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ABSTRACT: Photopolymerization represents an environmentally
friendly polymerization technique due to the ability of solvent-free
and room-temperature curing. However, industrially used resins are
usually derived from fossil resources, inherently increasing the
environmental impact of such materials. Herein, the preparation of
sequential interpenetrating polymer networks (IPNs) with a high
content of renewable carbon by means of free radical photo-
polymerization and thermal epoxy curing was investigated in detail.
Therefore, poly(ethylene glycol) dimethacrylate was used as UV-
curable monomers, and resorcinol diglycidyl ether and trimethy-
lolpropane were polymerized via step-growth polyaddition. Before
the fabrication of IPNs, the networks were evaluated separately
regarding their reactivity by means of (photo)-differential scanning
calorimetry and real-time near-infrared photorheology. A combination of both networks resulted in IPNs with superior
(thermo)mechanical properties and the ability to 3D-print complex shapes via stereolithography.
KEYWORDS: interpenetrating polymer network, methacrylate, epoxy, dual-curing, stereolithography, bio-based monomers

■ INTRODUCTION
Over the last few decades, increasing industrial and scientific
research focused on sustainable alternatives to replace
petroleum-based polymeric materials has been conducted.
Next to the predicted scarcity of fossil resources, evermore
social emphasis has shifted toward the environmental impact of
such materials, as conventionally cross-linked fossil-based
polymers bear a large carbon footprint and are inherently non-
recyclable or (bio)degradable.1,2

Furthermore, research on polymeric materials has always
focused on improving their properties via the implementation of
unique network configurations. Interpenetrating polymer net-
works (IPNs) are defined as a combination of two or more
polymer networks that are not covalently bonded to each other,
thus showing merely physical interaction.3 Since their discovery
in 1914 by Aylsworth, different types of IPNs have been
developed, comprising sequential, simultaneous, latex, gradient,
or thermoplastic IPNs that are formed via different polymer-
ization methods or use diverse initial blended components.4

While early research focused mainly on thermal polymerization
modes, photopolymerization has been proposed to produce
IPNs in an environmentally friendly manner. Hybrid free radical
and cationic photopolymerization of (meth)acrylate/epoxy
monomers was intensively studied regarding polymerization

kinetics and the resulting (thermo)mechanical properties.5−8

Along with the investigation of photopolymerizable IPNs, IPN-
resins for additive manufacturing technologies (AMT) have
been developed. AMT, also known as 3D-printing or rapid
prototyping, have gained significant importance due to short
production times and the ability to introduce high shape
complexity, design flexibility, and low material waste.9,10

Stereolithography (SLA) represents a frequently used AMT
method that utilizes a laser to cure liquid photopolymerizable
monomers with high precision and layer thicknesses of up to 200
μm.11 Conventionally, SLA resins consist of highly reactive
(meth)acrylatemonomers as they exhibit high photoreactivity at
room temperature but suffer from polymerization shrinkage,
leading to less accurate parts.11 However, less shrinkage is
exhibited when epoxy resins are photopolymerized as a result of
their ring opening and thus expanding curing mechanism.12 In
order to exploit their independent advantages, various additively
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manufactured IPNs have been produced from combining
(meth)acrylate and epoxy monomers.13−15 In the last decade,
research has furthermore focused on sequential dual-curing
systems for AMT. Here, only one polymerization reaction is
triggered by UV light, while subsequent polymerization steps are
thermally or catalytically activated. Stanzione et al. developed a
dimethacrylate-epoxy IPN, wherein the epoxy resin is cured
using polyamines.16 By contrast, Kuang et al. used anhydride
chemistry to cure the epoxides thermally after 3D printing of a
(meth)acrylate resin.17 Furthermore, Drummer et al. proposed a
dicyandiamine-based methacrylate epoxy blend system for
SLA.18

However, the majority of photopolymerizable IPNs contain
diglycidyl ether of bisphenol A (BADGE od DGEBA) as an
epoxy monomer or the (meth)acrylate modification (bis-
GMA), as they impart good thermal resistance and (thermo)-
mechanical properties to the photopolymer networks.7,16−18

But, bisphenol A is known to act as a reprotoxic R2 substance
and was originally used as an artificial estrogen. Hence, this
endocrine disruptor may lead to alterations in both the immune
and reproductive systems.19 Additionally, the high carbon
footprint, volatility, and uncertainty of oil price on fossil-based
monomers call for the development of sustainable resins for 3D
printing. Furthermore, there is a lack of providing greener
alternatives from renewable resources that give high-perform-
ance dual-cured IPNs.
In this work, we demonstrate the fabrication of sustainable

IPNs via a dual-curing strategy. The matrix should be a rigid
thermally curable epoxy alcohol step-growth network. For
toughening and to make the resin printable by light-based AMT,
a soft UV−vis curable methacrylate should be used. Therefore,
we selected a photopolymerizable high-molecular-weight poly-
(ethylene glycol) dimethacrylate. As a reference system, a low-
molecular-weight poly(ethylene glycol) (PEG) dimethacrylate
(PEG750DMA, MW ∼750 Da) was chosen. High-molecular-
weight additives are known to act as toughening agents, as long
polymer chains detangle under mechanical stress,20 whereas
PEG750DMA forms a tightly cross-linked network. Therefore,
the influence of cross-linking density on the independent
networks need to be evaluated as well as the impact on IPNs.
Although the precursor PEG is typically produced from fossil
resources, synthetic routes for the synthesis starting from sugar
fermentation have recently been proposed.21 Photopolymeriz-
able motifs were integrated by modification with methacrylic
end groups. Although this procedure is usually performed using
dichloromethane as the solvent and triethylamine as an acid
scavenger, recent studies propose the use of tetrahydrofuran as a
greener solvent and enzymatic catalysis using CAL-B.22

Furthermore, the influence of isobornyl methacrylate (IBMA)
as bio-derived reactive diluents on both viscosity andmechanical
properties of the polymers was investigated.23 Interestingly, the
methacrylic acid-derivative for the modification of both PEG
and isoborneol can be obtained via decarboxylation of bio-based
itaconic and citric acid.24 Thereby, all the monomers for the soft
network can be produced purely from renewable carbon (Figure
S11a−d). Following photopolymerization to give an elastic and
form-stable soft methacrylate-based network, an epoxy resin was
selected as a rigidity-providing hard network. Here, resorcinol
diglycidyl ether (RDGE) was chosen as renewable epoxy
components due to the presence of aromatic moieties that
impart rigidity and stiffness.25 Diglycidyl ether of resorcinol is
prepared from resorcinol, a meta-substituted di-phenol that can
be obtained from biomass by the fermentation of catechins26 or

by fermentation of glucose into inositol, chemical conversion of
the latter into 1,3,5-benzenetriol, and finally reduction to the
diol resorcinol.27 Diglycidyl ether has been prepared by O-
glycidylation in good yield in the literature.28 Aromatic
polyphenols are usually converted into the epoxy derivative by
direct glycidylation using epichlorohydrin in aqueous sodium
hydroxide solution by the use of phase-transfer catalysts.29

Interestingly, although epichlorohydrin is mainly produced from
fossil resources, it can also be obtained from bio-based
glycerol.30 Usually epoxy resins are cured via cationic photo-
polymerization in AMT.31 Although fast gelation and curing are
possible, chain-growth polymerization gives inhomogeneous
networks. Recently, homogenization in epoxy-based polymers
was achieved by adding equimolar amounts of alcohols and
altering the mechanism toward a step-growth reaction.32 Here,
sugar-derived multifunctional alcohol (trimethylolpropane) was
used,33 thus possiblymaking also the second network purely bio-
based (Figure S11e−h). Although positive effects were observed
for pure epoxy-alcohol networks, the influence of applying such
resins for IPNs have to be evaluated.
Herein, (photo)reactivity and thermomechanical properties

of soft and hard networks were analyzed separately by means of
(photo)-differential scanning calorimetry (DSC), real-time
near-infrared (RT-NIR)-photorheology, dynamic mechanical
thermal analysis (DMTA), and tensile testing. For the
methacrylate-based network, the influence of the PEG-spacer
on elasticity and photoreactivity was evaluated. Regarding the
epoxy-based network, the effect of the polymerization mode
(chain-growth vs step-growth) on both reactivity and material
properties were assessed. Thermomechanical properties of the
combination of a high-molecular-weight methacrylate and a
step-growth epoxy-alcohol network was systematically inves-
tigated and atomic force microscopy (AFM) was used to
evaluate the network formation of the final hybrid material.
Furthermore, the effects of introducing the higher cross-linked
soft matrix and a chain-growth polymerized epoxy-based hard
network into IPNs were examined. Thereby, a detailed
investigation of network formation and its effects on final
thermomechanical properties of IPNs was conducted. Finally,
we present the first dual-curable methacrylate and epoxy-alcohol
IPN concept for 3D printing using bio-based monomers.

■ EXPERIMENTAL SECTION
Materials and Methods. Utilized materials, synthesis, and

characterization [incl. attenuated total reflection−Fourier transform
infrared (ATR−FTIR) spectroscopy] can be found in the Supporting
Information.
Formulation and Specimen Preparation. Formulations of the

soft matrix were prepared by mixing 1 wt % of the photoinitiator (PI)
Speedcure TPO-L with the corresponding monomers. The final soft
matrix (S100) consisted of 20 wt % isobornylmethacrylate (IBMA), 80
wt % poly(ethylene glycol) dimethacrylate (PEG20kDMA, Mw ∼20
kDa), and additional 1 wt % of the PI. For soft matrix reference
(SR100), PEG750DMA (Mw ∼750 Da) was used. Formulations were
cured in silicone molds (5 × 2 × 40 mm3 for DMTA; ISO 527 test
specimen 5b for tensile tests) with a Lumamat 100 light oven (Ivoclar
Vivadent AG) with 6 Osram Dulux L Blue 18 W lamps (400−580 nm)
for 10min on the top as well as the backside of the sample at an intensity
of ∼60 mW cm−2 (determined with an Ocean Optics USB 2000+
spectrometer). Formulations of the step-growth hard matrix (H100)
were prepared from RDGE and trimethylolpropane (TMP) (reactive
group ratio 1:1) and 1 wt % of the catalyst imidazole. For the chain-
growth reference polymer (HR100), RDGE was mixed with 1 wt %
imidazole. Monomer formulations were cured in silicone molds as
above at 90 °C for 18 h. For IPNs, epoxy formulations (H or HR in
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100−55 wt %) were mixed with themethacrylate monomers (S or SR in
0−45 wt %), whereby each matrix comprised 1 wt % of the respective
initiator/catalyst and cured via a two-step procedure: (1) photo-
polymerization and (2) thermal polymerization (the same parameter as
above). Cured specimens were ground to obtain uniform exact
dimensions (deviations <±0.1 mm).
Real-Time Near-Infrared -Photorheology. Real-time near-

infrared (RT-NIR) photorheometry was conducted on an Anton
Paar MCR 302 WESP rheometer with a P-PTD 200/GL Peltier glass
plate and a PP25 measuring system with a Bruker Vertex 80 FTIR
spectrometer, as described previously.34 Measurements were per-
formed in triplicates, using ∼150 μL of monomer formulations with a
constant gap size of 200 μm, a strain of 1%, and a frequency of 1 Hz. An
ExfoOmniCure 2000 device with filtered light (320−500 nm) was used
to irradiate samples through an optical window from underneath for
300 s at 64 mW cm−2 at the surface of the sample measured with an
Ocean Optics USB 2000+ spectrometer. A polyethene tape (TESA
4668 MDPE) was applied on the optical window of the lower
rheometer plate to facilitate sample removal. Storage (G′) and loss
modulus (G″) data points were obtained with 1 Hz before, 5 Hz during
the first 60 s of irradiation, and 1 Hz until the irradiation period ended
(4 min). Double bond conversion (DBC) was obtained by recording
single spectra (at about 4 Hz) with OPUS 7.0 software by integrating
the signals at a wavelength of∼6140 cm−1. DBC was determined as the
ratio of peak areas at the start and at the end of the measurements.
Thermal and Thermomechanical Properties. Differential

scanning calorimetry (DSC) of epoxy resins was performed on an

STA 449 F1 Jupiter (Netzsch) using 10 mg (±0.1 mg) of each
formulation in a sealed aluminum pan (empty pan as a reference) for
temperatures between 25 and 200 °C (5 K min−1). The onset of the
exothermal peak (tonset) was determined by intersecting tangents. Heat
of reaction (ΔH) was determined through the integration of the
exothermal peak. All measurements were conducted in duplicates.
Dynamic mechanical thermal analysis (DMTA) measurements were

performed with an Anton Paar MCR 301 with a CTD 450 oven and an
SRF12 measuring system in the torsion mode with a frequency of 1 Hz
and a strain of 0.1% in a temperature range between −100 and 200 °C
(2 K min−1). Glass transition temperatures (TG, maximum of the loss
factor, tan δmax), storage moduli at 25 °C (G′25) and at the rubbery
plateau (G′r, TG + 30 °C) were determined using the software
Rheoplus/32 v3.40.
Tensile tests were performed on a Zwick Z050 tensile machine with a

crosshead speed of 5 mmmin−1 and a maximum force of 1 kN. Analysis
was done with the testXpert II testing software.
AFM Measurements. Morphology investigations were performed

using embedded (Struers Epo Fix Kit), ground, and polished (Struers
Tegrapol 31 with SiC and diamond media, final grit size of 1 μm)
polymer samples by AFM on a Park Systems XE7 AFM with an
AC160TS cantilever in the tapping mode (0.7 Hz) employing Park
Systems XEI 5.1.6 software.
Hot Lithography 3D Printing. The printing process was

performed on a custom-build BP5 (Blue Printer 5 of TU Wien) with
a digital light processing system using a transparent, rotatable, and
heated material vat as previously described in detail by Stampfl et al.35

Figure 1. (a)Monomers used in this study and (b) exemplary stress−strain plot of S100, SR100, H100, andHR100. (c) Storage modulus (G′) and (d)
loss factor (tan δ) over temperatures for S100, SR100, H100, and HR100.
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Detailed parameters of the 3D printing can be found in the Supporting
Information.
Scanning Electron Microscopy. Scanning electron microscopy

(SEM) images were obtained on a Zeiss EVO 10 with a SmartSEM
software and an Everhart-Thornley secondary electron detector. The
acceleration voltage was set to 10 kV with a magnification of 500 times.
The sample was placed on a conductive carbon pad and sputtered with a
thin layer of gold to ensure conductivity.

■ RESULTS AND DISCUSSION
The synthesis of bio-based IPNs requires the development of
orthogonally polymerizable monomers. Hence, thermally
curable epoxides were chosen to form the rigidity-bearing
“hard” network. For material toughening and the ability to
facilitate light-based AMT, photopolymerizable high-molecular
weight methacrylates served as monomers for the “soft” matrix.
First, the matrices were evaluated separately before the creation
and characterization of the final IPNs.
Evaluation of the Soft Matrix. Before the assessment of

both photoreactivity and (thermo)mechanical properties of the
soft matrix, the dimethacrylate PEG20kDMA was synthesized
according to Fiore et al.36 The conversion of the terminal
hydroxyl groups into methacrylate ester bonds was confirmed
via 31P-NMR spectroscopy,37 and the molecular weight (Mn
∼24 kDa) was determined via gel permeation chromatography
(GPC) (Tables S1−S3).
Generally, for L-AMT applications, liquid resins are required.

To overcome the disadvantageous brittleness of low-molecular
weight photopolymer resins, PEG20kDMA was added as a
toughening agent in this study. As a result of the high molecular
weight, the component appeared as a white solid with a melting
point of 58 °C. Furthermore, the long polyether segments result
in a low number of photoreactive units and therefore, full
conversion of the double bonds is difficult to achieve in the short
UV curing period. To facilitate its application as a liquid resin in
SLA technologies, a reactive diluent (IBMA, Figure 1a) was
added. Noteworthily, the precursor isoborneol can be derived
from a pine resin, making IBMA a potential bio-based reactive
diluent.23 Adding 20wt % of IBMA to the pristine PEG20kDMA
gave a liquid resin (S100) with a sufficiently low viscosity (11 Pa
s at 60 °C, Table S4). Preliminary tests furthermore proved that
specimens produced from S100 give satisfactory haptic behavior
for the desired applications (Table S5).
RT-NIR Photorheology.RT-NIR-photorheology is an elegant

method to retrieve information about the kinetic and rheological
behavior of the photopolymerization process in situ. Thereby, an
assessment of potential monomers for 3D printing can be
conducted. The influence of chain length and molecular weight
was investigated by comparing the soft matrix formulation
(S100) to a commercially available short-chain reference
(SR100) (Table 1). For efficient 3D printing, a fast gelation of
the respective monomers is crucial, as the time until gelation (tg,

intersection between storage G′ and loss modulus G″)
determines the minimum irradiation time during the 3D
printing process.34 Furthermore, NIR spectroscopy provides
information about the DBC at the gel point (DBCgel) and the
final DBC (DBCfinal).
SR100 reaches tg after 5.1 s, much faster than S100 (11.3 s). As

expected, the lower number of reactive groups, introduced by
the higher molecular weight of S100 (∼20 kDa), led to an
increase in tg. Additionally, the DBC at this point is nearly twice
as high for S100 (46%) compared to the reference SR100 (23%)
resulting from the lower cross-linking density in the first case.
Following gelation, cross-linked networks are formed during
further polymerization reactions. The time until reaching 95%
conversion (t95) and the final DBC (DBCfinal) provide further
information about the efficiency of the photopolymerization.
SR100 reached t95 nearly four-times faster (19.8 s) than S100
(75.5 s). Interestingly, high DBCfinal (>90%) is achieved for both
formulations. Because the measurements were performed at
elevated temperatures (60 °C), diffusion of propagating radicals
is increased, allowing high overall DBCs. Additionally, the
reactive diluent IBMA in S100 decreases the formulation’s
viscosity, promoting the mobility of radicals and monomers,
leading to high DBCs.
(Thermo)mechanical Properties of the Soft Matrix. The

viscoelastic properties of the photopolymerized specimens were
determined via dynamic mechanical thermoanalysis (DMTA).
The method is used to obtain the storage modulus (G′) and loss
modulus (G″) at different temperatures and the glass transition
temperature (TG) is determined from the maximum of the loss
factor tan δ (Figure 1c,d and Table 2). A maximum of the tan δ
plot of S100 was reached at −35 °C. By contrast, SR100
exhibited a higher glass transition temperature (0 °C). For both
S100 and SR100, the temperature range for the glass transition
was very broad, which is indicative of an inhomogeneous and
nonregulated polymer network.38 ComparingG′r of S100 (0 °C,
15.9 MPa) and SR100 (30 °C, 16.3 MPa) demonstrates the
influence of the spacer length between the methacrylate linkers
(750 Da vs 20 kDa) on the cross-linking density. G′ at the
rubbery plateau (G′r) describes the cross-linking density. The
higher theG′r, the higher cross-linked the underlying network.39
Furthermore, tensile tests (Figure 1b and Table 2) revealed that
S100 shows expected elastomer-like behavior, with a maximum
tensile strength (σM) of 0.8 MPa and high elongation at break
(εB) of 55%. Expectedly, higher cross-linking density in SR100
led to higher maximum tensile strength (2.8 MPa) and lower
elongation at break (13%).
Overall, evaluation of the soft matrix highlighted that S100

showed good photoreactivity and suitable (thermo)mechanical
properties. Lower TG of S100 (−35 °C vs 0 °C for SR100) and
enhanced elongation at break of 55% favor the use of S100 as an
elasticity bearing soft matrix in the synthesis of IPNs.
Evaluation of the HardMatrix. The second component of

the IPN comprises the thermal polymerization of epoxy
monomers with and without multifunctional alcohols. Epoxides
polymerize via anionic chain-growth homopolymerization in the
presence of tertiary amines. Adding equimolar amounts of
alcohols leads to a variation in the polymerization mechanism
that was recently published by our group. It was shown that via
step-growth polyaddition of epoxy and alcohol homogeneous
polymer networks, high TG and tensile toughness were
obtained.32

Thermal Reactivity via DSC. Thermal reactivity of the
epoxide RDGE and the alcohol TMP (Figure 1a) in the

Table 1. Polymerization Parameters Obtained by RT-NIR-
Photorheology Measurements (Time Until Gelation tg,
Double Bond Conversion at Gel Point DBCgel, Time Until
95% Conversion t95, and Final Double Bond Conversion
DBCfinal of the S100 and SR100 as a Reference)a

tg (s) DBCgel (%) t95 (s) DBCfinal (%)

S100 11.3 ± 1.7 45.8 ± 4.6 75.5 ± 3.1 91.8 ± 0.6
SR100 5.1 ± 0.4 23.1 ± 1.9 19.8 ± 0.6 95.6 ± 0.5

aThe measurements were conducted at 60 °C.
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polyaddition reaction (H100) and the anionic homopolymeri-
zation of RDGE (HR100) were studied by means of DSC. The
onset temperature (87 °C) and peak temperature (104 °C)were
approximately 10 °C higher for H100 compared to HR100 (75
and 94 °C, respectively). High monomer conversions (>90%)
for both polymers were obtained according to FT-IR (Table
S7). By comparing ΔH and the determined epoxy group
conversion, the theoretical heat of polymerization (ΔHp,0) was
calculated.ΔHp,0, for the polyaddition (H100), was calculated to
be 97 kJ (mol epoxy)−1, which is in good agreement with the
literature-reported value of 98−111 kJ (mol epoxy)−1 for epoxy-
amine step-growth polymerizations.40,41 By comparison, ΔHp,0
for the anionic homopolymerization of HR100 (100 kJ per
epoxy functionality) was slightly higher than the reported heat
(92 kJ per mol epoxy) for the tertiary amine-initiated anionic
homopolymerization of epoxy resins.42−44

(Thermo)mechanical Properties of the Hard Matrix. H100
exhibited a sharp maximum of the loss factor at 54 °C (fwhm
22.6 °C), whileTG of HR100 was decreased to 31 °C. Significant
broadening of the tan δ peak for HR100 (fwhm 49.9 °C)
indicates inhomogeneous and unregulated polymers.38 As
previously reported by our group, polyaddition of epoxy and
alcohol monomers (H100) leads to the formation of more
homogeneous networks via a step-growth polymerization.32

Furthermore, G′25 of H100 (1560 MPa) is significantly higher
than G′25 of HR100 (292 MPa), which was expected due to a
lower TG (31 °C) of HR100. When comparing G′r, somewhat
higher values were obtained for HR100 (65 °C, 17 MPa)
compared to H100 (85 °C, 4.6 MPa), as the underlying chain-
growth polymerization led to the formation of highly cross-
linked and brittle networks (Figure 1c,d and Table 2).39

The influences of the cross-linking density and homogeneity
of different polymerization mechanisms were investigated via
tensile testing (Figure 1b and Table 2). Step-growth
polyaddition (H100) resulted in polymers with high tensile
strength (64 MPa) and εB of 7%. Furthermore, a distinct yield
point was exhibited by the material. By comparison, anionic
homopolymerization (HR100) led to a significant decrease in
σM (11 MPa), while εB remained comparable with∼7%. Tensile
tests were performed at room temperature and considering that
HR100 displayed a TG of 31 °C, a transition toward a more
elastomer-like material was expected. Moreover, by integration
of the tensile stress−strain plots, tensile toughness (UT) was
obtained: H100 showed a nearly six times higher UT (2.3 MJ
m−3) compared to the reference HR100 (0.4 MJ m−3). Thus,
network homogenization and a decrease in the cross-linking

density as characterized via DMTA led to toughened polymer
networks.
With regard to the preparation of IPNs, the step-growth

polyaddition (H100) appears to be better suited, as more
homogeneous polymer networks are obtained. Furthermore, the
epoxy-alcohol reaction resulted in polymers with higher tensile
strength and higher TG, that ultimately comply better with the
requirements for the hard matrix, therefore they were chosen as
a rigid matrix for the IPNs.
Evaluation of IPNs. After the evaluation of each

independent network, the combination of soft and hard matrix
was tested regarding their performance as dual curable IPNs.
Mixtures of different compositions were tested and termed
H(R)xS(R)y, where x and y indicate weight percentages of the
hard matrix H100 or the reference HR100 and the soft matrix
S100 or the reference SR100, respectively. In a preliminary study
(Supporting Information Figures S5, S6 and Table S8), it was
demonstrated that the polymerization mechanisms are
independent from each other and co-polymerization between
the networks is excluded. Furthermore, kinetics of both
photopolymerization and polyaddition were compared (Figure
S7), demonstrating that the final conversion of the double bonds
in the soft matrix is achieved before any significant conversion is
accomplished via polyaddition.
(Thermo)mechanical Properties of IPNs. To investigate the

influence of adding an elastic network (S100, in various
compositions from 15 to 45 wt %) to the neat stiff epoxy-
alcohol network H100, DMTA and tensile tests of the resulting
IPNs were performed. Before conducting (thermo)mechanical
tests, conversion of the reactive groups of polymer specimens
was investigated by means of ATR−IR spectroscopy. With the
disappearance of the epoxy group vibration (∼910 cm−1) and
C�C stretching vibration (1716 cm−1), high conversions
(>90%) for both networks were achieved that are comparable to
the conversions of each independent network. It is noteworthy
to mention that all (thermo)mechanical tests were conducted
with bulk-cured IPNs. However, comparing bulk-cured and 3D-
printed specimens regarding their (thermo)mechanical behavior
would go beyond the scope of this present study.
At first, viscoelastic properties of the IPNs were evaluated

using DMTA (Figure 2a,b and Table 2).
As expected, the neat epoxy-based network (H100) exhibited

the highest TG (54 °C) and storage modulus at 25 °C (G′25:
1560 MPa). Furthermore, the lowest TG (−35 °C) and G′25
(15.8 MPa) were displayed by the pure elastic methacrylate
network (S100). Adding 15−45 wt % of soft matrix to H100 led
to a marginal decrease in TG (S15H85: 52 °C, S30H70: 49 °C,

Table 2. Thermomechanical Properties (G′25, TG and G′r) and Averaged Results of Tensile Tests (σM, εB, and UT) of IPNsa

DMTA tensile tests

G′25 (MPa) TG (°C) fwhm of tan δ (°C) G′r (MPa) σM (MPa) εB (%) UT (MJ m−3)

H100 1560 54 22.6 4.58 63.7 ± 5.2 6.28 ± 0.57 2.30 ± 0.47
HR100 292 31 49.9 17.3 11.1 ± 1.30 6.62 ± 0.83 0.41 ± 0.04
S15H85 1040 52 22.8 6.08 43.7 ± 2.1 37.4 ± 5.3 12.6 ± 2.5
S30H70 997 49 23.9 2.27 23.0 ± 2.6 41.7 ± 4.2 8.12 ± 0.94
S45H55 940 47 38.4 1.87 6.11 ± 1.51 4.31 ± 1.30 0.17 ± 0.03
S100 15.8 −35 18.4 15.9 0.77 ± 0.18 54.2 ± 2.6 0.29 ± 0.13
SR100 18.1 0 50.3 16.3 2.74 ± 0.85 12.9 ± 4.5 0.20 ± 0.12
SR15H85 561.2 49 23.1 8.17 21.5 ± 0.5 29.9 ± 1.2 5.56 ± 0.32
SR51HR85 867.4 80 49.6 44.1 30.5 ± 3.9 5.8 ± 1.6 1.10 ± 0.50
S15HR85 1259 78 55.6 63.0 39.7 ± 5.0 5.0 ± 1.9 1.27 ± 0.80

aThe hard H(R)100 and soft matrices S(R100)100 are depicted as reference.
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and S45H55: 47 °C). Therefore, an increase in the molecular
distance between the connections in the methacrylate and epoxy
network did not have a significant impact on TG. However, as a
result of adding the wide-meshed soft network,G′25 was lowered
(S15H85: 1040 MPa, S30H70: 997 MPa, and S45H55: 940

MPa) compared to H100. Additionally, the width of the tan δ
peak is associated with the homogeneity of a polymer network.
Broader peaks indicate heterogeneous networks with a wide
distribution of relaxation modes.38,45 IPNs with up to 30 wt % of
soft network are characterized by narrow tan δmax, whereby the

Figure 2. (a) Storage modulus (G′) and (b) loss factor (tan δ) over temperature for IPNs S15H85, S30H70, and S45H55. The independent networks
S100 andH100 are depicted as references. (c) Representative stress−strain curves of IPNs S15H85, S30H70, and S45H55. The independent networks
S100 and H100 are depicted as references. (d) Storage moduli (G′) and (e) loss factor (tan δ) over temperature of IPNs containing 85 wt % epoxy
monomers and 15 wt % methacrylate monomers: S15H85, SR15H85, SR15HR85, and S15HR85. (f) Representative stress−strain curves of IPNs
S15H85, SR15H85, SR15HR85, and S15HR85.
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fwhm of S15H85 (22.8 °C) and S30H70 (23.9 °C) are
comparable with H100 (22.6 °C). Interestingly, S45H55
displayed a strong tan δ peak broadening (fwhm: 38.4 °C),
emphasizing increased heterogeneity of the networks. An
explanation for this phenomenon can be found when looking
at the evolution of morphology during IPN synthesis. In the first
stages of polymerization, two independent networks are formed,
leading to phase separation. Depending on the size of the
generated domains, different properties of the final IPN are
obtained. While large domains lead to the formation of
broadened or multiple TGs, smaller domains show inward
shifted TGs as a result of homogeneously blended networks at
the molecular scale.46

To explore the phase distribution and surface morphologies of
IPNs, AFM in the tapping mode was used. AFM in the tapping
mode enables the cantilever tip to oscillate at a constant
frequency. Depending on the inherent local properties of each
phase, adhesion behavior will cause lower or higher delays in the
cantilever-tip oscillation that are represented with variations in
the phase angle.47 While negative degree angles are caused by
less adhesive hard domains, softer, and thus more adhesive,
domains give positive degree angles. Figure 3 shows the phase
morphology of (a) S15H85, (b) S30H70, and (c) S45H55. For
systems containing 15−30 wt % of the methacrylate network
(S15H85 and S30H70, respectively), homogeneous surfaces
were observed. For the same systems, a single narrow tan δ peak
was detected in DMTA measurements, indicating good

interpenetration and compatibility of both networks (Figure
3b).8,48 By contrast, significant tan δ peak broadening was
observed for S45H55 (45 wt % methacrylate network),
indicating the formation of more heterogeneous materials.45

Indeed, in the AFM images (Figure 3c) distinct bright regions
can be seen, which correspond to the softer methacrylate
network. Furthermore, darker domains comprising the stiffer
epoxy network are visible and the intermediate color could
indicate interphases containing different ratios of both networks.
Consequently, the final IPN becomes heterogeneous repre-
sented by an intermediate behavior between clear phase
separation and homogeneity49 that accounts for the abrupt
deterioration of (thermo)mechanical properties of S45H55.
Furthermore, tensile tests were conducted to determine the

effects of IPNs on the resulting mechanical properties (Figure 2c
and Table 2). As expected, the pure epoxy-based matrix (H100)
exhibited the highest σM (64 MPa) and a low εB (∼6%),
resulting in a tensile toughness of 1.3 MJ/m3. The addition of
high-molecular-weight additives is known to enhance the tensile
toughness of the resulting materials.50 Generally, toughness
indicates the amount of deformation energy absorbed by a
material before the initiated stress leads to a crack
formation.51,52 Adding 15 wt % of the methacrylate matrix
(S15H85) led to a 10 times higher tensile toughness (13 MJ/
m3) while the maximum stress at break was only lowered by 30%
to 44 MPa. The addition of the 2-fold amount of soft network
(S30H70) lowered σM to 23 MPa (36% of H100), whereby εB

Figure 3. AFM images of IPNs containing (a) 15 wt % (S15H85), (b) 30 wt % (S30H70), and (c) 45 wt % (S45H55) methacrylate network. The soft
methacrylate matrix is dispersed with a bright contrast and the epoxy phase is the continuous majority dark phase. Samples were prepared by
photopolymerization of the soft matrix (S100) and subsequent thermal polymerization of the epoxy-alcohol-based hard network H100 (d) 3D-printed
hollow chess tower and the corresponding CAD file, (e) 3D-printed pyramid and the corresponding CAD file, and (f) SEM image in top view of the 3D
printed pyramid. Additionally, the SEM image of the side view is presented for better estimation of a layer thickness of 100 μm.
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increased to 42% and UT was diminished to 8 MJ m−3. Hence,
the presence of high-molecular-weight PEG20kDMA in the
IPNs enables detangling of the polymer chains under
mechanical stress that can be seen in an increase of elongation
at break. Interestingly, S45H55 displayed significantly poorer
mechanical properties (σM: 6 MPa, εB: 4%, UT: 0.2 MJ m−3).
These findings correlate with the increased network hetero-
geneity demonstrated by DMTA and AFM measurements.
Influence of Polymerization Mechanisms and Cross-

Linking Density on (Thermo)mechanical Properties. In
(thermo)mechanical studies, adding 15 wt % of S100 to H100
proved to be the best-performing hybridmaterial in bothDMTA
and tensile tests. Introducing a high-molecular-weight meth-
acrylate into the rigid epoxy-based material led to the formation
of materials of high tensile strength and toughness, without
forfeiting the TG of the material. To study the influence of chain
length and thus cross-linking density of the PEG-backbone in
IPNs, the soft matrix was substituted with SR100. Additionally,
the effect of the polymerization mode of the epoxy network was
investigated by the substitution of H100 with HR100 (Figure
2d,e and Table 2). High conversion of the reactive groups of
each network (>90%) was determined by means of ATR−IR
spectroscopy and is comparable to the independent networks.
The hard network in S15H85 and SR15H85 was synthesized

via epoxy-alcohol polyaddition and resulted in narrow tan δmax
(fwhm of 23 °C), stemming from the homogeneous networks of
the step-growth reaction.32 Additionally, similar glass transition
temperatures of around 50 °C were determined. Interestingly,
via chain-growth polymerization (SR15HR85 and S15HR85),
heterogeneous networks were obtained resulting in broadening
of tan δmax (fwhm >49 °C). The influences of the cross-linking
density and network homogeneity on thermomechanical
properties are obvious, if one compares S15H85 and
S15HR85, which both contain the same methacrylate-based
networks and differ only in the polymerization mode of the
epoxymonomers.G′r of S15HR85 (108 °C, 63MPa) is 10 times
higher than S15H85 (85 °C, 6.1 MPa), indicating highly cross-
linked networks.39 The same trend is evident for SR15H85 and
SR15HR85. Polyaddition of the epoxy monomers in SR15H85
enables the formation of less cross-linked networks (89 °C, G′r
of 8 MPa), whereby homopolymerization (SR15HR85) leads to
a higher degree of cross-linking and a 5-fold increase in G′r (110
°C, 44 MPa). Interestingly, the unregulated nature of the chain
growth polymerization resulted in materials of higher TG (80 °C
for SR15HR85 and 78 °C for S15HR85).
Finally, tensile tests were conducted (Figure 2f and Table 2).

The effect of introducing high-molecular-weight dimethacrylate
(PEG20kDMA) as a soft matrix on the mechanical properties
can clearly be seen by comparison of S15H85 and SR15H85.
S15H85 displayed the highest εB (37%) and σM (44 MPa) of all
tested materials, resulting in an outstanding tensile toughness of
13 MJ m−3. By substitution of S100 with SR100 in IPN
SR15H85, εB was lowered to 30%, while σM decreased by a factor
of 0.5 (22 MPa), leading to a diminished UT of 5.6 MJ m−3.
Hence, tensile tests confirmed the superior influence of
PEG20kDMA as a photopolymerizable precursor. Furthermore,
using HR100 resulted in materials of high tensile strength (31
MPa for SR15HR85 and 40 MPa for HS15SR85), but the high
degree of cross-linking of the epoxy network diminished the
elongation at break of IPNs (<6%). Additionally, tensile
toughness was reduced to 1.1 (SR15HR85) and 1.3 MJ m−3

(S15HR85), respectively. Thereby, it was shown that the
combination of epoxy-alcohol polyaddition and the use of

PEG20kDMA gives the best material properties that were
confirmed by both DMTA and tensile tests.
Hot Lithography 3D Printing. After the assessment of

(thermo)mechanical properties and phase analysis of bio-based
IPNs, their applicability in hot-lithography 3D printing was
tested. At first, rheology measurements (Figure S9 and Table
S9) proved that IPNs containing 15−45 wt % of the soft matrix
(S100) in the hard matrix (H100) exhibit a viscosity of <5 Pa s
and are, therefore, applicable for the desired hot lithography
technique.53 For AMTs, it is necessary to obtain form-stable
specimens before subjecting the 3D-printed objects to post-
curing procedures. Figure S8 highlights that S45H55 exhibited
the best form stability after photopolymerization. Therefore,
complex shapes were printed from this formulation in order to
prove the possibility of 3D printing of such resins. Indeed, one
advantage of SLA is the fabrication of complex shapes with good
final properties and good accuracy with respect to the used CAD
file. To ensure high photoreactivity and low viscosity of the resin,
the printing was attempted at 60 °C. Unfortunately, the high
temperatures led to poor attachment of the printed layers on the
building platform. Therefore, the temperature was lowered to 50
°C, which significantly improved the attachment of the
polymerized parts, without sacrificing the resin’s photoreactivity.
As only the methacrylate matrix was cured during 3D printing,
the printed objects were thermally post-cured at 90 °C for 18 h
to ensure cross-linking of the epoxy network. With this setup,
high accuracy with respect to the CAD files was achieved and
SEM images (Figure 3d−f) confirm the high resolution of the
3D-printed pyramid. The printed layers can clearly be observed
and correspond with a layer thickness of 100 μm. Moreover,
good interlaminar attachment was observed. A more complex,
self-standing, and hollow chess tower was produced to finally
demonstrate the advantages of 3D printing compared to
conventional manufacturing technologies. By the addition of
0.01 wt % of the absorber Sudan Orange, more delicate
structures, such as a hollow pyramid (Figure S10b) and a hollow
chess tower (Figure S10c), were fabricated (layer thickness of
100 μm).

■ CONCLUSIONS
Traditionally, dual curing of epoxy-methacrylate systems is
performed by using fossil-based monomers, frequently contain-
ing bisphenol-A derivatives, such as BADGE or bis-GMA. Apart
from their high carbon footprint, reprotoxic activity may have a
negative impact on both human health and the environment. In
this study, IPNs from renewable resources were synthesized via a
dual-curing technique that comprised the photopolymerization
of poly(ethylene glycol) dimethacrylates (Mn 750−20 kDa) as a
bio-based soft matrix followed by a thermally catalyzed epoxy-
alcohol polyaddition of RDGE and TMP to give the bio-based
hard matrix. Investigations of the independent networks
demonstrated high (photo)reactivity and conversion of both
phases. This study elucidates the importance of using high-
molecular-weight methacrylates as elasticity-providing mono-
mers and epoxy-alcohol polyaddition for the subsequent thermal
curing. A significant improvement of tensile toughness (up to 13
MJ m−3) was achieved for IPNs containing 15 and 30 wt % of
PEG20kDMA, while maintaining a TG >45 °C. By lowering the
molecular weight of the methacrylate compound to 750 Da,
higher cross-linking densities and thus stiffer soft matrices were
obtained, leading to a decrease in tensile toughness by 50% (5.5
MJ m−3). By applying chain growth of the epoxides, the tensile
toughness was even more drastically decreased (1 MJ m−3).
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Thereby, (thermo)mechanical properties were linked with
cross-linking density and mode of polymerization. Finally,
complex and self-standing shapes with high resolutions were
produced via SLA. Thereby, this work expands the exploitation
of bio-based monomers for 3D-printing technologies.
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