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Abstract. Vitrimers have gained attention as materials with recyclability, self-healing, and shape memory properties. The
use of bio-based monomers for the synthesis of vitrimers is relevant because of the use of an environmentally friendly
strategy. In this work, resins based on 2-hydroxy-2-phenoxypropyl acrylate and acrylated epoxidized soybean oil were de-
signed and tested by real-time photorheometry, Fourier transform infrared spectroscopy (FT-IR), and mechanical testing to
determine suitability for digital light processing 3D printing. The synthesis of vitrimer that could have good thermal properties
and vitrimeric abilities, such as shape memory, self-healing, and recyclability properties, was investigated. Because of this,
the vitrimer could repair cracks and defects and could have a complex design of several parts, which also contributes to re-
cyclability and decreases costs. The rigidity and viscosity of the resins were reduced with an increasing amount of 2-hy-
droxy-2-phenoxypropyl acrylate-based monomer. The resin that has the highest amounts of hydroxyl and ester groups that
are beneficial for transesterification reactions was chosen for vitrimer synthesis in order to show vitrimeric abilities such as
self-healing, shape memory properties, reprocessability, and recyclability. The synthesized vitrimer was applied to digital
light processing 3D printing and showed shape memory with a recovery ratio of 100%, self-healing and reprocessability
with an efficiency of 47 and 31% and recyclability properties.
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1. Introduction features such as self-healing, weldability, malleabil-
The attention of polymeric materials researchers is  ity, recyclability, and shape memory properties for
turned towards non-recyclable and non-reshapable  polymeric materials [3]. The most recently studied
thermosets such as Bakelite as a challenge to devel-  vitrimers based on dynamic covalent bonds are
op cross-linked polymers that have controllable re-  epoxy-based, relying on reversible transesterification
processing due to dynamic covalent bonds that bridge  reactions [4]. A self-healing property allows repair
the gap between thermoplastics and thermosets [1].  of cracks and defects, as well as due to weldability,
Dynamic covalent bonds are bonds with advantages  polymeric materials can have complex design from
over common covalent bonds as they split into re-  several parts, which also contributes to recyclability
versible groups, which can be sufficiently reconstruct- by promoting sustainable resource management and
ed [2]. These dynamic bonds also provide unique decreasing costs [5]. Many reversible reactions, such
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as transamination, boronic esters-based exchanges,
urethane reversion, vinylogous urethane exchange,
etc., have been used to design dynamic covalent
bonds [6], but the most widely studied is the ther-
moactivated transesterification reaction of hydroxyl
and ester groups [7]. The first covalently cross-
linked networks based on reversible transesterifica-
tion exchange reactions were introduced by Leibler
and coworkers and were termed ‘vitrimers’ as they
behave like vitreous silica and rearranged their
topology without depolymerization, as well as being
insoluble and reprocessable [8]. Vitrimers demon-
strate two glass transition temperatures 7, and 7, [9].
Below T, (topology freezing temperature), vitrimers
behave as permanently cross-linked thermosets, and
above Ty, exchange reactions within their network
accelerate, making viscoelastic flow possible, follow-
ing the Arrhenius law [10, 11]. T, can be controlled
by changing the composition of the resin [12], while
T, occurs due to reversible reactions and can be con-
trolled by changing the transesterification catalyst
and its concentration [9]. The catalysts most com-
monly used for vitrimer synthesis are organometallic
complexes and organic bases, such as triazabicy-
clodecene and zinc acetylacetone hydrate (Zn(acac),)
[13, 14]. However, these catalysts have poor solu-
bility, which can be a drawback for the optical 3D
printing process. Schldgl and co-workers have intro-
duced organic phosphates and phosphonates as
transesterification catalysts that were soluble in acry-
late monomers and allowed efficient stress relax-
ation of the materials at higher temperatures, which
is important for the reshaping and repair of 3D print-
ed objects [15-17].

In the last five years, an increase in scientific publi-
cations with biobased vitrimers has been observed.
Functionalized triglycerides, lignin, vanillin, tannin,
polysaccharides, and furan derivatives have already
been used as monomers for various vitrimer synthe-
sis reactions [6]. This attracts the attention of the vit-
rimer researchers to the need to develop new bio-
based monomers for the synthesis of high-perfor-
mance and sustainable materials. Biodiesel produc-
tion from vegetable oils and animal fats generates ap-
proximately 10% (w/w) of glycerol as the main by-
product, which has been used as a starting material
for the synthesis of various glycerol-based monomers
[18]. Glycerol is a low volatile, non-toxic, hygro-
scopic monomer compatible with a wide range of ma-
terials, miscible monomer with plasticizing effect [19]
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and has even been used to produce biodegradable
plastics already [20-22], which is attractive for vit-
rimer synthesis. Commercially available glycerol-
based monomers, such as 2-hydroxy-2-phenoxy-
propyl acrylate (HPPA), glycerol 1,3-diglycerolate di-
acrylate, 3-(acryloyloxy)-2-hydroxypropyl methacry-
late, have been used for the synthesis of vitrimers by
optical 3D printing since they have hydroxyl and
ester groups which are essential for transesterifica-
tion reactions [15—17, 23, 24]. The obtained vitrimers
had shape memory and self-healing properties, and
were reprocessable. However, these glycerol mono-
mers were cross-linked mainly with petroleum-
based monomers. Moreover, the lack of bio-based
resins suitable for digital light processing (DLP) 3D
printing of vitrimers led to the development of a
novel vitrimer based on glycerol and soybean oil for
DLP 3D printing. At the same time, the novel plant-
based resins offer a high renewable carbon content
and can be used for various optical lithography se-
tups enabling 3D printing on multiple scales [25].
Vegetable oils and their derivatives, such as fatty
acids, have been used for vitrimer synthesis, because
their price is low, they are easily modifiable, and vit-
rimers can have properties such as flexibility, resist-
ance to chemicals, low toxicity, and biodegradability
[26-30]. Most of the time, epoxidized vegetable oils
with carboxylic acids were used for vitrimer synthe-
sis, as carboxylic acid groups act as catalysts for
transesterification [31-34]. Acrylated epoxidized
soybean oil (AESO) was thermally cross-linked with
a dithiol with a boronic ester linkage as a dynamic
bond [11]. The synthesized vitrimer was prepared by
an environmentally friendly strategy and had self-
healing and reprocessability properties.

The aim of this work was to develop and investigate
new vitrimers based on glycerol and soybean oil suit-
able for optical 3D printing. Vitrimers were synthe-
sized using an environmentally friendly strategy by
mixing the monomers at different ratios with a pho-
toinitiator and transesterification catalyst and applying
irradiation under solvent-free conditions. 2-Hydroxy-
2-phenoxypropyl acrylate (HPPA) (Figure 1) was
chosen as a monomer as has the glycerol fragment in
the structure with hydroxyl and ester groups that are
essential for the transesterification reaction. Acrylated
epoxidized soybean oil (AESO) was chosen as a
cross-linker because of the functional groups of hy-
droxyl and ester and is reported here for the first time
in UV-curable resins for the synthesis of vitrimers.
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Figure 1. Chemical structures of 2-hydroxy-2-phenoxypropyl acrylate (HPPA), acrylated epoxidized soybean oil (AESO),
ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate (TPOL) and zinc acetylacetone hydrate (Zn(acac),).

Ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate
(TPOL) was used as a photoinitiator as allows to get
transparent coatings due to the photobleaching effect
[35, 36]. Zinc acetylacetone hydrate (Zn(acac),) was
used as a transesterification catalyst, which is one of
the most commonly used catalysts and is soluble in
the selected acrylate monomers. The rheological
properties and photocuring kinetics of the resins
based on glycerol and soybean oil were monitored
for the first time. The experiments showed the influ-
ence of the amount of functionalized glycerol
monomer on the viscosity and rheological proper-
ties. AESO was found to be a suitable cross-linker
in the UV-curing reactions with HPPA because after
UV-curing, the dynamic networks were able to rap-
idly undergo thermoactivated rearrangements of the
network topology, as shown by stress relaxation ex-
periments. Incorporation of AESO in the resins with
HPPA led to self-healing, shape memory properties,
reprocessability, and recyclability. The novel resin
based on glycerol and soybean oil was used to form
vitrimeric 3D structures by DLP 3D printing.

2. Experimental

2.1. Materials

2-Hydroxy-2-phenoxypropyl acrylate (HPPA, >80%),
soybean oil, epoxidized acrylate (AESO, <100%),
and zinc acetylacetone hydrate (Zn(acac),, <100%)
were purchased from Merck, Darmstadt, Germany.
Ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate
(TPOL, >95%) was purchased from Fluorochem,
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Hadfield, Derbyshire, United Kingdom. All chemi-
cals were used as received.

2.2. Preparation of UV-curable resins

The resins were prepared by dissolving 5 mol% of
transesterification catalyst Zn(acac), in HPPA at
70°C. After the resin was cooled down to room tem-
perature, different amounts of AESO and 3 mol% of
TPOL were added as the photoinitiator with respect
to the total amount of both monomers and stirred at
room temperature. The resin codes consist of a num-
ber that expresses the amount of HPPA (0—100 wt%)
and the abbreviation of 2-hydroxy-2-phenoxypropyl
acrylate (HPPA), e.g., 9HPPA is a resin with the
weight ratio of 9:1 of monomer HPPA and cross-
linker AESO. 9HPPAV is a post-cured vitrimer at
200°C for 4 h.

The viscosity of the resins based on glycerol and soy-
bean oil was measured with an Anton Paar rheometer
MCR302 (Graz, Austria) with a plate/plate accessory
(15 mm diameter of the top plate) using a shear rate
0f 0.001 to 50 s™! at 25°C.

Resins were cross-linked in a Teflon mold of size of
(70%10x1)£0.01 mm under a 500 W Helios Italquartz
GR.E UV lamp (Milano, Italy) at a wavelength of
250-450 nm and an intensity of 310 mW-cm~2 for
2 min until a solid polymer was obtained.

2.3. Characterization techniques
The photocuring kinetics of the resins was studied
using an Anton Paar MCR302 (Graz, Austria)
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Table 1. Composition of resins based on glycerol and soybean oil.

Resin Amount of HPPA Amount of AESO Amount of TPOL Amount of Zn(acac), Viscosity
[wt%] [wt%] [mol%] [mol%] [mPa-s]
OHPPA - 100 248624240
1HPPA 10 90 11650+137
2HPPA 20 80 7969+135
3HPPA 30 70 6210+66
4HPPA 40 60 3998+35
SHPPA 50 50 3 5 1885+14
6HPPA 60 40 163343
THPPA 70 30 1403429
8HPPA 80 20 423+11
9HPPA 90 10 33247
10HPPA 100 - 184+4

rheometer with plate/plate accessory and the Omni-
Cure S2000 curing system from Lumen Dynamics
Group Inc. (Mississauga, Ontario, Canada). The di-
ameter of the bottom glass plate and the top steel
plate was 38 and 15 mm, respectively. The tests were
carried out at a temperature of 25 °C and a resin thick-
ness of 0.1 mm. The resins were irradiated with UV/
VIS radiation with a wavelength of 250-450 nm and
an intensity of 9.3 W-cm™ through a bottom glass
plate. A shear test was performed using a frequency
of 10 Hz and a strain of 0.5%. The values of the stor-
age modulus G, loss modulus G”, and the complex
viscosity )” of the resins were determined after 120 s
of irradiation. The gel point 7] was identified as the
crossover point of the G’ and G” modulus curves.
The shrinkage was defined as the difference between
the gap before and after photocuring.

Fourier transformation infrared (FT-IR) reflection
spectra were recorded using a Spectrum BX II FT-
IR spectrometer (Perkin Elmer, Llantrisant, UK) in
the wavenumber range of (650-4000) cm™'.

The insoluble fraction was determined by extracting
polymer samples (0.2 g) with acetone for 24 h in a
Soxhlet extractor. The samples were dried until a
constant weight was reached, and the yield of the in-
soluble fraction was calculated as the ratio between
the weight of the polymer before and after extraction
and drying.

The elongation at break, tensile strength, and elastic
modulus was estimated by a tensile test on a Testo-
metric M500-50CT machine (Testometric Co Ltd,
Rochdale, UK) with HDFF100 grips according to
the standard ISO 527-3. Samples with dimensions
of (70x10x1)£0.01 mm were tested with a crosshead
speed of 5 mm-min~'. Average values were calculat-
ed from 5 parallel measurements. The variation in

the experimental results did not exceed 5% within
the group.

The topology freezing temperature (7,) was deter-
mined by stress relaxation experiments on an
MCR302 rheometer from Anton Paar (Graz, Austria).
The samples were equilibrated with the selected
measurement temperature (140-200°C) for 20 min
and a 5% step strain was applied and the decreasing
stress was recorded over time.

The glass transition temperature (7)) was deter-
mined by dynamic mechanical thermal analysis
(DMTA) with an Anton Paar MCR302 rheometer
(Graz, Austria). Samples with dimensions of
(10x10x1)x0.01 mm were tested in a shear mode
from -20 to 130°C at a rate of 2°C-min'. T, was de-
fined as the maximum of the tand curve peak.

The thermal stability of the polymers was deter-
mined with a Perkin—Elmer TGA 4000 thermogravi-
metric analyzer (TGA) (Llantrisant, UK) with a heat-
ing rate of 20°C-min~! and a nitrogen flow rate of
100 ml-min~".

2.4. DLP 3D printing

DLP 3D printing was performed on an Asiga PICO2
39 UV (Sydney, Australia) printer with a 385 nm
LED UV light source. The first layer of 220 um was
exposed for 8 s and the other layers with a height of
100 pm were irradiated for 1 s. The structures of
‘Benchy’ and ‘Marvin’ were printed as they are
specifically designed to test the accuracy and capa-
bilities of 3D printers and photo-resins [25].

2.5. Self-healing experiments

UV-cured samples with (70x10x%1)£0.01 mm dimen-
sions were cut into two equal pieces, then brought
in contact with each other, and heated at 200 °C for
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1 h. Rejoined samples were mechanically tested with
a Testometric M500-50CT machine (Testometric Co
Ltd, Rochdale, UK).

The scratch repairing tests were performed by
scratching the UV-cured vitrimer sample with a razor
blade and curing at 200 °C for 1 h and monitoring
with an Olympus BX41 optical microscope (Micro-
scope Central, Feasterville, PA, USA).

2.6. Shape memory experiments
For shape memory experiments, the ‘butterfly’ sam-
ple (27x18%1)+0.01 mm) was prepared by DLP print-
ing of the 9HPPA resin on an Asiga PICO2 39 UV
printer (Sydney, Australia). Two-way shape memory
experiments were carried out with a UV-cured sam-
ple with the dimensions of (70x10x1)+0.01 mm and
a ‘butterfly’ sample. The first shape was obtained by
heating the sample at 80 °C (above Ty), transforming
it into the desired shape, and cooling it to 40°C
(above Ty). The second shape was obtained by heat-
ing the sample at 80 °C (above 7y) due to transform-
ing and cooling the sample below room temperature
with an ice bath. By heating again, the permanent
shape was regained.
The shape recovery ratio was calculated as the ratio
between the lengths of the polymer in different
stages of shape memory [37]. First, the sample was
heated at 80 °C (above 7y) and elongated by applying
force. When in the fixing stage, the sample was cooled
down to room temperature with the load applied and
the tensile load was released. Finally, the deformed
sample was heated to 80 °C to allow the length to re-
cover (Equation (1)).

Li—L

L= Ly

RR

-100 (1
where RR is the shape recovery ratio [%], Lg is the
original sample length [cm], L¢is the length of the
sample in the fixing stage when the tensile load is
released [cm], L is the length of the sample in the re-
covery stage when heated at 80 °C [cm].

2.7. Recyclability experiments

The chemical degradable property was tested by im-
mersing the samples (0.1 g) in vials with ethylene
glycol (5 ml) at 200°C. Samples were taken every
hour, dried and weighed. The relative weight was
calculated as the difference between the mass before
and after degradation.
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2.8. Reprocessability experiments

The UV-cured samples were ground into a fine pow-
der, placed between stainless steel plates with a size
0f (400x400)£0.01 mm (Labtech Engineering Com-
pany Ltd, Thailand) and heated at 180°C for 1 h at
a pressure of 5 MPa. After being cooled to room
temperature, the recycled samples were trimmed into
arectangular shape of (70x10x1)+0.01 mm. The re-
molded samples were mechanically tested with a
Testometric M500-50CT machine (Testometric Co
Ltd, Rochdale, UK). Average values were calculated
from 5 parallel measurements. The variation in the
experimental results did not exceed 5% within the

group.

3. Results and discussions
3.1. Selection of the resin for vitrimer
synthesis

The rheological parameters are important in the op-
tical 3D printing process as they describe the curing
rate, viscosity, and shrinkage when the resin transits
from liquid to solid, and the rigidity of the final 3D
printed object [38]. Thus, real-time photorheometry
is now being investigated as a tool for understanding
the behavior of the resin during the curing process.
Viscosity determines the capacity of the resin to
renew the feedstock material once the platform
moves to form a new layer, and conventional 3D
printing resins generally have a viscosity in the range
of (200-1500) mPa-s [39]. While the viscosity deter-
mined for the glycerol and soybean oil-based resins
was in the range of (184-24 862) mPa-s (Table 1) and
was reduced with increasing the amount of HPPA.
Importantly, the viscosities of the resins showed no
significant changes after 3 months of storage in the
dark. Rheological parameters such as the storage
modulus (G'), the loss modulus (G"), the complex
viscosity ("), and the shrinkage of the glycerol and
soybean oil-based resins are collected in Table 2. The
G’ modulus of OHPPA containing only AESO was
26.57 MPa and the G' modulus of 10HPPA contain-
ing only HPPA was 19.35 MPa, while the values of
the other resins were similar to that of 9HPPA and no
significant influence related to the amount of HPPA
was observed. This was due to the plastification ef-
fect of HPPA that predetermined that the G’ modulus
that corresponds to the rigidity of 10HPPA was the
lowest. Although the G" modulus, which corre-
sponds to the energy dissipated as heat, representing
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Table 2. Real-time photorheometry data of glycerol- and soybean oil-based resins.

Resin Storage modulus, G’ Loss modulus, G” Complex viscosity, n" Shrinkage
[MPa] [MPa] [MPa-s] [%]
OHPPA 26.57+2.19 4.87+0.85 0.45+0.01 3.0+0.0
IHPPA 23.85+2.95 6.19+2.18 0.39+0.05 6.5+0.5
2HPPA 27.60+1.10 8.36+0.63 0.46+0.01 6.5+0.5
3HPPA 25.45+1.25 6.39+0.18 0.42+0.02 7.540.5
4HPPA 25.60+0.60 11.23+2.48 0.45+0.01 7.540.5
SHPPA 23.75+0.65 12.40+0.40 0.43+0.01 9.5+1.0
6HPPA 22.10+0.60 11.30£0.60 0.40+0.01 6.5+0.5
THPPA 23.45+0.85 12.90+1.20 0.35+0.00 7.540.5
8HPPA 24.40+1.30 14.20+4.41 0.46+0.02 6.5+0.5
9HPPA 23.25+1.55 13.3443.56 0.43£0.01 6.5+0.5
10HPPA 19.35+0.45 16.00+2.00 0.40£0.02 7.540.5
the viscous part [38] showed the opposite results, as 30
the resin 10HPPA had the highest G” modulus of _ 251
16 MPa. n* values which represent the resistance to g 2
flow as a function of the angular frequency of all o |
resins based on glycerol and soybean oil were in the é 151
same range (0.35-0.45 mPa-s), while the shrinkage 8 0l
of the resin 10HPPA (7.5%) resin was greater com- >
pared to the AESO resin OHPPA (3.0%) due to the - — OHPPA
lower viscosity and the tgel values did not influence 0- Y X
since the gelation of all resin began after 2 s of irra- 0 20+ 40 60 80 100 120 140
diation. Based on data from the published literature, Time [s]

resins for vitrimer synthesis by optical 3D printing
frequently consist of the ratio of 9:1 from the
monomer and the cross-linker [23, 24], therefore, the
storage modulus G' describes the rigidity versus the
irradiation time of resins without HPPA (OHPPA),
with 90 wt% of HPPA (9HPPA), and without AESO
(10HPPA) are presented in Figure 2. The resin 9HPPA
exhibited the intermediate G’ modulus value after
2 min of irradiation (23.25 MPa).

100

UV/Vis irradiation

Figure 2. Curves of the storage modulus G’ versus irradia-
tion time of resins without HPPA (OHPPA), with
90 wt% of HPPA (9HPPA), and without AESO
(10HPPA).

Tensile testing and extraction of polymer samples
were performed to investigate the mechanical
properties and the yield of the insoluble fraction of
the UV-cured resins (Figure 3). Polymer rigidity is
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Figure 3. Yield of the insoluble fraction and mechanical characteristics of the polymers based on glycerol and soybean oil (a)
and stress-strain curves of the polymers 0HPPA and 10HPPA (b).
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important when planning applications in the indus-
try, and rigid as well as flexible polymers are used
in various areas depending on the needs of the 3D
printed structure. The HPPA monomer with the glyc-
erol fragment was determined to act as a plasticizer
[19] as it lowered the values of tensile strength, elas-
tic modulus, of the insoluble fraction and increased
the values of elongation at break. The polymer yield
having the highest amount of HPPA had the lowest
values of tensile strength, yield of the insoluble frac-
tion and elastic modulus (1.39 MPa, 91.79% and
3.45 MPa) and the highest value of elongation at
break (80.47%).

After evaluation of the rheological and mechanical
characteristics of the polymers, it was decided to se-
lect the resin 9HPPA for vitrimer synthesis with the
lowest amount of AESO and the highest amount of
HPPA, which ensures the highest amount of hydrox-
yl and ester groups that are beneficial for transester-
ification reactions. Furthermore, the viscosity of the
resin (332 mPa-s) (Table 1) was suitable for the for-
mation of 3D structures using DLP. The chemical
structure of the 9HPPA uncured, photocured, and
thermally post-cured resin at 200 °C was confirmed
by FT-IR spectroscopy (Figure 4). The intensities of
the OH and C=0 groups at 3434 and 1732 cm™! re-
main constant in the photocured polymer spectrum
in comparison with the spectra of the uncured resin,
which is essential for the transesterification reaction.
The intensity of the C=C group signal, which was
present at 1599 cm™! was reduced after photopoly-
merization. After post-curing at 200 °C, a decrease
in OH groups was observed due to hydrogen bond-
ing formation. Stress relaxation experiments were per-
formed to determine the topology freezing tempera-
ture (7y) of the resin 9HPPA. The thermal properties

—9HPPA uncured
OH 1C=01C=C ——9HPPA
| | photocured
| | ——9HPPA thermally|
= 5 : | postcured
o) 1
3 ! 1
S [
©
° 1
2
© | !
x | |
| |
| |
| |
| | |
4000 3500 1500 1000

Wavenumber [cm™]

Figure 4. FTIR spectra of the uncured, photocured, and ther-
mally postcured resin 9HPPA.
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of the polymer 9HPPA and the post-cured vitrimer
9HPPAV at 200°C were compared with the neat
AESO polymer and the neat HPPA polymer (OHPPA
and 10HPPA, respectively). Vitrimeric abilities, such
as shape memory, self-healing, recycling, and repro-
cessing properties, were investigated.

3.2. Thermal properties

The thermal characteristics obtained by DMTA and
TGA analysis of polymers based on glycerol and
soybean oil are summarized in Table 3. The thermal
properties of the UV-cured polymer 9HPPA were
compared with the polymer OHPPA only with the
fragments of AESO in the structure, polymer 10HPPA
containing the fragments of HPPA, and the vitrimer
9HPPAV, which was obtained by post-curing the
9HPPA at 200 °C for 4 h. The incorporation of HPPA
into the network led to the obtainment of the poly-
mer with a higher 7, temperature (23 °C) compared
to the polymer with flexible AESO chains (0°C).
However, the highest values of Ty, G/, Tgec-10%, and
char yield (53°C, 0.15 MPa, 335°C, and 16.5%, re-
spectively) were obtained when the UV-cured 9HPPA
polymer was post-cured at 200 °C. This was due to
the highest yield of the insoluble fraction (99.5%)
after extraction with acetone, which was chosen as
a solvent due to its ability to dissolve both polar and
minor polar substances, while other solvents can
only dissolve one or the other [40]. The curves of the
storage modulus G’ versus temperature obtained
from the DMTA analysis are presented in Figure Sa.
It can be seen that the UV-cured polymer 10HPPA
has a peak at about 20 °C meaning that the monomer
HPPA provides crystallinity to the network due to the
presence of benzene rings [41], however, the poly-
mer is more amorphous as it gradually softened and
did not melt with increasing temperature. Although
glycerol is one of the most studied glass formers, it
also has an extremely low tendency to crystallize
[42]. The more clearly apparent peak can be seen in
the curve of post-cured vitrimer 9HPPAV and the G’
modulus remained the same as the temperature in-
creased, meaning the network of vitrimer is more
semicrystalline when amorphous with more uniform-
ly packed molecules. Two peaks have been observed
in the curves of tand versus temperature (Figure 5b).
The lower temperature peak contributes to the -re-
laxation process observed below T, which is asso-
ciated with the polymer backbone and involves local
motions of the polymer chain backbone that do not
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The yield of the DMTA TGA
Polymer insoluble fraction' TgZ G,? Tdec-10%" Char yield®
[%] [°C] [MPa] [°C] (%]
OHPPA 96.3+0.2 0 0.24 312 7.3
9HPPA 91.8+0.1 23 0.06 289 13.1
9HPPAV 99.5+0.8 53 0.15 335 16.5
10HPPA 91.4+0.2 23 0.04 265 14.1
After 24 h of Soxhlet extraction with acetone,
2Glass transition temperature determined by DMTA,
3Storage shear modulus of cured resins in the rubbery plateau region,
“Temperature at a weight loss of 10% obtained from TGA curves,
SFrom TGA curves.
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Figure 5. Curves of the storage modulus G’ versus temperature (a), curves of tan d versus temperature (b), and thermogravi-
metric curves of polymers based on glycerol and soybean oil (c).

require cooperative motion of the surrounding chains
and is a precursor for the primary o-relaxation process
(Ty) [43]. The thermal decomposition of the UV-
cured polymer 9HPPA proceeded in two steps, while
the thermal degradation of the vitrimer 9HPPAV pro-
ceeded in one step (Figure 5c), which confirmed a
densely cross-linked network.

3.3. Relaxation of the stress of the vitrimer

Thermosets have permanent covalent bonds in their
network, which leads to difficulties in stress relax-
ation. While vitrimers with dynamic bonds can re-
arrange the network and alleviate the relaxation of
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internal stress caused by deformation [44]. Therefore,
topology rearrangements were investigated by meas-
uring the stress relaxation of sample 9HPPA (Figure 6)
and a topology freezing transition temperature (7)
was determined at which the transition from visco-
elastic solid to viscoelastic liquid occurs. Stress re-
laxation experiments were carried out at tempera-
tures (160-200°C) and thermal degradation was
avoided, as the thermal stability of the 9HPPA sam-
ple is above 200 °C (Figure 5¢). The relaxation time
(t") is the time the modulus relaxes to 1/e of its value
[45]. With increasing temperature, the relaxation time
of the 9HPPA decreased from 172.45 to 11.5 min
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due to dynamic bond exchange and chain diffusion.
The relaxation time of OHPPA at 200°C was
71.12 min, which shows that more ester groups need
more time to relax. Furthermore, 9HPPAV at 200 °C
needed 30.18 min to relax, which is more compared
to photocured 9HPPA showing the additional forma-
tion of hydrogen bonds during curing at 200 °C that
results in a decrease in OH groups that could not par-
ticipate in transesterification reactions (Figure 4).
The topology freezing temperature (7,) can be de-
termined from the Arrhenius curves for relaxation
times of 10° s [9]. Therefore, the T, value of 9HPPA
was obtained by extrapolating the data to a relax-
ation time of 10 s and was 72 °C (Figure 6b).

3.4. DLP 3D printing and shape memory
properties

DLP 3D printing has advantages such as high reso-
lution and accuracy, good surface finish, high fabri-
cation speed, and is attractive for the formation of
objects that need to have the mentioned properties
[46]. Therefore, the accurate structures ‘Benchy’ and
‘Marvin’ with small details and smooth surface fin-
ishing were formed to show the suitability of the
resin 9HPPA for DLP 3D printing (Figure 7a).
Two-way shape memory polymers can be used in the
application of reversible actuation as artificial mus-
cles and actuators, as they can transit between two
different shapes spontaneously and reversibly when
heating or cooling is applied [47]. Flexible AESO
chains and free hydroxyl groups of the UV-cured
polymer 9HPPA provide plasticity that could impart
shape memory properties [48]. Therefore, the two-
way shape memory cycle of the DLP 3D printed
‘butterfly’ sample and the UV-cured rectangular
sample is shown in Figures 7b and 7c. The procedure
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consisted of transforming the samples above 7, and
fixing above and below T,. The permanent shape of
the printed and UV-cured samples was changed by
heating above I, at 80 °C and applying the external
force for deformation. The first shape was fixed by
cooling the sample down above T, to 40 °C. The sec-
ond shape of a ‘butterfly’ was obtained by cooling
down the sample below T, to 0°C and fixing the
wings to the desired shape. The rectangular shape ob-
tained the second desired ‘spiral’ shape only by trans-
forming at above 7, and cooling down the sample
below T,. After being heated above the 7, the sam-
ples completely recovered to the permanent shape,
indicating an excellent shape memory property. Both
the UV-cured rectangular and DLP 3D printed ‘but-
terfly’ sample showed a shape recovery ratio (RR)
of 100% meaning that the samples are able to recov-
er their original length.

3.5. Self-healing properties

To investigate the self-healing properties of vitrimer
9HPPAYV, the UV-cured sample 9HPPA was cut and
rejoined at 200 °C for 1 h, and the stress-strain curves
of the samples are presented in Figure 8. Mechanical
properties were improved after a thermal treatment,
indicating excellent repairability and weldability of
the cured sample. The elastic modulus of the thermal-
ly treated sample 9HPPAV was 134 MPa, which is
38 times higher compared to the UV-cured sample
9HPPA, and elongation at break was reduced by ap-
proximately 3 times to 30%. This was due to topolog-
ical rearrangements and additional formation of hy-
drogen bonding during prolonged treatment at 200 °C
that resulted in a decrease in OH groups (Figure 4).
Scratch-repairing test was performed to verify the
repairability as self-healing of the UV-cured sample



S. Grauzeliene et al. — Express Polymer Letters Vol. 17, No.1 (2023) 54—-68

Permanent shape

2" shape

1%t shape

Figure 7. Photographs expressing DLP printing of ‘Benchy’ and ‘Marvin’ structures (a) and monitoring the shape memory
behavior of 9HPPA: of DLP printed ‘butterfly’ sample (b) and UV-cured rectangular sample (c).
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Figure 8. Photograph (a) and stress-strain curves (b) of the UV-cured 9HPPA sample and the vitrimer 9HPPAV after repair

at 200°C for 1 h.

9HPPA at high temperatures should occur due to
dynamic transesterification reactions. Images of the
scratched UV-cured sample 9HPPA with a razor
blade and repaired at 200 °C for 1 h are shown in
Figure 9. Self-healing with an efficiency of 47% was
obtained as the ratio between the width of the re-
paired sample and the width of the initial sample.
The sufficiently low 7, value provided active chain
mobility at a temperature of 200 °C [44].

3.6. Recyclability

Polymeric products need to be degraded after the end
of their use when they do not have useful properties.
This would reduce the negative impact on environ-
mental health, which is the main idea of green chem-
istry and chemical engineering [49]. The chemical
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recycling of thermosets into soluble products is usu-
ally carried out by catalysis at high temperatures
using pressure to recycle the network [50]. While the
chemical recycling of vitrimers at elevated temper-
atures is carried out more simply through alcoholysis
due to dynamic bond exchange reactions [13]. There-
fore, the chemical degradation of the sample 9HPPA
was performed with ethylene glycol (Figure 10a)
and the curve of weight loss of 9HPPA versus tem-
perature is presented in Figure 10b. After recyclabil-
ity testing, the color of ethylene glycol changed from
transparent to brown and the 9HPPA sample shrank,
indicating that the transesterification reaction be-
tween the ester bonds of the sample 9HPPA and hy-
droxyl groups of ethylene glycol occurred as the
cross-linked network was deconstructed and the
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Figure 10. Photograph expressing the chemical degradation experiment (a), the weight loss of 9HPPA versus temperature (b),
and the FTIR spectra of the sample residue after alcoholysis and dissolved in ethylene glycol (c).
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Figure 11. Photograph expressing the reprocessability experiment (a) and stress-strain curves of the UV-cured and remolded

sample 9HPPA (b).

3.7. Reprocessability

To demonstrate the reprocessability of the UV-cured
sample 9HPPA, the grounded fine powder was heated
at 180°C for 1 h under a pressure of 5 MPa and the
remolded samples were obtained (Figure 11a). After
reprocessing, the sample retained its elasticity. The
stress-strain curves of the UV-cured sample 9HPPA
and the remolded sample are shown in Figure 11b.
The remolded sample exhibited a higher elastic mod-
ulus of 6.86 MPa compared to the original sample
with an elastic modulus of 3.45 MPa. However, the
sample could not be fully restored as it showed lower
values of tensile strength and elongation at break com-
pared to the original sample (0.43 MPa, 48.10% and
1.39 MPa, 80.47%, respectively). A recycling effi-
ciency of 31% was calculated as the ratio of the ten-
sile strength of the recycled and original samples.

4. Conclusions

Glycerol- and soybean oil-based resins were designed
using an environmentally friendly strategy by mixing
the monomers in different ratios with a photoinitiator
and a transesterification catalyst and applying irradi-
ation under solvent-free conditions. Acrylated epox-
idized soybean oil was used in UV-curable resins for
the synthesis of vitrimer for the first time. The resin
containing the highest amount of functionalized glyc-
erol was selected for the vitrimer synthesis and DLP
3D printing as a real-time photorheometric study
showed that the rigidity and viscosity of the resins
were reduced with increasing amount of glycerol-
based monomer and the selected resin contained the
highest amount of hydroxyl and ester groups that are
beneficial for transesterification reactions. The dy-
namic network of UV-cured material showed stress
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relaxation at elevated temperatures and a topology
freezing temperature of 72 °C. Acrylated epoxidized
soybean oil was found to be a suitable cross-linker
in the UV-curing reactions with 2-hydroxy-2-phe-
noxypropyl acrylate as it led to reach shape memory,
self-healing, reprocessability, and recyclability prop-
erties. Flexible chains of acrylated epoxidized soy-
bean oil and free hydroxyl groups of the UV-cured
sample imparted shape memory properties. Thermal
and mechanical properties after vitrimer welding
were improved due to the additional formation of hy-
drogen bonds during prolonged treatment at 200 °C.
The synthesized vitrimer showed self-healing and
reprocessability with an efficiency of 47 and 31 %,
respectively, and was degraded by alcoholysis. The
vitrimeric abilities of the synthesized vitrimer could
contribute to recyclability and decrease production
costs because the vitrimer could partially repair
cracks and defects, change the permanent shape to the
new one, and, because of weldability, could have a
complex design from several parts. The synthesized
vitrimer could be applied in reversible actuation as
artificial muscles and actuators, where transits be-
tween two shapes are required.
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