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ABSTRACT: In the quest toward sustainable thermosets, research has been
conducted on various polymer classes like epoxy, benzoxazines, acryl-/
methacrylates, etc. One particular group that can also be utilized as sustainable
inks for additive manufacturing is itaconic acid-based unsaturated polyester
resins. However, due to increased viscosity of the resins, the use of reactive
diluents is required to increase their processability. While research has focused
on creating different polymeric structures to expand the possible applications, the
required amount of diluent has not received equal attention. In this work, a
group of itaconic acid-based polyesters was synthesized to create a series of
formulations with different reactive diluent contents. The physicochemical
properties of the prepared formulations, along with their reactivity toward UV
light, were assessed via photo-differential scanning calorimetry (photo-DSC),
real-time attenuated total reflectance (RT-ATR), and photorheology measure-
ments. The same formulations were then used to fabricate test specimens via digital light processing (DLP) three-dimensional (3D)
printing, which were examined as to their thermomechanical properties by means of dynamic mechanical analysis (DMA) and
thermogravimetric analysis (TGA) measurements.

■ INTRODUCTION
Plastic materials dominate today’s society due to their
versatility and low cost, substituting the use of traditional
materials like wood, steel, and glass. However, the extensive
use of polymer-based products comes with a high environ-
mental burden, as recycling rates of these materials are very
low and a major fraction ends up in landfills or even worse in
the environment. In addition, the vast majority of commercial
plastics is produced from depleting nonrenewable feedstock.1,2

As the environmental awareness of the public keeps increasing
so does the demand for more sustainable materials that can
address these challenges. One way to reduce the dependency
on fossil fuels is the use of monomers from renewable
resources as polymeric precursors.3

In that regard, itaconic acid is a promising monomer that
needs to be highlighted. Back in 2004, it was included in a
study published by the US Department of Energy, with the top
12 most promising bio-based monomers.4 Since then, it has
evolved into an intensively studied platform molecule, from
which a variety of materials can be prepared. Compared to
other bio-based monomers, it has the advantage of being
already produced on an industrial scale at a competitive price.
More specifically, over 80 ktons/a is produced via sugar
fermentation by the fungus Aspergillus terreus and the price is
less than 2 €/kg.5−7 In addition, itaconic acid has the

advantage to be very versatilely applicable. First, it is
considered as an alternative to maleic acid in bio-based
unsaturated polyester resins for thermosetting applications.8−13

In this respect, recent studies have shown that the utilization of
itaconic acid in these applications results in the reduction of
greenhouse gas emissions and of the total energy con-
sumption.14 Second, the external double bond exhibits a
higher reactivity toward radical reactions compared to the
internal double bond of the maleic acid. Therefore, several
studies focused on the use of itaconic acid as an alternative to
(meth)acrylic acid. For example, itaconic acid can be used to
create homopolymers and copolymers through radical
polymerization reactions.15−17 In addition, monoesters of
itaconic acid have been used as an alternative to acrylic acid
in the reaction with epoxidized vegetable oils.18,19 Further-
more, polyesters from itaconic acid can also be used as
oligomers for UV-curing applications, such as coatings,13,20,21
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printing inks,22 and materials for additive manufacturing (AM)
(three-dimensional, 3D printing).23−25 The latter is especially
interesting as bio-based materials for additive manufacturing
are still scarce, as usually materials derived from acrylic acid are
being utilized.26−30 One of the challenges associated with
additive manufacturing (AM) processes is the need for low-
viscosity materials. This is usually achieved by creating
formulations from oligomers with high amounts (up to 60%)
of monomeric reactive diluents. In many cases esters from
acrylic acid or acrylamides are used. Therefore, in order to be
able to increase the overall bio-based content of AM materials
two approaches can be followed: One possibility is the use of a
combination of bio-based oligomers with bio-based diluents.
Recently, we were able to show that the combination of
itaconic acid-based polyesters with the bio-based diluent
isobornylacrylate (IBOA) results in AM formulations with an
overall bio-content of 85%.31 However, in this case, not all
polyesters were able to form homogeneous formulations with
this diluent and acryloyl morpholine (ACMO), a diluent from
petrochemical resources, had to be used to be able to print
these materials. As acrylic acid itself is not commercially
available from renewable resources, we also investigated the
use of itaconic-derived reactive diluents.32 The resulting
formulations were the first example of (meth)acrylic acid-free
AM materials. However, due to the lower reactivity of itaconic
acid, longer printing time was needed to obtain materials with
satisfying properties.
Another possible option to increase the overall bio-based

content of AM formulations is the reduction of the amount of
the petro-based reactive diluent. However, the challenge here
is that the resulting formulations are still processable on
standard AM machines. Therefore, we herein investigate the
influence of the step-wise reduction of ACMO in AM
formulations with itaconic acid-based oligomers. For this, five
new polyester itaconates with a high-density of radical cross-
linking groups were synthesized to ensure sufficient cross-
linking of the materials even at lower percentages of reactive
diluent. In addition, monomers of different structures
(aromatic, aliphatic) were incorporated in each polyester
oligomer to examine if they could influence the properties of
the final materials. Three different reactive diluent concen-
trations were selected, and formulations were examined
regarding the evolution of viscosity and reactivity toward UV
light. Real-time attenuated total reflectance (ATR) and
photorheology assays of itaconic acid-based formulations are
reported within for the first time. Finally, additive manufactur-
ing assays were performed, and the thermomechanical
properties of the cross-linked materials were investigated to
determine the influence of reactive diluent concentration on
their properties.

■ MATERIALS AND METHODS
Materials. Itaconic acid (IA, 99%), succinic acid (SA,

99%), sebacic acid (SebA, 99%), isophthalic acid (IsA, 99%),
and phthalic anhydride (PhA, 99%) were purchased from
Merck, Darmstadt, Germany. 2,5-Furandicarboxylic acid
(FDCA, 97%) was purchased from Biosynth, Bratislava,
Slovakia. Chloroform-d1 (99.8% D) + 0.03% TMS v/v was
obtained from Carl Roth, Karlsruhe, Germany. 2,6-Di-tert-
butyl-4-methylphenol (BHT, 99%) was bought from Merck,
Darmstadt, Germany. 4-Methoxyphenol (MeHQ, 99%) was
purchased from Sigma-Aldrich Chemie, Steinheim, Germany.
1,3-Propanediol (PDO, 99.7%) was kindly provided by

DuPont Tate & Lyle Bio Products, Loudon, NH. FASCAT
4101 catalyst was kindly provided by PMC Group, Mount
Laurel, NJ. Acryloyl morpholine (ACMO, 99%) was purchased
from Rahn GmbH, Frankfurt, Germany. Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) was purchased
from IGM Resins. Solvents were reagent or analytical grade
and were purchased from VWR International, Fontenay-sous-
Bois, France. All reagents were used without further
purification.

Polyester Synthesis. Five unsaturated polyesters were
synthesized via direct esterification of itaconic acid, PDO, and
a secondary acid. A diacid to diol ratio of 1:1.45 was used. As
an example, the synthesis of 400 g of PE-SebA is described.
107.3 g (0.3 equiv, 0.53 mol) of SebA, 161 g (0.7 equiv, 1.24
mol) of IA, and 195.1 g (1.45 equiv, 2.56 mol) of PDO were
charged into a three-necked round-bottom flask, along with
0.12 g (0.06 wt %) of MeHQ, 0.16 g (0.08 wt %) of BHT, and
1.56 g (0.39 wt %) of FASCAT 4101. The flask was equipped
with a Dean−Stark condenser, a mechanical stirrer, and an
immersed thermocouple to control the temperature of the
heating mantle. Water removal was facilitated by the addition
of toluene (10% w/w). The mixture was heated gradually until
homogenization and then temperature was increased to 180 °C
until an acid value (AV) of <5 mg KOH/g was reached
(usually 3−4 h). The toluene was then removed under reduced
pressure at 130 °C and 100 mg of MeHQ was added to the
resin for stabilization. The polyesters were obtained without
further purification as transparent viscous, slightly yellow to
light brown liquids, depending on their composition. The
description of resin compositions is given in Table 1.

Measurements. Fourier transform infrared (FTIR) spectra
of the synthesized resins were obtained on a Thermo Scientific
Nicolet iS5 FTIR (Thermo Fisher Scientific, Waltham, MA)
using the ATR technique (32 scans, resolution of 4 cm−1). The
photocuring process of the formulations was followed in real
time by means of a Nicolet iS 50 spectrometer. The
formulations were spread on a silicon substrate, using a film
bar to produce films of 12 μm. The visible light source was a
Lightningcure LC8 (Hamamatsu Photonics, Hamamatsu,
Japan), which was directed on the sample with an optic
fiber. Spectra were collected with a resolution of 4 cm−1 in real-
time mode, and the data were processed by OMNIC software,
developed by Thermo Fisher Scientific. The signal at 790 cm−1

corresponding to the C�C bond of ACMO was monitored,
while the signal at 1730 cm−1 corresponding to the C�O
bond of the ester was used as a reference.
NMR experiments were conducted on a Bruker Avance III

400 MHz spectrometer (Bruker, Billerica, MA). 1H NMR

Table 1. Composition of the Synthesized Polyesters and
Bio-Based Content

sample
IA

(equiv)
secondary
acid (equiv)

PDO
(equiv)

DBDa

(mmol/g)

bio-based
contentb
(wt %)

PE-SebA 0.7 0.3 1.45 3.1 100
PE-IsA 3.3 80
PE-SA 3.5 100
PE-FDCA 3.3 100
PE-PhA 3.3 82

aDouble-bond density. b% of mass of renewable monomers used for
the synthesis of each resin.
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shifts of polymers are reported in ppm (δ) downfield from
tetramethylsilane (TMS) and were determined by reference to
the residual solvent peak (chloroform-d1, 7.26 ppm for
hydrogen atoms).
The acid value (AV) is proportional to the unreacted acid

groups. It was defined as the milligram of KOH required to
neutralize one gram of sample and was determined according
to DIN EN ISO 2114 by titrating the carboxylic acid groups of
the sample with potassium hydroxide solution in methanol (0.3
mol/L). The sample (1−2 g) taken was dissolved in acetone.
Determination of the molar mass distribution was performed

by size exclusion chromatography (SEC) measurements with
tetrahydrofuran as an eluent and with polystyrene calibration
in the range of 162−70,000 g/mol. Three SDV 1000A
columns at 40 °C, a variable UV detector (here: 254 nm), a
refractive index detector, and the software (WinGPC Unity)
were provided by Polymer Standard Service (Mainz,
Germany). The samples were filtered over a 0.2 mm
poly(tetrafluoroethylene) (PTFE) filter before injection.
Viscosity measurements were performed on a Malvern

Kinexus lab + (Malvern Panalytical Ltd, Malvern, U.K.)
equipped with a cone−plate geometry (CP 4°, 40 mm).
Measurements were made with a rotation speed of 100 s−1 for
10 s. Five measurements were made at each temperature, and
the average value was calculated.
Photo-differential scanning calorimetry (Photo-DSC) meas-

urements were conducted on a DSC3+ (Mettler-Toledo,
Greifensee, Switzerland) equipped with a Lightningcure LC8
UV spotlight source (Hamamatsu Photonics, Hamamatsu,
Japan) at 70% of its intensity. To get the integration of the heat
of reaction, two runs were carried out with a short break
between the runs to let the resin cool down. The second run
was made once the material was fully cured and the baseline
was stable. Then, the second curve was subtracted from the
first to obtain the curve related to the curing only. Each run is
conducted as follows: 30 s at the set temperature (25, 40, or 60
°C, respectively, at atmospheric pressure under nitrogen)
without the lamp; then, the lamp is turned on for 4.5 min. The
break between the runs lasts 30 s.
Photorheology data were collected by means of an Anton

Paar302MC rheometer (PhysicaMCR302, Graz, Styria). The
rheometer was set with a plate−plate geometry, the outside
diameter of the metal disk was 25 mm and a glass disk was
used as a bottom support in order to guarantee the irradiation

of the sample. The distance between the two disks was set at
200 μm. The visible light was provided by optic fibers to
directly irradiate the sample. A Hamamatsu Lightningcure LC8
was used as a visible light source with a light intensity of about
40 mW/cm2 provided on the surface of the sample. The lamp
was turned on after 60 s of stabilization and the measurements
were performed in the oscillatory condition at a frequency of 1
Hz, with strain 1% and in isothermal condition at room
temperature.
Additive manufacturing experiments were conducted on a

Phrozen Sonic 4K DLP printer equipped with a 50 W UV LED
array (405 nm). The samples were cured with a layer thickness
of 20 μm and an exposure time of 3 s per layer for all
formulations. Approximately 40 g of formulation was used to
print five rectangle specimen at once, suitable for dynamic
mechanical analysis (DMA) measurements. The print
orientation of the samples was 0°. After the process, samples
were removed from the printer and post-cured in a post-curing
light oven (Wanhao Boxman-1) for 30 min. The samples were
turned after 15 min to ensure even curing of the specimens.
Dynamic mechanical analysis (DMA) was carried out on a

Tritec 2000 DMA (Triton Technology, Loughborough, U.K.)
in single cantilever bending mode. Measurements were
performed on the rectangle bars (25 × 10 × 4 mm) which
were prepared with additive manufacturing. Samples were
studied under nitrogen in a temperature range of 0−150 °C (2
K/min, 1 Hz, maximum displacement 0.01 mm). The exact
dimensions of specimens were determined before each
experiment, and five test bars were measured for each sample.
The cross-linking density of the cross-linked materials was
evaluated according to the kinetic theory of rubber elasticity:33

=v
E
RT3

where E′ is the storage modulus in the rubbery plateau region
at T = Tg + 30 °C, R is the gas constant, and T is the absolute
temperature in K.
Thermogravimetric analysis (TGA) of cured resins was

performed on a TGA/DSC 1 (Mettler-Toledo, Greifensee,
Switzerland) under nitrogen (35 mL/min). Samples of ca. 10
mg were heated from 25 to 700 °C with a heating rate of 10 K/
min.

Scheme 1. Synthetic Pathway for the Materials of the Study
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■ RESULTS AND DISCUSSION
In the course of this study, five polyesters were synthesized by
means of azeotropic polycondensation. Besides 0.7 equiv of
itaconic acid (IA) and 1.45 equiv of 1,3-propanediol (PDO),
0.3 equiv of a second diacid was used as a building block to
examine the effect of different aliphatic and aromatic diacids on
the polyester resins (Scheme 1). The exact compositions are
listed in Table 1. The excess of PDO was chosen to obtain
resins with viscosities suitable for additive manufacturing. As
mentioned in the Introduction section, the goal was to examine
how the ratio between the resin and the reactive diluent
influenced the key characteristics of formulations like viscosity
and reactivity, and to investigate whether those characteristics
translated into materials with different properties after the
cross-linking phase. Therefore, the polymeric structure was
designed to be rich in itaconic acid moieties to allow a better
“interaction” between the resin and the diluent. PDO was
selected as a short “spacer” between the C�C double bonds
and the remaining acid moieties were selected to achieve
different physicochemical properties of the polymers.

Structural Characterization. FTIR. The structure of the
synthesized resins was preliminarily assessed with ATR
spectroscopy. The spectra are depicted in Figure 1. The

most significant vibrations for these polyesters are the C�O
stretching vibrations of the ester bond, represented by the
signal at 1730 cm−1, and the C�C deformation and C�C
stretch vibrations, represented by the signals at 810 and 1640
cm−1, respectively. As a diol excess was used during synthesis, a
broad signal derived from the −OH end groups is also visible
at 3500 cm−1. Finally, there are also signals that are unique for
each material, as different secondary acids were used, e.g., ring
vibrations from aromatic monomers are visible at 1600 cm−1.
NMR. The NMR spectra of the synthesized resins are

presented in Figure 2. In the 1H NMR spectra, the
characteristic resonance signals of the itaconate units are
observed at 5.7 and 6.3 ppm (�CH2 group) and around 3.3
ppm (−CH2C(O) group). There are no signals indicating
isomerization of itaconic to mesaconic acid;34 therefore, the
C�C remains in the exo position, which is necessary for a
sufficient reactivity in subsequent UV-induced cross-linking.

For the propanediol segments, peaks attributed to the
C(O)OCH2− groups are observed around 4.1−4.6 ppm,
depending on the type of secondary acid, while the central
−CH2− shows in the 1.5−2.5 ppm region. Finally, the
characteristic peaks of each secondary acid are visible in the
respective spectra. A more detailed assignment of the signals is
given in the Supporting Information.

Physicochemical Characterization. Moving to the
physicochemical characterization of the resins, SEC results
are shown in Figure 3. A Gaussian distribution of the
molecular weight is observed, which is characteristic for
polycondensation polymers. As the structure of the resins is
quite similar, the obtained curves are practically overlapping
and the molecular weights of the resins are in the same range,
from 1020 to 1130 g/mol. Furthermore, no high-molecular-
weight fraction can be observed in the elugrams. These
findings in combination with dispersities below 2 are strong
indications that no cross-linking or Ordelt side reactions did
occur during the synthesis.
In Figure 4, the DSC scans of the polyesters are shown.

While similar resins in our previous work31 exhibited glass-
transition temperatures in the range of <−50 °C up to 13.5 °C,
this set of polymers had only a narrow range of the Tg, with a
maximum Tg of −28 °C for PE-PhA. This exhibits the reduced
influence of the secondary acid on the properties of the
materials, as it is limited to 0.3 equiv of total acid used. The
SEC and DSC results are summarized in Table 2.

Formulations. Polymers designed for UV-curing AM are
often mixed with reactive diluents to create formulations with a
proper viscosity to be processable in the 3D printer. In
addition, diluents can alter both the reactivity toward UV light
and the final properties of the cured material. In our previous
study,31 we were able to show that the structure of the
polyester had a significant influence on the behavior of the
formulation, as lower viscosities and flexible structures lead to
higher conversions and better thermomechanical properties of
the 3D-printed materials. However, it is also important to
determine the influence of the amount of reactive diluent on
the properties of the formulation and the subsequently
fabricated materials. Therefore, we created formulations
based on the above-described polyesters, with three different
concentrations of ACMO, to examine the effect on the printing
process and the thermomechanical properties of the cured
material. The behavior of the formulations was studied
regarding viscosity and reactivity toward UV light, which is
significantly altered by the step-wise reduction of ACMO in
the formulation. Finally, we examined the properties of the
formulations with the lowest amount of ACMO under three
different temperatures. The composition of the formulations,
their bio-based content, their viscosity, and the results of the
photo-DSC are summarized in Table 3.
As anticipated, the reduction of the reactive diluent

increased the viscosity of the formulations. For resins
containing aromatic monomers, this phenomenon was more
pronounced, due to the higher rigidity of their chemical
structure and in turn the higher initial viscosity of the neat
resin. Interestingly enough, the reduced mobility of the
systems had a positive effect regarding the conversion of the
C�C double bonds, at least initially. A 10% reduction of the
amount of reactive diluent led to increased conversions for all
systems, as listed in Table 3. To explain this phenomenon, the
progression of the polymerization rate must be examined. For
this, the rate of polymerization was plotted against time

Figure 1. ATR spectra of the polyesters prepared in the course of this
study.
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(Figure 5a) and against C�C conversion (Figure 5b). It is
shown that the maximum rate of polymerization (ROPmax) is
reached earlier for formulations with 47% ACMO compared to
formulations with 37% ACMO. However, then the polymer-
ization slows down and stops at lower conversions for
formulations with 47% diluent, while for formulations with
37% diluent the cross-linking is prolonged and higher
conversions are reached. It is known that the final conversion
is influenced by viscosity-assisted reaction diffusion in the
autodeceleration step.35 Therefore, the gelation point is
reached earlier for formulations with 47% ACMO. However,
since they present lower initial viscosity, this behavior must be
derived from their composition. Indeed, ACMO contains an
acrylic acid-derived C�C, which has a higher reactivity
compared to the itaconic acid-derived C�C of the polyester
resins. The high concentration of ACMO for formulations with
47% diluent implies that during the propagation phase of cross-
linking, there is a higher chance of those small and mobile
radicals to react with each other, therefore reducing the overall
mobility of the system early and limiting the overall C�C
conversion. For formulations with 37% diluent, there is enough
ACMO to effectively reduce the viscosity of the system and
prolong the propagation stage of the polymerization, but not
enough to reach the gelation point as early as in the case of
47% ACMO. Therefore, gelation is delayed compared to
formulations with 47% ACMO and significantly higher
conversions are reached. Finally, for formulations with 27%
ACMO, the viscosity of the system is significantly higher
compared to the other two. The ROPmax is the most affected
parameter by this increase, being lower for all samples when
compared with formulations of 37% diluent. Despite that,
overall C�C conversion is similar between the two groups, as
gelation time is again prolonged at lower ACMO concen-

Figure 2. NMR spectra of the synthesized polyesters.

Figure 3. SEC elugrams of the synthesized polyesters.

Figure 4. DSC scan of the prepared resins.

Table 2. Glass-Transition Temperature and Molecular
Weight of the Prepared Materials

sample Mn (g/mol) Mw (g/mol) Đ Tg (°C)
PE-SebA 1070 2130 1.99 <−50
PE-IsA 1070 1850 1.74 −36
PE-SA 1020 1970 1.94 −45
PE-FDCA 1020 1700 1.67 −35
PE-PhA 1130 2220 1.96 −28
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trations. Thermograms for the rest of the resins are reported in
the Supporting Information, Figure S1.
In a second set of experiments, the effect of temperature on

the reactivity toward UV-light-induced polymerization was
investigated. Results are given in Figure 6. Formulations with
27% ACMO were selected, as they presented the slowest
polymerization rates at room temperature. The increased
temperatures lowered the viscosity of the formulations,
allowing for an increased mobility of the systems, which
translated to increased C�C conversion. For example, for
Form-PhA-27, the ROPmax was increased from 44.4 s−1 × 103
ambient to 64.6 s−1 × 103 at 40 °C and 78 s−1 × 103 at 60 °C,

which actually surpassed the value of Form-PhA-47. In
addition, the ROPmax was reached earlier during the measure-
ments. These results suggest that, besides reactive diluent
concentration, polymerization temperature also has a signifi-
cant role on the total C�C conversion of these systems, and
therefore, it could potentially affect the thermomechanical
properties of the materials that were cross-linked under these
conditions.

Real-Time ATR. To verify the hypothesis discussed in the
previous section, that is, the high reactivity of ACMO is the
factor that leads to early gelation and thus to lower
conversions, RT-ATR was exploited to monitor the cross-

Table 3. Properties of the Prepared Formulations

formulation resin reactive diluent viscosity@20 °C (Pa·s) bio-based contenta DBD (mmol/g) RoPmax
b (s−1 × 103) C %c

Form-SebA-47 PE-SebA 47% ACMO 0.23 50 4.88 60.2 65
Form-SebA-37 37% ACMO 0.44 60 4.48 70.2 84
Form-SebA-27 27% ACMO 0.74 70 4.08 53.8 80.5
Form-SebA-27@40 °C 0.19 4.08 63.2 87.8
Form-SebA-27@60 °C 0.07 4.08 69.4 89.6
Form-IsA-47 PE-IsA 47% ACMO 0.44 40 4.98 54.9 54.6
Form-IsA-37 37% ACMO 1.27 48 4.6 57.6 73.5
Form-IsA-27 27% ACMO 3.03 56 4.22 50.7 70.6
Form-IsA-27@40 °C 0.48 4.22 65.9 79.5
Form-IsA-27@60 °C 0.13 4.22 74.3 82.1
Form-SA-47 PE-SA 47% ACMO 0.3 50 5.08 70.4 69.3
Form-SA-37 37% ACMO 0.65 60 4.72 54 73.6
Form-SA-27 27% ACMO 1.21 70 4.36 46.4 75
Form-SA-27@40 °C 0.24 4.36 51.1 78.8
Form-SA-27@60 °C 0.08 4.36 69.1 82.4
Form-FDCA-47 PE-FDCA 47% ACMO 0.51 50 4.98 59.9 68.5
Form-FDCA-37 37% ACMO 1.34 60 4.6 48.6 69.8
Form-FDCA-27 27% ACMO 4.69 70 4.22 34.1 59.2
Form-FDCA-27@40 °C 0.65 4.22 42.3 67.4
Form-FDCA-27@60 °C 0.16 4.22 44 70.8
Form-PhA-47 PE-PhA 47% ACMO 0.58 41 4.98 48.8 49.7
Form-PhA-37 37% ACMO 1.72 49.2 4.6 52.5 69.5
Form-PhA-27 27% ACMO 5.14 57.4 4.22 44.4 71.7
Form-PhA-27@40 °C 0.73 4.22 64.6 78.1
Form-PhA-27@60 °C 0.18 4.22 78 82.7

aOverall bio-based content of the final formulations. bRate of polymerization (ROP). cDouble-bond conversion %.

Figure 5. Evolution of the rate of polymerization with reactive diluent alteration (a) vs time and (b) vs double-bond conversion.
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linking reaction. For this, the evolution of the signal at 790
cm−1, corresponding to C�C deformation vibration of the
acrylic double bond of ACMO, was followed through time for
the different types of formulations. In Figure 7, the real-time IR
spectra of formulations Form-IsA-47 and 27 during UV-
induced cross-linking are shown. For Form-IsA-47, a steep
decrease of the peak area is observed in the initial steps of
polymerization, but the rate drops significantly at the later
stages. As the content of ACMO is reduced, the rate at which
the signal is diminished slows down, being more evenly
distributed during the monitoring period. To illustrate this, the
area of the signal at 790 cm−1 was plotted against time in
Figure 8 for formulations Form-IsA, while the rest of the
samples are presented in the Supporting Information. It was
found that, regardless of the polyester used, formulations with
a lower ACMO content have slower polymerization rates in
the initial phase of cross-linking, thus verifying the assumptions
that were made during the discussion of photo-DSC results.

Photorheology. To further confirm the data obtained
from photo-DSC, as well as real-time IR, photorheology
measurements were also conducted. The obtained results are
presented in Figure 7 and in the Supporting Information. The
amount of reactive diluent was found to be the primary

parameter that influenced the reactivity of the formulations. In
accordance with the results from photo-DSC, formulations
containing 47% of ACMO were the fastest ones to start cross-

Figure 6. ROP evolution (left) and conversion (right) under increased temperature conditions.

Figure 7. RT-ATR spectra of formulations Form-IsA-47 (left) and Form-IsA-27 (right).

Figure 8. Area evolution over time for formulations Form-IsA.
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linking. Then, as the amount of reactive diluent was lowered so
was the reactivity of the formulations.
Another interesting parameter that was extracted from the

photorheology measurements was the evolution of normal
force over time. As the space between the rotating disk and the
glass substrate has to be kept constant during the measure-
ment, the instrument has the ability to measure the required
force to maintain that distance. Furthermore, this “normal
force” has been associated with shrinkage phenomena induced
by radical polymerization.36 As shown in Figure 9a,
formulations with 47% of ACMO require the highest normal
force (in absolute value), therefore indicating the highest
shrinkage.37 This behavior could be explained by the fact that
acrylates are known to shrink during polymerization to a
higher extent compared to itaconic acid-based materials. The
normal force is reduced for formulations of 37% reactive
diluent, and then further for those with 27%, regardless of the
structure of the resin, supporting this suggestion.
Finally, we compared the behavior of formulations

containing 27% ACMO in an effort to highlight the difference
of reactivity between the synthesized polyesters and to assess
their printability for additive manufacturing purposes (Figure
9b). It was found that the highest induction time before the
start of the polymerization was required for the FDCA-
containing resin, while the resin-containing SebA required the
lowest. This can be explained from the structural mobility of
the polyesters, as the “stiffer” aromatic one displayed reduced
reactivity. However, it is important to underline that for all
formulations, less than 10 s of light exposure was required to
reach a steady state (upper plateau) which signals competition
of the reaction and the formation of a self-standing layer. This
is a direct indication for the printability of the formulations in
hand, in ambient conditions, without the need for temperature-
assisted additive manufacturing that is employed for other
formulation types.38,39

Printed Materials. After conducting the abovementioned
set of experiments on the formulations, it was clear that their
reactivity was adequate for additive manufacturing assays. First,
DMA specimens were printed to characterize the properties of
the cured materials. A DLP 3D printer was employed, as it
offers significantly lower printing times compared to its SLA
counterpart. All formulation could be printed with an
irradiation time of 3 s per layer. Finally, more complex parts

were printed to examine whether bigger and more detailed
objects could be manufactured utilizing the formulations
prepared in the course of this study. Two different structures
were chosen as test objects: one spherical dome and crystal-
shaped object. In both cases, the object could be printed
without the use of any support structures. However, when
formulations with only 27% of ACMO were printed, a longer
irradiation time of 10 s per layer had to be used to obtain a
satisfying printing result. The printed objects from formula-
tions Form-SA-27 to 47 are shown in Figure 13. The
dimensions of the crystal are 4 cm in height and 3 cm in
diameter, while the dome exhibits a height of 3 cm and a
diameter of 4 cm with a width of the individual bars of 2.5 mm.

DMA. In Figure 10, E′ modulus and tan δ evolution of
printed materials from resin PE-IsA with different ACMO

percentages are presented. The respective data for all materials
are presented in Table 4 and the rest of the curves are reported
in the Supporting Information in Figure S4. Glass-transition
temperatures range from 85 °C up to 118 °C, values that are
high for this type of materials. This is a direct consequence of
the designed polymeric structures, which have high DBD. In
accordance with the observations from photo-DSC regarding

Figure 9. (a) Storage modulus and normal force evolution over time for samples Form-IsA-47, 37, and 27. (b) Storage modulus over time for
samples containing different resins and 27% ACMO.

Figure 10. E′ modulus and tan δ of materials 3D-IsA-47, 3D-IsA-37,
and 3D-IsA-27.
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the C�C conversion, limiting the amount of ACMO in
formulations from 47 to 37% increased the E′ modulus
significantly, while the further reduction of ACMO to 27%
resulted in a slightly reduced E′ modulus compared to the
material with 37% ACMO, but still higher than the material

with 47% ACMO. As conversions of the C�C increase, a
denser cross-link network is created, as indicated by the
calculated cross-linking densities in Table 4. However, the
tan δ does not follow the same trend. As more polyester
segments are incorporated in the network, which are “softer”

Table 4. DMA and TGA Data of the Printed Materials

Sample DBD (mmol/g) tan δ (°C) cross-linking density (*103 mol/m3) E′@25 °C (MPa) T5% (°C) Tmax (°C) residual mass@700 °C (%)
3D-SebA-47 4.88 105 1.22 340 ± 20 274.8 375.6 12.5
3D-SebA-37 4.48 93 2.44 410 ± 20 285.8 389.5 14.9
3D-SebA-27 4.08 85 3.22 340 ± 10 277.7 382 13.9
3D-IsA-47 4.98 118 1.01 300 ± 80 278.3 374.4 13.3
3D-IsA-37 4.6 110 2.10 660 ± 30 275.5 381 17.5
3D-IsA-27 4.22 103 2.41 560 ± 65 258.8 375 16.2
3D-SA-47 5.08 113 1.50 375 ± 55 278.5 381.2 13.3
3D-SA-37 4.72 109 3.22 465 ± 75 278.2 373.3 15.6
3D-SA-27 4.36 100 3.75 465 ± 15 294 364.7 16
3D-FDCA-47 4.98 110 1.44 545 ± 65 270 368.5 13.2
3D-FDCA-37 4.6 102 1.88 495 ± 25 281 364.5 17.5
3D-FDCA-27 4.22 91 2.14 385 ± 35 279.5 361.5 15.2
3D-PhA-47 4.98 110 1.48 420 ± 10 286.2 377 14.5
3D-PhA-37 4.6 110 1.67 575 ± 55 298.2 367.3 18.8
3D-PhA-27 4.22 100 2.03 585 ± 25 304.2 366 16.6

Figure 11. E′ modulus and tan δ of the printed materials with 47 and 27% ACMO content.

Figure 12. TGA results of the printed materials.
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compared to the cyclic ACMO structure, the network’s
flexibility increases, and this is reflected both in the reduction
of E′ modulus from materials with 37−27% diluent and in the
lower tan δ values. Also, the tan δ peaks get broader with the
reduction of ACMO, suggesting lower homogeneity in the
network and therefore supporting the abovementioned claim.
Finally, in Figure 11, we present the DMA data from

materials with 47 and 27% ACMO. The effect of the polyester
structure is visible for materials with 27% ACMO, with
aromatic structures presenting higher glass-transition temper-
atures and E′ modulus compared to the aliphatic ones. On the
contrary, when 47% of ACMO is used, no such relationship
can be observed, as the reactive diluent structure seems to
dominate the properties of the printed material. This is further
evidence of the increased polyester segments in the network
that was suggested before. The data of the formulations
containing 37% ACMO are presented in the Supporting
Information.

TGA. The thermal stability of the printed materials was
examined with TGA measurements. Results for materials
containing 47% ACMO are shown in Figure 12, along with the
data for materials derived from PE-SebA. The rest of the
results are reported in Figure S5 in the Supporting
Information. Materials containing the same amount of
ACMO present similar behavior, including a single degradation
step and similar residual mass, as presented in Table 4. More
pronounced differences can be found for materials derived
from the same polyester but containing different amounts of
reactive diluent. Limiting the amount of ACMO from 47 to
37% increased the thermal stability of the materials and the
residual mass at 700 °C. This is in accordance with the findings
from the DMA section, as these materials were found to
contain a denser cross-linking network, which explains a
superior thermal stability. Further reducing the diluent to 27%
slightly deteriorated the thermal stability of the materials, but
in most cases, results were similar or slightly better than those
of the materials with 47% ACMO. All printed samples have a
Td5% above 250 °C, proving their suitability for a variety of
applications.

■ CONCLUSIONS
This study was performed to elucidate the role of the reactive
diluent concentration in formulations comprised of itaconic
acid-based unsaturated polyester resins. Besides improving
processability, by lowering the viscosity and increasing the
reactivity toward UV-light-induced cross-linking, the diluent
content was found to have a significant influence on the
properties of the specimen obtained by means of additive
manufacturing. Photo-DSC studies revealed that by increasing
the diluent content, the rate of polymerization is also
increased, while the overall conversion of reactive double
bonds is reduced. RT-ATR verified that the diluent conversion
is slower at lower concentrations of the diluent. The behavior
toward UV light irradiation of each formulation type is also
transferred to the properties of 3D-printed objects. A faster
polymerization rate with lower conversions resulted in cross-
linked materials of inferior thermomechanical performance,
compared to materials with higher conversions. Out of the
three different diluent contents that were tested during the
course of the study, formulations with 37% of ACMO were
found with the most promising combination of processability,
reactivity, and thermomechanical response of their fabricated
objects. We are therefore convinced that these materials can
make a significant contribution to the field of bio-based UV-
curing materials and in turn more sustainable additive
manufacturing processes.
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