
1. Introduction
Recently, shape memory polymers have received
much attention due to their unique ability to obtain
temporary shapes and return to their permanent shape
in response to stimulus [1]. These polymers have a
wide application area, such as intelligent medical de-
vices, heat-shrinkable tubes for electronics [2], aero-
space applications, and self-healing materials [3].
Nowadays, technologies are an integral part of every-
day life, and the need for smart materials is growing
rapidly [4], leading to the increasing interest in new
bio-based shape memory polymers suitable for fu-
ture applications in the fast-growing field of smart
materials [5].

Bio-based materials attract the interest of the sci-
entific community as an ecological and economical
alternative to petrochemical-based materials [6].
Bio-based high-performance materials are becom-
ing a major trend in the research and development
of shape memory polymers [7]. The typical char-
acteristics of high-performance polymers are high
mechanical strength and high heat resistance [8]. In
recent years, new bio-based shape-memory poly-
mers have been synthesized from plant-derived ma-
terials by thermal polymerization. Only a few bio-
based shape memory polymers have been prepared
by UV photopolymerization [9]. However, most
bio-based shape memory polymers have low glass
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transition temperatures, which limits their applica-
tions [7].
Antimicrobial shape-memory materials are attracting
a lot of attention in biomedical applications [10],
e.g., bone scaffolding [11]. For example, a self-heal-
able conductive polyurethane with shape memory
and antimicrobial properties has been synthesized
and shown to be suitable for use as a bone scaffold
[12]. Antimicrobial shape memory composites have
been developed by combining synthetic polymers
possessing shape memory properties and natural
polymers [13]. However, most antimicrobial mate-
rials that possess shape memory properties are not
bio-based. To fill this gap, this study focused on de-
veloping novel bio-based antimicrobial shape mem-
ory polymers using vanillin derivatives.
Approximately 20% of vanillin is produced from nat-
ural sources. It can be extracted directly from plants,
such as vanilla orchid beans or produced by the chem-
ical modification of lignin. Lignin is the main source
of plant-derived vanillin [14]. In the last years, vanillin
and its derivatives have been used in polymer syn-
thesis because their aromatic structure provides
polymers with high rigidity and thermal stability [15].
Hydroxyl and aldehyde groups present in vanillin
can be modified, and new derivatives might be used
as monomers for polymerization [16]. Vanillin
demonstrates high antibacterial activity that leads to
its extensive use in food packaging or medicine [17].
Both thermal polymerization [18, 19] and photopoly-
merization [20] have been used for polymer synthe-
sis from vanillin derivatives. Vanillin methacrylate
was successfully copolymerized with acrylate epox-
idized soybean oil. The mechanical properties of these
polymers were improved by increasing the amount
of vanillin methacrylate fragments in the polymer
[19]. Vanillin methacrylate and vanillin dimethacry-
late were also used in radical polymerization. The
polymers obtained demonstrated high thermal sta-
bility and had a huge potential in the production of
polymer composites [18]. Vanillin acrylate has also
been used in radical polymerization. Vanillin acry-
late-based polymers were stiff materials with a high
glass transition temperature (up to 168°C) and could
be used as organic coatings [19]. Recently, the use
of vanillin for the synthesis of renewable polymers
has attracted a lot of interest as it is one of the com-
mercially available bio-based aromatic compounds
[21]. However, none of these studies focused on the
use of vanillin derivatives in dual curing systems or

in the production of shape memory polymers. In this
study, for the first time, the photocuring kinetics of
vanillin acrylate-based dual curing systems and me-
chanical, thermal, and antimicrobial properties of the
resulting polymers have been investigated.
Dual curing is one of the possible ways to obtain
shape-memory materials. The combination of two
simultaneous or sequential curing reactions [22] re-
sults in the formation of interpenetrating or semi-in-
terpenetrating polymer networks [23]. This allows
the development of materials with unique thermal and
mechanical properties that could not be obtained
using other polymerization reactions [24, 25]. Dual-
cured thermosets were successfully prepared using
off-stoichiometric formulations of thiol-acrylate sys-
tems [26]. The resulting materials display a wide
range of properties [27] and are easily adaptable to
a wide variety of applications, such as shape-memory
polymers, optical materials, protective coatings, pho-
tolithography, holographic materials, etc. [28].
In this work, commercial vanillin acrylates were se-
lected with the aim of finding efficient photocurable
systems suitable for industrial application in environ-
mentally friendly light-based additive manufacturing
technologies. Three vanillin derivatives, vanillin di-
acrylate (VD), vanillin dimethacrylate (VDM), and
vanillin hydroxypropane dimethacrylate (VHDM),
were tested in photopolymerization with 1,3-ben-
zenedithiol (BDT). By varying the ratio of acrylate
to thiol (from 1:1 to 1:0.5), the rate of thiol-acrylate
photopolymerization and free-radical photopolymer-
ization was tuned, and polymers possessing different
mechanical and thermal properties were obtained.
Ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate
(TPOL) was selected as the photoinitiator, as it is
preferred due to the photobleaching effect that pro-
vides transparent coatings and allows the lower lay-
ers of the coating to cure [29]. Real-time photorheom-
etry was used to monitor the photocuring kinetics,
rheological parameters, and shrinkage, as these pa-
rameters have a significant impact on the application
of polymer resins. The yield of insoluble fraction and
swelling value of the polymers were calculated to
confirm their crosslinked structure. The thermal and
mechanical properties were investigated and com-
pared with those of other acrylate-based photopoly-
mers [30]. Also, the antibacterial and antifungal
properties of the polymer films were investigated as
well. All of the properties mentioned above enable
the wide use of vanillin-based antimicrobial shape
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memory polymers in a huge variety of applications,
including smart materials.

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

2.2. Preparation of crosslinked polymer
specimens

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

VDM). When homogenous mixtures were obtained,
the resins were poured into a Teflon mold and cured
for 2–5 min under a UV/Vis lamp (Helios Italquartz,
model GR.E 500 W, Milan, Italy) with an intensity
of 310 mW/cm2. The composition of the resins is
presented in Table 1.

2.3. Characterization techniques
Fourier transformation infrared spectroscopy (FT-
IR) spectra were recorded using a Spectrum BX II
FT-IR spectrometer (Perkin Elmer, Llantrisant, UK)
in the range of 650–4000 cm–1. Reflection was meas-
ured during the test.
The Soxhlet extraction was used to determine the
yield of the insoluble fraction. Polymer samples of
0.3 g were extracted with acetone for 24 h. After 24 h,
the insoluble fractions were dried under vacuum until
no change in mass was observed. The yield of the
insoluble fraction was calculated as the difference in
mass before and after the extraction and drying.
The swelling values of the crosslinked polymer spec-
imens were obtained by measuring the mass of spec-
imens swollen in acetone at 25°C. Polymer film spec-
imens of 20±0.1 mm length, 9±0.05 mm width, and
1±0.05 mm thickness were used. The change of
mass was measured every 10 min and the percentage
change in mass was calculated.
Differential scanning calorimetry (DSC) measure-
ments were performed on a DSC 8500 apparatus
(Perkin Elmer, Llantrisant, UK). The heating rate of
20 °C/min under nitrogen atmosphere (50 ml/min)
and the temperature range of –40–110°C of the heat-
ing–cooling–heating cycle were used. Hermetic alu-
minum pans were used. The glass transition temper-
ature was calculated as a midpoint of the glass
transition step of the second heating curve using the
TA Universal Analysis software.
Thermogravimetric analysis (TGA) was performed
on a TGA 4000 apparatus (Perkin Elmer, Llantrisant,
UK). A heating rate of 20 °C/min under a nitrogen
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Figure 1. Chemical structure of vanillin hydroxypropane
dimethacrylate (VHDM), vanillin dimethacrylate
(VDM), vanillin diacrylate (VD), 1,3-benzene -
dithiol (BDT) and ethyl(2,4,6-trimethylbenzoyl)
phenylphosphinate (TPOL).

Table 1. Composition of resins C1–C6.

Resin Vanillin
derivative

Amount of vanillin
derivative

[mol]

Amount of 1,3-
benzenedithiol

[mol]

Amount of the
photoinitiator TPOL

[mol%]
Solvent

C1 VD 1 1.0 3 –
C2 VD 1 0.5 3 –
C3 VDM 1 1.0 3 THF
C4 VDM 1 0.5 3 THF
C5 VHDM 1 1.0 3 –
C6 VHDM 1 0.5 3 –



atmosphere (100 ml/min) was chosen. The temper-
ature range of 10–800°C was used. Aluminum oxide
pans were used.
Measurement of the temperature at which the mate-
rial starts to soften under compression load was car-
ried out on an MCR302 rheometer (Anton Paar,
Graz, Austria) in the temperature range from –40 to
60°C with a heating rate of 2 °C/min. The thickness
of specimens was 1.0±0.15 mm. 8 mm diameter flat
end road was used to apply the load. The maximum
load was 5 N applied with a frequency of 1 Hz.
The mechanical properties of the synthesized poly-
mers were determined by the tensile test, which was
performed on a Testometric M500-50CT testing ma-
chine (Testometric Co Ltd, Rochdale, UK) with flat-
face grips at room temperature (25 °C). The dimen-
sions of the test specimens were 50±0.00×10±0.00×
1±0.15 mm. The gap between the grips was set to
20 mm, and a test was performed at the speed of
5 mm/min until the specimen broke. Young’s mod-
ulus, tensile strength, and elongation at break were
determined.
Statistical analysis. The collected data were statisti-
cally analyzed using ANOVA for the Microsoft Excel
program. All experiments were carried out in tripli-
cate, except for the tensile test in which five repli-
cates were used, and the results are presented as the
average values ± standard deviation. The estimated
p-value was below 0.05 within the groups.

2.4. Real-time photorheometry
UV/Vis curing tests were performed with vanillin
acrylate-based resins containing 1 mol of acrylate
(VD, VDM, or VHDM), 1 or 0.5 mol of BDT,
3 mol% of TPOL, and a small amount of THF (only
in VDM-based resins) on an MCR302 rheometer
(Anton Paar, Graz, Austria) equipped with the plate/
plate measuring system. The Peltier-controlled tem-
perature chamber with the glass plate (diameter was
38 mm) and the top plate PP15 (diameter was 15 mm)
was used. The measurement gap was set to 0.1 mm,
and the samples were irradiated with UV/Vis light
in a wavelength range of 250–450 nm through the
glass plate using the UV/Vis spot curing system Om-
niCure S2000 (Lumen Dynamics Group Inc., Mis-
sissauga, ON, Canada). The temperature was 25°C.
In all cases, a shear mode with a frequency of 10 Hz
and a shear strain of 1% was used. The storage mod-
ulus (G′), the loss modulus (G″), the loss factor (tanδ),
and the complex viscosity (η*) were recorded as a

function of the irradiation time. Values for each pa-
rameter were collected every 1 second, of 125 points
per 125 seconds of photocuring. The gel point (tgel)
indicated the formation of the polymeric network
and was calculated as the intersection point of G′ and
G″. The shrinkage was calculated from the reduction
of the height of sample during the polymerization
process. The normal force was set to 0 N during the
measurement of sample shrinkage. The mean value
and standard deviation were obtained from five
measurements of each resin.

2.5. Antimicrobial test
The study of the antimicrobial (antibacterial and an-
tifungal) activity of polymers was performed using
two strains of bacteria, Gram-negative bacteria Es-
cherichia coliATCC 25922 (E. coli) and Gram-pos-
itive bacteria Staphylococcus aureus ATCC 29213
(S. aureus), and two fungal strains, Aspergillus niger
0999-14 (A. niger) and Aspergillus flavus 1087-03
(A. flavus). Microorganism suspensions were pre-
pared from fully mature cultures. The concentration
of suspensions was determined by measuring the op-
tical density with a spectrophotometer (Evolution
60S, Thermo Fisher Scientific, Waltham, MA, USA)
and then was corrected by plating on nutrient media.
The final inoculum concentrations were 7.6·106 for
E. coli, 4.7·106 for S. aureus, 2.6·106 for A. niger,
and 1.66·106 colony-forming units/ml [CFU/ml] for
A. flavus. The test films (10×10 mm) were placed in
empty Petri dishes. Then 10 µl of the bacterial or
fungal suspension was applied to their surface. For
comparison, chitosan and hydroxyethyl starch films
were infected in the same manner. Plates with infect-
ed films were incubated for 24 h in a humid chamber
(90% relative humidity) at 37 °C in the case of in-
fection with bacteria and at 26 °C in the case of in-
fection with the fungi. After 2, 6, and 24 h of incu-
bation, 2 ml of saline was applied to each film to
remove the spores. The resulting suspensions were
seeded on nutrient media (bacteria on Mueller Hinton
Agar (MHA, Liofilmchem, Italy) and microscopic
fungi on Malt Extract Agar (MEA, Liofilmchem,
Italy)) and incubated at 37°C with bacteria and 26°C
with fungi. After 1–2 days of incubation, the grown
bacterial colonies were counted, whereas the fungal
colonies were counted after 5–6 days. The percent-
age reduction was calculated according to the for-
mula: (a – b)/a·100%, and the lg reduction of viable
spores was calculated according to the formula:
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lga – lgb, where a is the concentration of the colony-
forming units [CFU/ml] in inoculum suspension; b
is a mean of viable spores [CFU/ml] on specimens
from triplicate experiments after incubation.

3. Results and discussions
3.1. Monitoring of photocuring kinetics

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

shape of the G′ curves of all resins and the data from
Table 1, the highest final rigidity was demonstrated
by dual-cured polymers with 1 mol of vanillin deriv-
ative (VD, VDM, or VHDM) and 0.5 mol of thiol
(BDT) compared to polymers with 1 mol of thiol
(BDT). The radical homopolymerization of acrylates
became dominant in the dual-curing system, com-
bining free-radical and thiol-acrylate photopolymer-
ization in a higher ratio of acrylate to thiol [34]. An-
other advantage of the dominant radical homopoly-
merization of acrylates was the increase in the rate
of photocuring. In all cases (C2, C4, C6), the tgel was
reached faster when 0.5 mol of thiol was used. For
example, C5 reached the gel point at 4.8 s and the
rigidity of 5.47 MPa, while C6 reached the gel point
at 3.4 s and the rigidity of 14.92 MPa.
The induction period, measured as the onset of the
G′ increase, of polymers prepared with 0.5 mol of
thiol was also shorter than that of polymers prepared
with 1 mol of thiol. After the onset of UV irradiation,
G′ of polymers with 0.5 mol of thiol increased rap-
idly with as little as a 1 second induction period, and
the curve reached the plateau faster than that of poly-
mers with 1 mol of thiol. The induction period of VD
and VHDM-based polymers with 0.5 mol thiol was
the same; only VDM-based polymer C4 had a slightly
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Figure 2. Dependencies of storage modulus G′, loss modu-
lus G″, loss factor tan δ, and complex viscosity η*

of resin C9 on irradiation time.

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

Resin Storage modulus, G′
[MPa]

Loss modulus, G″
[MPa] Loss factor, tan δ Complex viscosity, η*

[MPa·s]
Gel point, tgel

[s]
Shrinkage

[%]
C1 8.89±0.67 2.37±0.71 0.35±0.02 0.149±0.001 6.2±0.10 5.75±0.50
C2 11.14±0.61 2.96±0.05 0.21±0.01 0.181±0.027 4.8±0.10 7.25±0.50
C3 0.59±0.06 0.30±0.01 0.51±0.04 0.011±0.001 6.4±0.00 4.00±0.00
C4 10.52±0.12 1.56±0.16 0.15±0.01 0.169±0.001 5.2±0.00 8.00±0.00
C5 5.47±0.61 4.15±0.05 0.76±0.05 0.109±0.001 4.8±0.00 4.00±0.00
C6 14.92±0.16 5.01±0.72 0.34±0.02 0.250±0.031 3.4±0.10 6.50±0.58



longer induction period due to the action of THF as
a chain transfer agent that slows the photocuring
process [35]. Polymers prepared with 1 mol of thiol
had an induction period similar for all acrylates and
a slightly longer induction period than polymers pre-
pared with 0.5 mol of thiol. The G′ curves were not
so steep for these polymers and reached the plateau
slower than for polymers with 0.5 mol thiol. These
parameters have indicated that photopolymerization
of resins with 1 mol thiol is a slower process [36].
Resins for various applications are required to have
low shrinkage values or no shrinkage at all during the
polymerization process, as it is one of the key pa-
rameters for high-quality final product [37]. It was de-
termined that all polymers, prepared with 0.5 mol of
thiol, shrunk more than those prepared with 1 mole
of thiol. The higher shrinkage is the result of the free-
radical photopolymerization of acrylates, one of two
reactions that take place during the dual curing
process [34]. Acrylates have a tendency to shrink dur-
ing the polymerization process because long-distance
connections through weak van der Waals forces are
replaced by short, strong covalent bonds between car-
bon atoms in monomer units [37]. In this case, the use
of the higher amount of thiol has the advantage of re-
ducing the shrinkage during the photocuring process
by lowering the amount of acrylate in the resin and
the resulting polymer. For example, the double
amount of thiol in VDM-based resin lowered the
shrinkage twice, from 8% (C4) when 0.5 mol of thiol
were used to 4% (C3) when 1 mol of thiol was used.
The structure of the vanillin derivative also had an
influence on photocuring kinetics and the value of
shrinkage of the resulted polymers. For resins pre-
pared with 0.5 mol of thiol, the lowest rigidity and
the highest gel point value were shown by VDM-
based resin with THF (C3), and the resulted polymer
shrunk most of all polymers. The photocuring induc-
tion period of the VDM-based resin was also higher
than that of the VD- and VHDM-based resins. This
can be explained by the action of THF as a chain
transfer agent that slows the photocuring process
[35]. The VD-based resin with 0.5 mol of thiol
demonstrated similar results to the VDM-based resin;
although C2 resin was slightly more rigid, it reached
the gel point faster and shrunk less lightly than the
VDM-based one. The explanation for these results is
the different reactivity of the acrylate and methacry-
late groups. Methacrylates are less reactive than acry-
lates as tertiary methacrylate radicals are highly stable

compared to unstable secondary acrylate radicals [38].
Despite that, the VD-based polymer with 0.5 mol of
thiol reached the plateau slightly slower than other
resins with 0.5 mol of thiol. That indicated that the
photopolymerization slowed down at the end. This
can be explained by the darker color of vanillin di-
acrylate, which makes it harder to cure the deeper
layers of the resin and slows the photo polymerization
[39]. The best results among all resins, prepared with
0.5 mol of thiol, were demonstrated by the VHDM-
based resin C6, which was the most rigid, had the
lowest value of tgel, and shrunk the least. The chem-
ical structure of VHDM is the reason for these re-
sults. VHDM is a longer molecule in comparison with
VD and VDM, and the reaction rate increases linear-
ly by increasing the distance between polymerizable
groups in the polymerization process [40].
Similar results were obtained by comparing resins
obtained from different vanillin derivatives and
1 mol of thiol. The only difference was the rigidity of
VD- and VHDM-based polymers. The VD-based
polymer C1 was more rigid than the VHDM-based
polymer C5. This difference could be due to the high
amount of thiol radicals formed in the initiation stage
of polymerization when 1 mol of thiol was used. That
led to the formation of many different polymer chains
of different lengths with flexible thioether linkages,
resulting in a lower rigidity of the obtained polymers
[41]. The VHDM-based polymer formed a large num-
ber of polymeric chains with longer distances be-
tween the linkages in the presence of 1 mol of thiol
compared to the VD-based polymer, which resulted
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Figure 3. Dependency of storage modulus G′ of the resins
on irradiation time. — VD-based resins, — VDM-
based resins, — VHDM-based resins, solid line –
presence of 1 mol of BDT, split line – presence of
0.5 mol of BDT.



in lower rigidity of polymer C5. These results were
confirmed by the higher swelling values of this
polymer.

3.2. Characterization of photocross-linked
polymer structure 

The chemical structure of the vanillin-based poly-
mers was identified by FT-IR spectroscopy. The in-
tensity of the signals attributed to the C=C group,
which were present at 1607 cm–1, and the signals of
the C=O group, which were present at 1730 cm–1, in
the FT-IR spectra of VD, VDM, and VHDM, were re-
duced in their polymer spectra. The signal of the S–H
group, which was present at 2,561 cm–1 in the spec-
trum of BDT, was weaker in the spectra of the poly-
mers with 1 mol of thiol, and the signal of the C–S
group was observed at 1153–1119 cm–1 indicated the
formation of polymers. The S–H group signal is ab-
sent in the spectra of the polymers with 0.5 mol of
thiol, indicating that all S–H groups reacted to form
a polymer network. A weak signal of C=C groups is
present in the FT-IR spectra of all polymers, indicat-
ing that a small amount of unreacted acryl groups is
left in the polymers. As an example, the FT-IR spec-
tra of VHDM, BDT, and the crosslinked polymers
C5 and C6 are presented in Figure 4.
The Soxhlet extraction was performed to confirm the
crosslinked structure of the polymers. The high yield
of the insoluble fraction showed that all monomers
participated in the formation of the crosslinked struc-
ture. The results are summarized in Table 3. The lower

values of the insoluble fraction (82–87%) were
obtained when 1 mol of BDT was used compared to
polymers with 0.5 mol of BDT (95–100%). Higher
values of the insoluble fraction correlate with the
swelling values of the resulting polymers (Figure 5).
Lower values of the polymer swelling indicate that
shorter chains were formed between the crosslinking
points in the polymers. A small signal of unreacted
thiol groups was observed in FT-IR spectra of poly-
mers prepared with 1 mol of thiol (C1, C3, and C5).
The presence of unreacted functional groups shows
that fewer crosslinks were formed in the polymers,
and thus the high swelling value of polymer samples
and the reduced yield of insoluble fraction were ob-
tained [42]. During extraction in acetone, soluble
components (unreacted monomers, linear oligomers,
or branched oligomers) were washed out, resulting in
lower values of the gel fraction. The swelling values
of polymers with 0.5 mol of thiol were much lower
(4–9%) than those of polymers prepared with 1 mol
of thiol (35–22%) as the result of the denser inter-
penetrating networks formed.
The highest swelling value in acetone of all vanillin
acrylate-based polymers synthesized with 1 mol of
thiol was determined for the VHDM-based polymer
C5. This is the result of a more flexible polymer net-
work due to the longer chains between the crosslink-
ing points [43]. VD- and VDM-based polymers with
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Figure 4. FT-IR spectra of VHDM, BDT and the cross-
linked polymers C5 and C6.

Figure 5. The swelling values of vanillin-basedpolymers in
acetone.



1 mol of BDT resulted in similar swelling values in
acetone. This might be due to the similar polymer
structure as similar length chains between the cross -
linking points, which influence the swelling value of
polymers, were formed in the polymers [44].
For polymers synthesized with 0.5 mol of thiol, the
swelling value in acetone was quite similar (9–4%).
The swelling value for VD-based polymer C2 was
the highest due to the longer chains between the
crosslinking points in the polymer structure in com-
parison with VDM- and VHDM-based polymers
synthesized with 0.5 mol of thiol [43]. The swelling
test confirmed that longer chains between the cross -
linking points were formed in the polymer during
photopolymerization of VD with 0.5 mol of BDT.
The shortest chains between the crosslinking points
were formed in the VDM-based polymer C4, as its
swelling value in acetone was the lowest. However,
the differences in swelling values in acetone between
different vanillin acrylate-based polymers are rela-
tively insignificant and deviate in less than 10%.

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

of VD- and VHDM-based polymers synthesized with
1 mol of thiol was similar; only the VDM-based poly-
mer synthesized with 1 mol of thiol had a lower Tg.
These results correlated with the results of the
swelling test. The highest Tg was shown by VD- and
VDM-based polymers synthesized with 0.5 BDT
and THF (only for VDM-based polymer); the Tg of
both polymers, C2 and C4, was 46 °C. Rigidity is
one of the factors that affect the Tg of polymers [47].
The same value of a Tg is the result of similar rigidity
of the polymers obtained from the photorheological
study. Slightly lower Tg (40 °C) was observed for
VHDM-based polymer synthesized with 0.5 thiols,
C6. The rigidity of this VHDM-based polymer was
higher than that of the VD- and VDM-based ones,
and this led to the higher Tg value of this polymer. A
slightly lower glass transition temperature was ob-
tained due to the flexible backbone structure of the
VHDM-based polymer, as the Tg of flexible materials
is lower than that of hard and rigid polymers [48].
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Table 3. Characteristics of the crosslinked vanillin-based
polymers.

Polymer Yield of insoluble fraction
[%]

Swelling value in acetone
[%]

C1 85±0.5 22±2.0
C2 99.6±0.5 9±1.0
C3 82±0.5 22±2.0
C4 95±1.0 4±0.5
C5 87±0.5 35±2.5
C6 99.9±0.0 6±0.5

Figure 6. DSC thermograms of cross-linked polymers.
— VD-based resins, — VDM-based resins,
— VHDM-based resins, solid line –  presence of
1 mol of BDT, split line – presence of 0.5 mol of
BDT.

Table 4. Thermal characteristics of vanillin-based polymers.

*from TGA curves,
**from DSC curves,
***from compression under load curves.

Polymer Tdec.-10%
*

[°C]*
Tg

**

[°C]

10 µm deformation
temperature***

[°C]
C1 317 14 9
C2 324 46 16
C3 277 –3 –12
C4 294 46 5
C5 327 17 8
C6 341 40 14



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

those of soybean oil-based polymers used in optical
3D printing technology.
The curves of the specimen deformation under load
are presented in Figure 7. The 10 μm deformation
temperature was chosen for comparison because, at
this value of deformation, all six polymers can be
compared. It would be impossible to compare them
using different deformation values because deforma-
tion values of polymers prepared with 0.5 mol of
thiol are very low, while the ones for polymers pre-
pared with 1 mol of thiol are higher. The values of
the temperature at which the 10 µm deformation of
the sample is reached are summarized in Table 4.
The 10 μm deformation temperature is the tempera-
ture at which polymers deform under a load of 5 N.
Even at a temperature lower than Tg; these polymers
can slightly deform. This deformation increases as
the temperature increases. The highest temperature
of the deformation beginning was exhibited by the
C6 specimen (Figure 8). In all cases, the deformation
of the polymers prepared with 1 mol of thiol started
at a lower temperature than that of the polymers syn-
thesized with 0.5 mol of thiol. Furthermore, the 10 µm
deformation temperature of polymers synthesized
with 1 mol thiol was lower than that of the same
vanillin acrylate-based polymers synthesized with
0.5 mol of thiol. For example, the 10 µm deformation
temperature of vanillin diacrylate-based polymer
synthesized with 1 mol of thiol C1 was 9°C, while
that of vanillin diacrylate-based polymer synthesized
with 0.5 mol of thiol C2 was 16°C. All of these re-
sults correlated with the Tg determined by DSC.
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Figure 7. Thermogravimetric curves of cross-linked poly-
mers. — VD-based resins, — VDM-based resins,
— VHDM-based resins, solid line –  presence of
1 mol of BDT, split line – presence of 0.5 mol of
BDT.

Figure 8. Compression under load as a function of tempera-
ture of cross-linked polymers. — VD-based resins,
— VDM-based resins, — VHDM-based resins,
solid line –  presence of 1 mol of BDT, split line –
presence of 0.5 mol of BDT.



The lowest 10 µm deformation temperature was ob-
tained for VDM-based polymers C3 and C4. It can
be explained by the formation of a large number of
the thioether linkages, the low cross-linking density,
and the yield of the insoluble fraction. The VD- and
VHDM-based polymers synthesized with 1 and
0.5 mol of thiol showed very similar 10 µm deforma-
tion temperatures, although those of the VHDM-
based polymers were slightly lower, which can be
explained by the flexible backbone structure of the
VHDM-based polymer.

3.4. Shape memory properties of
vanillin-based polymers

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

short period of time. The recovery to the original
shape conditions of these polymers is determined by
their glass transition temperature [1]. The scheme of
the heating-cooling-heating cycles is presented in
Figure 9.
The ability to obtain a new shape while heated above
Tg and maintain it after cooling of the polymer spec-
imen below Tg was demonstrated by all synthesized
vanillin-based polymers. All of them were able to re-
turn to their primary shape after heating above Tg.
The polymers, prepared with 1 mol of thiol, were
transformed to a temporary shape at room tempera-
ture (25°C) and then placed in the fridge (–20°C) to
maintain their temporary shape. These polymers were
able to maintain their temporary shape in the fridge
but did not maintain it at room temperature, as their
Tg is below 25 °C, and that limits their application.
The VDM-based polymer C3 sample returned to its
permanent shape at room temperature, the fastest of
all polymers synthesized with 1 mol of thiol, within
less than 90 seconds. VD and VHDM-based poly-
mer C1 and C5 samples returned to their permanent
shape slower; it took about 180 s to fully recover at
room temperature. The transformation of the C1
sample is presented in Figure 9b.
Polymers, prepared with 0.5 mol of thiol, were trans-
formed to a temporary shape at 60 °C and then
cooled to room temperature (25 °C). The samples of
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Figure 9. The scheme of shape memory behaviour of polymer samples, a) principal scheme of experiment, b) sample of
VD-based polymer synthesized with 1 mol of thiol, C1, c) sample of VHDM-based polymer synthesized with
0.5 mol of thiol, C6.



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

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

the crosslinking points. These results were con-
firmed by the swelling test. Vanillin-based polymers
synthesized with 1 mol of thiol have longer chains
between the crosslinking points, which resulted in
lower mechanical strength and higher elongation at
break values [52]. Different results were shown by
vanillin-based polymers synthesized with 0.5 mol of
thiol. The high values of Young’s modulus, tensile
strength, and low values of elongation at break show
that these polymers are mechanically strong and
rigid materials. Polymers synthesized from vanillin
derivatives and 0.5 mol of thiol demonstrated simi-
larly and, in most cases, even higher mechanical
strength compared to acrylated epoxidized soybean
oil-based polymers used in digital light processing
3D printing [53].
As confirmed by elongation at break values, VHDM-
based polymers synthesized with 0.5 and 1 mol of
thiol have a more flexible structure than VD- and
VDM-based polymers. Flexible polymers can stretch
more before breaking [48], and this ability is caused
by their structure. The swelling test has confirmed
that longer chains between the crosslinking points
were formed during the photopolymerization of
VHDM, resulting in higher values of elongation at
break. VDM-based polymers demonstrated the low-
est values of Young’s modulus, tensile strength, and
elongation at break compared to VD- and VHDM-
based polymers. The lower values of the mechanical
characteristics were caused by linear or branched
macromolecules formed in the presence of a solvent,
which could act as a chain transfer agent [49].
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Figure 10. Tensile stress-strain curves of cross-linked poly-
mers. — VD-based resins, — VDM-based resins,
— VHDM-based resins, solid line –  presence of
1 mol of BDT, split line – presence of 0.5 mol of
BDT.

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

Polymer
Young’s
modulus
[MPa]

Tensile
strength
[MPa]

Elongation at
break
[%]

C1 3.5±0.2 4.1±0.7 102.8±3.6
C2 9610.8±372.4 349.9±19.0 6.8±1.1
C3 1.4±0.2 0.02±0.0 19.0±3.2
C4 3952.3±52.3 177.9±11.6 9.7±0.3
C5 1.4±0.1 1.2±0.1 119.7±12.1
C6 11339.4±934.0 439.0±8.2 12.3±1.2



3.6. Antimicrobial activity of polymers
The antibacterial and antifungal activity of the
vanillin acrylate-based polymer films was evaluated
during the direct contact with the specimens by cal-
culating the log reduction and percent reduction of
viable microbial spores. Two reference polymer films
of chitosan, a well-known antibacterial polymer, and
hydroxyethyl starch possessing no such activity were
used as a control. The (W) in the polymer code indi-
cates that the polymer film was washed before an-
timicrobial testing in acetone for 24 h. The results
are presented in Table 6 and Table 7.
The antibacterial activity of the polymer films dif-
fered in the initial stage (after 2 and 6 h) (Figure 11).
After 2 h of exposure, the C2 film inhibited the via-
bility of E. coli the most (91.8%), and S. aureuswas
inhibited the most by the C1 film (82.0%). Addition-
ally, Gram-negative E. coli was inhibited more than

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

*W – washed for 24 h in acetone

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

*W – washed for 24 h in acetone

Polymer film
Escherichia coli Staphylococcus aureus

Lg reduction after 24 h Percent reduction after 24 h
[%] Lg reduction after 24 h Percent reduction after 24 h

[%]
C1 6.88±0.00 100±0.00 6.67±0.00 100±0.00
C2 6.88±0.00 100±0.00 2.67±0.02 99.8±0.02
C3 6.88±0.00 100±0.00 6.67±0.00 100±0.00
C3(W)* 6.88±0.00 100±0.00 6.67±0.00 100±0.00
C4 6.88±0.00 100±0.00 6.67±0.00 100±0.00
C4(W)* 6.88±0.00 100±0.00 6.67±0.00 100±0.00
C5 6.88±0.00 100±0.00 6.67±0.00 100±0.00
C6 6.88±0.00 100±0.00 6.67±0.00 100±0.00
Chitosan 6.88±0.00 100±0.00 6.67±0.00 100±0.00
Hydroxyethyl starch 3.58±0.02 99.9±0.02 1.08±0.02 91.6±0.02

Polymer film
Aspergillus flavus Aspergillus niger

Lg reduction after 24 h Percent reduction after 24 h
[%] Lg reduction after 24 h Percent reduction after 24 h

[%]
C1 6.22±0.00 100±0.00 0.80±0.09 84.4±0.09
C2 1.20±0.04 93.7±0.04 0.76±0.10 82.9±0.10
C3 1.49±0.05 96.7±0.05 0.65±0.12 77.9±0.12
C3(W)* 1.45±0.05 96.4±0.05 0.55±0.12 72.3±0.12
C4 1.16±0.04 93.1±0.04 0.86±0.09 86.3±0.09
C4(W)* 1.25±0.04 94.3±0.04 1.02±0.06 90.6±0.06
C5 3.22±0.01 99.9±0.01 1.12±0.05 92.5±0.05
C6 1.22±0.04 94.0±0.04 0.66±0.12 78.5±0.12
Chitosan 1.76±0.06 97.9±0.06 2.93±0.01 99.9±0.01
Hydroxyethyl starch 1.53±0.05 97.0±0.05 0.43±0.14 63.5±0.14



carbonyl [57] groups also contribute to the antimi-
crobial effect. It has been scientifically shown that de-
creasing the value of these groups leads to a lower
antibacterial effect. The presence of these groups
also increases the antibacterial properties of vanillin-
based photopolymers. As seen from the comparison
of these results with the ones for chitosan films,
some of the bacteria may remain viable on the tested
films for some time, but the final result is the same
after 24 h. The viability of the bacteria tested on the
hydroxyethyl starch film also decreased, but they
still remained viable after 24 h.
The antifungal activity of the films varied depending
on the type of fungus (Table 6). Higher antifungal ac-
tivity was observed for A. flavus than for A. niger, and
it gradually intensified with increasing exposure
time. The viability of A. flavuswas also inhibited on
the reference samples; however, the percent reduction
was higher on the C1 and C5 films than on the chi-
tosan and hydroxyethyl starch films (100 and 99.9%,

respectively). Other polymer films showed a similar
percentage reduction in the range of 93.1–94.3 %.
After inoculation of the test films with the suspen-
sion of A. niger spore, the percent reduction was
slightly reduced after 6 h of exposure compared to 2 h
of exposure, which could be explained by the onset
of sporulation (Figure 12). However, after 24 h, the
viability of A. niger decreased due to unfavorable
development conditions for the fungus and, therefore,
the percent reduction increased. The results showed
that the viability of A. niger on the hydroxyethyl
starch film also decreased. The highest percent re-
duction was found on C4(W) film, but it was lower
than the one on chitosan film. The lower values of
percent reduction against A. flavus and A. niger after
24 h were demonstrated by VD-, VDM- and VHDM-
based films prepared with 0.5 mol of thiol compared
to VD, VDM, and VHDM-based films prepared with
1 mol of thiol. The main reason for this difference
could be the higher concentration of sulfur resulting
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Figure 11. The reduction of E. coli (a) and S. aureus b) cells during 24 h of contact time with specimens of vanillin-based
polymers, chitosan, and hydroxyethyl starch.

Figure 12. The reduction of A. flavus (a) and A. niger (b) cells during 24 h of contact time with specimens of vanillin-based
polymers, chitosan, and hydroxyethyl starch.



from the higher amount of thiol, which has marked
antifungal activity [56]. The only exception was the
VDM-based film, in which the percent reduction
against A. niger was lower when 1 mol of thiol was
used for the synthesis of the polymer in comparison
to that of the polymer synthesized with 0.5 mol of
thiol. In this case, A. niger was affected by a higher
concentration of carbonyl groups in the VDM-based
film prepared with 0.5 mol of thiol [57].
The lowest value of cell reduction against A. niger
after 24 h was shown by C3 and C3(W) films. Poly-
mer C3 showed a 77.9% of percentage reduction,
while the same polymer C3(W) reached only 72.3%
after 24 h washing procedure in acetone. It can be
assumed that lower values of cell reduction were ob-
tained due to a lower amount of carbonyl groups and
sulfur in the washed sample, and the lower value
after the washing procedure was due to the low value
of the yield of the insoluble fraction of C3 polymer,
as all unreacted parts of monomers and oligomers
were washed out from the film and lowered the con-
centration of carbonyl groups and sulfur. Different
results were shown by C4 polymer film before and
after washing. Polymer C4 film without washing
reached a reduction of 86.3%. The reduction was in-
creased to 90.6% in polymer C4(W), which was
washed before the test. Polymer C4 with a high yield
of insoluble fraction resulted in the purer polymer
after washing in acetone for 24 h. Because of that,
only a small amount of unreacted monomers was
washed out, and a higher concentration of carbonyl
groups was left in the polymer resulting in better an-
tifungal activity against A. niger.

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

polymers were able to obtain a new shape while
heated above their glass transition temperature (–3–
46 °C), maintain it after cooling below their glass
transition temperature, and return to their primary
shape after heating above their glass transition tem-
perature. These properties have determined them as
shape memory polymers and possible candidates for
application as smart materials. All vanillin acrylate-
based polymer films showed a significant antibac-
terial activity against Escherichia coli and Staphy-
lococcus aureus (cell reduction reached 100% after
24 h by most polymers), which was similar to that of
the chitosan film. Vanillin-based polymer films also
showed antifungal activity against Aspergillus flavus
(cell reduction reached 93.1–100% after 24 h) and
Aspergillus niger (cell reduction reached 72.3–
92.5% after 24 h).
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