
of thiol (35-22%) as the result of the denser inter-
penetrating networks formed.

The highest swelling value in acetone of all vanillin
acrylate-based polymers synthesized with 1 mol of
thiol was determined for the VHDM-based polymer
C5. This is the result of a more flexible polymer net-
work due to the longer chains between the crosslink-
ing points [43]. VD- and VDM-based polymers with

——C1 ---C2——C3 ---C4 ——C5 ---C6

35 -
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Swelling value [%]
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Figure 5. The swelling values of vanillin-basedpolymers in
acetone.
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Table 3. Characteristics of the crosslinked vanillin-based

polymers.
Polymer Yield of insoluble fraction  Swelling value in acetone
) 1%] 1%
a | 85505 2:20
| 99.6:0.5 9:10
a | 82+0.5 2220
c4 95+1.0 2205
cs 87+0.5 35:2.5
c | 99.9:0.0 6205

1 mol of BDT resulted in similar swelling values in
acetone. This might be due to the similar polymer
structure as similar length chains between the cross-
linking points, which influence the swelling value of
polymers, were formed in the polymers [44].

For polymers synthesized with 0.5 mol of thiol, the
swelling value in acetone was quite similar (9-4%).
The swelling value for VD-based polymer C2 was
the highest due to the longer chains between the
crosslinking points in the polymer structure in com-
parison with VDM- and VHDM-based polymers
synthesized with 0.5 mol of thiol [43]. The swelling
test confirmed that longer chains between the cross-
linking points were formed in the polymer during
photopolymerization of VD with 0.5 mol of BDT.
The shortest chains between the crosslinking points
were formed in the VDM-based polymer C4, as its
swelling value in acetone was the lowest. However,
the differences in swelling values in acetone between
different vanillin acrylate-based polymers are rela-
tively insignificant and deviate in less than 10%.

3.3. Thermal properties

DSC and TGA were used to study the thermal prop-
erties of the vanillin acrylate-based photo-cross-
linked polymers. The results are summarized in
Table 4. The synthesized polymers are amorphous
materials and underwent the glass transition (7y)
only, as seen from the DSC curves (Figure 6). The
T, of the polymers synthesized with 1 mol of BDT
(-3-17°C) was significantly lower than that of the
polymers synthesized with 0.5 mol of BDT (40—
46°C). It was due to the unreacted BDT and the for-
mation of the less dense inner structure, which de-
creased their T, [45]. The lowest 7y (-3°C) was
recorded for VDM-based polymer C3 synthesized
with 1 mol of thiol and solvent. The low value of 7,
was the result of the formation of a large amount of
the thioether linkages, the low crosslinking density,
and the yield of the insoluble fraction [46]. The T,
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Figure 6. DSC thermograms of cross-linked polymers.
— VD-based resins, — VDM-based resins,
— VHDM-based resins, solid line — presence of
1 mol of BDT, split line — presence of 0.5 mol of
BDT.

of VD- and VHDM-based polymers synthesized with
1 mol of thiol was similar; only the VDM-based poly-
mer synthesized with 1 mol of thiol had a lower 7.
These results correlated with the results of the
swelling test. The highest 7, was shown by VD- and
VDM-based polymers synthesized with 0.5 BDT
and THF (only for VDM-based polymer); the 7}, of
both polymers, C2 and C4, was 46 °C. Rigidity is
one of the factors that affect the 7}, of polymers [47].
The same value of a 7y is the result of similar rigidity
of the polymers obtained from the photorheological
study. Slightly lower 7, (40 °C) was observed for
VHDM-based polymer synthesized with 0.5 thiols,
C6. The rigidity of this VHDM-based polymer was
higher than that of the VD- and VDM-based ones,
and this led to the higher 7, value of this polymer. A
slightly lower glass transition temperature was ob-
tained due to the flexible backbone structure of the
VHDM-based polymer, as the 7, of flexible materials
is lower than that of hard and rigid polymers [48].

Table 4. Thermal ck istics of vanillin-based polymers.
T, . T 10 pm deformation
Polymer geccloe L temperature”™”
°Cl °Cl o

1°Cl
C1 317 14 D)
C2 324 46 16
c3 277 -3 -12
Cc4 294 46 5
Cs 327 17 | 8
C6 341 40 | 14

“from TGA curves,
“*from DSC curves,
“**from compression under load curves.
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Thermal decomposition of the synthesized polymers
occurred in two steps for VDM-based polymers with
THF and in one step for VD and VHDM-based poly-
mers without any solvent. (Figure 7). The first step
can be explained by the formation of linear or
branched macromolecules in the presence of the sol-
vent, which acts as a chain transfer agent [49]. The
first step in the TGA curve of polymer C3 can also
be explained by the evaporation or cleavage of the
fragments with unreacted BDT, as unreacted thiol
group signals were observed in the FT-IR spectrum
of polymer C3 [42]. The temperature of 10% weight
loss (Tgec.-10%) of all synthesized polymers was in the
range of 277-341°C. Similarly to the glass transition
temperature, the values of Ty .10v, for polymers syn-
thesized from the resins with 0.5 mol of BDT were
higher. These results correlated with the yield of the
insoluble fraction of polymers as higher decompo-
sition temperatures were obtained for polymers with
a higher yield of insoluble fraction and denser inter-
nal network structure. The value of Tyec.j00, for
VHDM-based polymer synthesized with 0.5 mol of
thiol C6 (Tgec.-10% = 341 °C) was the highest and the
lowest Tyec.-10% Was recorded for VDM-based poly-
mer synthesized with 1 mol of thiol and solvent C3
(Tec-10% = 277 °C). Tyec.-10% of the synthesized poly-
mers were in a similar range as for some acrylated
epoxidized soybean oil-based polymers (297-356°C)
tested in optical 3D printing [50]. This similarity in-
dicates that vanillin-based polymers obtained in this
study can be potentially used in optical 3D printing.
Their thermal characteristics are comparable with

those of soybean oil-based polymers used in optical
3D printing technology.

The curves of the specimen deformation under load
are presented in Figure 7. The 10 um deformation
temperature was chosen for comparison because, at
this value of deformation, all six polymers can be
compared. It would be impossible to compare them
using different deformation values because deforma-
tion values of polymers prepared with 0.5 mol of
thiol are very low, while the ones for polymers pre-
pared with 1 mol of thiol are higher. The values of
the temperature at which the 10 pm deformation of
the sample is reached are summarized in Table 4.
The 10 pm deformation temperature is the tempera-
ture at which polymers deform under a load of 5 N.
Even at a temperature lower than 7; these polymers
can slightly deform. This deformation increases as
the temperature increases. The highest temperature
of the deformation beginning was exhibited by the
C6 specimen (Figure 8). In all cases, the deformation
of the polymers prepared with 1 mol of thiol started
ata lower temperature than that of the polymers syn-
thesized with 0.5 mol of thiol. Furthermore, the 10 pum
deformation temperature of polymers synthesized
with 1 mol thiol was lower than that of the same
vanillin acrylate-based polymers synthesized with
0.5 mol of thiol. For example, the 10 um deformation
temperature of vanillin diacrylate-based polymer
synthesized with 1 mol of thiol C1 was 9°C, while
that of vanillin diacrylate-based polymer synthesized
with 0.5 mol of thiol C2 was 16°C. All of these re-
sults correlated with the 7, determined by DSC.
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Figure 7. Thermogravimetric curves of cross-linked poly-
mers. — VD-based resins, — VDM-based resins,
— VHDM-based resins, solid line — presence of
1 mol of BDT, split line — presence of 0.5 mol of
BDT.
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Figure 8. Compression under load as a function of tempera-
ture of cross-linked polymers. — VD-based resins,
— VDM-based resins, — VHDM-based resins,
solid line — presence of 1 mol of BDT, split line —
presence of 0.5 mol of BDT.
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The lowest 10 pm deformation temperature was ob-
tained for VDM-based polymers C3 and C4. It can
be explained by the formation of a large number of
the thioether linkages, the low cross-linking density,
and the yield of the insoluble fraction. The VD- and
VHDM-based polymers synthesized with 1 and
0.5 mol of thiol showed very similar 10 pm deforma-
tion temperatures, although those of the VHDM-
based polymers were slightly lower, which can be
explained by the flexible backbone structure of the
VHDM-based polymer.

3.4. Shape memory properties of
vanillin-based polymers

The shape memory of polymers significantly ex-
pands their field of application. In order to test shape
memory properties of vanillin-based polymers, the
polymer samples were heated above their glass tran-
sition temperature and then deformed to the desired
temporary shape, in this case —a coil. The glass stick
was used to form polymer samples. When the tem-
porary shape was obtained, it was fixed by cooling
the polymer sample below its 7. The temporary
shape did not change with time, while samples were
kept at a temperature below their 7. The ability of
the samples to return to their permanent shape was
verified by heating them above their 7}, All polymer
samples returned to their permanent shape within a

short period of time. The recovery to the original
shape conditions of these polymers is determined by
their glass transition temperature [1]. The scheme of
the heating-cooling-heating cycles is pr d in
Figure 9.

The ability to obtain a new shape while heated above
T, and maintain it after cooling of the polymer spec-
imen below 7, was demonstrated by all synthesized
vanillin-based polymers. All of them were able to re-
turn to their primary shape after heating above 7.
The polymers, prepared with 1 mol of thiol, were
transformed to a temporary shape at room tempera-
ture (25°C) and then placed in the fridge (-20°C) to
maintain their temporary shape. These polymers were
able to maintain their temporary shape in the fridge
but did not maintain it at room temperature, as their
Ty is below 25°C, and that limits their application.
The VDM-based polymer C3 sample returned to its
permanent shape at room temperature, the fastest of
all polymers synthesized with 1 mol of thiol, within
less than 90 seconds. VD and VHDM-based poly-
mer C1 and C5 samples returned to their permanent
shape slower; it took about 180 s to fully recover at
room temperature. The transformation of the C1
sample is presented in Figure 9b.

Polymers, prepared with 0.5 mol of thiol, were trans-
formed to a temporary shape at 60°C and then
cooled to room temperature (25 °C). The samples of

%
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Figure 9. The scheme of shape memory behaviour of polymer samples, a) principal scheme of experiment, b) sample of
VD-based polymer synthesized with 1 mol of thiol, C1, ¢) sample of VHDM-based polymer synthesized with

0.5 mol of thiol, C6.
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these polymers were able to maintain their tempo-
rary shape at room temperature. No change in shape
was noticed after 48 hours at 25°C. To return to a
permanent shape, polymer samples were heated to
60°C. At this temperature, all samples immediately
returned to their permanent shape in less than a sec-
ond. Samples of acrylate-based polymers demon-
strated the same results, as their 7, s are very similar,
and no differences were observed between VD-,
VDM- and VHDM-based polymers synthesized with
0.5 mol of thiol. The transformation of C6 is pre-
sented in Figure 9c.

3.5. Mechanical characteristics

The tensile test was performed to investigate the me-
chanical properties of vanillin-based polymers. The
results are presented in Table 5 and Figure 10. Poly-
mers synthesized with 1 mol of vanillin derivative and
1 mol of thiol are soft and flexible materials; all of
them demonstrated low values of Young’s modulus
(1.4-3.5 MPa) and tensile strength (0.02-4.1 MPa)
compared to polymers prepared with 0.5 mol of thiol.
Significantly high values of elongation at break were
shown by VD- and VHDM-based polymers synthe-
sized with 1 mol of thiol, C1 (102.8%), and C5
(119.7%). The high elongation at break values and
shape memory abilities of these polymers allow using
them as thermo-responsive smart materials in vari-
ous areas such as aerospace, medicine, civil engi-
neering and etc. [51]. The lower values of Young’s
modulus and tensile strength of polymers synthe-
sized with 1 mol of thiol compared to those of poly-
mers synthesized with 0.5 mol of thiol are due to the
polymer structure. The crosslinking density of the
polymers synthesized with 0.5 mol of thiol is higher
as the short chains between the crosslinking points
were formed. Polymers synthesized with 1 mol of
thiol demonstrated lower values of mechanical
characteristics as they have longer chains between

Table 5. Mechanical characteristics of the polymers obtained
by tensile test.

Young’s Tensile Elongation at
Polymer modulus strength break
[MPa] [MPa] [%]
C1 3.5£0.2 4.1£0.7 102.843.6
Cc2 | 9610.8+372.4 | 349.9£19.0 6.81.1
€3 1.420.2 0.02+0.0 19.0+3.2
c4 3952.3+52.3 177.9£11.6 9.7+0.3
(e 4 1.40.1 1.2+0.1 119.7£12.1
cé6 11339.4£934.0 | 439.0+8.2 12.3x1.2
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Figure 10. Tensile str train curves of cross-linked poly-
mers. — VD-based resins, — VDM-based resins,
— VHDM-based resins, solid line — presence of
1 mol of BDT, split line — presence of 0.5 mol of
BDT.

the crosslinking points. These results were con-
firmed by the swelling test. Vanillin-based polymers
synthesized with 1 mol of thiol have longer chains
between the crosslinking points, which resulted in
lower mechanical strength and higher elongation at
break values [52]. Different results were shown by
vanillin-based polymers synthesized with 0.5 mol of
thiol. The high values of Young’s modulus, tensile
strength, and low values of elongation at break show
that these polymers are mechanically strong and
rigid materials. Polymers synthesized from vanillin
derivatives and 0.5 mol of thiol demonstrated simi-
larly and, in most cases, even higher mechanical
strength compared to acrylated epoxidized soybean
oil-based polymers used in digital light processing
3D printing [53].

As confirmed by elongation at break values, VHDM-
based polymers synthesized with 0.5 and 1 mol of
thiol have a more flexible structure than VD- and
VDM-based polymers. Flexible polymers can stretch
more before breaking [48], and this ability is caused
by their structure. The swelling test has confirmed
that longer chains between the crosslinking points
were formed during the photopolymerization of
VHDM, resulting in higher values of elongation at
break. VDM-based polymers demonstrated the low-
est values of Young’s modulus, tensile strength, and
elongation at break compared to VD- and VHDM-
based polymers. The lower values of the mechanical
characteristics were caused by linear or branched
macromolecules formed in the presence of a solvent,
which could act as a chain transfer agent [49].
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3.6. Antimicrobial activity of polymers

The antibacterial and antifungal activity of the
vanillin acrylate-based polymer films was evaluated
during the direct contact with the specimens by cal-
culating the log reduction and percent reduction of
viable microbial spores. Two reference polymer films
of chitosan, a well-known antibacterial polymer, and
hydroxyethyl starch possessing no such activity were
used as a control. The (W) in the polymer code indi-
cates that the polymer film was washed before an-
timicrobial testing in acetone for 24 h. The results
are presented in Table 6 and Table 7.

The antibacterial activity of the polymer films dif-
fered in the initial stage (after 2 and 6 h) (Figure 11).
After 2 h of exposure, the C2 film inhibited the via-
bility of E. coli the most (91.8%), and S. aureus was
inhibited the most by the C1 film (82.0%). Addition-
ally, Gram-negative E. coli was inhibited more than

S. aureus. After 6 hours of exposure, E. coli was al-
ready inhibited by more than 90% on 6 films (C2,
C3, C3(W), C4, C4(W) and C6), and growth of
S. aureus was inhibited on 4 films (C1, C3, C3(W)
and C5). However, after 24 hours of exposure, bac-
terial viability was completely inhibited on all films
tested, except the one of S aureus on C2. The struc-
ture of polymers is important for their antimicrobial
activity. One of the functional groups responsible for
antimicrobial properties is the aromatic ring. Com-
pounds with different amounts of this functional
group were tested against Bacillus subtilis and S. au-
reus as Gram-positive bacteria and Salmonella ty-
phimurium and Proteus Vulgaris as Gram-negative
bacteria and showed antibacterial effect [54]. All
vanillin-based photopolymers have aromatic rings
in their structure and show high antibacterial activ-
ity against S. aureus. Hydroxyl [55], sulfur [56], and

Table 6. Characteristics of antibacterial activity of polymer film samples.

Escherichia coli Staphylococcus aureus
Polymer film Lg reduction after 24 h Percent radl;:/:ilon after 24 h Lg reduction after 24 h Percent redl;:/:i;m after 24 h
€1 6.88+0.00 1000.00 6.67+0.00 1000.00
c2 6.88+0.00 100+0.00 2.670.02 99.840.02
a3 6.88+0.00 100+£0.00 6.67+0.00 100£0.00
Cc3W)’ 6.88+0.00 100+0.00 6.67+0.00 100+0.00
4 T essw000 1100£0.00 1 6.67:0.00 i 10020.00
caw)’ 6.88+0.00 100+0.00 6.67+0.00 100£0.00
cs 6.88+0.00 100+0.00 6.67+0.00 100+0.00
C6 6.88+0.00 100+0.00 6.67+0.00 100+0.00
Chitosan 6.88+0.00 100+0.00 6.67+0.00 100+0.00
Hydroxyethyl starch 3.58+0.02 99.9£0.02 1.08+0.02 91.6+0.02

W — washed for 24 h in acetone

Table 7. Characteristics of antifungal activity characteristics of polymer film samples.

Aspergillus flavus Aspergillus niger
Polymer film i i
Y i Lg reduction after 24 h Percent mdl;:/nlon after 24 h Lg reduction after 24 h Percent redl;:/nlnn after 24 h
o o
C1 6.22+0.00 100£0.00 0.80=0.09 84.4+0.09
c2 1.20£0.04 93.7£0.04 0.76=0.10 82.9+0.10
C3 1.49:0.05 96.7£0.05 0.65£0.12 77.9+0.12
3wy’ 1.4520.05 96.4+0.05 0.55%0.12 72.3%0.12
C4 1.16+0.04 93.1£0.04 0.86+0.09 86.3+0.09
C4W) 1.25+0.04 94.3+0.04 1.02+0.06 90.6+0.06
Cs 3.22£0.01 99.9+0.01 1.12+0.05 92.5+0.05
C6 1.220.04 94.0+0.04 0.66+0.12 78.5+0.12
Chitosan 1.76+0.06 97.9£0.06 2.93+0.01 99.9+0.01
Hydroxyethy! starch 1.53£0.05 97.0£0.05 0.43+0.14 63.5+0.14
"W — washed for 24 h in acetone
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Figure 11. The reduction of E. coli (a) and S. aureus b) cells during 24 h of contact time with specimens of vanillin-based

polymers, chitosan, and hydroxyethyl starch.

carbonyl [57] groups also contribute to the antimi-
crobial effect. It has been scientifically shown that de-
creasing the value of these groups leads to a lower
antibacterial effect. The presence of these groups
also increases the antibacterial properties of vanillin-
based photopolymers. As seen from the comparison
of these results with the ones for chitosan films,
some of the bacteria may remain viable on the tested
films for some time, but the final result is the same
after 24 h. The viability of the bacteria tested on the
hydroxyethyl starch film also decreased, but they
still remained viable after 24 h.

The antifungal activity of the films varied depending
on the type of fungus (Table 6). Higher antifungal ac-
tivity was observed for A. flavus than for A. niger, and
it gradually intensified with increasing exposure
time. The viability of 4. flavus was also inhibited on
the reference samples; however, the percent reduction
was higher on the C1 and CS5 films than on the chi-
tosan and hydroxyethyl starch films (100 and 99.9%,
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respectively). Other polymer films showed a similar
percentage reduction in the range of 93.1-94.3 %.

After inoculation of the test films with the suspen-
sion of A. niger spore, the percent reduction was
slightly reduced after 6 h of exposure compared to 2 h
of exposure, which could be explained by the onset
of sporulation (Figure 12). However, after 24 h, the
viability of 4. niger decreased due to unfavorable
development conditions for the fungus and, therefore,
the percent reduction increased. The results showed
that the viability of 4. niger on the hydroxyethyl
starch film also decreased. The highest percent re-
duction was found on C4(W) film, but it was lower
than the one on chitosan film. The lower values of
percent reduction against A. flavus and A. niger after
24 h were demonstrated by VD-, VDM- and VHDM-
based films prepared with 0.5 mol of thiol compared
to VD, VDM, and VHDM-based films prepared with
1 mol of thiol. The main reason for this difference
could be the higher concentration of sulfur resulting
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Figure 12. The reduction of A. flavus (a) and A. niger (b) cells during 24 h of contact time with specimens of vanillin-based

polymers, chitosan, and hydroxyethyl starch.
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from the higher amount of thiol, which has marked
antifungal activity [56]. The only exception was the
VDM-based film, in which the percent reduction
against A. niger was lower when 1 mol of thiol was
used for the synthesis of the polymer in comparison
to that of the polymer synthesized with 0.5 mol of
thiol. In this case, A. niger was affected by a higher
concentration of carbonyl groups in the VDM-based
film prepared with 0.5 mol of thiol [57].

The lowest value of cell reduction against A. niger
after 24 h was shown by C3 and C3(W) films. Poly-
mer C3 showed a 77.9% of percentage reduction,
while the same polymer C3(W) reached only 72.3%
after 24 h washing procedure in acetone. It can be
assumed that lower values of cell reduction were ob-
tained due to a lower amount of carbonyl groups and
sulfur in the washed sample, and the lower value
after the washing procedure was due to the low value
of the yield of the insoluble fraction of C3 polymer,
as all unreacted parts of monomers and oligomers
were washed out from the film and lowered the con-
centration of carbonyl groups and sulfur. Different
results were shown by C4 polymer film before and
after washing. Polymer C4 film without washing
reached a reduction of 86.3%. The reduction was in-
creased to 90.6% in polymer C4(W), which was
washed before the test. Polymer C4 with a high yield
of insoluble fraction resulted in the purer polymer
after washing in acetone for 24 h. Because of that,
only a small amount of unreacted monomers was
washed out, and a higher concentration of carbonyl
groups was left in the polymer resulting in better an-
tifungal activity against 4. niger.

4. Conclusions

Novel antimicrobial vanillin acrylate-based shape
memory photopolymers with high antibacterial and
antifungal activity have been developed and inves-
tigated for the first time. A dual-curing process, com-
bining free-radical photopolymerization and thiol-
acrylate photopolymerization, was applied for the
synthesis of these polymers. The reduction of the thiol
content increased the rate of photocuring, improved
mechanical performance of the polymers (Young’s
modulus was increased from 1.4-3.5 to 3952.3—
11339.4 MPa), and their heat resistance (the 10%
weight loss increased from 277-327 to 294-341°C).
Radical homopolymerization of acrylates resulted in
a higher ratio of acrylate to thiol in the obtained poly-
mers. The specimens of all synthesized vanillin-based

polymers were able to obtain a new shape while
heated above their glass transition temperature (—3—
46 °C), maintain it after cooling below their glass
transition temperature, and return to their primary
shape after heating above their glass transition tem-
perature. These properties have determined them as
shape memory polymers and possible candidates for
application as smart materials. All vanillin acrylate-
based polymer films showed a significant antibac-
terial activity against Escherichia coli and Staphy-
lococcus aureus (cell reduction reached 100% after
24 h by most polymers), which was similar to that of
the chitosan film. Vanillin-based polymer films also
showed antifungal activity against Aspergillus flavus
(cell reduction reached 93.1-100% after 24 h) and
Aspergillus niger (cell reduction reached 72.3—
92.5% after 24 h).
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Abstract: Novel thermo-responsive shape-memory vanillin-based photopolymers have been de-
veloped for microtransfer molding. Different mixtures of vanillin dimethacrylate with tridecyl
methacrylate and 1,3-benzenedithiol have been tested as photocurable resins. The combination
of the different reaction mechanisms, thiol-acrylate photopolymerization, and acrylate homopoly-
merization, that were tuned by changing the ratio of monomers, resulted in a wide range of the
thermal and mechanical properties of the photopolymers obtained. All polymers demonstrated
great shape-memory properties and were able to return to their primary shape after the temperature
programming and maintain their temporary shape. The selected compositions weretested by the
microtransfer molding technique and showed promising results. The developed thermo-responsive
shape-memory bio-based photopolymers have great potential for forming microtransfered structures
and devices applicable on non-flat surfaces.

Keywords: bio-based polymers; dual curing; shape-memory; photocuring; microtransfer molding

1. Introduction

Increased oil prices and environmental awareness have prompted the scientific com-
munity to seek alternative feedstocks for polymers, which nowadays are mainly derived
from fossil fuels [1,2]. The main source of sustainable and environmentally friendly poly-
mers are renewable raw materials, such as plants [3]. Currently, vanillin is one of a few
bio-based and aromatic compounds that are industrially available [4]. Its derivatives
have been successfully used in various polymerization techniques. For example, vanillin
acrylate-based polymers, synthesized by thermal polymerization, possess high glass tran-
sition temperature and high mechanical strength [5]. Recently, vanillin-based polymers,
synthesized by photopolymerization, demonstrated significant antimicrobial activity and
were applied in optical 3D printing [6]. However, there are only a few examples of the
usage of vanillin derivatives in dual curing systems [7].

Dual curing is a process that combines two curing reactions that occur simultaneously
or sequentially [8]. In this process, the properties of the resulting materials can be easily
changed by manipulating the composition of the resins by changing the ratio of the selected
monomers [9]. Polymers with unique mechanical and thermal properties can be obtained
during the dual curing process as the result of interpenetrating, or semi-interpenetrating,
polymer networks [10]. Due to these extraordinary features, dual curing attracts huge
attention among scientists as one of the possible ways to create smart materials, such as
shape-memory polymers [11].

Shape-memory polymers are a part of intelligent polymeric systems, also known
as smart materials [12]. Their unique property of changing their shape in response to

Polymers 2022, 14, 2460. https:/ /doi.org/10.3390/polym14122460
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a stimulus has significantly broadened their areas of application [13]. Bio-based shape-
memory polymers attract huge interest in the scientific community, however, only a few
examples of UV photocured shape-memory polymers are available [14]. Recently, novel
shape-memory bio-based polymers have been successfully synthesized from castor oil
with the introduction of dynamic pyrazole-urea bonds [15]. Bovine serum albumin-based
shape-memory bioplastics have been produced and adapted for stereolithography [16].
Cholesterol was successfully used in the synthesis of thermo-responsive shape-memory
polymers [17]. The novel poly(cholesteryl methacrylate) coatings were characterized as
potential substrates for tissue engineering, showing the importance of shape-memory
polymers [18]. In this work, we focused our attention on the development of novel bio-
based shape-memory photopolymers suitable for the manufacturing of various structures
and devices by nanoimprint lithography.

Photocuring requires a smaller amount of resources to produce the required part
compared to other techniques [19]. It is a simple way to create unique products of complex
shapes while also reducing manufacturing costs and carbon dioxide emission [20]. The
final product can be successfully manufactured during the molding process and does not
need further modification before usage [21]. Moreover, even the most complex parts can
be duplicated easily if the original part was damaged during the operation process [22].
Microtransfer molding, or nanoimprint lithography, is a great way to reduce waste as it
uses a minimal amount of material needed for the final product [23], and it is a versatile
technique for nanofabrication of a wide range of micro and nanostructures and devices [24].
It offers the ability to fabricate nanostructures that exhibit vertically aligned nanoarrays
and nanopatterns, and the ability to have precise control over the size and geometry of
the nanostructures, and to form nanostructures attached to a bulk support. The main
advantage of this technique is its fast, easy, and inexpensive, but accurate, reproduction of
various 2D or 3D objects from the nanoscale to the macroscale [25,26].

In this work, different mixtures of bio-based monomer vanillin dimethacrylate with
tridecyl methacrylate, derived from natural oil and 1,3-benzenedithiol, have been tested to find
an efficient photocurable system for microtransfer molding. Ethyl (2,4,6-trimethylbenzoyl)
phenylphosphinate was selected as the photoinitiator, due to its ability to cure the deep
layers of the resin and its photobleaching effect [27]. This work is a continuation of our
previous studies [7,28]. In the present work, the addition of tridecyl methacrylate to the resin
composition has led to a reduction in the use of expensive vanillin monomer and, thus, to a
reduction in the cost of the polymers, without sacrificing their properties. The polymers
obtained demonstrated a wide range of thermal and mechanical properties as a result of the
combination of the different reaction mechanisms, thiol-acrylate photopolymerization and
acrylate homopolymerization, which were tuned by changing the ratio of monomers. The
increase in tridecyl methacrylate content resulted in less rigid polymers, lower photocuring
rate, and lower Young’s modulus values. The reduction of thiol content increased the
shrinkage of polymers, the photocuring rate, and the thermal and mechanical characteristics
of the resulting polymers. All polymers demonstrated shape-memory properties. The most
promising compositions have been tested by the microtransfer molding technique and
showed promising results as photoresins for nanoimprint lithography. Microtransfered
structures and devices formed from the developed thermo-responsive shape-memory bio-
based photopolymers can be applied on non-flat surfaces, convex or concave, such as
cylinders, tubes, etc.

2. Materials and Methods
2.1. Materials

Vanillin dimethacrylate (VDM, Specific Polymers, Castries, France), 1,3-benzenedithiol
(BDT, Fluorochem, Glossop, United Kingdom), tridecyl methacrylate (C13-MA, VISIOMER®
Terra C13-MA, Evonik, Essen, Deutschland), ethyl(2,4,6 trimethylbenzoyl)phenylphosphinate
(TPOL, Fluorochem, Glossop, United Kingdom), (Figure 1) were used as received.
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Figure 1. Chemical structures of vanillin dimethacrylate (VDM), 1,3-benzenedithiol (BDT), tridecyl
methacrylate (C13-MA), and ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL).

2.2. Preparation of Cross-Linked Polymer Specimens

The mixtures containing 1 mol of VDM, 3 mol.% of TPOL, 1, 0.75, 0.5, or 0.25 mol
of BDT and 1.5, 3, or 4.5 mol of C13-MA were stirred with a magnetic stirrer at room
temperature (25 °C) for 1 min. When homogeneous mixtures were obtained, the resins
were poured into a Teflon mold and cured for 5-7 min in the UV irradiation chamber
BS-02 (Opsytec Dr. Grobel, Ettlinger, Germany) with an intensity of 30 mW/cm? and a
wavelength range of 280-400 nm. The composition of the resins is presented in Table 1.

Table 1. Composition of resins C1-C12.

Resin Amount of Amount of Amount of Amount of
VDM, Mol BDT, Mol C13-MA, Mol TPOL, Mol.%
C1 1 1 15 3
Cc2 1 0.75 1:5; 3
Cc3 1 0.5 15 3
Cc4 1 0.25 15 3
C5 1 1 3 3
c6 1 0.75 3 3
Cc7 1 0.5 3 3
c8 1 0.25 3 3
Cc9 d 1 45 3
C10 1 0.75 45 3
C11 d 0.5 45 3
C12 1 0.25 45 3

2.3. Characterization Techniques

Fourier transformation infrared (FT-IR) spectroscopy spectra were recorded using
a Spectrum BX II FT-IR spectrometer (Perkin Elmer, Llantrisant, UK). Reflection was
measured during the test. The range of wavenumbers was (650-4000) cam~ L.

The Soxhlet extraction was used to determine the yield of the insoluble fraction. 0.2 g
polymer samples were extracted with acetone for 24 h. After 24 h, the insoluble fractions
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were dried under vacuum until no weight changes were observed. The yield of insoluble
fraction was calculated as the weight difference before and after extraction and drying.

Thermogravimetrical analysis (TGA) was performed on a TGA 4000 apparatus (Perkin
Elmer, Llantrisant, UK). A heating rate of 20 °C/min was chosen in a nitrogen atmosphere
(100 mL/min). The temperature range of (10—800) °C was used. Aluminium oxide pans
were used.

Dynamical mechanical thermal analysis (DMTA) was performed on an MCR302
rheometer (Anton Paar, Graz, Austria) equipped with the SRF10-SN30777 measuring
system. The Peltier-controlled temperature chamber was used. The temperature was
increased from —80 °C to 100 °C, with a heating rate of 2.99 °C/min. The normal force
was set at —0.1 N during the measurement. In all cases, the torsion mode was used with a
frequency of 1 Hz and a torsion strain of 0.1%. The storage modulus (G'), the loss modulus
(G”), and the loss factor (tand) were recorded as functions of temperature.

The mechanical properties of the synthesized polymers were determined by the
tensile test. The tensile test was performed on a Testometric M500-50CT testing machine
(Testometric Co. Ltd., Rochdale, UK) with flat-faced grips at room temperature (21.5 °C).
The dimensions of the test specimens were 70 (£0.01) x 10 (£0.01) x 2 (£0.15) mm. The gap
between the grips was set to 20 mm and the test was performed at a speed of 5 mm/min
until the specimen broke. Young’s modulus, tensile strength, and elongation at break
were determined.

2.4. Real-Time Photorheometry

UV/Vis curing tests were performed with resins containing 1 mol of vanillin dimethacry-
late, 3 mol.% of TPOL, 1, 0.75, 0.5, or 0.25 mol of BDT and 1.5, 3.0, or 4.5 mol of C13-MA on a
MCR302 rheometer (Anton Paar, Graz, Austria) equipped with the plate/plate measuring
system. The measuring gap was set to 0.1 mm and the samples were irradiated by UV /Vis
light in a wavelength range of 250-450 nm through the glass plate using the OmniCure
$2000 UV/Vis spot curing system (Lumen Dynamics Group Inc., Mississauga, ON, Canada).
The temperature was 25 °C. The shear mode with a frequency of 10 Hz and a shear strain
of 1% was used in all cases. The storage modulus (G), the loss modulus (G”) and the
complex viscosity (n*) were recorded as a function of the irradiation time and the values
of each parameter taken after 300 s of photocuring are presented in Table 2. The gel point
(tge1) was calculated as the intersection point of the G’ and G” curves. The shrinkage was
calculated from the reduction of the height of the sample during the polymerization process.
The normal force was set at 0 N during the measurement of the sample shrinkage. Five
measurements of each resin were used to obtain the mean value and standard deviation.

Table 2. Rheological Characteristics of Resins.

Resin l::::lg: , M:‘;:?“s’ Loss Factor, S:’:oil:; Gel Point Indl.u:ﬁon Shri:\kage,
G, MPa G”, MPa tand n*, MPa's tgel, s Period, s %
C1 0.312 0.128 0.409 0.054 89 49 2
Cc2 3.030 2.061 0.680 0.635 6.8 2.6 7
Cc3 14.173 5.872 0.414 2.440 4.6 0.7 8
Cc4 17.343 5.661 0.327 2.900 34 0.3 9
c5 0.031 0.020 0.646 0.005 135 9.2 0
c6 0.721 0.333 0.461 0.013 10.6 7.3 2
Cc7 2420 1.290 0.534 0.437 58 54 3
c8 10.148 4.470 0.442 1.760 3.7 0.9 4
c9 0.055 0.018 0.328 0.009 20.8 123 1
C10 0.542 0.230 0.425 0.094 14.4 119 <
C11 2.002 1.010 0.502 0.357 13.6 11.6 6
C12 2.930 1.450 0.497 0.520 9.8 8.8 10
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2.5. Microtransfer Molding Technique

A microtransfer molding (4 TM) technique, or nanoimprint lithography, was used to
test C1 and C8 resins to make replicas [29]. First, a master structure was manufactured out
of PlasGray material with the Asiga Pico2 39 UV table-top 3D printer (Asiga, Alexandria,
Australia). Next, polydimethylsiloxane (PDMS) was poured over this structure and ther-
mally cured at 100 C for 1 h, thus creating a soft mold (stamp). It was then used to make a
replica of both resins. The printed structure was a 1951 USAF resolution target (25% of the
downloaded vector file size), used as a sample in optical engineering for testing imaging
systems. A UV diode emitting 365 nm wavelength light (C52010, Thorlabs, Newton, NJ,
USA) was used to cure the C1 and C8 resins and obtain the replicas. The curing time was
set to 5 min for each sample. The soft mold and the replicas made were characterized using
the Olympus IX73 optical microscope (Olympus Corporation, Tokyo, Japan).

3. Results
3.1. Monitoring of Photocuring Kinetics by Real-Time Photorheometry

The photocuring of the three-component resins was studied by real-time photorheom-
etry. In this study, the most important parameters, the photocuring rate (characterized by
teel, induction period and slope of the curves), rigidity (characterized by storage modulus
G’), and shrinkage (described by volume loss during photopolymerization) have been mon-
itored and examined [30]. The real-time photorheometry data of all resins are summarized
in Table 2.

The dependence of the storage modulus G’ on the irradiation time of all resins is
presented in Figure 2. The storage modulus represents the stiffness and rigidity of the
polymers that are the important parameters for the applications of the polymers. It was
determined that the resin composition had a huge influence on the photocuring kinetics
and on the properties of the resulting polymers. The most rigid polymer was C4 prepared
with the lowest amount of C13-MA and BDT. The highest amount of VDM in C4 compared
to other polymers caused the high rate of acrylate homopolymerization. After comparing
polymer C4 with C8 and C12, it was determined that the rigidity of the polymers decreased
with increasing volume of tridecyl methacrylate in the resins. The rigidity of the polymers
was reduced from 17.343 (C4) to 2.930 (C12) MPa by increasing the content of C13-MA
from 1.5 to 4.5 mol. The long carbon chain of tridecyl methacrylate was the reason for the
formation of the soft and flexible polymer [31]. By increasing the amount of C13-MA, the
amount of polymer to plasticize long flexible alkyl chains was increased, and, thus, the
rigidity of the polymer was reduced, while the increase in the amount of VDM, having
a relatively short and partially aromatic structure in comparison to C13-MA, resulted in
higher rigidity of the polymers.

The amount of thiol also had a great impact on the polymer structure and, therefore,
its characteristics. It was determined that the polymer rigidity was increased by reducing
the amount of thiol in the composition. The high amount of thiol resulted in a higher
rate of thiol-ene photopolymerization, which is a slower reaction in comparison to free
radical polymerization. A high number of short polymer chains was formed as a result
of competing free radical and thiol-ene photopolymerizations, and even increased with
increasing amounts of thiol. However, according to the literature, thiols not only reduce
the rigidity of polymers but also increase their flexibility due to the formation of flexible
thioether linkages [7]. For example, the rigidity of polymers C5-C8, prepared with 3 mol
of C13-MA, was increased from 0.031 (C5) to 10.148 (C8) MPa by decreasing the amount
of thiol from 1 to 0.25 mol. This tendency was also visible in polymers C1-C4 prepared
with 1.5 mol of C13-MA, and polymers C9-C12 prepared with 4.5 mol of C13-MA. It is
important to note that different areas of application require different materials, and both,
rigid and soft, materials are needed.
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the irradiation time.

141



142

Polymers 2022, 14, 2460

70f17

The photocuring rate (described by the tge), induction period, and slope of the curve)
is the other important parameter for the optimal curing process. The gel point is extremely
important in microtransfer molding technology. The lowest values of tge) and the shortest
induction period were demonstrated by polymers prepared with the lowest amount of thiol.
The curve of storage modulus of these polymers also reached the plateau faster than that of
other vanillin-based polymers. As was stated earlier, free radical photopolymerization is
a faster process in comparison to thiol-ene photopolymerization. However, not only the
reaction mechanism, but also the structure of the monomer affects the gel point. C13-MA
has a much longer structure compared to vanillin dimethacrylate and, as a result of that,
the increase in C13-MA in compositions slowed the photopolymerization process, while
the increase in VDM made it faster [28]. Subsequently, the lowest tge| value was acquired
by resin C4 (tge) = 3.4 s) prepared with 0.25 mol of thiol and 1.5 mol of tridecyl methacrylate.
Resin C12, which was prepared with the same amount of thiol and a higher amount of
C13-MA, had a much higher gel point (tge] = 9.8 s) compared to resin C4, which was the
result of an increased amount of flexible tridecyl methacrylate chains.

The shrinkage is also very important for the application of polymers. Low values
of shrinkage are needed to form precise and unique structures, as high shrinkage could
result in failed molding attempts. Values as low as 0-5% are mandatory in order to obtain
high-quality products [32]. The lowest shrinkage values were demonstrated by polymers
prepared with the highest amount of thiol. The shrinkage values of the polymers with 1 mol
of thiol and different amounts of tridecyl methacrylate, C1, C5, and C9, were as low as
0-2%. However, resins with a lower amount of thiol and a higher amount of acrylate shrunk
more. For example, the shrinkage increased from 1 to 10% as a result of the reduction of
the amount of thiol from 1 to 0.25 mol in the resins C9-C12. This can be explained by the
dominant reaction mechanism, as it is well known that acrylates have a high shrinkage
rate during free radical polymerization [33], while thiol-ene photopolymerization results in
a lower shrinkage volume [34]. That is because long-distance connections via weak Van
der Waals force are replaced by short, strong covalent bonds between carbon atoms in
monomer units during free radical acrylate polymerization, which results in shrinkage of
the polymers [33].

After analyzing all of these results, the C8 resin was selected as the most promising
composition for the microtransfer molding technique. This composition demonstrated one
of the lowest gel point values and relatively low shrinkage, which makes the process faster
and allows the creation of complex and accurate shapes. Furthermore, the induction period
of this resin was less than 1 s and the resultant polymer was a stiff material with a high
value of G'. All these properties made the C8 resin a suitable candidate for the microtransfer
molding technique. For comparison, the resin C1 that forms soft but non-brittle polymer
was also selected for microtransfer molding.

3.2. Characterization of Photocross-Linked Polymer Structure

The chemical structure of the photocross-linked polymers was confirmed by FT-IR
spectroscopy. Signals of C=0, which were present at 1714-1735 cm ™, and those of the C=C
group, which were present at 1606-1639 cm ™! in VDM and C13-MA spectra, were also
reduced in polymer spectra. The signals of the S-H group, which were present at 2560 cm ™!
in the BDT spectra, were not visible in the polymer spectra and the new signal of the C-S
group was detected at 1120-1122 cm ™! in the polymer sample spectra. These changes in
the polymer spectra indicated the formation of cross-linked structures in the polymers. As
an example, the FT-IR spectra of VDM, C13-MA, BDT, and polymers C5-C8 are presented
in Figure 3.

The Soxhlet extraction was also performed in order to confirm the cross-linked struc-
ture of the polymers. The yield of the insoluble fraction of these polymers was in the
range of 61-90% (Table 3). The high yield of the insoluble fraction indicated that the dense
polymer network was formed during photopolymerization. However, polymers C1, C5,
and C9, which were prepared with 1 mol of thiol, demonstrated a relatively low value of
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the yield of the insoluble fraction (61-70%). This was probably due to the large amount of
soluble linear or branched polymer fragments, which were formed as the result of spatial
hindrances as the polymer chains were unable to pass through each other during the photo
polymerization process [35]. Acrylate free radical homopolymerization is faster than thiol-
ene photopolymerization, and, as a result of that, the spatial hindrances were increased by
increasing the amount of thiol.

(IZ-S

S-H ¢=0 |(|:=C
—— VDM
—— C13-MA
—BDT
—CS5
—C6
—C7
=08

Reflectance (a.u.)
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Wavenumber (cm™)

Figure 3. FT-IR spectra of VDM, C-13MA, BDT, and cross-linked polymers C5-C8.

Table 3. Yield of insoluble fraction, thermal, and thermomechanical characteristics of the polymers.

g Yield of Insoluble % 3 S Modulus G’ S Modulus G’

Resin, Fraction, % Taec—10% "C* Tg, “C* at —;O °C, MPa *** at 108°C, MPa ****
C1 69 308 -10 761.99 3.36
Cc2 84 328 10 1539.61 17
c3 87 329 28 1649.52 3.90
Cc4 90 332 54 2350.37 21.67
C5 61 328 -9 386.44 0.19
C6 82 338 0 499.35 0.88
Cc7 88 346 18 778.79 222
c8 85 344 28 902.59 484
C9 70 322 -7 19.08 0.58
C10 81 323 -1 911.49 3.15
C11 88 324 7 890.68 227
C12 79 331 17 661.37 2.69

* from TGA curves. ** from DMTA curves. *** before glass transition temperature. **** after glass transition
temperature.

3.3. Thermal Properties of Cross-Linked Polymers

Dynamical mechanical thermal analysis (DMTA) and thermogravimetrical analysis
(TGA) were used to study the thermal properties of the polymers. The results are summa-
rized in Table 3. DMTA was used to determine the glass transition temperature (Tg) of the
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polymer samples. The DMTA curves are presented in Figure 4. The glass transition of the
polymers was in the range of —10-54 °C. It was determined that the higher values of Tg
were obtained when the lower volume of thiol was used. For example, Ty, increased from
—10 °C for polymer C1 to 54 °C for polymer C4 by reducing the amount of BDT from 1
to 0.25 mol. The low glass transition temperature was the result of softer polymer with a
less dense structure and low yield of the insoluble fraction [36]. The amount of C13-MA
also had a great influence on Tg. For example, the increase in the amount of C13-MA from
1.5 mol in the polymer C2 to 4.5 mol in the polymer C10 reduced the Tg from 10 to —1 °C.
This was the result of a long carbon chain of C13-MA. Long chains made the polymer softer
and flexible, and decreased the glass transition temperature of the polymers [37].

The thermal decomposition of the polymers occurred in one step (Figure 5). The
temperature of 10% weight loss (Tgec.—10%) was in the range of 308-346 °C. Consequently,
to the glass transition temperature, the temperature of 10% weight loss was reduced by
increasing the amount of BDT in the polymer. For example, Tqec.—10% increased from
308 °C to 332 °C by decreasing the amount of thiol from 1 to 0.25 mol. The results were
correlated with the yield of the insoluble fraction of the polymers, as higher decomposition
temperatures were shown by the polymers with the higher yield of the insoluble fraction
and the denser inner polymer network. Different results were observed when the amount
of C13-MA was increased. There was no consistent increase or decrease in Tgec. 100, When
the amount of tridecyl methacrylate increased. Very similar values of the temperature of
10% weight loss were observed when 1.5 and 4.5 mol of C13-MA were used. However,
polymers prepared with 3 mol of C13-MA demonstrated higher values of 10% weight loss.
For example, polymers C4 and C12, which were prepared with 1.5 and 4.5 mol of C13-MA,
reached the temperature of 332 °C and 331 °C, respectively, while polymer C8, prepared
with 3 mol of C13-MA, reached the temperature of 344 °C.

3.4. Thermomechanical Properties of Cross-Linked Polymers

Dynamical mechanical thermal analysis (DMTA) was performed to characterize the
mechanical properties of the developed polymers. The dependence of the storage modulus
G’ on temperature was measured (Figure 6) and the values of G’ before and after the glass
transition temperature were compared (Table 3). For the compatible results, the storage
modulus values were taken from the plateau of the curve as the plateau indicates that
polymer is in the steady state and that no changes in its structure are happening. The
chosen temperatures were —80 °C (before Tg) and 100 °C (after Tg). After the results
were compared, it was determined that the storage modulus of these polymers decreases
greatly as the temperature increases to values higher than those of their Tg. Because of
this, the developed polymers are rigid materials below their glass transition temperature
and become soft and flexible when the temperature increases above their Ty. For example,
the storage modulus of polymer C1 was reduced from 761.99 MPa to 3.36 MPa when the
temperature increased from —80 °C to 100 °C. These results correlate to the rheological and
thermal characteristics, as the same tendencies occur when these polymers are compared.
For example, polymers C4, C8, and C12, prepared with different amounts of C13-MA, show
that the storage modulus reduces from 2350.37 MPa to 661.37 MPa (at —80 °C) when the
amount of C13-MA increases from 1.5 mol to 4.5 mol, which was the result of an increased
amount of flexible tridecyl methacrylate chains, as mentioned above. Increased amounts of
BDT in the polymer also reduced the rigidity of the polymers. For example, rigidity was
reduced from 902.59 MPa (polymer C8 at —80 °C) to 386.44 MPa (polymer C5 at —80 °C)
by increasing the amount of thiol from 0.25 mol to 1 mol, due to the formation of flexible
thioether linkages, as also mentioned earlier.
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Figure 4. DMTA thermograms of cross-linked polymers C1-C4 (a), C5-C8 (b), and C9-C12 (c).
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Figure 6. Dependency of the storage modulus G’ of polymers C1-C4 (a), C5-C8 (b), and C9-C12 (c)
on temperature.

3.5. Shape-Memory Properties of Cross-Linked Polymers

Thermo-responsive shape-memory polymers attract huge interest in the scientific

community because of their unique ability to remember their shape. To show shape-
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memory properties, polymer samples were heated above their glass transition temperature,
reformed to the temporary shape, and cooled down to the temperature lower than their Tg.
All polymers were rigid materials and were able to maintain their temporary shape when
the temperature was below their Tg. To return to a permanent shape, polymer samples
were heated above their glass transition temperature, and all polymers were able to return
to a permanent shape within seconds. The recovery to original shape conditions of these
polymers is determined by their glass transition temperature [14].

Polymers were transformed to their temporary shape at 60 °C temperature and then
placed in the refrigerator (=20 °C) to maintain their temporary shape. All developed
polymers were able to maintain their permanent shape at a temperature below 0 °C,
however, only a few of them were able to maintain it at room temperature (25 °C). Because
of this, the application of these polymers is limited. The most promising results were
demonstrated by the polymers C3, C4, and C8, because these polymers have relatively
high glass transition temperature (from 28 to 54 °C) and can maintain their temporary
shape at room temperature and above. The transformation of the C8 sample is presented in
Figure 7.

Heating above

Permanent shape Transforming to temporary
of polymer sample shape

Cooling
below

T

Heating above

T

Return to permanent High-temperature

shape programming

Figure 7. Scheme of shape-memory behaviour of polymer samples.

3.6. Mechanical Characteristics of Cross-Linked Polymers

The tensile test was performed to investigate the mechanical properties of the obtained
polymers. The results are presented in Table 4. Polymers C1, C2, C5, and C9 were too soft
and/or brittle for testing machine, and it was impossible to detect the break during the
measurement. The highest values of Young’s modulus and the lowest values of elongation
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and break were demonstrated by polymer C4, which was prepared with the lowest amount
of C13-MA and BDT (60.05 MPa and 5.47%). Polymer C3, which was prepared with the
same amount of VDM and C13MA as polymer C4, but with a higher amount of thiol,
demonstrated a lower Young’s modulus value and greater elongation at break value
(12.44 MPa and 17.3%). This behaviour was caused by the highly flexible thioether linkages.
These linkages also explain why polymers with higher amounts of thiol stretched more
during the tensile test and their elongation at break value was higher. Tridecyl methacrylate
had a similar effect as thiol on the mechanical properties of the polymers. The increased
amount of C13-MA in the composition led to the lower values of Young’s modulus. For
example, by increasing the amount of C13-MA from 1.5 to 3 and then to 4.5 mol the Young's
modulus decreased as follows, from 60.05 MPa (polymer C4) to 23.033 MPa (polymer C8)
and, finally, to 5.53 MPa (polymer C12). The elongation at break increased with increasing
C13-MA in the resin from 5.47% (polymer C4) to 6.49% (polymer C8) and, finally, to 8.38%
(polymer C12). This behaviour can be explained by the long carbon chain of tridecyl
methacrylate. As a result, the polymer can stretch more, and is softer and more flexible [34].

Table 4. Mechanical characteristics of the polymers obtained by the tensile test.

Resin Young’s Modulus, MPa  Tensile S gth, MPa  Elongation at Break, %
C1 - = =
c2 = = =
c3 12.436 1.256 17.30
(e 60.050 1976 5.47
c5 = . .
Cé6 1.865 0.140 12.19
Cc7 3.991 0.309 11.10
(e} 23.033 0.960 6.49
c9 - - 5
C10 2.317 0.040 22.36
C11 3.054 0.129 10.71
C12 5.531 0.227 8.38

*—not determined due to excessively soft and /or brittle polymer.

3.7. Characterization of Microtransfered Structures

Two photocurable resins forming nonbrittle polymers, one rigid (C8) and the other
soft (C1), have been tested in microtransfer molding (LWTM). The results are depicted in
Figure 8. Image (a) demonstrates the 3D printed USAF target. The thickest 3D printed lines
were approximately 220-230 um width, meanwhile the thinnest lines were about 68-69 um
width. Image (b) shows the PDMS stamp, which coincided well with the 3D printed target.
The following images (c) and (d) depict replicas made of C1 and C8 resins. In both cases, the
replicas corresponded to the PDMS mold, keeping its shape and all features (lines, letters,
and numbers). Only minor drawbacks were observed on the replicas, which were voids
(usually appearing due to air bubbles while dropcasting the resin) and loss of sharp edges
due to peeling of the stamp. Despite this, both C1 and C8 resins showed great potential to
be used for the uTM technique.
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Figure 8. Results of u'TM. (a) 3D printed 1951 USAF target (25% of the downloaded vector file size).
(b) Soft PDMS mold. (c) and (d) are replicas made from C1 and C8 resins, respectively. Scale bars are
the same in all the images and represent 5 mm.

4. Conclusions

Novel thermo-responsive shape-memory vanillin-based photopolymers have been
developed and applied in microtransfer molding. Different mixtures of the two biobased
monomers vanillin dimethacrylate and tridecylmethacrylate, to which 1,3-benzenedithiol
has been added, have been tested as photocurable resins. The reduction of the thiol content
was determined to increase the shrinkage of the polymers, the photocuring rate, and the
values of the thermal and mechanical characteristics of the resulting polymers. The increase
in tridecyl methacrylate content resulted in less rigid polymers, lower photocuring rate,
and lower glass transition temperature. All polymers demonstrated great shape-memory
properties and were able to return to their primary shape after the temperature programing.
Furthermore, they were able to maintain their temporary shape when the temperature was
lower than their glass transition temperature. Two photocurable resins forming nonbrittle
polymers, one rigid and the other soft, have been tested in microtransfer molding and
both resins demonstrated perfect replication, proving the novel bio-based photoresins to be
suitable for microtransfer molding technique.

The developed thermo-responsive shape-memory bio-based photopolymers have
great potential for forming microtransfered structures and devices that can be used on
nonflat surfaces. This work offers a sustainable route for exploiting biorenewable materials
to replace established commercial photoresins applied in stamping technologies that are
already being scaled up for cost-effective everyday use.
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Abstract: A novel dual cure photopolymerizable system was developed by combining two plant-
derived acrylic monomers, acrylated epoxidized soybean oil and vanillin dimethacrylate, as well as
the thiol monomer pentaerythritol tetrakis (3-mercaptopropionate). Carefully selected resin composi-
tion allowed the researchers to overcome earlier stability /premature polymerization problems and to
obtain stable (up to six months at 4 °C) and selectively-polymerizable resin. The resin demonstrated
rapid photocuring without an induction period and reached a rigidity of 317.66 MPa, which was more
than 20 times higher than that of the other vanillin-based polymers. Improved mechanical properties
and thermal stability of the resulting cross-linked photopolymer were obtained compared to similar
homo- and copolymers: Young’s modulus reached 4753 MPa, the compression modulus reached
1634 MPa, and the temperature of 10% weight loss was 373 °C. The developed photocurable system
was successfully applied in stereolithography and characterized with femtosecond pulsed two-beam
initiation threshold measurement for the first time. The polymerization threshold of the investigated
polymer was determined to be controlled by the sample temperature, making the footprint of the
workstations cheaper, faster, and more reliable.

Keywords: vanillin dimethacrylate; acrylated epoxidized soybean oil; photocross-linking; dual-curing;
stereolithography; two-beam initiation threshold; multiphoton polymerization

1. Introduction

Considering recent challenges related to climate change and the state of the environ-
ment, it is particularly important to develop new materials that combine specific technical
and optional smart properties with sustainability and applicability for high-tech man-
ufacturing. Light-based 3D structuring is a unique contactless fabrication method that
offers material processing precision, flexibility, and the rapid manufacturing of mechani-
cal, medical, and optical components and devices [1]. Real-time synchronization of fast
beam deflection and precise sample positioning can be implemented for state-of-the-art
mesoscale ultrafast laser 3D structuring, namely, the production of submicrometer precision
functional prototypes of practically-applicable millimeter scale dimensions [2]. This break-
through technological advancement makes laser 3D printing suitable and appealing for
both scientific research and industrial scale additive manufacturing. For such a technology,
the replacement of petroleum-based materials by plant-derived materials would provide
immediate ecological and long-term economic benefits.

Although the use of biorenewable polymers is increasing in various applications, the
main challenge remains, to develop biobased polymer analogues with the same or better
technical properties (reactivity, stability, durability, etc.) as petroleum-based polymers [3].
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Plant oils and plant phenolics are great biorenewable sources of starting materials for
polymer synthesis [4,5]. Acrylated epoxidized soybean oil (AESO) with a high number of
functional groups is produced industrially and is widely used in foams, adhesives, coatings,
and even in light-based 3D printing [6,7], including multiple scales and exposure sources [8].
However, the use of pure AESO leads to poor mechanical and thermal properties of the
resulting products [9]. This issue can be solved by adding various comonomers with rigid
structure to the resin composition [10]. In this study, vanillin dimethacrylate was chosen as
a biobased comonomer because of its aromatic structure and high reactivity. Vanillin is one
of the few biobased aromatic compounds that are industrially available [11]. Furthermore,
vanillin-based polymers demonstrate good mechanical and thermal properties, as well as
extraordinary antimicrobial activity similar to that of chitosan-based polymers [12,13]. In
this study, the best features of both biobased monomers, AESO and vanillin dimethacrylate,
were combined in the dual-curing photopolymerizable system. Although dual cure is a very
promising technique for controlling the structure and properties of 3D-printed polymeric
objects, there are only a few examples of the usage of AESO [14] or vanillin derivatives [15]
in dual cure systems.

Dual cure is a technique that combines two simultaneous or sequential curing re-
actions of the same or a different energy source [16]. As a result, interpenetrating or
semi-interpenetrating polymer networks with unique properties are formed [17]. Acrylic
monomers are widely used in dual-curing systems [18] and the resulting polymers with
numerous industrial applications, such as adhesives, coatings, and biomaterials, can be syn-
thesized by carefully selecting the acrylate monomer [19]. The most common comonomers
for acrylates are thiols. They react with acrylates in two different ways, the thiol-acrylate
Michael addition and the radical-mediated thiol-acrylate reaction. Both mechanisms are
appropriate for the formation of dual-curing systems [18].

In this study, radical-mediated thiol-acrylate photopolymerization and acrylate homopoly-
merization were used to compose a novel dual-curing system. Two different biobased monomers,
acrylated epoxidized soybean oil and vanillin dimethacrylate, were used with pentaerythritol
tetrakis(3-mercaptopropionate) for the first time. Diphenyl(2,4,6-trimethylbenzoyl) phos-
phine oxide was selected as the photoinitiator due to its photobleaching effect and its
ability to cure deep layers of resin [20]. The developed photopolymerizable system was
stable and well-suited for the light-based 3D structuring of complex shape objects with
excellent mechanical properties and thermal stability. Furthermore, the order of effective
nonlinear absorption (r,f) in photoresists is a key element in the development of materials
with improved sensitivity for additive manufacturing based on multiphoton absorption
polymerization [21]. Z-can, intensity-scan, or a pump and probe technique can be used to
determine the e However, it characterizes material properties rather than the order of
undergoing the polymerization reaction process. Other indirect methods such as non-linear
fluorescence excitation or thermal lensing can be implemented for this task; however, they
do not measure the 1, directly. Line-width [22] and exposure-time duration (ETM) [23]
techniques allow for the determination of the 1,5 from the polymerized structures; however,
both suffer from the required additional steps such as sample posttreatment and scanning
electron microscopy, which are time consuming for systematic measurements. The pros and
cons of the aforementioned approaches are well-discussed in a review paper by N. Liaros
and J. T. Fourkas [24]. A quick, reliable, and, most importantly, in situ method is highlighted
as a two-beam initiation threshold (2-BIT) [25]. Also, the method includes normalization of
the power of each beam to the polymerization threshold power to correct the differences in
beam size, pulse length, or focal volume. While other scientific groups are looking for ways
to simplify two-photon polymerization techniques via laser systems [26,27], light projection
conditions [28], or photoinitiation agents [29,30], in this work, a method of using impact of
dual cure is presented. The 2-BIT experiment was performed for the in situ measurement
of nonlinear material excitation mechanisms and, in principle, validated its suitability for
laser 3D nanolithography, while revealing important peculiarities of nontrivial material
behaviour depending on sample handling conditions.
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2. Materials and Methods
2.1. Materials

Acrylated epoxidized soybean oil (AESO, Fluorochem, Glossop, UK), vanillin dimethacry-
late (VDM, Specific Polymers, Castries, France), pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP, Fluorochem, Glossop, UK), diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide
(TPO, Fluorochem, Glossop, UK), and 2,5-bis(5-tert-butyl-2-benzoxazolyl)thiophene (UVB,
MPI Chemie, Houten, The Netherlands) (Figure 1) were used as received.

Figure 1. Chemical structures of acrylated epoxidized soybean oil (AESO), vanillin dimethacrylate (VDM),
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), and diphenyl(2,4,6-trimethylbenzoyl) phos-
phine oxide (TPO).

2.2. Preparation of Cross-Linked Polymer Specimens

The mixture containing 3 mol of AESO, 1 mol of VDM, 0.25 mol of PETMP, 2.5 wt.% of
TPO, and 0.08 wt.% of UVB was stirred with magnetic stirrer at room temperature (25 °C)
for 5 min. When the homogeneous mixture was obtained, the resin was poured into a
round Teflon mold and cured for 3-5 min in the UV irradiation chamber BS-02 (Opsytec
Dr. Grobel, Ettlinger, Germany) with an intensity of 30 mW/cm? and a wavelength range
of 280-400 nm. The VS code was assigned to this resin and polymer.

2.3. Characterization Techniques

Fourier transformation infrared (FT-IR) spectroscopy spectra were recorded using
a Spectrum BX II FT-IR spectrometer (Perkin Elmer, Llantrisant, UK). Reflection was
measured during the test. The wavenumber range was 6504000 cm ™.

The Soxhlet extraction was used to determine the yield of the insoluble fraction. A
0.2 g polymer sample was extracted with acetone for 24 h. The insoluble fraction was then
dried under vacuum until no changes in weight were observed. The yield of the insoluble
fraction was calculated as the weight difference before and after extraction and drying.
Three samples of polymer were used to obtain the mean value and standard deviation.

The swelling value of the cross-linked polymer samples was obtained by measuring
the mass of the samples swollen in acetone and toluene at room temperature (25 °C). The
initial mass of the polymer sample was measured before placing it into the solvent. The
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change in the mass of the sample was measured every 5 min until no change was obtained.
The swelling value was calculated according to the following equation:
_ M-M !
=

100 ()]

where « is the swelling value (%); M is the mass of the swollen sample (g); My is the initial
mass of the sample (g). Three samples of polymer were used to obtain the mean value and
standard deviation.

Thermogravimetrical analysis (TGA) was performed on a TGA 4000 apparatus (Perkin Elmer,
Llantrisant, UK). A heating rate of 20 °C/min under nitrogen atmosphere (100 mL/min) was
chosen. The temperature range of 20-800 °C was used. Aluminium oxide pans were used.

Dynamical mechanical thermal analysis (DMTA) was performed on an MCR302
rheometer (Anton Paar, Graz, Austria). The Peltier-controlled temperature chamber was
used. The temperature was increased from —20 °C to 100 °C with a heating rate of
2.0 °C/min. The normal force was set at 5 N during the measurement. In all cases, the
shear mode was used with a frequency of 1 Hz and a shear strain of 0.1%. The storage
modulus (G), the loss modulus (G”), and the loss factor (tan §) were recorded as a function
of temperature. Three polymer samples were used to obtain the mean value and standard
deviation.

The mechanical characteristics of the synthesized polymer were determined by the
tensile and compression tests. Tensile test was performed on a Testometric M500-50CT
testing machine (Testometric Co Ltd., Rochdale, UK) with flat-faced grips at room tem-
perature (20 °C). Bone-shaped polymer specimens with a total length of 70 (£0.0) mm,
a shoulder at each end (length of 15 (£0.0) mm, a width of 10 (£0.0) mm), and a gauge
section width of 5 (+0.0) mm in between were used. Polymer specimens were printed
using the stereolithography technique (SLA) (Section 2.6). The gap between the grips was
set to 40 mm and the test was performed at a speed of 5 mm/min until the specimen broke.
Young’s modulus, tensile strength, and elongation at break were determined. Five polymer
samples were used to obtain the mean value and standard deviation.

The compression test was performed on a Testometric M500-50CT testing machine
(Testometric Co Ltd., Rochdale, UK) with HDGG100 grips at room temperature (25 °C). The
dimensions of the round tablets used for the test were 15 (£0.10) x 3 (£0.30). The tablets
were produced using a Teflon mold. The test was carried out at a speed of 5 mm/min until
the sample broke. The compression modulus was determined. Five samples of polymer
were used to obtain the mean value and standard deviation.

The biorenewable carbon (BRC) content was calculated according to the following
equation:

Bio Sourced Carbon 10
Bio Sourced Carbon + Fossil Carbon

BRC, % = 0 )

2.4. Real-Time Photorheometry

The UV /Vis cure tests of the resin were performed on an MCR302 rheometer (An-
ton Paar, Graz, Austria) equipped with the plate/plate measuring system. The Peltier-
controlled temperature chamber with a glass plate (diameter 38 mm) and a PP15 top plate
(diameter 15 mm) was used. The measurement gap was set to 0.1 mm and the samples
were irradiated with UV /Vis light in a wavelength range of 250-450 nm through the glass
plate using the OmniCure 52000 UV /Vis spot curing system (Lumen Dynamics Group
Inc., Mississauga, ON, Canada). The shear mode was used with a frequency of 10 Hz and
a shear strain of 1%. The storage modulus (G’), the loss modulus (G”), and the complex
viscosity (n*) were recorded as a function of the irradiation time. The gel point (tge1) was
calculated as an intersection point of the G” and G” curves. The induction period was
measured as the beginning of the increase in G”. The shrinkage was calculated from the
reduction in the height of the sample during the photocuring process. The normal force
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was set to 0 N during the measurement of the sample shrinkage. Five measurements of
each resin were used to obtain the mean value and standard deviation.
The crosslinking density was calculated according to the theory of rubber elasticity
using the following equation:
G' =vRT 3)

where v is the cross-linking density (mol/ m?3); G’ is the steady-state value of the storage
modulus taken from the real-time photorheometry curve after 600 s (Pa); R is the universal
gas constant (8.314 ] /mol K); T is the temperature (K) [31]. The experiment was carried out
three times to obtain the mean value and standard deviation.

2.5. Two-Beam Initiation Threshold Experiment

The 2-BIT experiment allows in situ measurement of non-linear material excitation
mechanisms during laser direct writing (LDW) [25]. The 2-BIT experiment was imple-
mented using a Femto second Fiber Laser (FemtoFiber pro NIR, Toptica Photonics AG
emitting at 780 nm with pulse duration 150 fs, average output power 500 mW, and repetition
rate 80 MHz) (TOPTICA Photonics AG, Munich, Germany). An exact experimental setup of
2-BIT was presented previously [32]. The synthesized polymer was placed between two mi-
croscope coverslips (REF VBS638, Biosigma, Cona VE, Italy) separated with a double layer
of polyimide film tape. The sample was fixed on piezoelectricstages Nanocube P-611.3S
(Physik Instrumente, Karlsruhe, Germany). The 3DPoli software, version 6.22, (Femtika,
Vilnius, Lithuania) was used to manage sample positioning. The stages were programmed
to make back-forward movements of 75 um length at a constant velocity of 20 um/s.
The combined laser beams were focused to the sample using the Zeiss Plan-Apochromat
oil-immersion, 100x /N.A. = 1.4 objective lens (Carl Zeiss AG, Oberkochen, Germany).
At first, the average power P (mW) of each beam individually was recorded when the
presence of the polymerized features was observed via live imaging and determined as
the polymerization threshold for a single beam (Ps;g1,). Then, two beams were combined
and, while manually controlling the attenuation of both beams with half-waveplates, new
polymerization thresholds were recorded (Papeqn)- A graph of normalized polymerization
thresholds (Papeam/Psingle) Was obtained.

2.6. SLA 3D Printing

The SLA 3D printer Phrozen Sonic Mini 4K with a 405 nm LED source was used for
polymer sample printing. The printing volume was 134 x 75 x 130 mm, the XY resolution
was 35 um, the layer thickness was 50 m, and the exposure time was 12 s. After printing,
the polymer samples were washed with isopropyl alcohol for 20 min and post-cured under
an LED lamp (395 nm, 80 W).

3. Results and Discussion
3.1. Selection of Resin Composition

A complex composition of the photocurable resin was made in order to obtain a stable
and highly biorenewable carbon content resin suitable for SLA 3D printing of mechanically
strong and stiff, but not brittle, polymer objects. The selection of resin components was
based on the known features of the compounds and the results of our previous research
on this topic. AESO was selected as the main component of the resin due to its biobased
origin, the high number of functional groups, the photocuring rate suitable for light-based
3D printing, and the formation of stiff polymer [33]. However, the pure AESO polymer is
known to be brittle [9]. VDM was chosen as a biobased aromatic comonomer that improves
the mechanical characteristics of the pure AESO polymer [34]. Although pure VDM is
not well-suited for SLA 3D printing due to its too-rapid curing and poor stability of the
resin during storage [35], in the present study, the aforementioned disadvantages of VDM
were not expressed, probably due to its low content in the resin. PETMP, which has four
functional groups capable of forming flexible thioether linkages, was added to the mixture
of AESO and VDM because it can not only provide flexibility to the rigid polymer network,
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but also define the shape memory properties of the resulting polymers [36]. The lower-than-
stoichiometric amount of thiol groups and acrylic groups allowed for the domination of
radical homopolymerization of acrylates and thus obtaining more rigid and mechanically
stronger polymers [15]. The flexible aliphatic chains of AESO and PETMP lowered the glass
transition temperature of the polymer, while the benzene rings present in VDM and the
high amount of AESO functional groups, responsible for the high crosslinking density, led
to the high thermal stability of the polymer. Also, the mechanical strength of the polymer is
determined by high cross-linking density and aromatic structural fragments. The influence
of the amount of each component on some values of the polymer parameters is summarized
in Figure 2. Therefore, taking into account all known features of the components, the
photocurable resin VS was composed of 3 mol of AESO, 1 mol of VDM, and 0.25 mol
of PETMP (acrylic:thiol groups ratio: 2:1), including 2.5 wt.% of the photoinitiator TPO.
The resin of such a composition was stable and did not cure during storage for at least
six months at a temperature of 4 °C. The calculated biorenewable carbon content of the
polymer VS was 76.45%.

t - an increase of polymer
parameter value with an
increase of  component

Stiffness 1 amount
Brittleness t ) | - a decrease of polymer
Méchanica‘l'strengmf parameter value with an
The tability 1 . increase  of  component
T amount

1, | - positive influence
1, | - negative influence

VDM

- Stiffness 1

Brittleness |

Mechanical strength 1

Thermal stability
Glass transition

temperature 1
Printability |

Figure 2. Scheme of the influence of component amounts on some parameters of the polymer VS.

3.2. Monitoring of Photocuring Kinetics by Real-Time Photorheometry
The photocuring kinetics of the resin VS was studied by real-time photorheometry.
This method was chosen to determine the photocuring rate, the rigidity of the resulting
polymer, and also the shrinkage of the sample during photocuring, which are the main
factors for the successf of the optical 3D printing process. Figure 3 shows the evolution of
the storage modulus G’, loss modulus G”, loss factor tan §, and complex viscosity n* of the
resin VS during UV/Vis irradiation. The cross-linking process began when the values of G,
G”, and n* started to increase. The gel point (tge) (defined as G’ = G”) [37] of the resin was
reached after 1.5 s from the onset of UV/Vis irradiation. No induction period was obtained,
as the values of G” and G” started to increase at the same time as UV irradiation started.
As the resin irradiation continued, the values of G, G”, and n* were increasing due to gel
aging and then settled into steady state, indicating the end of the cross-linking process.
The irradiation was maintained for 600 s. The storage modulus value, which indicates
the rigidity of the resulted polymer, reached 317.66 MPa and was more than 20 times
higher than those of the other vanillin dimethacrylate- and thiol-based polymers [15].
The shrinkage during photocuring was relatively low and reached 5.5%, which is very
important in optical 3D printing technology to produce right-sized objects [38]. Overall,
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the rheological characteristics make the resin VS a very promising candidate for light-based
3D structuring due to low shrinkage, very high rigidity, and almost instantaneous curing
after the start of UV irradiation.
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Figure 3. Dependencies of the rheological characteristics of the resin VS on the irradiation time.

3.3. Characterization of the Photocross-Linked Polymer Structure

The chemical structure of the polymer VS was identified by FT-IR spectroscopy. The
signals of the C = C group which were present at 1605 cm ™! in the FT-IR spectra of AESO
and VDM were reduced in their polymer spectra. The signal of the S-H group that was
present at 2569 cm ™! in the PEMPT spectrum completely disappeared in the polymer VS
spectrum, indicating that all S-H groups were consumed in the formation of a polymer
network. The FT-IR spectra of AESO, PETMP, VDM, and the cross-linked polymer VS are
presented in Figure S1.

The Soxhlet extraction was performed, and the crosslinking density was calculated to
confirm the crosslinked structure of the polymer. The polymer VS showed a high yield of
insoluble fraction (95%) and a high crosslinking density (127,825 + 206 mol/m?), which

confirmed that all monomers participated in the formation of the cross-linked structure.

The high crosslinking density resulted in low swelling values of the polymer, which were
in the range of 8-10% in two solvents of different polarity (Figure 4). The swelling value in
toluene was slightly higher than that in acetone. The reason for this is the polymer-solvent
interaction, as toluene is a nonpolar solvent and its structure is more similar to the polymer
VS in comparison to the polar solvent acetone.
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Figure 4. Swelling values of the polymer VS in acetone and toluene.

3.4. Thermal Properties of Cross-Linked Polymer

DMTA and TGA were used to study the thermal characteristics of the photocross-
linked polymer VS, and the results are presented in Figure S2. These tests were chosen
to determine the glass transition and thermal stability of the polymer, which exerted a
huge influence on the selection of the application areas of the polymers. The thermal
decomposition of the polymer VS occurred in one step. The temperature of 10% weight loss
(Tgec-10%) was 373 °C. The high thermal stability of the polymer was the result of a high
yield of the insoluble fraction and a high cross-linking density. The thermal stability of the
polymer VS was higher than that of the pure AESO polymer (Tgec-10% = 340 °C) [33] and
AESO polymers with varying amounts of VDM (Tgec -199, = 268-340 °C) [34] (Figure 5). The
polymer VS also demonstrated higher thermal stability than the pure VDM polymer and
the VDM and thiol copolymer [15,35]. The glass transition temperature (Tg) of the polymer
VS was 9 °C. The low value of Tg is due to the high amount of AESO in the polymer. The
Ty of the pure AESO polymer was reported to be —4.1 °C and the addition of VDM could
increase it to 102.9 °C [34] (Figure 4). In this study, the addition of VDM increased Tg;
however, the addition of PETMP contributed to a decrease, which resulted in a Tg value of
the polymer VS which was close to room temperature, making it both rigid and flexible at
this temperature.
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Figure 5. Comparison of the temperature of the 10% weight loss (a) and the glass transition tempera-
ture (b) of the polymer VS and the polymers of AESO [33], VDM [35], AESO and VDM [34], VDM
and THIOL [15]. The molar ratio of the monomers is presented in parentheses.

3.5. Mechanical Characteristics of Cross-Linked Polymers

The most commonly-used tensile and compression tests were performed to deter-
mine the mechanical characteristics of the polymer VS for the evaluation of its mechanical
strength, stiffness, and brittleness. The results are presented in Table S1 and Figure S3. The
high value of Young’s modulus and the low value of elongation at break show that the poly-
mer VS is a rigid and stiff material (Table S1). Compared to other vanillin dimethacrylate-
and thiol-based polymer VDM/THIOL, the polymer VS is more rigid and less flexible, as
the other polymer based on VDM reached a lower Young’s modulus value (3952.3 MPa)
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and a higher elongation at break value (9.7%) [15] (Figure 6). The polymer VS is also
mechanically stronger than the pure AESO polymer, which demonstrated a lower value of
Young’s modulus. The compression test confirmed that the polymer VS was a less brittle
material. The compression modulus reached 1633.72 MPa and was much higher than that
of the other vanillin dimethacrylate- and thiol-based polymer VDM/THIOL [39], the pure
AESO polymer, and the polymer AESO/VDM [40]. These results show that the polymer
VS can be used in applications that require mechanically-strong polymers.
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Figure 6. Comparison of Young’s modulus (a), elongation at break (b), and compression modulus
(c) of the polymer VS and the polymers of AESO [33], AESO and VDM [40], VDM and THIOL [15,39].
The molar ratio of the monomers is presented in parentheses.

3.6. SLA 3D Printing

The composed resin VS was successfully applied in the SLA 3D printing technology.
Complex shape structures were printed with high accuracy and a smooth surface finish,
confirming the suitability of this biobased resin for the SLA 3D printing technology. The
images of the 3D printed ‘Ameralabs Town’ are presented in Figure 7.

(b)

Figure 7. Images of SLA 3D printed polymer structures. The front side is on the left (a), and the back
side is on the right (b).

The main limitation of the application of the VS resin in SLA 3D printing was the high
viscosity, which resulted in a relatively slow 3D printing process at room temperature due
to the necessary long wait period to recoat a new layer [41]. However, a high viscosity
of the photocurable resin is preferred in laser direct writing technology, as it limits the
mobility of oxygen and radicals that terminate the propagation, resulting in a decrease in
polymerization thresholds and an increased dynamic range (difference between polymer-
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ization and optical damage thresholds) [42]. Moreover, the results of the 2-BIT experiment
showed that high viscosity can be overcome by using a 3D printer with a heating function,
as increasing the temperature also increases the rate of photopolymerization.

3.7. Determination of the Polymerization Threshold Using the 2-BIT Method

The results of the 2-BIT experiment are provided in Figure 8. The normalized power of
beam 2 vs the normalized power of beam 1 is depicted. Normally, it is expected that, when
decreasing the power of beam 2, beam 1 should be proportionally increased to observe
the polymerized features. Eventually, when beam 2 is close to the value of 0, beam 1
should reach the value of 1, which is determined as the polymerization threshold when
a single beam was used. In this study, this value was Pggi = 6.4 mW for beam 1 and
Pgingle = 6.6 mW for beam 2. This did not allow for direct assessment of 14 in the used
photocurable resin but provided some interesting and useful data while varying sample
preheating conditions.
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Figure 8. 2-BIT data for the polymer VS prepared at room temperature.

In this case, the power of beam 1 converged to 0.8 when beam 2 was close to 0. During
the duration of the experiment of approximately 1 h, a noticeable decrease of 33% was
determined when I’s,»,,g,t was reduced from 6.4-6.6 mW to 4.3-4.4 mW. This prohibits the
determination of effective order or nonlinearity due to the variable photopolymerization
threshold, which might be attributed to thermal effects under ambient conditions. To
confirm that the threshold was changing specifically due to thermal effects (Brownian
motion of molecules that increase photopolymerization efficiency), the resin was placed on
the hot plate for 2 h at 65 °C. In this case, Pg;,g/ was recorded to be 0.8 mW and 2.8 mW
for beam 1 and beam 2, respectively, resulting in a decrease which was significant more
than 50% in used laser power. This is an important material feature for reducing the
required laser energy consumption in the industrial applications context. A liquid form of
the TPO (TPO-L) photoinitiator was used in the resist composed of tris (2-hydroxy ethyl)
isocyanurate triacrylate and dipentaerythritol pentaacrylate for the 2-BIT experiment by the
authors of reference [24]. The resist was excited with a laser generating 800 nm wavelengths
and 1,5 was determined to be equal to 2, resulting in the absorption of two photons at
400 nm. As both TPO and TPO-L have identical absorption spectra, a similar result was
expected in this work.
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4. Conclusions

A novel stable high biorenewable carbon content photopolymerizable resin was de-
veloped from acrylated epoxidized soybean oil, vanillin dimethacrylate, and pentaerythri-
tol tetrakis(3-mercaptopropionate)-based polymer and was successfully applied in SLA
3D printing technology. The calculated biorenewable carbon content of the synthesized
polymer was 76.45%. The resin demonstrated rapid photocuring without an induction
period and reached a rigidity of 317.66 MPa, which was more than 20 times higher than
that of the other vanillin-based polymers. The polymer with a high crosslinking density
(127,825 + 206 mol/m?) showed excellent mechanical properties (Young’s modulus was
4753 MPa and the compression modulus was 1634 MPa) and great thermal stability (the
temperature of 10% weight loss was 373 °C). The developed stable dual-cure photopoly-
merizable system is suitable for light-based 3D structuring of objects with complex shapes.
Based on the 2-BIT experiment, it was determined that the polymerization threshold of
the investigated polymer can be controlled by sample temperature and was reduced to
the lower values by a f mW (x50% of the total laser power > 6 mW needed to induce
photocuring). This is a great advantage, as it opens up the employment of dual-cure resins
for low-power laser systems in LDW, making the footprint of the workstations cheaper,
faster, and more reliable.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14245361/s1, Figure S1: FT-IR spectra of AESO, PETMP,
VDM, and the polymer VS; Figure S2: Thermogravimetric curve (a) and DMTA thermogram (b) of the
polymer VS; Figure S3: Tensile stress-strain curves of cross-linked polymer (samples 1-5). Table S1:
Mechanical characteristics of the cross-linked polymers [15,25,30,31].
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1 | INTRODUCTION
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Abstract

Considering the current efforts for to develop new antimicrobial polymers
from renewable resources suitable for application in environmentally friendly
light-based technologies, novel dual-cured photopolymers of vanillin alcohol
diglycidyl ether and glycerol dimethacrylate are developed. The kinetics of the
sequential and simultaneous dual-curing processes, combining free radical and
cationic photopolymerizations, is investigated by real-time photorheometry.
Comparison of dual-curing systems with different ratios of biobased epoxy and
acrylate monomers revealed that the increase in the acrylate content increases
the photocuring rate and improves the mechanical performance (Young's mod-
ulus increases from 76.64 to 190.71 MPa) and thermal stability (the 10% weight
loss increases from 227 to 274°C) of the polymers, while the increase in the
vanillin epoxy content results in better antimicrobial activity. Developed pho-
topolymers create unfavorable conditions for the growth of microorganisms
and reduce their population by up to 0% in 24 h. The excellent antibacterial
and antifungal activity of new photopolymers allows them to be considered as
biobased alternatives to petroleum-based antimicrobial coatings, films, or opti-
cal 3D printed objects.

KEYWORDS

hi h

1 activity, biobased, dual-curing, ly

ization, vanillin

reduces the need for disinfectants in homes and public
places.” In addition to natural antimicrobial polymers,
such as chitosan, the most commonly used methods to

Microbes are part of our daily life, they grow in our sur-
roundings and can cause microbial infections to humans,
animals, and plants, the spoilage of food and textiles."
Microbial infections are the major issue in the environ-
ment of medicine and food storage. Therefore, antimicro-
bial polymers are receiving great attention as they can
prevent infections during surgeries, protect food from
spoiling quickly and reduce the spreading of dangerous
microorganisms. The use of antimicrobial coatings also

impart antimicrobial properties to polymeric materials
are chemical modification of polymers or incorporation
of inorganic particles into the polymer network.> Antimi-
crobial composites are mostly created by combining syn-
thetic polymers with antimicrobial properties and natural
polymers,* for example, polyurethanes with zinc oxide
nanoparticles were used to create composite films with
antibacterial  properties,”  zwitterionic  copolymers
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synthesized with 3-dimethyl (methacyloyloxyethyl)
ammonium propane sulfonate and acrylic acid also dem-
onstrated antimicrobial properties. However, antimicro-
bial polymers or composites are usually obtained by
thermal polymerization.® An environmentally friendly
photopolymerization method has been used very rarely
to obtain antimicrobial polymeric materials.” Among
them, only in a few cases biobased monomers were used
for the synthesis of antimicrobial photopolymers.®

Dual cure is a process defined as a combination of
two curing reactions taking place simultaneously or
sequentially” that result in interpenetrating polymer net-
works or semiinterpenetrating polymer networks.'® Dual
curing allows the creation of polymers with unique prop-
erties, such as high mechanical strength and thermal sta-
bility."! Both curing reactions can be of the same type
(e.g., thermal curing at two different temperatures or
photocuring at different wavelengths) or of a different
type (e.g., photocuring and thermal curing).'”> Dual-
curing process is a fairly new tool to synthesize polymers
with high mechanical strength and thermal stability,
which could not be obtained using other polymerization
reactions.”* UV/UV photocuring has been used success-
fully in the production of adhesives, and only a small res-
idue of monomers remained in the samples after the
second curing, suggesting that they had completely hard-
ened."* UV/UV photocuring has also been used in the
creation of pressure-sensitive acrylic adhesives.'> How-
ever, this method has not yet been used in biobased
epoxy systems.

Photo-photo dual-curing has a huge advantage over
photo-thermal dual-curing as it does not require two sep-
arate devices, a UV chamber with controlled wavelength
or light filters can be used for this process.'® Further-
more, this process can be carried out at room tempera-
ture or lower temperatures, which simplifies the
requirements for polymer production. Another advantage
of photo-photo dual cure is the reaction rate; photopoly-
merization starts rapidly after irradiation and takes only
seconds or minutes until the polymer is fully cured.'”
Therefore, it is not necessary to keep samples in the
chamber for hours or days, as in the case of thermal poly-
merization.'® Moreover, it is an easily controlled process,
as it only starts in irradiated areas.'® This allows the use
of photo-photo dual-curing compositions as resins for
optical 3D printing,® which is a much more accurate
technique than thermal 3D printing.®' Due to the advan-
tages mentioned above, a photo-photo dual-curing pro-
cess was chosen for this study.

In this work, new antimicrobial photopolymers have
been developed, creating unfavorable conditions for the
growth of microorganisms and reducing their population
by up to 0% in 24 h. These polymers have great potential

in the medical field as coatings or for the production of
medical devices and instruments that can stop the growth
of disease causing microorganisms.** Optical 3D printing
can be used to rapidly produce complex and precise
shaped components and devices from the developed poly-
mers.>*** Moreover, these polymers can also help solve
environmental problems, as they are synthesized from
biobased monomers by an environmentally friendly
photocuring process.

2 | EXPERIMENTAL

2.1 | Materials

Vanillin alcohol diglycidyl ether (VDGE, Specific Poly-
mers), glycerol dimethacrylate mixture of isomers
(GDMK, ALFA Chemistry), triarylsulfonium hexafluoro-
phosphate salt mixture (TASHFF), and phenylbis
(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO) (both
Merck) (Figure 1), dichloromethane (DCM, Eurochemi-
cals), chitosan and hydroxyethyl starch (both Merck)
were used as received.

2.2 | Preparation of photopolymer
samples

The initial mixtures containing 1 or 0.5 mol of VDGE,
1 or 0.5 mol of glycerol dimethacrylate (GDMK), 3 mol%
of TASHFF (calculated from the molar amount of VDGE)
and 3 mol% of BAPO (calculated from the molar amount
of GDMK) were stirred with a magnetic stirrer at room
temperature (25°C) for 5 min. VDGE was dissolved in a
small amount of DCM before mixing with other resin
components (0.1 g of DCM for 1 g of VDGE). The homo-
geneous resins were then poured into Teflon molds of
different dimensions for different tests and cured for
2-4 min (until the samples have hardened) under a
UV/Vis lamp (Helios Italquartz, model GR.E 500 W,
Milan, Italy) with an intensity of 310 mW/cm?. All molds
have the ability to change their depth to prepare speci-
mens of desired thickness as different thicknesses of the
specimens are needed for different experiments. The
composition of the resins is presented in Table 1.

2.3 | Real-time photorheometry

The UV/Vis cure tests of the resins (Table 1) were
performed on an MCR302 rheometer (Anton Paar, Graz,
Austria) equipped with the plate/plate measuring system.
The Peltier-controlled temperature chamber with the

0 P UL 3 295 “(20/11/01) 80 KIe1QrT O LA “SBloupa JO KSR seuney JO K1 4 65755 ddeT001 01/10p o Aoftas CresqqauiTed A woL} pPeCfunoq ‘0 SIIHLET

5t om0 2ue1) Hqesr|dde St Aq PILEACE S S VO 1351 Jo S 10j Azeiqr



MOTIEKAITYTE ET AL

Applied Polymer_wiLEy_L o=

SCIENCE

&
OO~

|

N

Jeasase

GDMK

o}

.

TASHFF
FIGURE 1 Chemical structure of vanillin alcohol diglycidyl ether, n = 0.0-0.2 (VDGE), glycerol dimethacrylate mixture of isomers
(GDMK), triar ium h hate salts (TASHFF), and phenylbis (2,4,6-trimethylt ) phosphine oxide (BAPO).
TABLE 1 Composition of resins
A t of A of Amount of Amount of Amount of

Resin VDGE, mol GDMK, mol TASHFF, mol% BAPO, mol% DCM, mol

C1 1 0.5 3 3 0.4

C2 1 1 3 B 0.4

C3 0.5 1 3 3 0.2

VDGE 1 0 3 0 04

GDMK 0 1 0 3 0

glass plate (diameter 38 mm) and the PP15 top plate
(diameter 15 mm) was used. The measurement gap was
set to 0.1 mm and the samples were irradiated with
UV/Vis light in a wavelength range of 250-450 nm
through the glass plate using the OmniCure S2000 UV/Vis
spot curing system (Lumen Dynamics Group Inc., Missis-
sauga, ON, Canada). The light filter, which only allows for
the transmission of light 400-450 nm to the sample, was
used to manipulate the initiation of photocuring. Two dif-
ferent curing routes, sequential and simultaneous, were
used. At the first stage of the sequential route, the samples
were irradiated by UV/Vis light in a wavelength range of
400-450 nm for 240 s using a light filter, and at the second
step the filter was removed, and they were irradiated by
UV/Vis light in a wavelength range of 250-450 nm for

760 s. During the simultaneous route, the samples
were irradiated by UV/Vis light in a wavelength range of
250-450 nm for 1000 s. The temperature was 25°C. In all
cases, the shear mode was used with a frequency of 10 Hz
and a shear strain of 0.1%. The storage modulus (G'), the
loss modulus (G”), and the complex viscosity (7*) were
recorded as a function of the irradiation time. The gel
point (tye;) Was calculated as an intersection point of the G’
and G” curves. The induction period was measured as the
onset of the increase in G'. The shrinkage was calculated
from the reduction of the height of the sample during the
photocuring process. The normal force was set to 0 N dur-
ing the measurement of the sample shrinkage. Five mea-
surements of each resin were used to obtain the mean
value and standard deviation.
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2.4 | Characterization techniques

Fourier transformation infrared (FT-IR) spectra were
recorded using a Spectrum BX II FT-IR spectrometer (Perkin
Elmer, Llantrisant, UK). Reflection was measured during the
test. The range of wavenumbers was 500-4000 cm .

The Soxhlet extraction was used to determine the
yield of the insoluble fraction. 0.4 g polymer samples
were extracted with acetone for 24 h. After 24 h, the
insoluble fractions were dried under vacuum until no
weight changes were observed. The yield of the insoluble
fraction was calculated as the difference between weight
before and after extraction and drying.

The swelling value of the crosslinked polymer samples
was obtained by measuring the volume of the samples swol-
len in acetone and toluene at room temperature (25°C). The
initial volume of the polymer specimen was measured
before placing it into the measuring container, which was
connected with the graduated tube used to indicate the
reduction of the solvent. The experiment was carried out in
the hermetic container to avoid the risk of solvent evapora-
tion. The change in solvent volume was measured every
5 min until no change was obtained. The swelling value was
calculated according to the following equation:

V-V,

a Vo

-100, 1)

where « is a swelling value (%); V is a volume of swollen
sample (ml); V;, is an initial volume of sample (ml).

Thermogravimetrical analysis (TGA) was performed
on a TGA 4000 apparatus (Perkin Elmer, Llantrisant,
UK). A heating rate of 20°C/min was chosen in a nitro-
gen atmosphere (100 ml/min). The temperature range of
(10-800)°C was used. Aluminium oxide pans were used.

Dynamical mechanical thermal analysis (DMTA) was
performed on an MCR302 rheometer (Anton Paar, Graz,
Austria) equipped with the plate/plate measuring system.
The Peltier-controlled temperature chamber with the metal
plate (diameter 38 mm) and the PP08 top plate (diameter
8 mm) was used. The temperature was increased from 0 to
120°C. The normal force was set at 5 N during the mea-
surement. In all cases, the shear mode was used with a fre-
quency of 10 Hz and a shear strain of 0.1%. The storage
modulus (G'), the loss modulus (G”), and the loss factor
(tand) were recorded as a function of temperature.

The mechanical properties of the polymers were deter-
mined by tensile, compression, and bending tests. The ten-
sile test was performed on a Testometric M500-50CT testing
machine (Testometric Co Ltd, Rochdale, UK) with flat-face
grips at room temperature (25°C). A rectangular mold with
internal dimensions of 50 (+0.00) x 5.00 (+0.00) mm and
depth set to 1 mm was used for the tension test specimens

(UV curing time 2 min). The dimensions of the test speci-
mens were 50 (+£0.00) x 5.00 (+0.00) x 1 (+0.15) mm
(Figure 2a). The gap between the grips was set to 20 mm
and the test was performed at a speed of 5 mm/min until
the specimen broke. Young's modulus, tensile strength, and
elongation at break were determined.

The compression test was performed on a Testometric
M500-50CT testing machine (Testometric Co Ltd, Roch-
dale, UK) with HDGG100 grips at room temperature
(25°C). The cylindrical mold with internal diameter of
30 mm and depth set to 3 mm was used for preparation
of round tablets (UV curing time 4 min). The dimensions
of the round tablets used for the test were 30 (+£0.00) x 3
(+0.30) mm (Figure 2b). The test was carried out at a
speed of 5 mm/min until the sample broke. The compres-
sion modulus and the force needed to break the specimen
during compression were determined.

The bending test was performed on an RSA-G2 Solids
Analyzer (TA Instruments, New Castle, Delaware, USA). A
rectangular mold with internal dimensions of
40 (+0.00) x 5.00 (+0.00) mm and depth set to 1.7 mm
was used for the tension test specimens (UV curing time
3 min). The size of the samples was 1.7 (+0.1) x 5.00
(£0.00) x 40.00 (0.00) mm (Figure 2c). The test was car-
ried out at 20°C. The bending speed was 0.1 mm/s. Three-
point contact bending geometry with a 25 mm gap between
end contacts was used. The specimen bend force of 30%
and the bending modulus were determined. The bending
modulus was calculated using the following equation:

3-F-L

5= 5
2.w-d?

(&)

where § is the bending modulus (Pa); F is the maximum
force applied to the sample (N); L is the length of the
sample (m); w is the width of the sample (m); and d is
the thickness of the sample (m).**

The crosslinking density was calculated by the theory
of rubber elasticity using the following equation:

G'=v-R-T, 3)

where G’ is the steady-state value of the storage modulus
taken from the photorheometry measurement curve after
1000 s (Pa); v is a crosslinking density (mol/m>); R is the
universal gas constant (8.314 J/mol-K); T is the tempera-
ture (K).%°

2.5 | Antimicrobial test

The study of the antimicrobial (antibacterial and antifun-
gal) activity of polymers was carried out using two strains
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FIGURE 2
wileyonlinelibrary.com]

of bacteria, Gram-negative bacterium Escherichia coli
ATCC 25922 (E. coli) and Gram-positive bacteria Staphy-
lococcus aureus ATCC 29213 (S. aureus), and two fungal
strains, Aspergillus niger 0999-14 (A. niger) and Aspergil-
lus flavus 1087-03 (A. flavus). Microorganism suspensions
were prepared from fully mature cultures. The concentra-
tion of suspensions was determined by measuring the
optical density with a spectrophotometer (Evolution 60 S,
Thermo Fisher Scientific, Waltham, MA, USA) and then
corrected by plating on nutrient medium. The final inoc-
ulum concentrations were 222 x 10° for E. coli,
1.95 x 10° for S. aureus, 6.85 x 10° for A. niger and
470 x 10° colony forming units/ml (CFU/ml) for
A. flavus. The test films (10 x 10 mm) were placed in
empty Petri dishes. Then 10 pl of the bacterial or fungal
suspension was applied to its surface. For comparison,
chitosan and hydroxyethyl starch films were infected in
the same manner. Plates with infected films were incu-
bated for 24 h in a humid chamber (90% relative humid-
ity) at 37°C for those infected with bacteria and at 26°C
for those infected with the fungi. After 2, 6, and 24 h of
incubation, 2 ml of saline was applied to each film to
remove the spores. The resulting suspensions were
seeded in nutrient medium (bacteria on Mueller Hinton
Agar [Liofilmchem, Italy] and microscopic fungi on Malt
Extract Agar [Liofilmchem, Italy]) and incubated at 37°C
with bacteria and at 26°C with fungi. After 1-2 days of
incubation, the grown bacterial colonies were counted,
and after 5-6 days, the fungal colonies were counted and
the percent and logarithmic reduction of the spores was
calculated. The percentage reduction was calculated
according to the formula: (a—b)/a x 100% and the lg
reduction of the viable spores was calculated according to
the formula: 1g(a) - 1g(b), where a is the concentration of
colonies-forming units (CFU/ml) in inoculum suspen-
sion; b is the mean viable spores (CFU/ml) in samples
from experiments in triplicate after incubation.

2.6 | Statistical analysis

The data collected were statistically analyzed using
ANOVA for the Microsoft Excel programme. All experi-
ments were carried out three times and the results were

Specimens used for tension (a), compression (b), and bending (c) tests. [Color figure can be viewed at

assumed as the average values + standard deviation. The
estimated p-value was below 0.05 within the groups.

3 | RESULTS AND DISCUSSION

3.1 | Photocuring kinetics

The photocuring of VDGE and glycerol dimethacrylate
(GDMK) based resins was studied by real-time photo-
rheometry. The amounts of VDGE and GDMK in the
resins were changed to manipulate the ratio of the two
interpenetrating networks. A light filter, narrowing the
wavelength to 400-450 nm, was used to manipulate
the initiation of photocuring in sequential dual-curing, as
the radical photoinitiator BAPO absorbs light up to
435 nm,”” while TASHFF absorbs it only up to 350 nm.**
In this work, two different types of polymerization were
combined, free-radical and cationic.>*

It has been determined that the ratio of monomers in
the resin has a huge influence on the reaction speed and
rigidity of the polymers. Real-time photorheometry data
for all resins are summarized in Table 2. The dependence
of the storage modulus G’ on the irradiation time of all
resins, prepared sequentially, is presented in Figure 3.
The increase in GDMK content in the resin led to a faster
photocuring process and a higher rigidity of the resulting
polymers. As a result of a higher amount of GDMK in
the resin, the gel point was reduced from 15.5 to 12.5 s
and the rigidity increased from 22.63 to 25.56 MPa.
Resins with higher amounts of GDMK produce more
reactive radicals that compete with each other in the
photopolymerization initiation step by reacting with the
double bond of the unsaturated monomer® and that
leads to a higher reaction speed. The increase in GDMK
also increased the shrinkage of polymers, as it is well
known that acrylates shrink more than epoxides during
the polymerization process.*> As expected, the highest
difference in the rigidity of the polymer after the first and
second curing stages was demonstrated by the resin C1*,
which was prepared with the highest amount of VDGE.
The rigidity of this resin increased almost twice from
11.50 to 22.63 MPa. The shrinkage of resins C1*-C3* also
increased after the second stage of photocuring, although
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TABLE 2 Rheological characteristics of resins
Storag dul Loss modul Complex vi ity7,  Gel point Induction Shrinkage,
Resin G',MPa G, MPa mPa, s tge, S period, s %
Sequential process (400-450 nm for 240 s and 250-450 nm for 760 s)
Cc1* 22,63 +0.13 12.17 + 0.61 360.47 + 18.02 155+ 0.24 7.6 +£0.24 8.5+043
c2* 24.55 +0.23 215+ 0.11 393.31 + 19.67 15.0 + 0.36 9.6 + 0.36 9.5+ 048
C3* 25.56 + 0.28 1.8 +0.09 407.8 + 20.39 125+ 0.19 9.6 £ 0.19 12.7 £ 0.64
VDGE* 7.48 £ 0.28 0.079 % 0.08 118.4 + 8.07 300 £ 0.65 275 £ 0.65 28+0.13
GDMK*  50.50 + 0.93 16.99 + 0.78 827.39 + 37.6 8.8 + 048 7.0 + 0.48 12.4 +0.50
Simultaneous process (250-450 nm for 1000 s)
C1 17.97 + 0.90 1.15 + 0.06 291.9 + 14.60 125+ 0.24 9.6 + 0.24 7.5+0.38
C2 28.23 + 0.41 25+0.13 451.09 + 22.55 12.0 £ 0.36 9.6 + 0.36 122 +£0.61
Cc3 27.51 + 0.38 3.0+ 015 440.65 + 22.03 12.5 + 0.24 9.6 + 0.24 10.0 + 0.50
VDGE 7.59 £ 0.38 0.081 + 0.01 121.6 + 6.08 64.0 + 0.60 36.0 + 0.60 3.0+0.15
GDMK 50.56 + 2.52 17.12 + 0.86 839.38 + 41.97 9.2 +0.27 7.2+ 0.27 13.0 + 0.65
610 i _ee--- = R . 5x10 =cl
” c2* M —c2
[ p c3 & —c3
6 4x10' GDMK* ® 4x10 ———VDGE
] -~~~ VDGE* ] —— GDMK
S ax10'4 3 310’1
g g
3 ’
H n— ;.'.2*10 ] 7——"
s 7 3 1x10']
» 1x10°4 / Z
° ol 0 v . . . Z ,
0 100 200 300 400 500 900 1000 off 008 2200 T30 <400~ 3900: 1000

UVVis irradiation onset Time, s
FIGURE 3 Dependence of the storage modulus G’ of the resins
on the irradiation time (sequential photocuring). Solid line—
Wavelength range of 400-450 nm, split line—wavelength range of
250-450 nm. [Color figure can be viewed at
wileyonlinelibrary.com]

the difference was in the range of 1%-1.5% for all resins.
The induction period of all resins C1*-C3* was very simi-
lar (7.6-9.6 s), indicating a much lower onset of resin
cure compared with VDGE (275s) and only slightly
higher than that of GDMK (7.0 s). The reason for this is
the difference between processes, since free-radical
photopolymerization is much faster than cationic
photopolymerization.**

The influence of the resin composition on the photo-
curing kinetics was also investigated during the simulta-
neous process (Figure 4). In this process, samples were
irradiated by UV/Vis light in a wavelength range of
250-450 nm for 1000 s. In this case, no control over the
initiation was applied, allowing the initiation of both
free-radical and cationic photopolymerizations. During

UV/Vis irradiation onset Time, s

FIGURE 4 Dependence of the storage modulus G’ of the resins
on the irradiation time (simultaneous photocuring). [Color figure
can be viewed at wileyonlinelibrary.com]

this process, the induction period of the C1-C3 resins
was the same (9.6 s) and was intermediate between the
VDGE (36.0 s) and GDMK (7.2 s) resins. The gel point of
the C1-C3 resins was also very similar and was in the
range of 12.0-12.5 s. The main difference between poly-
mers C1-C3 was rigidity, indicated by storage modulus.
The highest rigidity was shown by polymer C2, although
it was very similar to that of polymer C3. The lowest
rigidity was demonstrated by polymer C1 with the high-
est amount of VDGE.

The results of the simultaneous process were com-
pared with those of the sequential process. A similar
trend was observed in the rigidity, gel point, and shrink-
age of the polymers; however, the rigidity of polymer C1
was lower during the simultaneous process. The reason
could be the higher amount of solvent DCM in this resin
compared with C2 and C3 resins. DCM acts as a chain
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transfer agent that slows the photocuring process.** In all
cases, slightly more rigid polymers were obtained when
photocuring was performed simultaneously. The reason
might be spatial hindrances of the dense network struc-
ture, which occur in both simultaneous and sequential
processes. The growing polymer chains cannot pass
through each other during the photopolymerization pro-
cess and become separated, resulting in a less crosslinked
and thus less rigid polymer.’®> However, during the
sequential process, only free-radical photopolymerization
is activated in the first part of the process, creating a
GDMK-based polymer network that acts as spatial hin-
drances and VDGE-based polymer chains that cannot
pass through that network during the second stage of
photocuring. As a result, less rigid polymers were formed
during the sequential process. The only exception was
polymers C1 and C1*. In this case, the more rigid poly-
mer was C1*, prepared by a sequential dual-curing pro-
cess. This resin has the lowest amount of GDMK
compared with other resins. Because of that, the GDMK-
based polymer network, formed during the first stage of
photocuring, is not dense enough to form spatial hin-
drances; moreover, there are many VDGE monomer mol-
ecules, mixed around the GDMK-based polymer
network. These VDGE monomers can form their own
polymer network more easily in this case. As a result,
two interpenetrating polymer networks are formed dur-
ing the sequential process and the polymer C1* obtained
is more rigid than C1. This leads to the conclusion that
the most often simultaneous process results in more rigid
polymers with a similar reaction rate, allowing this pro-
cess to be chosen for further investigation of the designed
polymers.

3.2 | Characterization of
photocrosslinked polymer structure

The chemical structure of photocrosslinked polymers
was confirmed by FT-IR spectroscopy. The signals of
the C=C group which were present at 1637 cm™' and
the signals of the C=0 group which were present at
1720 cm ' in the FT-IR spectra of GDMK were reduced
in their polymer spectra. The signals of epoxy group
that were present at 796, 908, and 1264 cm ™' in the
spectra of VDGE were also reduced in the polymer
spectra. The other characteristic group signals were also
visible in the spectra: OH at 3384-3474 cm ™', C—O0—C
at 1129-1151 cm !, CH? at 685-755cm™’, aromatic
C—H at 3001-3106 cm ™, and aliphatic C—H at 2929-
2957 cm ™', As an example, the FT-IR spectra of VDGE,
GDMK and the crosslinked polymer C1 are presented
in Figure 5.

Applied Polymer_wiLEy_L 7=
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FIGURE 5 FT-IR spectra of VDGE, GDMK, and the

crosslinked polymer C1. [Color figure can be viewed at
wileyonlinelibrary.com]

The Soxhlet extraction was performed to confirm the
crosslinked structure of the polymers. The yield of the
insoluble fraction of the polymers was in the range of
34%-60% (Table 3). The low value of the yield of the
insoluble fraction is due to a large amount of soluble lin-
ear or branched polymer fragments. These fragments
were formed due to spatial hindrances, the inability of
chains to pass through each other during the photopoly-
merization process.*> The highest amount of insoluble
fraction was in the C3 polymer, which was prepared with
the highest amount of GDMK. When a higher amount of
GDMK was used in the resin, a denser polymer network
was formed, and a lower amount of linear and branched
polymer fragments were obtained. Acrylates polymerize
faster than epoxides and form a polymer network inside
the resin, leading to spatial hindrances and a large
amount of linear polymer fragments. The amount of
these fragments increases with increasing VDGE content,
which is slower to polymerize and cannot pass through
GDMK chains.* These results are correlated with the
crosslinking density and the swelling value of the poly-
mers (Table 3).

Two different solvents, acetone and toluene, were
used to investigate the swelling of the polymers. The
swelling values of the polymers are presented in Figure 6.
In all cases, the polymers were more swollen when the
yield of the insoluble fraction and the crosslinking den-
sity were lower. The higher swelling values showed that
longer chains were formed between the crosslinking
points in the polymer structure when the higher amount
of VDGE was used.*® VDGE is a longer molecule com-
pared with GDMK and leads to the formation of longer
chains in the polymer structure.”’” Swelling in acetone
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TABLE3 Ct istics of simul ly linked pol c1-c3
Yield of the insoluble Swelling value Swelling value Crosslinking
Polymer fraction, % in acetone, % in toluene, % density, mol/m*
Cl 34+15 330 £ 12 360 + 14 7503 + 243
c2 51+20 280 + 10 300 + 12 11,089 + 395
C3 60 +2.5 2306 240+ 6 11,487 + 427
(a) 3507 (b) 400+
3004 350
R
¢ 250- i_ 300+
3 =
S 200 s 200
= ~ 2 200
= 150 PR
] 3 g s
& ] —
100 a 100
50 50
0 04 T T T T T T
20 40 60 80 100 120 0 20 40 60 80 100 120
Time, min Time, min
FIGURE 6 Dependence of the swelling values of vanillin-based polymers C1-C3 on the duration of swelling in acetone (a) and toluene

(b). [Color figure can be viewed at wileyonlinelibrary.com]

(a) (b) 400- FIGURE 7 DMTA
g; thermograms (a) and
—cC3 80 thermogravimetric curves (b) of
crosslinked polymers C1-C3. [Color
& < 60 c1 figure can be viewed at
- g -_—C2 wileyonlinelibrary.com]
L) 2 R
g 40 c3
20
T T T T T 1 0
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Temperature, °C

began rapidly for polymer C1 with the lowest crosslink-
ing density. The swelling became slower with increasing
crosslinking density, since polymer C3, which crosslink-
ing density is the highest, started to swell only after
20 min in acetone. The reason for this is polymer struc-
ture, a higher crosslinking density showing that polymer
has a more dense inner structure, which makes it harder
for solvent molecules to penetrate into polymer. The
same tendency was observed in the other solvent, tolu-
ene. However, polymers started to swell twice faster in
toluene than in acetone. The swelling of all polymers
was slightly greater in the nonpolar solvent toluene
compared with that in the polar solvent acetone,
although they were still quite similar for the same poly-
mer samples.

Temperature, °C

3.3 | Thermal properties

DMTA was used to determine the glass transition tem-
perature of the polymers. The DMTA curves of the cross-
linked polymers are presented in Figure 7a. The glass
transition temperature of all synthesized polymers was in
the range of 41-57°C. The highest glass transition tem-
perature value was shown by polymer C1 with the high-
est amount of VDGE (57°C). When the amount of
GDMK was increased, lower values of the glass transition
temperature were obtained for polymers C2 (51°C) and
C3 (41°C). TGA was used to determine the thermal sta-
bility of polymers. Thermogravimetric curves of the cross-
linked polymers are presented in Figure 7b. The
temperature of 10% weight 10oss (Tgec.—10%) Of all
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FIGURE 8
[Color figure can be viewed at wileyonlinelibrary.com]

o

Photos of polymer specimens before mechanical testing and after it: (a) compression test, (b) bending test, (c) tensile test.

TABLE 4 Mechanical characteristics of simul ly linked pol C1-C3

Polymer C1 C2 c3

Elongation at break, % 475 +1,02 3.95+0.12 3.41 +0.07
Young's modulus, MPa 76.64 + 1524 108.45 + 14.34 190.71 + 14.39
Tensile strength, MPa 15.56 + 0.41 17.58 + 2.92 21.74 + 4.22
Bending modulus, MPa 15.78 + 0.92 18.49 + 0.87 27.36 + 1.32
Specimen bend force of 30%, N 0.112 + 0.05 0.167 £ 0.10 0.187 £ 0.05
The force needed to break the specimen during 330+ 0.01 820 + 0.06 860 + 0.07

compression, kN
Compression modulus, kPa 6.78 + 1.63 1223 +£2.29 38.78 + 1.96

synthesized polymers was in the range of 227-274°C. The
higher decomposition temperatures were shown by the
polymers with the higher yield of insoluble fraction and
crosslinking density.® Polymer C3 41 (Tgec 106 =
274°C), prepared with the highest amount of GDMK, was
more thermally stable than polymers C1 57 (Tgec. 104 =
227°C) and C2 52 (Tyec.— 104 = 244°C). The temperature
of 10% weight loss of these polymers is similar to vanillin
acrylate and GDMK based polymers, used for additive
manufacturing (Tgec. 106 = 250-280°C).*

3.4 | Mechanical characteristics

Tensile, compression, and bending tests were performed to
determine the mechanical characteristics of the photocros-
slinked polymers. The photos of the polymer samples
before and after the experiments are presented in Figure 8.
The results are presented in Table 4. Young's modulus and
tensile strength values were determined to increase with
increasing GDMK content in the polymer specimen. The
same tendency was visible in the bending and compres-
sion tests. The compression modulus, the force needed to
break the sample during compression, the bending modu-
lus, and the specimen bend force of 30% increased with
increasing amount of GDMK. These results are correlated
with the yield of the insoluble fraction because polymers
with  higher yield and crosslinking density are

mechanically stronger.*’ The bending modulus shows that
polymer C3, which has a higher amount of GDMK, is
more resistant to bending than polymers C1 and C2. These
results show that polymers with higher amounts of VDGE
are more flexible compared with polymers with higher
amounts of GDMK. The reason for this is the structure of
VDGE, as it is a longer molecule compared with GDMK,
leading to the formation of longer chains in the polymer
structure, as mentioned earlier.>

3.5 | Antimicrobial activity of polymers
The antibacterial and antifungal activity of the polymer
films was investigated during direct contact of the bacte-
rial or fungal suspension with the samples by calculating
the log reduction and the percent reduction of viable
microbial spores. Two reference polymer films of chito-
san, which is a well-known antibacterial polymer, and
hydroxyethyl starch, which does not possess such activ-
ity, were used. The results are presented in
Tables 5 and 6.

After 2h of exposure, the viability of E. coli was
reduced to 98.6%, while the viability of St. aureus was
reduced to 74.6% by polymer films (Figure 9). Gram-
positive St. aureus viability was significantly weaker than
that of Gram-negative E. coli, since St. aureus is more
resistant to antibiotics and other antibacterial agents and
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TABLE 5 Characteristics of antibacterial activity of polymer films
Escherichia coli Staphylococcus aureus
Lg reduction Percent reduction Lg reduction Percent reduction
Polymer film after 24 h after 24 h, % after 24 h after24 h, %
C1 5.35 +0.00 100 + 0.00 5.29 + 0.00 100 + 0.00
Cc2 5.35 + 0.00 100 + 0.00 5.29 + 0.00 100 + 0.00
C3 5.35 + 0.00 100 + 0.00 5.29 + 0.00 100 + 0.00
Chitosan 5.35 + 0.00 100 + 0.00 5.29 + 0.00 100 + 0.00
Hydroxyethyl starch 0.00 + 0.00 0.00 + 0.00 0.48 + 0.02 66.6 + 0.02
TABLE 6 Characteristics of antifungal activity of polymer films
Aspergillus flavus Aspergillus niger
Lg reduction Percent reduction Lg reduction Percent reduction
Polymer film after 24 h after24 h, % after 24 h after24 h, %
€1 3.37 £ 0.01 99.9 +0.01 6.84 + 0.00 100 + 0.00
c2 1.77 % 0.02 98.3 +0.02 6.84 + 0.00 100 + 0.00
C3 2.07 £+ 0.02 99.1 + 0.02 1.50 + 0.05 96.8 + 0.05
Chitosan 1.34 £+ 0.04 954 +0.04 2.38 + 0.02 99.6 + 0.02
Hydroxyethyl starch 1.89 + 0.02 98.7 + 0.02 2.02 £ 0.01 99.7 £ 0.01
@ 4004 & 2 3 (b) 1004 & % §
804 804
2 ®
£ god —=—C1 £ 604
< ——c2 2
3 ——cC3 2
E 404 ~=— Chitosan g 404 o)
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—+— Hydroxyethyl starch
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FIGURE 9

Reduction of E. coli (a) and S. aureus (b) cells during 24 h of contact time with films of vanillin-based polymers, chitosan,

and hydroxyethyl starch. [Color figure can be viewed at wileyonlinelibrary.com]

needs a longer contact time for the spores to lose viability
compared with E. coli.*' After 6 h of exposure, the viabil-
ity of the bacteria tested on the C1 and C2 films was
completely inhibited. Compared with chitosan films, a
longer exposure time was required for complete inhibi-
tion of bacterial viability on the tested films, as a 100%
reduction in bacteria cells was observed after 2 h of expo-
sure to chitosan. That confirms the fact that chitosan is a
well-known antimicrobial agent and has better antimi-
crobial properties compared with the investigated poly-
mers C1-C3. After 6 and 24 h of exposure, a reduction in

St. aureus cells was also observed on the hydroxyethyl
starch films, but was 2.9- and 1.5- times weaker, respec-
tively, than on the C1 and C2 films, as hydroxyethyl
starch does not have antimicrobial properties. Polymer
C1 was prepared with the highest amount of VDGE com-
pared with C2 and C3 polymers. That explains why poly-
mer C1 reached a 100% reduction the fastest.

After inoculation of test films with suspensions of
A. niger and A. flavus spores, the percentage reduction
was slightly reduced after 6 h of exposure compared with
2 h of exposure on some polymer films, which could be
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FIGURE 10 Reduction of A. flavus (a) and A. niger (b) cells during 24 h of contact time with speci of the poly , chi and

hydroxyethyl starch. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 11  Photos of the
resulting suspensions plated on
nutrient media after 24 h:

(a) Escherichia coli,

(b) Staphylococcus aureus,

(c) Aspergillus flavus, and

(d) Aspergillus niger; photos of
the microorganisms used for
specimen inoculation:

(e) Escherichia coli, (f)
Staphylococcus aureus,

(g) Aspergillus flavus, and

(h) Aspergillus niger. [Color
figure can be viewed at
wileyonlinelibrary.com]

explained by spore germination (formation of vegetative
cells from spores under favorable conditions) (Figure 10).
However, after 24 h, the viability of A. niger and A. flavus
decreased due to the unfavorable conditions for the
development of the fungus and the percent reduction
increased. The highest reduction of A. flavus spores after
24 h was obtained on the C1 polymer film (99.9%), while
the highest reduction of A. niger was obtained on the C1
and C2 polymer films (both 100%). The reason for this is
the large amount of VDGE, as it has been proven previ-
ously that polymers, prepared with vanillin and its deriv-
atives, have high antifungal activity.*> However, the
relatively high reduction rate (more than 90%) on the ref-
erence films has shown that the conditions for the
growth of the microscopic fungus were unfavorable on
both the vanillin-based and reference films.

The photos of the resulting suspensions plated on
nutrient media when cell reduction is in the range of
70%-100% with no visible bacteria or fungi are presented
in Figure 11a-d. The photos of the microorganisms used
for specimen inoculation, showing how the suspensions

would look like if polymer antimicrobial activity was 0%
are presented in Figure 11e-h.

4 | CONCLUSION

Novel antimicrobial biobased photopolymers have been
developed and investigated. A dual-curing process, com-
bining free radical and cationic photopolymerization,
was used for their synthesis. The simultaneous process
resulted in more rigid polymers with a similar reaction
rate. The increase in the acrylate content increased the
rate of photocuring, improved the mechanical properties
of the polymers, and improved their thermal stability.
However, the increase in vanillin epoxy content resulted
in higher antimicrobial activity. All vanillin-based poly-
mer films showed significant antibacterial activity against
E. coli and S. aureus (cell reduction reached 100% after
24 h for all polymers), which was similar to that of the
chitosan film. Vanillin-based polymer films also showed
antifungal activity against A. flavus (cell reduction
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reached 98.3%-99.9% after 24 h) and A. niger (cell reduc-
tion reached 96.8%-100% after 24 h). The photopolymers
developed have great potential as biobased alternatives to
petroleum-based photopolymers for optical 3D printing
or as antimicrobial films or coatings to prevent the spread
of infections. Considering the different characteristics, of
which the most important for successful optical 3D print-
ing are curing time and mechanical characteristics, the
resin C3 is the most promising for this application.
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10. APPENDIX

10.2. MB “AmeraLabs” Trial production act

C

AMERALABS
TRIAL PRODUCTION ACT

SLA 3D printing of vanillin dimethacrylate-based resin in the MB “AmeraLabs”
production line

In 2022 years, a novel vanillin dimethacrylate (VDM)-based resin has been applied in
stereolithography (SLA) 3D printing by the company “AmeraLabs”. The 3D printing
parameters have been validated, and the 3D polymeric objects have been SLA 3D printed
according to the standardized company procedure.

The VDM-based resin was composed of VDM, acrylated epoxidized soybean oil,
pentaerythritol tetrakis(3-mercaptopropionate), diphenyl(2,4,6-trimethylbenzoyl) phosphine
oxide and 2,5-bis(5-tert-butyl-2-benzoxazolyl)thiophene. VDM-based polymer was 3D printed
using a custom AmeraLabs SLA 3D printer equipped with an Acer H6518BD projector 400-
600 nm. The 3D printing parameters are presented in Table 1. After printing, the objects were
soaked in isopropanol for 15 min and postcured under LED light (2 = 400-405 nm, 50 W) for
2 h at room temperature.

Table 1. 3D printing parameters with custom 3D printer

Parameter Value
Building volume 134 x 75 x 130 mm
XY resolution 35 um
Layer thickness 50 pm
Exposure time 12s

3D printed objects are presented in Figures 1 and 2.

Figure 1. The front side (a) and back side (b) of SLA 3D printed objects of VDM-based
resin.



Figure 2. SLA 3D printed bone-shaped specimens of VDM-based resin.

Conclusions

Vanillin dimethacrylate-based resin has been applied in stereolithography (SLA) 3D
printing by the company “AmeraLabs”. 3D printed polymeric objects showed high printing

accuracy with smooth surface finishing.
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