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ABSTRACT: This work contributes to the development of sustainable materials by creating
biobased photopolymerized vitrimers with antimicrobial, shape-memory, and self-welding
capabilities, essential for industries using light-based manufacturing technologies where
petroleum-based materials lacking such properties are currently used. In this study, the
influence of the amount of diallyl disulfide, which has antimicrobial properties and forms
dynamic bonds, on the vitrimeric behavior and antimicrobial activity of biobased vitrimers
synthesized from acrylated epoxidized soybean oil, 2-hydroxy-3-phenoxypropyl acrylate, and
diallyl disulfide was determined. The addition of 0.35 mol of diallyl disulfide to a resin
containing 1 mol of acrylated epoxidized soybean oil and 1 mol of 2-hydroxy-3-phenoxypropyl
acrylate was found to reduce resin viscosity by 55%, photocuring rate by 30% and shrinkage to
0%, and increase polymer flexibility by 53%. These polymers exhibited excellent self-welding and
shape-memory properties enabled by dynamic disulfide bond exchange. Antimicrobial tests have
shown that resins containing more than 0.05 mol of diallyl disulfide, 1 mol of acrylated
epoxidized soybean oil, and 1 mol of 2-hydroxy-3-phenoxypropyl acrylate inhibit the bacterial growth of Escherichia coli by more than
97%, Staphylococcus aureus by more than 49%, as well as the fungal growth of Aspergillus flavus by more than 83%, and Aspergillus
niger by more than 38% after 1 h of direct contact with the bacterial or fungal suspensions. Micrometer-scale patterns formed using
microimprint lithography confirmed the potential of these vitrimers with diallyl disulfide moieties as antimicrobial advanced
engineering materials for applications where flexibility and sustainability are required.
KEYWORDS: vitrimer, diallyl disulfide, shape-memory, self-welding, reprocessing, antimicrobial, microimprint lithography

1. INTRODUCTION
The antimicrobial properties of polymers are essential in
various fields, as they contribute significantly to improving the
safety, hygiene, and long service-life of the products.1 For
example, in healthcare, they help prevent infections by
reducing microbial colonization and bacterial growth on
medical devices.2 Similarly, in the food industry and textile
manufacturing, antimicrobial polymers are vital to maintain
cleanliness and extend product shelf life.3,4 Furthermore,
antimicrobial plastics gained increased attention during the
COVID-19 pandemic as a potential solution to curb the spread
of infection through surface transmission by reducing the need
for harmful chemical disinfectants.5 However, despite their
importance, many existing antimicrobial polymers are synthe-
sized from petroleum-based starting materials, raising concerns
about their environmental impact.6,7 These polymers often lack
properties such as shape-memory, self-welding, and reprocess-
ability.8,9 Solving this problem requires new ways to create
sustainable materials with useful properties. In this context,
vitrimers have become a novel class of materials that not only
exhibit the durable and high-strength characteristics of
thermosetting polymers, but also offer additional benefits,
such as reprocessability and adaptability to adjust their shape

and properties responding to external stimuli, particularly heat,
which are crucial for creating advanced antimicrobial
surfaces.10−12

Due to their dynamic covalent exchange reactions, such as
disulfide bond exchange, vitrimers can maintain a stable
network while exhibiting properties including shape-memory,
self-welding, and reprocessability.13−15 These characteristics do
not directly confer antimicrobial activity, but make vitrimers a
highly versatile platform for the development of next-
generation antimicrobial materials. In order to support the
development of versatile and environmentally sustainable
materials, the objective of this work was to examine how
diallyl disulfide incorporation affects the antimicrobial
efficiency, mechanical strength, and vitrimeric properties of
vitrimers. These materials aim to reduce microbial contami-
nation while promoting environmental sustainability ultimately
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offering safer and more durable solutions for a range of high-
performance applications, e.g. formation of replicas by
microimprint lithography that could be used in microelectronic
devices, biosensors, and optical systems. Therefore, the
selection of the biobased monomers was carefully considered
to achieve antimicrobial efficacy of vitrimers. Acrylated
epoxidized soybean oil (AESO) (Figure 1) was chosen as
the monomer due to renewable nature as it is derived from a
widely available agricultural resource, and ability to impart
flexibility and rigidity due to a large number of functional
groups (3 acrylic, 1 epoxy, 3 hydroxy groups and 1 carbon−
carbon double bond per triglyceride) groups of the polymer
network.16−18 This selection is consistent with the increasing
demand for biobased materials that minimize dependence on
petrochemical resources. Furthermore, the incorporation of 2-
hydroxy-3-phenoxypropyl acrylate (HPPA), known for its
efficiency in transesterification reactions, further contributed to
the dynamic properties and flexibility of the vitrimer.19−21

HPPA reduces cross-linking density due to its lower
functionality compared to AESO. In addition, it forms bulky
side chains with aromatic rings, which prevent polymer chains
from approaching each other closely. This steric hindrance
creates free volume between the polymer chains and lowers the
cross-linking density. As a result, the reduced cross-linking
density leads to increased chain mobility and thus more flexible
materials, despite the presence of rigid aromatic segments.
Diallyl disulfide (DADS) was selected for its antimicrobial
activity,22 which enhances the ability of vitrimer to prevent
microbial contamination. The antimicrobial activity of
polymers with DADS fragments was not previously reported
in the literature, making this study a novel contribution to the
area of polymer research. The disulfide bonds incorporated
into the polymer structure play an important role in the
dynamic behavior of the vitrimer, allowing reversible bond
exchange under specific conditions, such as heat or pH
changes.23 This dynamic exchange capability not only supports
the reprocessability and self-welding properties of the material,
but also ensures that the antimicrobial functionality is
maintained throughout lifecycle of the material. DADS is a
natural organosulfur compound that is found mostly in garlic

and other Allium plants.24 It contributes to the characteristic
aroma and health benefits of garlic. DADS is highly valued in
polymer science due to its ability to enhance the properties of
polymers, particularly by improving their flexibility.23 In
addition, DADS demonstrates potent antimicrobial properties,
proving effectiveness against a variety of viruses, fungi, and
bacteria.22 These properties make it a promising additive in the
development of antimicrobial materials and coatings. As a
pho t o i n i t i a t o r , e t h y l ( 2 , 4 , 6 - t r im e t h y l b e n z o y l ) -
phenylphosphinate (TPOL) was chosen due to its high
reactivity and efficiency in generating free radicals under UV
light, leading to fast cure and the formation of transparent
products. Its low intrinsic color and clean photodecomposition
contribute to the high clarity in the final product, making it
ideal for applications requiring transparency and color
stability.25 As a transesterification catalyst, zinc acetylacetone
hydrate (Zn(acac)2) was chosen due to its high catalytic
efficiency under mild conditions, which allows effective ester
group exchange in polymer networks.26 It is compatible with
various polymer systems, making it a preferred choice in
sustainable polymer chemistry. Additionally, microimprint
lithography was used to create micrometer-scale features on
a substrate by mechanically transferring patterns from a mold
onto a surface. This method is a cost-effective alternative to
traditional photolithography, enabling precise control over the
shape and dimensions of the patterned structures, and is used
in the fabrication of microelectronic devices and biosensors.27

Incorporating DADS into polymers for microimprint lithog-
raphy offers a solution to improve the flexibility and
mechanical resilience of replicas, as its aliphatic structure
allows the network to absorb stress more effectively and
reduces crack formation in microstructures.

2. MATERIALS AND METHODS
2.1. Materials. Soybean oil epoxidized acrylate (AESO), 2-

hydroxy-3-phenoxypropyl acrylate (HPPA), diallyl disulfide (DADS),
and zinc acetylacetone hydrate (Zn(acac)2) were purchased from
Merck. Ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL) was
obtained from Fluorochem. All chemicals were used without further
purification.

Figure 1. Chemical structures of acrylated epoxidized soybean oil (AESO), 2-hydroxy-3-phenoxypropyl acrylate (HPPA), diallyl disulfide (DADS),
ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL), and zinc acetylacetonate hydrate (Zn(acac)2).
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2.2. Preparation of UV/Vis-Curable Resins. The mixtures of
starting materials were prepared using AESO, HPPA, DADS
monomers, and the photoinitiator TPOL. A series of five samples
were prepared without and with different amounts of DADS (Table
1). Additional sample with the highest amount of DADS was prepared
using 5 wt % of the catalyst Zn(acac)2. The amount of photinitiator28

and catalyst29,30 was used based on the previous research.
The mixtures were stirred at 40 °C until homogeneity was reached.

They were poured into a (70 × 10 × 1) ± 0.01 mm Teflon mold and
irradiated with a 500 W Helios Italquartz lamp, with a radiation
intensity of 310 mW·cm−2 at 250−450 nm. The temperature reached
80 °C, which was maintained throughout the entire irradiation period.
Photocuring was carried out for 7−10 min until a solid polymer
formed.

The resin code is compiled as follows: the first number represents
the amount of DADS in moles in the resin, DADS is allyl disulfide, the
second number indicates the percentage concentration of the catalyst
Zn(acac)2 in the resin, Zn is zinc acetylacetonate hydrate.

2.3. Self-Welding Test. After photocuring, samples measuring
(70 × 10 × 1) ± 0.01 mm were divided into two equal parts. One part
of the sample was manually pressed against the other with sufficient
force to ensure full contact along a length of 1 cm. Then these
polymer samples were heated for 1 h at 180 °C and mechanically
tested using a BDO-FB0.5TH (Zwick/Roell) device. Tensile testing
was used to calculate the self-welding efficiency as the percentage ratio
of tensile strength retained by the welded sample compared to the
original (unwelded) material.

2.4. Shape-Memory Test. A shape memory test was conducted
on a polymer sample measuring (70 × 10 × 1) ± 0.01 mm. The
sample was twisted into a spiral shape using a glass rod. The twisted
polymer sample was cooled to 5 °C. The time it took for the polymer
sample to return to its original shape at room temperature was
recorded.

2.5. Reprocessability Test. The reprocessability test of polymer
samples was conducted using a CARVER (Carver Inc., Wabash, IN,
USA) hot press. Polymer samples of (70 × 10 × 1) ± 0.01 mm were
crushed into powder in the presence of liquid nitrogen, poured into a
preheated stainless steel frame, compressed between two stainless
steel heated to 210 °C hot press plates. The sample was heated for 25
min under a pressure of 4 t. After heating, the polymer sample was
slowly (within 1 h) cooled under pressure to room temperature.

2.6. Antimicrobial Tests. The antimicrobial activity of the
polymers was evaluated following a methodology adapted from prior
research.31 Microbial inoculum concentrations were prepared as
follows: 1.75 × 106 colony forming units/mL (cfu/mL) for Escherichia
coli (E. coli), 7.45 × 106 cfu/mL for Staphylococcus aureus (S. aureus),
3.85 × 105 cfu/mL for Aspergillus flavus (A. flavus), and 1.00 × 105
cfu/mL for Aspergillus niger (A. niger). A 10 μL suspension of bacteria
or fungi was applied to the surface of the test films (dimensions 1 × 1
cm) and incubated under high humidity conditions (90% relative
humidity) at 35 °C for bacterial strains and 26 °C for fungal strains
for 1 h. The reduction in viable microorganisms was calculated
according to the formula: [(initial cfu/mL − remaining cfu/mL)/
initial cfu/mL] × 100%. Results were averaged from three
independent experiments for consistency.

2.7. Microimprint Lithography. A 1951 USAF resolution test
target structure was fabricated using an Asiga Pico2 39 UV 3D printer

with PlasGray material. To produce a soft mold for replica fabrication,
polydimethylsiloxane (PDMS) was cast over the printed structure and
cured at 100 °C for 1 h. The resins were cured for 10 min using a 500
W Helios Italquartz GR.E UV lamp, which emitted of 250−450 nm
light at intensity of 310 mW·cm−2.

2.8. Characterization Techniques. The kinetics of photo-
polymerization and the rheological properties of the resins were
investigated with an Anton Paar MCR302 rheometer containing a
plate/plate accessory and an OmniCure S2000 irradiation device
(Lumen Dynamics Group Inc.). The viscosity of the resins was
measured across a shear rate range of 0.001−50 s−1, at a temperature
of 25 °C, for 60 s. Photocuring test was carried out with three
repetitions over 150 s in shear mode, a frequency of 10 Hz, and UV/
vis radiation was activated 30 s after the start of the test. During the
experiment, the following parameters were recorded after 120 s of
irradiation: storage modulus (G′), loss modulus (G″), layer shrinkage,
and complex viscosity (η*). The induction period was determined as
the duration from the start of UV/vis irradiation to the beginning of
the G′ curve increase. The gel point (tgel) was determined as the
crossover point of the G′ and G″ curves, and it was calculated from
the start of irradiation.

The cross-linking density of the polymers was calculated using
equation32

= · ·G R T (1)

where: G′�storage modulus value from the G′ curves 120 s after the
start of irradiation (Pa); ν�cross-linking density (mol/m3); R�
universal gas constant (J/mol K); T�temperature (K).

The chemical structure of the polymers was verified using Fourier
transform infrared (FT-IR) spectroscopy. Spectrum BX II FT-IR
spectrometer was used to record FT-IR spectra. The reflection of the
polymer sample was measured. The wavenumber ranged from 650 to
4000 cm−1.

IR reflection bands of polymers with DADS (cm−1): 3461 (v, O−
H), 2928 (v, CH2), 2855 (v, O−CH3), 1725 (v, C�O), 1636 (v,
C�C), 850−1300 (v, C−C), 1191 (v, C−O).

Using the extraction method in a Soxhlet extractor, the amount of
the insoluble fraction of the polymer samples was determined.
Polymer samples (0.1 g) were subjected to extraction with acetone for
24 h. The insoluble fraction was dried in a vacuum oven at 20 °C until
it reached a consistent mass. The amount of insoluble fraction was
estimated by calculating the difference between the initial and final
weights following extraction and drying.

The swelling degree of the polymers was determined by using three
solvents with different polarities: acetone, toluene, and water. The
polymer sample was weighed before being placed into the solvent.
Changes in the sample’s mass were recorded every 20 min until no
further changes were observed.

Tensile strength, Young’s modulus, and elongation at break of the
polymer samples with dimensions (70 × 10 × 1) ± 0.01 mm were
determined by conducting a tensile test using the BDO-FB0.5TH
(Zwick/Roell) device. A crosshead speed of 5 mm/min was used. To
ensure precision, three measurements were taken to calculate the
average value. The experimental results exhibited a variation of no
more than 5% within the group.

The glass transition temperature (Tg) of the polymers was
determined using an Anton Paar MCR302 rheometer by dynamic

Table 1. Composition of Resins

resin
amount of AESO

(mol)
amount of HPPA

(mol)
amount of DADS

(mol)
amount of TPOL

(mol %)
amount of Zn(acac)2

(wt %)
viscosity
(mPa·s)

0DADS 1 1 0 3 0 8475 ± 190
0.05DADS 0.05 0 7253 ± 90
0.1DADS 0.1 0 6807 ± 244
0.25DADS 0.25 0 5408 ± 200
0.35DADS 0.35 0 4703 ± 120
0.35DADS5Zn 0.35 5 a

aNot measured.
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mechanical thermal analysis (DMTA). Samples were tested in shear
mode, with the temperature increasing at a rate of 2 °C/min from
−30 to 80 °C. The Tg values were identified as the peak maximum of
the damping factor (tan δ) curve.

The topology freezing temperature (Tv) was defined using the
stress relaxation method with the Anton Paar MCR302 rheometer.
Measurements were carried out at 190, 200, 210, and 220 °C for 140
min using a 5% step strain.

The dependence of the change in polymer mass on temperature
was determined using the NETZSCH TG 209 thermogravimeter.
During the tests, the temperature was increased from 23 to 600 °C.
Heating was carried out in a nitrogen atmosphere (with a flow rate of
25 mL/min) at a rate of 10 °C/min. Aluminum oxide crucibles were
used for the placement of the samples.

3. RESULTS AND DISCUSSIONS
3.1. Photocuring Kinetics. The study of the photocuring

kinetics and rheological properties is important for assessing
the potential applications of vitrimers, as it provides
information on the curing rate, viscosity, layer shrinkage, and
other parameters. The real-time photorheometry allows the
behavior of the resin to be understood during the curing
process. Investigation of the effect of the amount of DADS on
the resin viscosity revealed that, as the amount of DADS
increased, the viscosity of the resins decreased. The viscosity of
the resin without DADS was 8475 mPa·s, while the viscosity of
the resins with the amount of DADS increasing to 0.35 mol
gradually decreased (Table 1). The viscosity of the resin with
the highest amount of DADS content was 4703 mPa·s and
decreased by 55% compared to the resin without DADS,
indicating that even very small changes in the DADS content
significantly affected the viscosity of the initial mixture. The
decrease in viscosity is attributed to the aliphatic structure of
DADS and its low molecular weight. The viscosity of the
0.35DADS sample was similar to that of the resin, composed of
HPPA, AESO, and MiramerA99, which had a viscosity of 4228
mPa·s and was tested and considered appropriate for digital
light processing.33 The data of the photorheometric character-
istics are collected in Figure 2a. The addition of DADS slowed
the resin cross-linking, that resulted in a more flexible polymer
structure as the gel point values increased and the G′ and G″
modulus values decreased by adding up to 0.35 mol of DADS.
This happened because the vinyl groups of DADS reacted
slower than the acrylic groups of AESO and HPPA,34 and the
aliphatic structure added additional flexibility and softness to
the polymer structure. The gel point of a similar resin
containing AESO and HPPA was reached in 12 s,33 while the
0.35DADS resin reached it 4 times faster. Increasing the
amount of DADS reduced the shrinkage of the sample layer
from 6% to 0%. Low or no shrinkage of the polymer layer is

important in the manufacturing of coatings, adhesives, replicas,
or 3D printing resins.35 Figure 2b illustrates the relationship
between the G′ modulus depending on the duration of UV/vis
irradiation. G′ is a measure of the elasticity of the material,
indicating its ability to store energy. A high G′ modulus is
characteristic of rigid samples. Irradiation started 30 s after the
start of the experiment and continued for 120 s. The G′
modulus values started to raise significantly when the resins
were exposed to UV/vis radiation. This rapid increase occurred
as a result of the polymerization reaction, which started as the
polymer chains started to grow, a cross-linked polymer
structure formed, and the resin hardened. The softness of
the polymer with the higher amount of DADS may be
influenced by the decreasing amount of insoluble fraction,
since increasing the amount of DADS in the resin left more
unreacted functional groups and resulted in a higher quantity
of linear and branched soluble oligomers. The induction period
was 1 s for all resins. This suggests that the cross-linked
structure of the polymer began to form immediately upon
exposure to UV/vis radiation.

3.2. Characterization of Cross-Linked Polymer Struc-
ture. FT-IR spectroscopy was used to confirm the chemical
structure of the synthesized polymers. It was determined that,
during photopolymerization, both the acrylic groups of AESO
and HPPA, as well as the vinyl groups of AD, reacted. The
absorption bands corresponding to these functional groups,
observed in the FT-IR spectra of the monomers, decreased but
did not completely disappeared. This shows that some of the
functional groups remained unreacted because of spatial
hindrances typical for cross-linked polymers. In the FT-IR
spectrum of DADS presented in Figure S1, a distinct vinyl
group peak can be seen at 1636 cm−1, which intensity
significantly decreased in the FT-IR spectra of the polymers.
To the right of the vinyl group peak, the peaks of the acrylic
groups at 1625 cm−1 are visible, and their intensity also
decreased significantly. The reduction in the peaks of the C�
C groups indicates that most of them reacted. Although these
two peaks are close in position and partially overlapping,
careful analysis allows them to be distinguished. To improve
clarity, annotations have been added in Figure S1 to indicate
the approximate positions of these overlapping signals. As the
DADS content in the resins increased, larger peaks of the C�
C groups were observed in the polymer spectra, meaning that
more unreacted groups remained in the samples after
polymerization. The formation of the polymer was indicated
by the broad and merged peaks of the C−C groups in the
region of 850−1300 cm−1 in the FT-IR spectra of the
polymers. Furthermore, the ratio of the characteristic peaks of
the acryl and vinyl groups to the reference peak (C�O group)

Figure 2. Photorheometric characteristics (a) and storage modulus G′ versus time curves (b).
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is proportionally similar. This indicates that both the acrylic
groups of AESO and HPPA, as well as the vinyl groups of
DADS, reacted during the process.
After extraction with acetone in a Soxhlet extractor, the

amount of insoluble fraction, indicating the fraction of the
starting materials bonded into the structure of the polymer
network, was determined and results are presented in Figure
S2. 0DADS polymer had 95% of the insoluble fraction. As the
amount of DADS in the resins increased from 0.05 to 0.35
mol, the amount of insoluble fraction of polymers decreased
from 91% to 65%. Thus, the 0.35DADS polymer, with the
highest amount of DADS had the lowest amount of insoluble
fraction (65%). A high amount of soluble fraction indicates
that a significant fraction of the monomers and/or oligomers
did not integrate into the cross-linked structure. The cross-
linking density of the 0DADS polymer, calculated from the G′
modulus curves, was 46416 mol/m3. With the addition of a
small amount of DADS, the cross-linking density of the
0.05DADS polymer drastically decreased to 1397 mol/m3, and
for 0.35DADS, it was 109 mol/m3. The possible reason for this
is that the incorporation of DADS fragments increased the size
of the network pores.
The swelling of cross-linked polymers can provide insights

into their cross-linking degree and the polymer network pore
size. In this study, the swelling of polymers was investigated in
organic solvents of different polarities (acetone and toluene)
and water. The test revealed that the polymers did not swell at
all in the nonpolar solvent toluene but swelled in polar
solvents, such as acetone and water, because of their affinity. As
shown in Figure S3a, the swelling in the water was very low as
the DADS content in the samples increased, the swelling
degree only changed from 0.33% to 1.4%. The low swelling in
the water is probably due to the ability of the oil fragments to
repel water. The swelling degree depends on the cross-linking
density and the affinity of the polymer to the solvent. The
swelling degree in acetone was determined to range from 5% to

59% Figure S3b. As the amount of DADS in the resins
increased, swelling of the polymers increased because the pore
size increased, and the amount of insoluble fraction decreased.
The polymers swelled less in water than in acetone because
acetone has a greater affinity for the polymer. Polymers
stopped swelling in water after 40 min, while in acetone,
0DADS stopped swelling after 3600 s (60 min), 0.05DADS,
0.1DADS, and 0.25DADS after 4800 s (80 min), and
0.35DADS swelled the longest, up to 6000 s (100 min). The
swelling results showed that these polymers are polar and that
the polymer network pore size increased while the cross-
linking density decreased with the increase of the amount of
DADS.

3.3. Thermal Properties. The glass transition temperature
(Tg) of the polymers was determined using dynamic
mechanical thermal analysis (DMTA), and thermogravimetric
analysis (TGA) was used to identify their thermal stability.
These parameters are particularly valuable for the application
and polymer reprocessing. When the amount of DADS in the
resins increased, the Tg of the polymers decreased as can be
seen in Figure 3a. According to the highest values of the tan δ
curves, the Tg of the 0DADS polymer was 30 °C, while for
0.35DADS it was −15 °C. The Tg of the polymer with the
catalyst, 0.35DADS5Zn, was the lowest (−18 °C). The
lengthening of the aliphatic chains in the polymers was the
reason for the decrease in Tg, the decrease in the cross-linking
density, and the reduction in the insoluble fraction, which was
determined by extracting the samples with acetone. Despite the
low Tg, the polymer samples were not liquid at room
temperature but formed soft films, which is common for
cross-linked polymers that have long aliphatic chains.36

The thermal decomposition temperature of the polymers at
5% weight loss (Tdec.‑5%) was determined by TGA and the
TGA curves are shown in Figure 3b. As the DADS amount
increased, the thermal stability of the polymers decreased from
315 to 236 °C, due to the lengthening of the aliphatic chains,

Figure 3. DMTA (a) and thermogravimetric curves (b) of polymers, curves of the time dependence of the stress change of the 0.35DADS5Zn
polymer (c), dependence of the duration of the 0.35DADS5Zn stress change of the 0.35DADS5Zn polymer on temperature according to the
Arrhenius equation (d).
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the reduced cross-linking density, and the decrease in the
amount of insoluble fraction. The addition of a catalyst
accelerated thermal degradation and increased the residue. The
Tdec.‑5% of the synthesized polymers was higher than that of a
starch-based polymer with disulfide bonds (Tdec.‑5% = 231
°C).37 All polymers synthesized in this study were thermally
stable up to 200 °C.
The topology freezing temperature (Tv) is a valuable

parameter of vitrimers with dynamic covalent bonds that can
be thermally reprocessed into new materials. Below Tg,
vitrimers behave like thermosets, while above Tv, they act
like thermoplastics because at that temperature, the covalent
bonds break down and new covalent bonds form. Tv is the
upper limit for vitrimer operation and the lowest temperature
for reprocessing. In this study, the polymer Tv value was
estimated through stress relaxation tests on samples. The
relaxation time (τ*) of the 0.35DADS5Zn polymer, which was
chosen for the experiment due to the highest number of
dynamic bonds and the presence of a catalyst that activates the
reactions, was determined at different temperatures, below the
thermal decomposition temperature, but above Tv. As the
temperature increased, dynamic disulfide bond exchange
occurred, leading to a reduction in τ* from 2.4 h to 35 min
as presented in Figure 3c. The Tv of the 0.35DADS5Zn
polymer, determined by extrapolating the results using the
Arrhenius equation as demonstrated in Figure 3d, is 91 °C.
Since the 0.35DADS5Zn sample has a Tv, this polymer can be
classified as a vitrimer.

3.4. Mechanical Properties. The mechanical properties of
the vitrimer samples were investigated through tensile testing.
The mechanical characteristics, including tensile strength,
Young’s modulus, and elongation at break are summarized in
Table 2. The 0DADS sample exhibited the highest tensile

strength of 11.33 ± 0.65 MPa. The tensile strength of the
0.05DADS sample decreased 2.5 times and that of 0.35DADS
decreased by 14 times. The elongation at break values
increased with the amount of DADS, ranging from 33.48%
to 62%. Young’s modulus in the sample without DADS
(0DADS) reached 65.6 MPa, but after adding 0.05 mol of

DADS, it drastically decreased to 2.14 MPa for the 0.05DADS
sample and to 0.12 MPa for the 0.35DADS sample. When a
catalyst was added to the sample, the mechanical properties of
the 0.35DADS5Zn sample changed little: the tensile strength
was 0.31 MPa, the elastic modulus was 0.23 MPa, and the
elongation at break increased by 6%. Higher DADS amount
caused weaker mechanical properties because, in samples with
more fragments of DADS, the aliphatic chains lengthened, the
cross-linking density decreased, and there was less insoluble
fraction, making the polymer softer and more flexible.

3.5. Self-Welding Properties. The self-welding of
polymers is beneficial because it extends the life of the
product, reduces plastic waste, and lowers production costs.
The study of self-welding properties was carried out on a
sample with the highest DADS concentration (0.35 mol) and
an additional 5 wt % of catalyst. The catalyst was added to
accelerate the reversible exchange of covalent bonds. The two
halves of the cut polymer sample were placed on top of each
other, pressed manually, and heated at 180 °C for 1 h. The
sample was heated at a temperature higher than Tv because this
activates the disulfide bond exchange reactions. After 1 h of
heating, the polymer sample was welded: the joined parts
adhered to each other, as shown in Figure 4a, due to the
exchange of covalent bonds between the cut parts of the
sample. A tensile testing was carried out and the results
demonstrated that the heated and welded sample had greater
elongation at break (68.75 ± 1.68%) compared to the original
sample (56.03 ± 7.70%). Tensile strength remained almost
unchanged (0.29 ± 0.06 MPa), while Young’s modulus
decreased 4.5 times (0.05 ± 0.01 MPa). The self-welding
efficiency, calculated as the ratio of the tensile strength of the
welded sample and the original sample, was 94%. This polymer
exhibited self-welding properties due to dynamic bond
exchanges, allowing the damaged sample to be repaired.

3.6. Shape-Memory Properties. The shape memory of
polymer allows a polymer product to regain its permanent
shape after deformation. This feature is particularly valuable in
microimprint lithography applications, such as creating precise
patterns for flexible electronics, optical components, and
microfluidic devices, where accuracy ensuring optimal
functionality and durability giving consistent performance
under repeated use are essential. The thermal response of the
shape memory properties of the 0.35DADS5Zn polymer
sample was studied by deforming it to a temporary spiral
shape at room temperature. The temporary shape was
stabilized by lowering the temperature below Tg (5 °C) of
the sample. The sample was brought back to room temperature
to allow the temporary shape to regain its permanent shape.
Photos of the sample returning to its permanent shape are
shown in Figure 4b. It can be seen that after 30 s the sample
had just begun to unwind, after 60 s it was halfway through the

Table 2. Mechanical Characteristics of Polymers

polymer
tensile strength

(MPa)
elongation at
break (%)

Young’s modulus
(MPa)

0DADS 11.33 ± 0.65 33.48 ± 6.50 65.60 ± 10.00
0.05DADS 4.42 ± 0.20 44.08 ± 5.0 2.14 ± 0.54
0.1DADS 1.55 ± 0.15 58.72 ± 8.30 0.62 ± 0.02
0.25DADS 1.05 ± 0.20 60.00 ± 4.60 0.16 ± 0.06
0.35DADS 0.80 ± 0.10 62.00 ± 11.50 0.12 ± 0.01
0.35DADS5Zn 0.31 ± 0.08 56.03 ± 7.70 0.23 ± 0.02

Figure 4. Images of the 0.35DADS5Zn polymer sample: top image�original sample, before self-welding, bottom image�after self-welding (a) and
photos of the 0.35DADS5Zn polymer sample during return to its permanent shape (b).

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.5c00412
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig4&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


process, and after 90 s it had completely returned to its
permanent shape. The sample demonstrated the ability to
undergo such shape transitions repeatedly, indicating that the
process can be carried out an unlimited number of times under
the given conditions.

3.7. Reprocessability of Polymers. The reprocessability
of polymers demonstrates whether a polymer can be reused
and recycled multiple times, thereby preventing the accumu-
lation of large amounts of polymer waste. In addition,
reprocessability helps to reduce production costs as recycling
waste decreases the need for new raw materials. As shown in
Figure S4, the 0.35DADS5Zn polymer sample was recycled by
grinding it into powder, and the resulting powder was pressed
at a temperature above its Tv. The individual polymer powder
particles fused into a continuous product, a film, due to
disulfide bond exchanges. A tensile testing results demon-
strated that reprocessed sample had lower elongation at break
(2.90 ± 0.51%) compared to the original sample (56.03 ±
7.70%). This indicates that the reprocessing process signifi-
cantly reduced the ability to stretch before breaking. The
tensile strength, however, remained nearly unchanged at 0.19
± 0.01 MPa, suggesting that the reprocessing did not affect the
resistance to force. On the other hand, Young’s modulus
increased by 12 times, from 0.24 ± 0.02 to 2.84 ± 0.28 MPa,
showing that the sample became significantly stiffer due to the
structural changes. Furthermore, the intensities of the OH and
C�O group signals at 3495 and 1744 cm−1, respectively, in
the FT-IR spectrum after reprocessing were identical to those
of the original samples (Figure S5). This shows that further
polymerization of unreacted monomers upon heating did not
occur and the sample was reprocessed due to the dynamic
reactions. Synthesized vitrimer can be recycled from its waste
materials, as demonstrated in the reprocessability experiment.

3.8. Antimicrobial Properties. The antibacterial and
antifungal activity of the polymer films was evaluated after 1 h
of direct contact of the bacterial or fungal suspensions with the
specimens and the results are shown in Figure 5. Polymer

sample without DADS showed antimicrobial activity as the
hydroxyl and carbonyl groups can contribute to the
antimicrobial effect.38 Even 0.05 mol of DADS had an effect
on microbial growth, and by increasing the DADS concen-
tration, the cell reduction increased for all microorganisms
showing that a higher amount of DADS led to more significant
antimicrobial or antifungal activity. Sample 0.35DADS
demonstrated the highest effectiveness against E. coli with a

100% cell reduction and this value was higher compared to
vitrimers with typical antimicrobial components, such as alkyl-
substituted quaternary ammonium groups (95%).39 While S.
aureus was less sensitive than E. coli with 87% cell reduction of
sample 0.35DADS. The highest cell reduction against A. flavus
was 92%. DADS had the least impact on A. niger resulting in
the lowest cell reduction with all amounts of DADS. The
antimicrobial activity of polymers with DADS fragments
increased because DADS can damage bacterial cell mem-
branes, leading to leakage of vital intracellular components and
death.40 DADS can bind to proteins-containing thiol groups
and generate disulfide band, resulting in protein denatura-
tion.41 In addition, DADS can disrupt the quorum sensing
system which is used to communicate and regulate gene
expression based on their population density.42 The results of
antimicrobial activity highlight the potential of vitrimers
containing DADS fragments as effective antimicrobial films
or microstructures.

3.9. Microimprint Lithography Testing. The 0.35DADS
resin was tested in a high-precision microimprint lithography
technique to fabricate microscale patterns. Images captured
during the testing are presented in Figure 6. The resin replica

accurately replicated the shape and features of the PDMS
mold, including the letters and numbers. The line widths
achieved ranged from 69 ± 0 μm to approximately 220−230 ±
5 μm. The replica exhibited only minor imperfections, such as
slight rounding of edges caused by peeling of the stamp. The
optimized viscosity allowed a uniform resin distribution on the
PDMS mold, ensuring a consistent patterning without defects.
Additionally, the controlled process of photocuring kinetics
ensured that the resin cured at a rate that minimized shrinkage
and deformation, which are critical factors in the fabrication of
microstructures. The flexibility of the polymers imparted by
DADS contributed to the smooth release of the mold after
photocuring. The ability of 0.35DADS resin to produce highly
accurate microstructures makes it an excellent candidate for
various microimprint lithography applications where precision
is required, including microelectronic devices and biosensors.

4. CONCLUSIONS
The influence of the amount of diallyl disulfide on the
properties of biobased vitrimers synthesized from acrylated
epoxidized soybean oil, 2-hydroxy-3-phenoxypropyl acrylate,
and diallyl disulfide was determined. Increasing the amount of
diallyl disulfide reduced viscosity and shrinkage, improved
flexibility, making vitrimers suitable for advanced applications
such as microimprint lithography. The polymers showed self-

Figure 5. Cell reduction of E. coli, S. aureus, A. flavus and A. niger after
1 h of direct contact of polymer samples with bacterial and fungal
suspensions.

Figure 6. Images captured during the trial using microimprint
lithography: a 3D printed 1951 USAF target (a), a PDMS mold (b),
and a replica produced from 0.35DADS resin (c).

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.5c00412
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00412/suppl_file/ap5c00412_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c00412/suppl_file/ap5c00412_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c00412?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


welding with 94% efficiency and shape-memory properties,
enabled by dynamic disulfide bond exchanges. Importantly,
antimicrobial tests demonstrated significant activity against
bacteria and fungi, particularly with higher amounts of diallyl
disulfide. 100% activity against E. coli was reached even after 1
h of direct contact of the bacterial suspension (1.75 × 106
colony forming units/mL) with the polymer samples. The
successful application of the resin in microimprint lithography
demonstrated its potential in high-precision patterning. The
resin achieved accurate replication of fine microstructures,
highlighting possible suitability for fabricating microscale
components used in microelectronic devices, biosensors, and
optical systems. The exceptional properties of diallyl disulfide-
based polymers make them versatile materials for industrial
and engineering applications.
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