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Abstract

®

CrossMark

This work presents innovations in polymer science through the development of antimicrobial
and reprocessable shape-memory vitrimers from biobased vanillin and glycerol acrylates,
incorporating pentaerythritol tetrakis(3-mercaptopropionate). The addition of this thiol
increased the viscosity of the resin and reduced shrinkage and rigidity, without significantly
affecting the polymerization rate. Samples containing 20 wt.% of thiol exhibited self-welding
and 40% self-healing efficiency after just 10 min of heating at 180 °C and without additional
pressure, significantly improving mechanical properties. The ability of vitrimers to maintain a
temporary shape and return to a permanent shape under temperature changes showed
shape-memory behavior, making them suitable for medicine, electronics, and robotics. The
mechanical properties remained consistent after three reprocessing cycles, highlighting the
sustainability of the vitrimers. The antimicrobial activity of these vitrimers showed efficacy up
to 100%, suitable for antimicrobial films, coatings, and 3D printed parts. Microimprint
lithography enabled micrometer-scale patterns, highlighting broad practical applications of the

vitrimers.

Supplementary material for this article is available online
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1. Introduction

The development of advanced functional polymers is of great
interest due to the growing global concern about microbial

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOIL.

contamination and the demand for sustainable materials [1, 2].
Vitrimers represent an innovative type of material distin-
guished by their remarkable capacity to undergo dynamic
covalent exchange reactions while retaining a stable network
structure [3-5]. These dynamic covalent bonds endow vit-
rimers with remarkable properties, including shape-memory,
self-repair, and recyclability, making them highly attractive
for a wide range of applications in various fields, including
materials science [6—8]. The concept of vitrimers arises from
the desire to combine the attributes of thermosetting poly-
mers, such as high mechanical strength and chemical resist-
ance, with the dynamic behavior of thermoplastics, which can

© 2025 The Author(s). Published by IOP Publishing Ltd
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be reshaped and recycled [9, 10]. Traditional thermosetting
polymers undergo irreversible curing reactions upon cross-
linking, resulting in a fixed network structure that limits their
processability and recyclability [11, 12]. In contrast, vitrimers
are characterized by reversible exchange reactions between
covalent bonds, allowing them to flow and rearrange under
specific conditions while maintaining their structural integ-
rity. The dynamic nature of vitrimers stems from the pres-
ence of dynamic covalent bonds, such as disulfide, imine,
boronic ester bonds, and transesterification reactions [13—15].
These bonds allow vitrimers to undergo structural reconfig-
uration in response to external stimuli, such as heat, light, or
pH [16]. As a result, vitrimers exhibit shape-memory beha-
vior, self-repairing capabilities, and the ability to be reshaped,
reprocessed, and recycled multiple times without signific-
ant degradation [17]. In particular, it is possible to program
vitrimers to ‘remember’ a specific shape. They can change
shape predeterminedly or return to their original shape when
exposed to a triggering stimulus, e.g. heating. This ability
to change shape on demand provides versatility since vitri-
mers can be molded into specific shapes during fabrication
and then set to remember them. This enables the design of
complex geometries tailored to specific applications. In addi-
tion, the responsiveness to external stimuli allows it to adjust
to changing environmental conditions or mechanical loads
[18-20]. Lastly, vitrimers can be reconfigured and reused in
a variety of applications because of their ability to change
shape without significant rupture. The adaptability provided
by shape-memory properties allows vitrimers to be used in
the development of smart materials and devices, such as self-
actuating structures, shape-changing components, and adapt-
ive surfaces [21, 22]. In general, vitrimers are adjusting mater-
ials, because their properties can be tailored and optimized
for specific applications through adjustments in their chemical
composition and processing techniques.

In this work, the synthesis and investigation of properties
of new biobased and antimicrobial vitrimers were performed.
Vanillin and glycerol acrylates were selected as raw materials
in this study because of their significant advantages over tradi-
tional petrochemical-based monomers. Vanillin, derived from
lignin, is not only a biobased material but also imparts inher-
ent antimicrobial properties, making it a compelling choice
for applications in environments where microbial resistance
is essential, such as medical and food packaging materi-
als. Additionally, glycerol acrylates, which can be synthes-
ized from glycerol, a by-product of biodiesel production,
offer a renewable alternative that improves polymer flexibil-
ity and reduces brittleness, addressing a common limitation
in traditional vitrimer materials. Both vanillin and glycerol
derivatives are safer than conventional alternatives such as
bisphenol A, which poses health risks and contributes to envir-
onmental pollution. By incorporating these biobased acrylates,
this study aims to develop vitrimers that combine antimicro-
bial activity, reprocessability, and structural flexibility with
significant application potential in fields requiring recyclable
and shape-memory polymers.

The purpose of this study was to develop vitrimers with
antimicrobial properties using vanillin and glycerol acrylate

fragments, to reduce the brittleness of the polymer and
to increase the flexibility of the polymer as well as the
number of ester functional groups in the vitrimer struc-
ture for reprocessability by using pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP). In addition, thiol-ene photo-
polymerization is attractive due to advantages such as rapid
curing and low shrinkage [23]. For the first time, the photo-
curing kinetics and rheological properties of formulations con-
taining acrylates based on glycerol and vanillin and PETMP
were studied. The desired shape-memory, self-welding, self-
healing, reprocessability, and antimicrobial properties were
developed and compared to those of vitrimers based on
bisphenol A glycerolate dimethacrylate (BisGMA). Sensors,
robots, and computers have been reduced to millimeter or sub-
millimeter sizes over the last decade. Such little machines
are intelligent for numerous purposes, such as microsur-
gery or cargo transport [24]. Additionally, micrometer-scale
patterns were successfully fabricated by microimprint litho-
graphy, filling the gap between high-resolution patterning and
cost-effective manufacturing [25]. The great potential of the
developed resins for this accurate, fast, easy, and inexpensive
fabrication method was shown.

2. Experimental

2.1. Materials

Bisphenol A glycerolate dimethacrylate (BisGMA), 2-
hydroxy-3-phenoxypropyl acrylate (HPPA), pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP), and 2,5-bis(5-tert-
butylbenzoxazol-2-yl) thiophene (BBOT) were purchased
from Merck, Darmstadt, Germany.2-Hydroxy-3-[[4-[2-
hydroxy-3-[(2-methyl-1-oxo0-2-propen-1-yl)oxy]propoxy]-
3-methoxyphenyl]methoxy]propyl  2-methyl-2-propenoate
(DGEVA dimethacrylate, DGEVADMA) was purchased
from Specific Polymers, Castries, France. Ethyl(2,4,6-
trimethylbenzoyl) phenylphosphinate (TPOL) was purchased
from Fluorochem, Hadfield, UK. Miramer A99 was received
from Miwon Europe GmbH, Mainz, Germany. All chemicals
were used as received.

The vanillin-based monomer  2-hydroxy-3-[[4-[2-
hydroxy-3-[(2-methyl-1-ox0-2-propen-1-yl)oxy]propoxy]-
3-methoxyphenyl]methoxy]propyl  2-methyl-2-propenoate
(DGEVA dimethacrylate, DGEVADMA) (figure 1) was
chosen as a cross-linker for vitrimer synthesis due to the
functional groups of hydroxyl and ester that are essential for
transesterification reactions. DGEVA dimethacrylate can be
produced from the second most abundant natural phenolic
polymer lignin [26] and has a benzene ring in structure that
provides high rigidity and thermal stability. As a result, it
could be an alternative to bisphenol A-based monomers in
vitrimeric synthesis, because bisphenol A is thought to con-
tribute to metabolic and endocrine disorders, as well as to
water pollution [27, 28]. Furthermore, vanillin-based poly-
mers show antimicrobial properties [29, 30]. The mono-
functional monomer 2-hydroxy-3-phenoxypropyl acrylate
(HPPA) was selected as the most widely used monomer for
vitrimer synthesis through transesterification reactions [31].
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Figure 1. Chemical structures of 2-hydroxy-3-[[4-[2-hydroxy-3-[(2-methyl-1-0x0-2-propen-1-yl)oxy]propoxy]-3
-methoxyphenyl|methoxy]propyl 2-methyl-2-propenoate (DGEVADMA), bisphenol A glycerolate dimethacrylate (BisGMA),
2-hydroxy-3-phenoxypropyl acrylate (HPPA), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), ethyl(2,4,6-trimethylbenzoyl)
phenylphosphinate (TPOL), Miramer A99, and 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT).

Moreover, HPPA contains a fragment of glycerol, the primary
building block of triglycerides, which can be obtained as
a by-product of biodiesel production from vegetable and
animal fats [32, 33]. Only partial recyclability has been
obtained by using DGEVADMA [34]. The photoinitiator
ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPOL) was
used because of the photobleaching effect, which allows to
obtain transparent product [35]. Miramer A99 was chosen
as the transesterification catalyst due to its inertness in thiol-
click formulations [31]. 2,5-Bis(5-tert-butyl-benzoxazol-2-
ylthiophene (BBOT) was used as a UV blocker to inhibit the
premature photopolymerization of the formulations.

2.2. Preparation of UV/VIS-curable resins

The formulations were prepared by mixing 20 wt.%
DGEVADMA or BisGMA with different amounts of HPPA
and PETMP (table 1), and 0.08 wt.% of BBOT at 70 °C.
PETMP was used up to 20% because increasing its concen-
tration beyond this level resulted in poorer rheological and
mechanical properties of the polymer samples. A higher thiol
content made the samples brittle, making it difficult to remove
them from the mold. When the formulations were cooled to
room temperature, 3 mol.% of TPOL as a photoinitiator and
5 wt.% of Miramer A99 as the transesterification catalyst were
added and stirred at room temperature.

Resin codes were denoted by a first letter of either
DGEVADMA or BisGMA, a number that indicated the
amount of PETMP, and the first letter of PETMP, e.g. D-20P
denotes a resin with 20 wt.% of DGEVADMA, 60 wt.% of
HPPA, and 20 wt.% PETMP.

Viscosity of the resins was measured using an Anton Paar
MCR302 rheometer (Graz, Austria) equipped with a plate/-
plate accessory (15 mm diameter of the upper plate), employ-
ing shear rates ranging from 0.001 to 50 s~ at a temperature
of 25 °C.

The resins were then subjected to UV/VIS curing in a
Teflon mold (70 x 10 x 1) &= 0.01 mm under a 100 W Helios
Italquartz GR.E UV lamp emitting light at a wavelength of
250450 nm and an intensity of 310 mW cm~? for 2 min until
a solid polymer was formed.

2.3. Self-welding experiment

The UV/VIS-cured samples, measuring (10 x 10 x 1) +0.01 mm,

were halved, then aligned and joined together before being
subjected to heating at 180 °C for 10 min. Elevated temper-
atures facilitate the dynamic covalent exchanges critical to
self-healing. Subsequently, the rejoined samples were mech-
anically tested using a Testometric M500-50CT machine
(Testometric Co, Ltd, Rochdale, UK).

2.4. Self-healing experiment

The scratch repair test was carried out by scratching the
UV/VIS-cured vitrimer sample with a razor blade, cur-
ing at 180 °C for 1 h and then analyzing with a Hitachi
SEM TM4000 II (Hitachi High-Tech Corporation, Hitachi
Europe Ltd). The self-healing efficiency was calculated as
the ratio between the width of scratch before and after
repair.
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Table 1. Composition and viscosity of resins.

Amount of DGEVADMA Amount of Amount of
Resin or BisGMA (wt.%) HPPA (wt.%) PETMP (wt.%) Viscosity (mPa-s)
D-OP 80 0 511 £1
D-5P 75 5 537+£3
D-10P 20 70 10 604 £ 8
D-15P 65 15 621 £9
D-20P 60 20 705 +5
B-OP 80 0 513 +4
B-5P 75 5 585+3
B-10P 20 70 10 607 +3
B-15P 65 15 629 £ 3
B-20P 60 20 708 £+ 2

2.5. Shape-memory experiments

Samples with dimensions of (70 x 10 x 1) & 0.01 mm were
welded into a gripper and used for shape-memory experi-
ments. The sample was mechanically deformed at room tem-
perature from its permanent form to the desired shape to take
the plug and cooled below T, as shown in figure 7.

The shape recovery ratio (RR) was determined by com-
paring the polymer’s lengths at various stages of the shape
memory process. Initially, the sample was heated to 90 °C
(above the T) and stretched by applying a force. During the
fixing stage, the sample was cooled to room temperature while
maintaining the applied load, and then the tensile load was
released. Finally, the deformed sample was reheated to 90 °C,
allowing it to recover its original length. RR was calculated
according to the equation:

L L

RR =
Ly — Ly

6]

where RR is the shape recovery ratio (%), Ly is the original
length of the sample (cm), Ly is the length of the sample in
the fixing stage after releasing the tensile load (cm), and L is
the length of the sample in the recovery stage when heated to
90 °C (cm).

2.6. Reprocessability experiments

The photocured samples were purged with liquid nitrogen,
grinded and compressed in a mould (50 x 70 x 1) mm at
210 °C for 25 min under a pressure of 4 metric tons on a Carver
hot press (Carver Inc., Wabash, IN, USA). After being cooled
to room temperature, the mechanical properties of the repro-
cessed samples were tested using a TIRA test 2705 machine
(TIRA GmbH, Schalkau, Germany). The average of 3 parallel
measurements was calculated and the variation of the experi-
mental results did not exceed 5% within the group.

2.7 Antimicrobial experiments

The study of the antimicrobial activity of polymers was carried
out using the methodology described in a previous publication

[29]. The concentrations of the microbial inoculum were
1.9 x 10°,2.3 x 107, and 1.0 x 10® colony forming units ml~!
(CFU ml™!Y) for Escherichia coli (E. coli), 2.35 x 107 for
Staphylococcus aureus (S. aureus), 8.50 x 10° for Aspergillus
flavus (A. flavus), and 3.95 x 10° for Aspergillus niger (A.
niger). Ten microliter of the bacterial or fungal suspension was
applied to the surface of the test films (10 x 10 mm) and incub-
ated in a humid chamber (90% relative humidity) at 37 °C in
the case of infection with bacteria and at 26 °C in the case
of infection with fungi for 1, 2 and 4 h. The percentage reduc-
tion of viable microbial spores was calculated according to the
formula: (a — b)/a-100%, 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 samples from trip-
licate experiments after incubation.

2.8. Microimprint lithography

An Asiga Pico2 39 UV table-top 3D printer (Asiga) was used
to produce a 1951 USAF resolution test target structure out
of PlasGray material. Polydimethylsiloxane (PDMS) was then
poured over the target structure and thermally cured at 100 °C
for 1 h, resulting in a soft mold that was used to make replicas.
The resins were cured under a 100 W Helios

Italquartz GR.E UV lamp that emits light at a wavelength
of 250—450 nm and an intensity of 310 mW c¢cm ™2 for 2 min.

2.9. Characterization techniques

Characterization methods are described in the Supplementary
Information.

3. Results and discussions

3.1. Kinetics of photocuring

Real-time photorheometry was used to monitor the vis-
coelastic behavior and rheological characteristics including
viscosity, shrinkage, and rigidity of the resins after applying
UV/Vis light irradiation. When PETMP was added, the vis-
cosity increased in the resins containing DGEVADMA and
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Figure 2. Photorheometric characteristics.

BisGMA due to the higher viscosity of PETMP compared
to the monomer HPPA, and ranged from 511 to 708 mPa:s
(table 1). The viscosity of the bisphenol A diacrylate-
containing resins was slightly higher compared to that of the
vanillin diacrylate-containing resins as a result of the higher
viscosity of BisGMA.

The addition of the UV blocker BBOT did not significantly
change the viscosity and prevented prepolymerization of the
resins; after a month in the dark, the change was less than 5%.
After exposure to UV/Vis for 1 s, all resins reached the gel
point, which means that the addition of PETMP did not affect
the rate of polymerization and the reaching of the plateau of
G’ and G” modules. For example, the resin D-OP had G’ and
G" modules of 20.29 MPa and 8.45 MPa, respectively, after
120 s of irradiation (figure 2). The values reached for the G’
and G” modules were slightly higher compared to those of the
resin composed of DGEVADMA and HPPA (13.55 MPa and
6.16 MPa, respectively) [34] and using different transesteri-
fication catalyst, since Miramer A99 was covalently incorpor-
ated into the network through its methacrylate group. All rhe-
ological parameters, such as G’ and G”” modules (figure S1(a)
and (b), and shrinkage were reduced by increasing the amount
of PETMP to 20% by weight. At higher PETMP concentra-
tions, the thiol-ene step growth process is dominated rather
than the chain-growth mechanism of acrylate monomers, res-
ulting in lower resin shrinkage and rigidity of the polymer. The
reduction in the G’ and G” modules curves of some resins was
observed because of softening of the polymers regarding the
plasticization of the polymer matrix when exposed to UV/Vis
light.

Thiol PETMP acted as a chain transfer agent by redu-
cing shrinkage, resulting in a uniform polymer structure that
is a function of the photopolymerization step-growth process
[36]. However, the values of the rheological parameters of
DGEVADMA were slightly lower than those of BisGMA res-
ins, but of the same magnitude due to the lower viscosity and
one aromatic ring compared to two rings of BisGMA.

3.2. Mechanical properties

The mechanical characteristics of the photo-cured resins were
examined by tensile testing of the polymer samples (figure S2).
The incorporation of PETMP resulted in a decrease in Young’s
modulus and the tensile strength values which correlated with
the storage modulus G’ values from photorheometric studies
and may be due to the lower yield of the insoluble fraction. The
polymer without PETMP had Young’s modulus of 8.99 MPa,
which was similar to that of the DGEVADMA and HPPA poly-
mer synthesized using another catalyst (5.69 MPa) [34]. The
elongation at break was the highest when 5 wt.% of PETMP
was used and decreased with increasing amounts of it. The B-
5P polymer exhibited more than twice as much elongation at
break than its analogue with the vanillin diacrylate fragments
D-5P. The values of Young’s modulus and tensile strength of
samples with bisphenol A diacrylate fragments were slightly
higher but in the same magnitude as those of polymers with
vanillin diacrylate fragments, may be due to the two aromatic
rings in the structure.

3.3. Self-welding properties

Unlike traditional thermosets, vitrimers having dynamic cova-
lent bonds enable welding through thermally activated bond
exchange reactions, providing ecological and economic bene-
fits. Self-welding can extend the lifespan of materials and
reduce energy consumption for the production of new mater-
ials. Above the topology freezing temperature, dynamic
transesterification reactions are activated, and the results of
self-welding are noticeable. Only samples D-20P and B-
20P with the highest concentration of PETMP showed self-
welding properties. In these samples, not only the cova-
lent bonds formed, but also the greater amount of —SH and
C=0 groups present in the PETMP fragment could impart
the hydrogen bonding between the polymer chains [36, 37].
Therefore, the determination of the T, of the vitrimers D-
20P and B-20P is shown in figures 3(a) and (b). Vitrimers
can relieve stress at high temperatures ranging from 160 °C
to 220 °C through dynamic cross-link exchange reactions.
Relaxation time (7) was determined as the time needed to relax
to 1/e (36.8%) of the initial stress [38]. The relaxation time
increased as the temperature decreased for both vitrimers. In
the case of vitrimer D-20P with vanillin diacrylate fragments,
7 ranged from 17 min to 3 min, while in the case of vitri-
mer B-20P with bisphenol A diacrylate fragments, 7 ranged
from 132 min to 8 min, demonstrating fast stress relaxation.
The 7 values were plotted as a function of temperature and T,
was determined by extrapolating the fitted line. The 7'y of the
vitrimers was determined to be 9 °C and 84 °C (figure 3(b)).
Such a low T, value of D-20P shows the extremely fast stress
relaxation. This shows that vitrimer D-20P with vanillin diac-
rylate fragments had a more efficient rearrangement of poly-
mer chains compared to vitrimer B-20P due to one aromatic
ring that could impart a fast exchange reaction of dynamic
cross-links [39].
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Figure 3. Stress relaxation curves versus time (a) and the Arrhenius
plot of relaxation times (b).

To show self-welding properties, the rectangular sample
obtained after photopolymerization was cut in half, adhered
together placing 1 x 1 cm pieces on top of each other, and
heated to 180 °C only for 10 min (figure 4(a)). The optimal
thiol content to ensure the self-welding properties of the poly-
mers is 20 wt.% in both polymer series containing

Vanillin diacrylate and bisphenol A diacrylate fragments.
After welding, the vitrimer samples were able to hold a weight
of 500 g (figure 4(b)). The mechanical parameters of the ori-
ginal and welded samples were compared.

After heating at a temperature of 180 °C, the polymer
sample with the vanillin diacrylate fragments showed about
4.5 times higher tensile strength and approximately 1.6 times
higher Young’s modulus values. Tensile strength and Young’s
modulus values of the heated polymer sample containing
bisphenol A diacrylate fragments increased approximately 2.5
times. The reason for the increased mechanical characteristics
could be the additional formation of hydrogen bonds during
curing at 180 °C. The lifespan and sustainability of the vitri-
mer could be enhanced by weldability using 20 wt.% of thiol in
the resin only after 10 min of heating at 180 °C. Vitrimers with

- W

Figure 4. A photograph of vitrimers obtained by UV/VIS-curing
and after self-welding at 180 °C (a), and a photograph of
self-welded D-20P that holds a weight of 500 g (b).

Figure 5. SEM images of the scratch sample D-20P (a) and the
same sample cured at 180 °C for 1 h (b).

20 wt.% of PETMP were selected to test their shape-memory,
reprocessability, and antimicrobial properties.

3.4. Self-healing properties

The repair of thermosets is impossible, which leads to a lot of
waste and costs. Potential replacement of thermosets is vitri-
mers with self-healing properties. To confirm the repairability
of the UV/VIS-cured sample D-20P, a scratch-repair test was
performed. Figure 5 shows SEM images of a UV/VIS-cured
sample that was scratched with a razor blade and repaired at
180 °C for 1 h. Side scratches and folds were formed in addi-
tion to the main scratch due to the usage of a razor blade.
When the vitrimer is damaged, reversible exchange reactions
of covalent bonds occur under heating conditions, allowing the
sample to rearrange its molecular structure and repair damage.
The scratch became less obvious in the D-20P sample, indic-
ating good self-healing properties. The self-healing efficiency
of 40% was obtained as the ratio between the width before and
after the repair. The ability of the vitrimer to undergo revers-
ible bond exchange enabled it to exhibit self-healing proper-
ties, making it a promising candidate for applications where
durability and longevity are crucial.
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Figure 6. Dimensional change curves of the vitrimers D-20P and
B-20P (a) and photographs expressing the monitoring of the
shape-memory behavior of the D-20P ‘gripper’ sample (b).

3.5. Shape-memory properties

One of the advantages of vitrimers is that they can change
their shape permanently as a result of their ability to main-
tain a temporary shape and return to a permanent shape under
temperature changes. Shape change and memory were tested
with a self-welded ‘gripper’ sample below its T,. The T, of
the D-20P and B-20P vitrimers, defined from the dimensional
change curve (figure 6(a)), was 15 °C and 22 °C, respect-
ively. Two aromatic rings of bisphenol A diacrylate slightly
increased the glass transition of the polymer compared to that
of the polymer containing vanillin diacrylate fragments with
only one aromatic ring. As shown in figure 6(b), the sample
D-20P, which was in its permanent form at room temperat-
ure, was mechanically deformed to the desired shape to take
the plug shown in the photo and cooled below T',. The sample
was able to change its permanent shape to the desired shape
and retain the plug shown in the photo because of the plasti-
city of the free hydroxyl groups and branched macromolecules
with aromatic ring and aliphatic chains. When the sample was
heated to room temperature, it quickly recovered after 3 sto a
permanent shape. Both the D-20P and B-20P samples showed
a shape RR of 100%, indicating that the samples are able to
recover their original length. The shape-memory behavior of
D-20P vitrimer makes it a good candidate for medicine, elec-
tronics, and multifunctional robotic systems.

Hot pressing I ‘ Tensile testing

Crushing

Figure 7. Scheme expressing the reprocessability experiment.

3.6. Reprocessability of polymers

Following confirmation of the stress relaxation behavior of the
vitrimers, the reprocessability provided by the dynamic cova-
lent network was examined. D-20P and B-20P should be eas-
ily reprocessed at high temperatures due to their low relaxa-
tion time. Figure 7 illustrates how crushed vitrimer samples
can be molded into rectangles using a hot press machine at
210 °C for 25 min at 4 metric tons. More notably, even after
three hot-press reprocessing cycles, both reprocessed vitrimers
maintained the same level of mechanical properties (figure S3)
or showed even higher values, which are crucial for the prac-
tical application of vitrimers.

Furthermore, the intensities of the OH and C=0 group
signals at 3490 cm~! and 1740 cm™!, respectively, in the
FT-IR spectra after reprocessing were identical to those
of the original samples (figure S4). This was due to
the dynamic transesterification reaction that occurred dur-
ing reprocessing. Exchangeable hydroxyl groups and ester
groups can be released at high temperatures when nuc-
leophilic hydroxyl groups react with the ester group to
generate an associate intermediate [40]. Additionally, ther-
mogravimetric analysis showed that these vitrimers were
thermally stable at 210 °C under the conditions tested
(figure S5). Synthesized vitrimers D-20P and B-20P can be
recycled from their waste materials, according to the repro-
cessability experiment, thus highlighting their sustainabil-
ity and potential for circular economy practices in material
science.
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Table 2. Antimicrobial characteristics of vitrimers.

Reduction in microbial spores (CFU ml™1) (%)

Vitrimer  Time (h) E. coli S. aureus A. flavus A. niger

D-20P 1 99.97 +£0.01 99.6+£0.12 86.2+0.05 72.140.06
2 100 £0.00 100 £0.00 93.0+£0.06 65.540.09
4 100£0.00 100£0.00 932+0.01 68.74+0.02

B-20P 1 96.16 £ 0.59 61.8+£0.02 922+0.12 78.8+0.01
2 99.99 £0.01 100£0.00 922+0.04 68.0=+0.01
4 100 £0.00 100£0.00 88.0£0.01 77.0£0.01

3.7 Antimicrobial properties

The antibacterial and antifungal properties of the D-20P and
B-20P vitrimer films were tested in direct contact of the bac-
terial or fungal suspensions with specimens and by calculating
the percentage reduction of viable microbial spores. The res-
ults are shown in table 2 and figure 8. Both vitrimers showed
antimicrobial activity against all tested microorganisms, with
A. niger generally being the most viable and E. coli the most
susceptible, as E. coli has a simple cell structure without
membrane-bound organelles, while A. niger has organelles
such as nucleus, mitochondria, and endoplasmic reticulum
[41]. In both vitrimer cases, the percentage reduction of viable
microbial spores increased with time. However, D-20P exhib-
ited a higher percentage of bacteria reduction after 1 h com-
pared to B-20P, indicating that DGEVADMA had more effect-
ive antibacterial activity compared to BisGMA. After 2 h of
exposure to D-20P, E. coli and S. aureus spores were reduced
to 100%, while A. flavus spores were reduced to 93.0% and A.
niger to 65.5%. Similarly, after 4 h of exposure, the reduction
of bacteria spores remained 100% and the reduction of fungal
spores increased to 93.2% and 68.7%, respectively. However,
in the case of exposure to B-20P, the reduction of A. flavus
spores was reduced after 4 h compared to the reduction after
2 h. This could be explained by the development of vegetative
cells from spores under the appropriate conditions. Both vitri-
mers have hydroxyl, sulfur, and carbonyl groups that contrib-
ute to the antimicrobial effect [26, 42, 43]. Hydroxyl groups
may enhance interactions with components of the microbial
cell wall, resulting in membrane rupture. Components of the
microbial cell wall can form hydrogen bonds with carbonyl
groups, which can destabilize the membrane. Additionally, thi-
ols have antimicrobial activities by creating disulfide bonds
with cysteine residues in microbial proteins, altering their
structure and function.

Bacterial E. coli infections are among the leading causes of
death in hospitals worldwide, as bacteria can grow on a vari-
ety of surfaces, such as urine catheters and heart valves [44].
Bacteria also grow in materials used in wearable electronics,
textile products, etc. One of the possible ways to deal with
these problems is the use of antimicrobial film coatings on
medical and electronic equipment, and the research and devel-
opment of antibacterial polymer films is critical to prevent bac-
terial multiplication. Therefore, the antibacterial activity of the

A. flavus A. niger

S. aureus

Figure 8. Photos of the resulting suspensions plated on nutrient
media after 4 h: top Petri dishes—D-20P, bottom—B-20P.

vitrimer films was investigated after 1 h using different con-
centrations of E. coli inoculum. The results are presented in
figure 9. Vitrimer D-20P with vanillin diacrylate fragments
reduced cell growth by 100% at concentrations of 1.9 - 10°
and 2.3 - 107 CFU ml~! and by 99% at a higher concentration
of 1.0 - 108 CFU ml~! even after 1 h of contact with bacteria.
These values are similar to vitrimers with typical antimicro-
bial agents, such as alkyl-substituted quaternary ammonium
groups (86%—-99%) [45, 46]. However, cell reduction by vit-
rimer B-20P with the bisphenol A diacrylate fragments was
100% only at a lower concentration of 1.9 - 10° CFU ml~!
and continued to decrease to 48% at the highest concentra-
tion of 1.0 - 103 CFU ml~!. The methoxy group is considered
to have excellent antibacterial activity [47]. In this study, the
methoxy group of the vanillin fragment was found to have the
greatest impact on the reduction of E. coli cells compared to
the aromatic structure of the bisphenol A fragment and the sul-
fur groups of PETMP fragments. It was previously found that
vanillin treatment can damage the membrane structure of E.
coli, resulting in leaks of nucleic acids and proteins within the
cell. Furthermore, vanillin treatment reduces the concentration
of adenosine triphosphate (ATP) in E. coli cells, causing cell
death [48]. The results of antimicrobial activity highlight the
potential of vitrimers containing vanillin diacrylate fragments
as effective antimicrobial films or 3D printed objects against
infections.
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Figure 9. Reduction of E. coli cells during 1 h of contact time with the vitrimers containing fragments of vanillin diacrylate and bisphenol
A diacrylate (a) and photos of the resulting suspensions plated on nutrient media (b): top Petri dishes—D-20P, bottom—B-20P.

Figure 10. Photos taken during the microimprint lithography test include a 3D printed 1951 USAF target (a), a PDMS mold (b), and a

replica made of resin D-20P (c).

3.8. Microimprint lithography testing

Resin D-20P was tested in microimprint lithography, which
is used to produce patterns with high resolution and preci-
sion, and it is widely used in various applications, includ-
ing electronics, optics, biotechnology, and surface engineering
[23, 49]. Photos taken during the testing are presented in
figure 10. The D-20P resin replica matched the PDMS mold
in shape and details (letters and numbers): the thinnest line of
69 pm width and the thickest of about 220-230 zm width were
obtained. The replica had only minor defects, such as the loss

of sharp edges caused by the peeling of the stamp. The D-20P
resin showed great potential to be used for microimprint litho-
graphy as thin features with high precision were produced.

4. Conclusions

UV/VIS-curable transesterification vitrimers containing frag-
ments of vanillin-based diacrylate, glycerol-based acrylate,
bisphenol A diacrylate, and pentaerythritol tetrakis(3-
mercaptopropionate) were developed and mechanical,



Smart Mater. Struct. 34 (2025) 035044

B Kazlauskaite et al

thermal, self-welding, self-healing, shape-memory, reprocess-
ability, and antimicrobial properties were investigated. The
addition of pentaerythritol tetrakis(3-mercaptopropionate) did
not affect the polymerization rate, but reduced the values of
the rheological characteristics. Mechanical tests showed a
decrease in Young’s modulus and tensile strength values with
the addition of pentaerythritol tetrakis(3-mercaptopropionate),
while the elongation at break was the highest with 5 wt.%
of pentaerythritol tetrakis(3-mercaptopropionate). Among
the most important findings is that self-welding capability
was observed with 20 wt.% of pentaerythritol tetrakis(3-
mercaptopropionate) after just 10 min of heating at 180 °C and
without additional pressure, resulting in significant improve-
ment in mechanical properties after heating. The synthes-
ized vitrimer showed self-healing with an efficiency of 40%.
Shape-memory behavior enabled permanent shape change
and recovery at temperatures above and below the glass trans-
ition temperature. Excellent reprocessability, with mechan-
ical properties maintained over three reprocessing cycles,
demonstrated the suitability of vitrimers for circular eco-
nomy practices. Antimicrobial testing has revealed super-
ior efficacy of the vitrimer with vanillin diacrylate frag-
ments compared to an analogue containing bisphenol A diac-
rylate fragments. The resin with 20 wt.% of pentaerythritol
tetrakis(3-mercaptopropionate) demonstrated high precision
and potential for use in microimprint lithography, produ-
cing detailed replicas. These findings highlight the multidi-
mensional applicability of innovative vitrimers with incor-
porated pentaerythritol tetrakis(3-mercaptopropionate) frag-
ments, which provide variable material characteristics for a
wide range of industrial and biomedical applications, includ-
ing textile products, electronics, robotics, and antimicrobial
films, coatings, or 3D printed objects.
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