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Photopolymerization-based 3D printing techniques, such as vat photopolymerization (VP), unfortunately still
strongly rely on the use of fossil-based (meth)acrylate monomers for the formulation of photo hardening resins.
Because of that many researchers have recently directed their efforts towards the replacement of methacrylic and
acrylic acid derivatives with biobased counterparts. Indeed, in this work, we introduce a novel approach for
producing sixteen fully biobased resins for VP, based on photocurable polyesters synthesized starting from bio-
sourced reagents. Itaconic acid, widely recognized as an effective biobased photocurable monomer, and myrcene,
a terpene consisting of two isoprene units, are employed in a Diels-Alder cycloaddition to achieve a co-monomer
(My-DMI) for the new photocurable polyesters. By exploring various molecular weights, diols and ratios between
itaconate and My-DMI, we synthesized eight different polyesters. By combining these with appropriately
designed reactive diluents, we successfully tuned the mechanical properties of the 3D printed materials, ranging
from very flexible to extremely rigid, depending on the diol chain length and itaconate contents. Additionally, we
provide a detailed evaluation of the biobased content of each formulation according to the OK BIOBASED
labelling for plastics, finding biobased content as high as 97 % in most cases.

1. Introduction

Additive manufacturing (AM) is defined as the collection of
manufacturing techniques that allow for the production of objects with
bottom-up approaches by assembling their components with layer-by-
layer organization by means of computer-aided processes; this can be
achieved starting from powdered, melt or liquid raw materials, and it is
often considered the milestone of the fourth industrial revolution, able
to completely overthrow the most traditional object manufacturing
techniques [1-3] . The main advantages of such approaches compared to
traditional manufacturing techniques include rapid prototyping, easy
and fast personalization and modification of the produced shape and size
with a relevant reduction in the related material waste [4-6]. Vat
photopolymerization (VP), commonly known as vat photo-
polymerization, is the additive manufacturing technique that employs
UV light to selectively photopolymerize a liquid resin into solid 3D
materials of the desired shape and size [7,8]. To achieve this,
commercially available resins for VP are mostly composed of photo-
polymerizable acrylate and/or methacrylate monomers and oligomers
able to selectively harden into a solid and self-supporting material when
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exposed to the UV radiation [9-11]. However, even though acrylates
and methacrylate are usually cheap and easy to manufacture with
traditional industrial chemistry processes and their photo-
polymerization is easily controllable and highly efficient, they suffer
from important drawbacks related to their toxicity, enhanced by their
volatility, and their environmental impact [12-14]. For these reasons, it
is important to work towards the partial or complete replacement of
acrylates and methacrylates with renewable, non-toxic and non-volatile
monomers, able to be formulated into photocurable resins for VP leading
to 3D printed materials with the desired mechanical properties. In the
last years, this has been frequently attempted by using itaconic acid as a
sustainable alternative. Itaconic acid (IA), or 2-methylenesuccinic acid,
is an unsaturated dicarboxylic acid traditionally obtained by the distil-
lation of naturally occurring citric acid, and nowadays produced by
fermentation with engineered fungus Aspergillous Terreus [15,16]. The
development of itaconic acid presents indeed significant market op-
portunities, as it is recognized as a sustainable chemical compound
suitable for a wide range of applications, including polymers, coatings
and solvents. Particularly in polymer productions, itaconic acid does not
present any VOC issues, highlighting its advantages over conventional
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fossil-based acrylates and methacrylates in terms of sustainability
negligible toxicity and low volatility[17,18]. Moreover, its double car-
boxylic functionality opens the possibility of manufacturing photoc-
urable polyesters and poly(ester-amide)s to be employed for the
formulation of biobased photocurable resins for VP, strongly reducing,
or sometimes totally suppressing, their acrylate and methacrylate con-
tent [19-22].

Terpenes are a class of naturally abundant unsaturated hydrocarbons
obtained by the bio-polymerization of isoprene units resulting in linear
or cyclic compounds that may also incorporate oxygen-containing
functional groups [23]. Amongst terpenes, myrcene is indeed a prom-
ising candidate for the preparation of biobased formulations for VP. It
has already been reported as the main component of photocurable
resins, where it was photocured via thiol-ene radical polymerization
with a multifunctional thiol [24,25]. Moreover, its terminal conjugated
diene functionality allows for the introduction of additional function-
alities via [4+2] Diels-Alder cycloaddition.

In light of all these concepts, in this work, we describe for the first
time the Diels-Alder cycloaddition of myrcene with the dimethyl ester of
itaconic acid to produce a diester monomer to be employed for the
synthesis of co-polyesters of itaconic acid and linear o,0-diols. Our main
goal was the development of a sustainable strategy for the preparation of
biobased photocurable polyesters to be formulated into photocurable
resins for VP using synthetic and highly biobased reactive diluents and
plasticizers, able to produce solid 3D printed materials with tuneable
and improved mechanical properties. (Fig. 1). Accordingly, the second
goal presented herein is to achieve high elastic moduli and tensile
strengths using acrylate- and methacrylate-free resins.

Depending on the nature of the reactive diluents used, 13 rigid for-
mulations are prepared and described and, in addition, 3 flexible for-
mulations with remarkably high elongations at break have been also
obtained showing a great versatility of the initial cycloadduct and the
polyesters obtained. Furthermore, in this work, we provide for the first
time a detailed and quantitative evaluation of the maximum theoretical
biobased content of each formulation according to the specifications
related to the OK BIOBASED labelling for plastics, assigned by the TUV
Austria certification body. By employing chemical building blocks that
can be currently produced from renewable resources, we have been able
to prepare 11 (meth)acrylate-free formulations for VP with total biomass
contents as high as 97 %. A wider range of mechanical properties was
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obtained by including small amounts of acrylates and methacrylates
derivatives of biobased compounds, and five more formulations with a
biobased content above 80 % are prepared, 3D printed and
characterized.

2. Materials and methods

Cyclic itaconic anhydride was synthetized from itaconic acid as
previously described by Pérocheau et al [26]. Dodecanedioyl dichloride
was prepared by chlorination of dodecanedioic acid with thionyl chlo-
ride as previously reported [27]. Pentaerythritol tetraacrylate (PETA)
was purchased from Tokyo Chemical Industries (TCI). The detailed
synthesis and characterization of the reactive diluents 1,4-butanediyl bis
(methyl itaconate) (I2B1), isopropyl 1,4-butanediyl itaconate, 2-(meth-
acryloyloxy)ethyl dodecanoate (L-HEMA), bis 2-(methacryloyloxy)ethyl
dodecanedioate (BHDD) and the PCL-based plasticizer SHTC is reported
in the Supporting Information. Tetrahydrofuran (THF) and triethyl-
amine (TEA) were dried before use by distillation over
Na-benzophenone. e-caprolactone was dried over CaHy and freshly
distilled under reduced pressure prior to use. Grindsted Soft-N-Safe
(9-hydroxystearic acid monoglyceride triacetate, SNS) was purchased
from Danisco (Brabrand, Denmark). 1,4-butanediyl bis(methyl itaco-
nate) (I2B1) was prepared as previously reported[21].

2.1. Synthesis of the diester monomer by Diels-Alder cycloaddition (My-
DMI)

In a 2L reactor under a nitrogen atmosphere, 508 g of dimethyl
itaconate (DM, 3.21 mol) were dissolved in 689 mL of myrcene (My,
4 mol). Then, 65 mL of EtAICl, (1 M solution in hexane) were added to
the stirred solution at room temperature to achieve a final catalyst
concentration of 2 mol% relative to the diester. The reaction was per-
formed by heating the mixture at 60 °C for 24 hours. The effectiveness of
the synthesis was verified via NMR on a portion of the reaction mixture,
which revealed the disappearance of the signals related to the vinyl
protons of DMI and therefore its complete conversion into the cyclo-
adduct. R, the ratio between x, the integral area of the vinyl protons of
DMI at 5.7 and 6.3 ppm, and y, the one of methyl ester peaks at 3.6 ppm,
was monitored over time to evaluate the conversion according to Eq. 1.
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Fig. 1. Schematic flowchart of this study.
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After cooling down the reaction to room temperature, 100 mL of
iPrOH were added to deactivate the catalyst. Then, isopropanol was
removed by rotary evaporation and the excess of myrcene was removed
by vacuum distillation. Aluminium salts are removed by dissolving the
liquid product in hexane or n-heptane, which caused the precipitation of
Al salts that were separated by filtration on celite. The final product was
obtained as a yellow liquid after evaporation of the solvent. Yield =
90 %. 'H NMR (400 MHz, Chloroform-d) § 5.39 — 5.26 (m, 1 H), 5.10 -
5.00 (m, 1 H), 3.68 (s, 3 H), 3.63 (s, 3 H), 2.61 (d, 2 H), 2.51 (dd, J =
17.3,2.2 Hz,1 H),2.10-1.75 (m, 9 H), 1.69 - 1.64 (m, 3 H), 1.60-1.55
(m, 3 H). [M+H] = 295.

2.2. Synthesis of the photocurable polyesters

In a round-bottomed flask under a nitrogen atmosphere, A g of
dimethyl itaconate (DMI), were added to B g of My-DMI adduct and C
mL of diol(s). Then, 4.98 g of dibutyltin (IV) oxide (DBTO, 20 mmol)
were added to the stirred solution at room temperature to achieve a final
catalyst concentration of 0.5 % relative to the free OH groups. The re-
action was performed by heating the mixture at the conditions reported
in Table 1 firstly removing methanol by ambient pressure distillation,
then driving the MW increase using high vacuum. While still hot, the
mixture is then cooled by carefully and slowly adding roughly 200 mL of
chloroform under stirring until the boiling stops. As a greener alterna-
tive, chloroform can be replaced by ethyl acetate with no appreciable
differences. Then, the mixture is cooled to room temperature and the
polymer is precipitated with an excess of cold methanol. The purifica-
tion is repeated three times after which the polymer is stabilized with
0.1 wt% BHT and stored at room temperature in the dark.

2.3. Synthesis of reactive diluents and plasticizer

A detailed description of the synthesis and characterization of the
reactive diluents isopropyl(4-hydroxybutyl) itaconate (iPr-MONO), 2-
(methacryloyloxy)ethyl dodecanoate (L-HEMA), bis(2-(meth-

acryloyloxy)ethyl) dodecanedioate (BHDD) and the plasticizer sorbitol
hexa(tricaprolactone) (SHTC) is reported in the Supporting Information.

2.4. Physical and chemical characterization

1Y and '3C NMR spectra were obtained on Varian Inova (14.09 T,

Table 1
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600 MHz) and Varian Mercury (9.39 T, 400 MHz) NMR spectrometers.
In all recorded spectra, chemical shifts have been reported in ppm of
frequency relative to the residual solvent signals for both nuclei (*H:
7.26 ppm and 3C: 77.16 ppm for CDCls). *C NMR analysis was per-
formed using 'H broad band decoupling mode. Mass spectra were
recorded on a micromass LCT spectrometer using electrospray (ES)
ionisation techniques. ATR-FTIR analysis has been performed using a
Cary 630 FTIR spectrometer (Agilent). Rotational viscosity measure-
ments were performed on an Anton Paar Rheometer MCR102 with a
cone-plate CP50-1 configuration (1° angle and 25 mm diameter). The
experiments were achieved with a constant rotational frequency of 1 Hz
in the temperature range +10/+40°C and a heating rate of 5 °C/min.
Size exclusion chromatography (SEC)/gel permeation chromatography
(GPC) was performed on a Knauer system (controlling a Smartline Pump
1000 equipped with a K-2301 refractive index detector). A Shimadzu
Shim-Pack GPC-803 column (0.8 cm x 30 cm) and a Shimadzu Shim-
Pack GPC-800 P (10.0 x 4.6 mm) guard column were used as column
systems. HPLC grade tetrahydrofuran (THF) was used as the eluent with
a flow rate of 1 mL/min. The system was calibrated with polystyrene
(PS) standards obtained from PSS covering a molar mass range from 300
to 50000 g/mol (Merck). Table 2

2.5. Resins formulation and 3D printing

For the formulation of the photocurable resins, the itaconic acid-
based polyester and the co-monomers were placed in a 150 mL plastic
container according to the weight percentages reported in Table 3 and
Table 4. Typically, 100 g of each resin were prepared, and therefore the
weighted amount of each component (in grams) is numerically equiv-
alent to the weight percentages reported in the tables. To these mixtures,
the photoinitiating system composed of 1.5 g of ethyl phenyl (2,4,6-
trimethylbenzoyl) phosphinate (Et-APO), 1 g of methyl hydroquinone

Table 2
Rotational viscosity at room temperature (25°C) and molecular weight distri-
bution of the synthetized photocurable polyesters.

Polymer Viscosity @ 25°C Mn Mw PDI
IBM_1 4.43 Pas 850 1500 1.8
IBM_2 0.589 Pa s 920 2990 3.3
IBM_3 29.2Pas 5950 15460 2.6
b_IBM 1.15Pas 870 3230 3.7
IGM_2 1.49Pas 1090 2790 2.6
IGM_3 4.49 Pas 4550 12510 2.7
1B_1 5.47 Pas 1110 1870 1.7
IB_3 35.4Pas 12050 22060 1.8

Monomer ratios and polymerization conditions for the synthesis of the photocurable polyesters. I:M represents the molar ratio between dimethyl itaconate and My-DMI
Diels-Alder adduct. The notations “Low MW” and “High MW" refer to target molecular weights of < 5000 g/mol in the first case and > 10000 g/mol in the second,
controlled by experimental conditions such as temperature and pressure during the polymerization reaction.

Notes A B C DBTO Temperature Pressure Time
IBM_1 Low MW 158 g 294 g 1,4-butanediol / 4.98¢g 190°C 1 atm 4h
IM=1:1 (1 mol) (1 mol) 177 mL (2 mol) (20 mmol)
b-IBM Low MW 158 g 294 g 1,4-butanediol Glycerol 4.98¢g 190°C 1 atm 4h
LM =1:1 (1 mol) (1 mol) 159 mL (1.8 mol) 9.74 mL (133 mmol) (20 mmol)
IBM_2 Low MW 253 g 1176 g 1,4-butanediol / 498 ¢ 190°C 1 atm 4h
IM = 4:1 (1.6 mol) (0.4 mol) 177 mL (2 mol) (20 mmol)
IBM_3 High MW 253 g 1176 g 1,4-butanediol / 4.98¢g 160°C 1 atm 1h
IM =41 (1.6 mol) (0.4 mol) 177 mL (2 mol) (20 mmol) 190°C 5 mmHg 1h
IGM_ 2 Low MW 253 g 1176 g Ethylene glycol / 498 ¢ 190°C 1 atm 4h
IM = 4:1 (1.6 mol) (0.4 mol) 112 mL (2 mol) (20 mmol)
IGM_3 High MW 253 g 1176¢g Ethylene glycol / 4.98¢g 160°C 1 atm 1h
IM =41 (1.6 mol) (0.4 mol) 112 mL (2 mol) (20 mmol) 190°C 5 mmHg 1h
IB 1 Low MW 316¢g / 1,4-butanediol / 4.98¢g 190°C 1 atm 4h
(2 mol) 177 mL (2 mol) (20 mmol)
IB 3 High MW 3l6g / 1,4-butanediol / 498 ¢ 160°C 1 atm 1h
(2 mol) 177 mL (2 mol) (20 mmol) 190°C 5 mmHg 1h
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Weight composition and measured tensile properties of the prepared photocurable flexible resins. All quantities are weight percentages with respect to the final
formulation. Percentages sum up to 97 % because all formulations were added 1.5 wt% of Et-APO, 1.0 wt% of MHQ and 0.5 wt% of ITX. Data are expressed as mean +

SD.
Resin IBM_1 BHDD L-HEMA HEMA Linear Shrinkage Elastic Modulus Elongation at Break Tensile Strength
(%) (MPa) (%) (MPa)
F1 50 % 37 % 10 % - 1.9+0.1 67.6 + 6.9 25.6 + 3.2 8.93 +0.45
F2 70 % 17 % 10 % - 1.5+0.1 19.7 £ 1.0 17.3 £ 21 2.78 £ 0.41
F3 50 % - 30 % 17 % 1.3+0.3 6.79 £+ 0.50 50.0 + 3.6 1.95 + 0.09
F3_C* 50 % - 30 % 17 % 3.2+0.4 249 + 17 8.5+ 2.0 12.0 +2.2

*Resin F3_C was prepared with polymer IB_1, to assess the effect of the cycloadduct in the polyester on the mechanical properties of the final objects.

Table 4

Weight composition and measured tensile properties of the prepared photocurable rigid resins. All quantities are weight percentages with respect to the final
formulation. Percentages sum up to 97 % because all formulations were added 1.5 wt% of Et-APO, 1.0 wt% of MHQ and 0.5 wt% of ITX. Data are expressed as mean +

SD.
Resin Polymer 1B, iPr-MONO PETA Plasticizer Linear Shrinkage Elastic Modulus Elongation at Break Tensile Strength
(%) (MPa) (%) (MPa)

T1 IBM_1 25 % - - SNS 3.3+0.3 88.4 £ 5.3 2.20 £ 0.32 1.76 + 0.21
65 % 7 %

T2 b-IBM 25 % - - SNS 5.2+0.5 69.9 £ 9.4 1.42 £ 0.16 1.01 £0.15
65 % 7 %

T3 IBM_1 25 % - - SHTC 3.8+0.7 82.2+7.2 4.67 £1.10 3.27 £ 0.65
65 % 7 %

T4 IBM_2 25% - - SHTC 3.1+0.7 229 + 16 6.06 +1.41 11.2+1.3
65 % 7 %

T5 IBM_2 25 % 25 % - SHTC 43+0.3 267 + 19 4.92 £0.72 10.8 +1.1
40 % 7 %

T6 IBM_2 - 50 % - SHTC 41+0.6 313 +10 8.83 £1.57 15.6 + 1.2
40 % 7 %

T7 IBM_2 - 25 % - SHTC 3.2+0.2 256 + 26 3.78 £ 0.50 7.91 £1.08
65 % 7 %

T8 IGM_2 - 25 % - SHTC 2.8 +£0.6 170 + 21 11.7 £ 1.0 10.5 + 0.6
65 % 7 %

T9 IBM_3 - 25 % - SHTC 23+0.3 301 + 20 4.88 +£1.27 119+ 23
65 % 7 %

T10 IBM_3 20 % 20 % - SHTC 1.5+ 04 370 + 35 6.36 + 0.87 18.7 +1.9
50 % 7 %

T11 IGM_3 20 % 20 % - SHTC 1.8+ 0.2 356 + 12 4.95 + 0.86 143+ 1.4
50 % 7 %

T12 IBM_3 15% 15 % 10 % SHTC 4.2+ 0.6 504 + 28 3.51 +£0.32 15.7 £ 1.0
50 % 7 %

T13 IGM_3 15 % 15% 10 % SHTC 43 +0.2 447 + 19 2.60 + 0.74 10.3 +£ 2.3
50 % 7 %

T10_C* 1B_3 20 % 20 % - SHTC 23+ 0.6 314 + 59 3.0+ 0.9 8.20 £+ 1.50
50 % 7 %

*Resin T10_C was prepared with polymer IB_3, to assess the effect of the cycloadduct in the polyester on the mechanical properties of the final objects.

(MHQ), and 500 mg of 2-isopropyl thioxanthone were added to all
formulations. The mixtures were homogenized using a fix-speed plane-
tary mixer (Precifluid P-MIX100) for 3 minutes. Once formulated, the
resins were poured into the vat of a Phrozen Sonic 4 K VP 3D printer
working with a 6.1 in. 50 W monochrome 405 nm ParaLED Matrix 3 UV
screen (3840x2160 resolution, 4 K) and printed into specimen for me-
chanical tests or other 3D objects. The g-codes used by the printer for the
process were generated using the slicer software Chitubox Basic 1.9.4
with a layer height of 100 um and an exposure time per layer of 100 s.
All prints were performed at 25°C. For tensile tests, dog-bones speci-
mens were printed according to the ISO 37 Type 2 (75 x 12.5 x 2 mm®)
specifications. Once printed, all samples were gently detached from the
building plate and rinsed in an acetone-isopropanol (1:1) mixture to
eliminate the non-polymerized resin. Then, the raw 3D printed objects
were post-cured for 20 min at room temperature in a UV chamber
(Sharebot CURE, wavelength 375—470 nm, 34.7 mW/cm?) to ensure
complete polymerization of itaconate and methacrylate units.

2.6. Materials characterization

Linear shrinking of 3D printed objects was assessed by measuring the

z-height of tensile tests specimen after post curing (w), and calculated as
reported in Eq. 2 by comparing it with the nominal thickness of the
specimen (wy = 2mm):

Wo — W

Linear Shrinkage(%) = 100 )

Wo
A Remet TC10 universal testing machine was used to perform all the
tensile tests. The instrument was equipped with a 1 kN cell, with a
crosshead separation speed of 1 mm min~? according to the ISO 37 Type
2 specifications.

3. Results and discussion
3.1. Synthesis of the diester monomer by Diels-Alder cycloaddition

In order to incorporate myrcene into photocurable itaconic acid-
based polyesters, the introduction of two ester groups or two alcoholic
groups was indeed required. To achieve this, we explored the possibility
of exploiting Diels-Alder cycloaddition on the terminal conjugated diene
group of myrcene, using unsaturated diesters or diols. A first attempt
was made using acetylated (Z)-but-2-ene-1,4-diol as the dienophile in
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the cycloaddition reaction, which would have led to a myrcene-based
diol after deacetylation. However, no cycloadduct was ever observed
in the reaction mixture independently on the catalyst used or the reac-
tion conditions (Fig. 2a). This was indeed expected as electron-rich
dienophiles analogous to the one tested are notoriously challenging to
react via reverse-demand Diels Alder cycloaddition without the presence
of electron-withdrawing groups on the diene [28]. The introduction of a
diol functionality on myrcene would have been preferred, since it
allowed for the synthesis of polyesters having a myrcene/itaconate ratio
of 1:1, thus

maximizing the amount of terpene incorporated into the photoc-
urable polyester. However, the loss in sustainability related to the use of
harsh reaction conditions or expensive catalysts to induce the cycload-
dition of myrcene with a non-biobased unsaturated diol would have led
to a significant increase in the environmental impact of the process.
Therefore, we subsequently tested the cycloaddition with dimethyl
itaconate, a biobased electron-deficient dienophile, which reacted effi-
ciently and selectively with the terminal diene functionality of myrcene
to produce cyclohexene-bearing diester monomers with an easily scal-
able and low-impact synthetic process (Fig. 2b).

The [4+2] cycloaddition reaction was endorsed by the addition of
EtAICI; as a Lewis acid catalyst, able to further deprive the double bond
of dimethyl itaconate from electron density, thus promoting the peri-
cyclic reaction to take place. Moreover, the acceptable polarity and
relatively low boiling point of myrcene have allowed to use it both as a
reagent and as a solvent, making it possible to recover the unreacted
terpene by distillation at reduced pressure after the synthesis, thus
minimizing the overall impact of the synthetic process. The catalyst
employed exhibited exceptional efficiency, resulting in the full conver-
sion (100 %) of dimethyl itaconate into its myrcene cycloadducts within
24 hours. Verification of the reaction mixture using 'H NMR confirmed
complete conversion. Nonetheless, the overall product yield was still
commendable at 90 %, due to some losses incurred during the purifi-
cation process. Due to the non-symmetrical nature of dimethyl itaco-
nate, the cycloaddition reaction is expected to lead to the formation of
two isomers, depending on the orientation of the dienophile with respect
to the diene during cycloaddition. Once the excess of myrcene was
removed by distillation, isopropanol was added to neutralize the cata-
lyst, which was further precipitated by the addition of hexane or n-
heptane and removed by filtration. Evaporation of the organic solvent
has allowed for its recycling, and for the isolation of the Diels-Alder
cycloadducts as a clear yellowish liquid, which was analysed by 'H-,

1 AcO OAc

(2)-but-2-ene-1,4-diyl

Myrcene diacetate

Myrcene Dimethyl Itaconate
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13¢., 'H-'H-COSY and 'H-'3C-HSQC NMR spectroscopies (Fig. 3 and
Figure S1-S3). The complete spectral assignment of NMR signals is re-
ported in Table S1. Moreover, by a detailed

comparison of the 1 H NMR traces of DMI, myrcene and the corre-
sponding DA cycloadduct it is possible to further confirm the expected
reaction pathway (Figure S4). In fact, it is possible to observe the
disappearance of most vinyl proton signals, as the cycloaddition reaction
involves the coupling of the conjugated diene of myrcene (5 vinyl pro-
tons) with the double bond of DMI (2 vinyl protons), leading to a
cyclohexene ring which bears only 1 vinyl proton. Furthermore, NMR
spectroscopy confirms the presence of two regioisomers in a 90:10 ratio,
the most abundant being expected to be the 1,4-disubstituted “para”
cyclohexene as previously reported for [4+2] cycloaddition of acrylates
to myrcene [29]. The product was additionally characterized by
ATR-FTIR spectroscopy (Figure S5), which confirmed the expected
chemical structure by the presence of a C-H stretching peak at
2915 cm™}, the intense C=O0 ester stretching signal at 1730 cm ™, the
C-H bending signal at 1440 cm ! and the C-O ester stretching at
1160 cm ™.

3.2. Synthesis of the photocurable polyesters

The dimethyl ester obtained by Diels-Alder cycloaddition of
dimethyl itaconate on myrcene was then used as a co-monomer for the
production of photocurable poly(itaconate)s. In order to assess the in-
fluence of the polyester features on the final mechanical properties of
the 3D printed materials, six different polyesters were synthetized,
exploring different molecular weights, different itaconate/My-DMI
molar ratios, different diol chain lengths, and the introduction of
branching units (Table 1 and Fig. 4). The obtained polyesters were
denoted as follows: IBM for 1,4-butanediol-based polyester, IGM for
ethylene glycol-based ones and a number related to the synthesis con-
ditions (1 for DMI:My-DMI ratio of 1:1 and lower molecular weight, 2 for
DMI:My-DMI ratio of 4:1 and lower molecular weight and 3 for DMI:My-
DMI ratio of 4:1 and higher molecular weight). Furthermore, poly
(butanediyl itaconate) polyesters IB_1 and IB_3 were prepared in the
absence of My-DMI analogously to IBM_1 and IBM_3, respectively, to
verify the effect of the presence of the cycloadduct on the mechanical
properties of the 3D printed materials. Finally, branched IBM with low
molecular weight was denoted as b-IBM. Independently on the mono-
mers used for each polymer synthesis, all procedures are based on the
polytransesterification of dimethyl esters (dimethyl itaconate and My-

AcO
x > OAc |
x :
OMe :
o !
o :
S OMe
: MeO O :
OMe i

o

N

Myrcene-ltaconate cycloadducts
(My-DMI)

Fig. 2. Reaction schemes of the Diels-Alder cycloaddition reaction between myrcene and acetylated (Z)-but-2-ene-1,4-diol (a) or dimethyl itaconate (b).
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DMI) with diols (1,4-butanediol or ethylene glycol) catalyzed by dibu-
tyltin (IV) oxide. The reactions were performed without the addition of
any solvent, and the transesterification equilibrium was driven towards
the polymerization by removing methanol by distillation during the
reaction, which can be recovered for the production of more dimethyl
itaconate. To achieve high molecular weights, the polycondensation was
pushed by applying a high vacuum to the reaction mixture at high
temperature, increasing the rate of methanol removal and therefore
driving the transesterification equilibrium towards higher conversions.
During the synthesis of polyesters with itaconate diester units only (IB_1
and IB_3), low product yields (< 40 %) were obtained, due to the
occurrence of polymerization between itaconate units caused by the
higher itaconate concentration in the polymerization mixture. The ob-
tained polyitaconate was solid and insoluble in solvents, making it easy
to separate it from the liquid linear

polyester. The obtained polymers were characterized by 'H- and 13C
NMR spectroscopy, which confirmed the incorporation of all monomers
in the desired molar ratios (Figure S6-S12). As for most poly-
condensation products, the NMR spectra of the polymers appear as the
sums of the spectra of the individual monomers, with the exception of
the terminal groups whose intensity is strongly reduced by the
increasing MW. The polymers with higher molecular weights are char-
acterized by weaker 'H NMR signals coming from terminal monomers,
but signal overlap does not allow to estimate the molecular weight by
their integration. Moreover, the spectra show that in all cases the rela-
tive proportion of the two isomers of the Diels-Alder cycloadduct is
preserved. The molecular weight distributions were evaluated by gel
permeation chromatography (Table 2), which confirms the higher mo-
lecular weights expected for the polymerizations in which high vacuum
was applied. Also, a general trend could be observed comparing poly-
mers’ molecular weights and dispersity. Indeed, an increase in the ratio
between dimethyl itaconate and My-DMI Diels-Alder adduct, corre-
sponds to an increase in PDI; that is evident comparing IBM_1 with the
other polymers. A separate evaluation for b_IBM can be done, where the
highest PDI is observable since it’s composed of the largest number of
different monomers and therefore chains of uneven lengths [30]. For
what concerns the polymers produced without My-DMI, their molecular
weights are comparable to the ones of the corresponding
cycloadduct-containing polyesters, with a lower dispersity relatable to
the presence of only one type of diester. The expected polymer structures
were also confirmed by ATR-FTIR analysis (Figure S13), which shows
the presence of all peaks relatable to the Diels-Alder cycloadduct, the
strong C—=O stretching band typical of ester functionalities at
1715 cm™!, the C=C stretching band of photocurable itaconic acid
residues at 1640

em™!, and a weak broad band at 3550 cm™! relatable to the
stretching of the terminal O-H bonds, much weaker in high MW samples
due to a lower abundance of terminal functionalities. The rheology of

the prepared polyesters was evaluated by means of rotational viscosity
measurements over a range of temperatures, from 10 to 40°C
(Figure S14). The viscosities at 25°C are reported in Table 2. All the
polymers show a remarkable decrease in viscosity as temperature in-
creases, with an average viscosity of 6.9 Pa s at 25°C, a value extremely
suitable for 3D printer resins. Comparing IBM’s polymers, we are able to
evaluate that, as expected, the highest viscosity value corresponds to
IBM_3 which has the highest molecular weight and so the more packed
state because of the reduced amount of free oligomers. The viscosity
decreases from IBM_1 to IBM_2, due to the different ratios between the
monomers used. Indeed, the cyclohexene’s 3D structure, more present in
the IBM_1 polymer, creates a more packed state, reducing the free vol-
ume of movement and, therefore, increasing viscosity, even though the
molecular weight is similar to that of IBM_2. Then, b_IBM polymer, being
a branched polymer, displays a low viscosity due to its reduced pack
efficiency. As expected, the viscosities of IB_1 and IB_3 polymers pre-
pared without the cycloadduct are comparable to the ones of the anal-
ogous polymers with analogous molecular weight (IBM_1 and IBM_3,
respectively).

3.3. Synthesis of the reactive diluents and the plasticizer

Monofunctional and bifunctional reactive diluents have been
selected according to their expected effect on the mechanical properties
of the final 3D printed materials (Fig. 5). For the manufacturing of rigid
materials (with high elastic modulus and tensile strength), itaconic acid
esters were selected. In particular, a difunctional itaconate in which two
photocurable moieties are connected by a short 1,4-butanediol chain
was prepared by transesterification of dimethyl itaconate with 1,4-buta-
nediol (1,4-butanediyl bis(itaconate), I;B1), leading to a liquid short
crosslinking agent able to increase the crosslinking density limiting the
overall polymer chain mobility. Parallelly, a simple diester of itaconic
acid with isopropanol and 1,4-butanediol was prepared by

alcoholysis of cyclic itaconic anhydride followed by esterification of
the free carboxylic unit (isopropyl (4-hydroxybutyl) itaconate, iPr-
MONO, Fig. 5). In this case, the rigidity of the final

material is expected to be related to the presence of a terminal OH
group at the end of a flexible C4 chain, which is estimated to be able to
reinforce the polymer network via H-bonding with the abundant ester
moieties. It is worth mentioning that in the first case, the reaction of
dimethyl itaconate with 1,4-butanediol is not selective towards either of
its carboxylate groups, and therefore the product is obtained as a
mixture of isomers having the itaconate units in both possible orienta-
tions (Figure S15). However, in the second case, the alcoholysis of cyclic
itaconic anhydride is preferred on the carboxylic carbon that is furthest
from the methylene group, since the electrophilicity of the carboxylic
group closer to the C=C unsaturation is reduced by = electrons reso-
nance[26]. In fact, the 1 H NMR spectrum of the intermediate mono
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Fig. 4. Representative chemical structures of the synthetized photocurable polyesters.

(4-hydroxybutyl) itaconic acid and the final isopropyl (4-hydroxybutyl)
itaconate displays split peaks in which one of the two isomers is much
more abundant than the other (Figure S16 and S17). On the other hand,
the formulation of resins able to photocure into flexible materials (with
low elastic modulus and high elongation at break) was achieved using
esters of 2- hydroxyethyl methacrylate (HEMA). In particular, a mono-
functional liquid co-monomer was prepared from lauric acid, a
long-chain fatty acid (L-HEMA), while a bifunctional co-monomer was
analogously synthesized from dodecanedioic acid (BHDD), as depicted
in Fig. 5. Both reactive diluents were liquid at room temperature and
were characterized by means of 'H NMR and ESI-MS (Figure S18 and
$19). Regarding the rigid formulations, it was expected that the rigidity
of the crosslinked network could have led to brittle materials with low
mechanical resistance. To preventively solve this issue, a branched low
molecular weight caprolactone oligomer, sorbitol hexa(tricaprolactone)

(SHTC, Fig. 5), was prepared by tin-catalyzed ring-opening polymeri-
zation of e-caprolactone using sorbitol as the polyfunctional polymeri-
zation initiator and anisole as the solvent, widely appreciated from
sustainability perspectives. The synthesis allowed for the production of
the branched oligomer as a clear, colourless and viscous liquid. Even
though the higher reactivity of primary OH groups in the sorbitol
initiator could have led to the preferential polymerization of capro-
lactone units on those sites leading to linear PCL chains, Sn(oct), proved
to be efficient in the activation of secondary alcohols as well, and the
formation of a 6-armed oligomer was expected nonetheless, as recently
reported [31,32]. The predicted molecular structure was confirmed by
'H NMR, which revealed the presence of trimeric PCL chains with a 1:2
ratio between terminal and core monomers (Figure S20), and by ESI-MS,
which revealed a molecular weight distribution centred at about
2250 g/mol, corresponding to an average of 18 caprolactone



M. Maturi et al.

Additive Manufacturing 92 (2024) 104360

TOUGH RESINS

3 o o
| /ONOWOMO/
0 0

1,4-butanediyl bis(methyl itaconate)

| 1,B,
e
FLEXIBLE RESINS
o
MMA)J\ o
o0 \H/K
o

2-(methacryloyloxy)ethyl dodecanoate

%NWWY&

bis 2-(methacryloyloxy)ethyl dodecanedioate
BHDD

Fig. 5. Chemical structure of the synthetized monofunctional and bifunctional reactive diluents and the sorbitol-caprolactone oligomer SHTC as the plasticizer. Due
to the different synthesis conditions, I,B; is formed with itaconate units present in all possible orientations, while iPr-MONO is mainly formed in the depic-

ted structure.

monomeric units per sorbitol molecule. The comparison of these two
independent pieces of information allows us to confirm the expected
structure of SHPC as composed of 6 PCL branches characterized by an
average of three PCL units per branch. The signals related to sorbitol
protons were observed by 'H NMR, but it was not possible to reliably
quantify it by integration due to their low intensity and partial overlap
with PCL peaks.

3.4. Resins formulation and 3D printing

Resins were therefore formulated using the weight compositions
reported in Table 3 and Tables 4, and 3D-printed by means of an LCD-
LED 3D printer. In addition to the photocurable polyester and the
reactive diluents, all formulations share the same photoinitiating sys-
tem, composed of 1.5 wt% of ethyl phenyl (2,4,6-trimethylbenzoyl)
phosphinate (Et-APO) as the radical initiator, 1.0 wt% of 4- methox-
yphenol (MHQ) as the radical inhibitor and 0.5 wt% of 2-isopropylthiox-
anthone (ITX) as the UV photoabsorber. Furthermore, rigid formulations
were added with 7 wt% of plasticizers, to prevent brittleness. At the
beginning of the study, Grindsted Soft-N-Safe (SNS), mainly composed
of 9-hydroxystearic acid monoglyceride triacetate, was selected as the
plasticizer, but it was soon replaced with the branched caprolactone
oligomer SHTC thanks to its better performances. Resin T10_C was
prepared as the control for resin T10 using IB_3 in place of IBM_3, to
evaluate how the presence of the cycloadducts reflected on the rigidity
of the

formulation, while resin F3_C was prepared as the control for resin
F3 using IB_1 in place of IBM_1 to highlight the effect of My-DMI on its
deformability. The use of a plasticizer was expected to improve the
deformability, ductility, and toughness of rigid formulations without
reducing their tensile strength [33,34]. This has been reported, in
particular, for the radical polymerization of itaconic acid polyesters and
poly(ester thioether)s, revealing improved properties when a low-MW
plasticizer was added in the formulation [21,32,35]. Nonetheless, the
photocurable formulations of group F did not require the addition of a
plasticizer due to the intrinsically plasticizing properties of the long
aliphatic chain of L-HEMA, as previously reported for lauric acid [20].

All prepared formulations led to 3D printed objects that display a
slight yellowish colour, comparable to that of most commercial resins
used for VAT photopolymerization (Figure S21). A step-by-step photo-
graphic description of the formulation and 3D printing of the prepared
resins is provided in the Supporting Information (Figure 522). It is worth
mentioning that most rigid formulations (T1-T11) do not contain any
methacrylate- or acrylate-based component, and all the small building-
blocks molecules used to manufacture polymers, reactive diluents, and

plasticizers come from sustainable and renewable resources. A detailed
evaluation of the biobased content of each formulation is given in a
further section of this work. The irradiation time per layer was mostly
determined by the resin composition: for resins containing only itaco-
nates as photocurable functionalities, longer exposure times (up to 100 s
per layer) were required due to the well-known lower reactivity of
itaconate moieties with respect to radical polymerization. For resins
containing more reactive acrylates and methacrylates (F1, F2, F3, T12,
and T13), it was possible to reduce the irradiation time to 40 — 60 s per
layer, leading to a significant reduction of the total printing time.
Regardless of the monomer composition, all formulations allowed for
the manufacturing of 3D objects with high resolution in all directions
(Fig. 6). Moreover, the resins were demonstrated to be compatible with
the addition of small amounts of organometallic dyes such as phthalo-
cyanine green. As it is common in VP, the 3D printed objects underwent
shrinking during 3D printing and

post-curing, leading to actual printed heights that are up to 3 %
smaller than the nominal object heights (Table 3 and Table 4), due to the
replacement of long-distance intermolecular interactions with short-
distance covalent bonds during photopolymerization. Fortunately,
most slicing programs now offer the option to correct for linear
shrinking once its value is known.

3.5. Mechanical testing

The photocurable formulations were 3D printed into dog-bone
specimens for tensile testing, in order to characterize the mechanical
behaviour of the new materials and to highlight the effect of single
components. The results of hardness and tensile tests on rigid resins are
summarized in Table 4 and compared in Fig. 7 and Fig. 8, where the
stress-strain curves have been paired to highlight the effect of the
explored variables. The single stress-strain curves for each formulation
are reported in Figure S23-24. At first, the effect of the presence of
branching units in the polyester chain was evaluated by comparing two
equivalent resins containing 60 wt% of either IBM_1 or b- IBM, SNS as
the plasticizer and I3B; as the reactive diluent (resins T1 and T2, Fig. 7a).
The mechanical testing revealed that the use of a linear polyester led to a
3D printed material with 26 % higher elastic modulus, 55 % higher
elongation at break and 76 % higher tensile strength, suggesting that the
presence of branched polyester could limit the formation of a resistant
polymer network

during 3D printing. For this reason, the branched polyester b-IBM
was discarded, and it was not tested any further. Then, we explored the
possibility of improving the mechanical properties of resin T1 by
replacing the monoglyceride-based SNS with a branched caprolactone
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Fig. 6. Example of a 3D printed spinning top, manufactured using the rigid formulation T12 with the addition of the green dye phthalocyanine (0.002 wt%). The
digital photographs show (a) the printed object fully attached to the 3D printer plate at the end of the printing process; (b) the finished and assembled spinning top
object after the curing process. 3D image file acquired from www.thingiverse.com.
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oligomer SHTC (resins T1 and T3, Fig. 7b). The effect of the new syn-
thetic biobased plasticizer was evident since it had allowed for double
elongation at break and tensile strength of the printed material without
affecting its elastic modulus. This effect may be related to the higher
capability of SHTC compared to SNS to interact with the polyester ma-
trix via H-bonding thanks to the terminal OH functionalities and the
abundant ester groups, compared to the mostly aliphatic nature of SNS.

Moreover, the larger molecular size of SHTC could have played a sig-
nificant role in increasing the polymer chain mobility in the photocured
matrix, leading to higher deformability. Therefore, SHTC was employed
as the plasticizer in all successive formulations.

Then, the polyester IBM_1 was replaced with IBM_2, which was
characterized by an increase of itaconic acid relative content at the
expense of the My-DMI cycloadduct, whose ratio was increased from
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1:1-4:1 (resins T3 and T4, Fig. 7c). The increased abundance of pho-
tocurable moieties in the polyester caused a significant overall tough-
ening of the 3D printed material, which was characterized by a 2.8-fold
increase in the elastic modulus, a 30 % increase in the elongation at
break and a 3.4-fold increase in the tensile strength. With this compar-
ison, it was clear that for the aim of manufacturing rigid materials, a
high itaconic acid content in the polyester was indeed required. For
these reasons, IBM_1 was discarded from the successive formulations.
Consequently, the IBM_2 polyester content was reduced from 65 wt% to
40 wt%, and 25 wt% of iPr-MONO was added to reduce the resin vis-
cosity (resin T5). Parallelly, an additional formulation was prepared by
replacing IoB; with more iPr-MONO (resin T6).

The stress-strain curves for the materials printed with such formu-
lations (Fig. 7d), clearly show that while the reduction of polyester
content at the advantage of the iPr-MONO concentration was causing an
overall decrease in the mechanical performances (resins T4 and T5) the
replacement of I;B; with more iPr-MONO strongly compensated this
effect, leading to a significant improvement in terms of elastic modulus
(which surpassed the value of 300 MPa), elongation at break, and tensile
strength. In light of these results, we explored the effect of iPr-MONO on
resins with higher polyester content (resin T7, Fig. 7e-f). This led to a
significant loss in mechanical properties both when compared with a
resin with lower polyester content (resin T6) and when compared to the
equivalent resin prepared with I3B; instead of iPr-MONO (resin T4).
However, this resin has been used as a reference for comparing the
following tests since we believed that by using a higher polyester con-
tent, the effect of the molecular properties of the polyester on the me-
chanical features of the 3D printed material could be more evidently
derived. In particular, the effect of the polyester structure was firstly
explored by moving from IBM_2 to IGM_2, therefore replacing 1,4-buta-
nediol with ethylene glycol as the diol (resin T8). The decrease in the
molecular weight of the diol unit reflects in an increase in the relative
weight content of the diesters inside the polyester chains, and therefore
in the overall formulation. This led to the manufacturing of a 3D printed
resin with a 50 % lower elastic modulus but tripled elongation at break,
which stably exceeded 10 %. In spite of the reduction in elastic modulus,
the higher deformability of T8 resin was associated with an overall in-
crease in the tensile strength (resins T7 and T8, Fig. 7g). Finally, IBM_2

10

was replaced with IBM_3, which was characterized by the same
itaconate/My-DMI ratio but higher molecular weight, and therefore
higher viscosity (resin T9). The increased molecular weight caused an
overall improvement in the mechanical properties, and the corre-
sponding 3D printed resin was characterized by elastic modulus
increased by 18 %, elongation at break increased by 30 % and tensile
strength increased by 50 % (resins T7 and T9, Fig. 7h). A last set of resins
(resins T10-T13) was prepared with a lower polyester content (50 % vs.
65 %) and the addition of both iPr-MONO and I;B; as the reactive dil-
uents, to maximize the rigidity of the 3D printed material by combining
the effects derived from the first part of this investigation. Therefore,
resins T10 and T11 were prepared with the high molecular weight IBM_3
and IGM_3, respectively, and their mechanical properties were
compared (Fig. 8a). The obtained results demonstrated that the effect of
the reduction in the diol chain length observed with resin T8 was
dependent on the molecular weight of the polyester itself. In fact, the
strong improvement in the mechanical properties observed moving from
low molecular weight IBM_2 to IGM_2 was surprisingly not repeated
when comparing IBM_3 with IGM_3, for which the extracted tensile
properties are very similar. This is probably related to the complexity of
the studied system, in which the number of variables that play a role in
determining the final material properties is extremely high and makes it
very difficult to predict the effect of even small variations in the
composition. Due to its well-known toughening properties given by its
high crosslinking abilities, both resins T10 and T11 were modified by
adding 10 wt% of pentaerythritol tetraacrylate (PETA) as an additional
reactive diluent, at the expenses of iPr-MONO and [,B; (resins T12 and
T13). This addition was clearly reflected in an increase in the elastic
moduli of both formulations with a corresponding significant improve-
ment in the rigidity and an overall effect was independent of the pres-
ence of PETA as a crosslinker. Parallelly, it is possible to notice that
while the stiffness increased by the addition of PETA, the elongation at
break decreased significantly and the overall effect was a reduction
(around 30-40 % in both cases) of the tensile strength, suggesting a
probable over-crosslinking of the polymeric 3D network when PETA is
used. It is worth mentioning that, for most of the reported formulations,
the obtained elastic moduli and tensile strengths are the highest ever
obtained with acrylate- and methacrylate-free resins, for which the
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usual values obtained in the literature are below 100 MPa and 7 MPa,
respectively [19,20,22].

When compared to resin T10_C, resin T10 effectively shows the role
of the cycloadduct in the improvement of the mechanical properties of
the material (Fig. 8e). In fact, when My-DMI was replaced with itaconate
units moving from IBM_3 to IB_3, the prepared material showed a
consistent loss in elastic modulus (-15 %), elongation at break (-52 %),
and tensile strength (- 56 %). On the other hand, formulation T10_C
displayed better mechanical properties than resins prepared using
IBM_1; this suggests that, for this set of formulations, the optimal me-
chanical properties are achieved when itaconic acid is the most abun-
dant diester in the polymer chain, but not when it is the only diester
present.

With the aim of manufacturing resins that may lead to 3D printed
materials with higher deformability, low molecular weight and low
itaconic content, IBM_1 polymer was used in all formulations, in light of
the results obtained while investigating the effect on the manufacturing
of rigid resins. Regarding the reactive diluents, HEMA, BHDD and L-
HEMA were selected based on the previously reported softening ability
and good polymerization rates previously reported by us in 2022, where
the use of HEMA as co-monomer and the addition of free lauric acid as a
plasticizer has allowed for the manufacturing of flexible 3D printed
materials[20]. The results of hardness and tensile tests on flexible resins
are summarized in Table 3 and compared in Fig. 9. The individual
stress-strain curves for each formulation are reported in Figure S25. The
mechanical tests

demonstrated how the bifunctional reactive diluent BHDD could be
employed to produce flexible materials with good elastic modulus and
significant elongation at break (resin F1). In fact, it is reasonable to
predict that the bifunctional nature of the reactive diluent in high con-
centrations leads to efficient crosslinking through flexible C12 chains
that are present in the coiled state in the cured polymer at rest, but they
are able to stretch out when the mechanical stress is applied to the
material, leading to both high deformability and high elastic modulus.
On the other hand, resin formulated without BHDD but with only
monofunctional long-chain co-monomer L-HEMA and small hydroxyl-
ated HEMA (resin F3) displayed significantly lower elastic modulus but
a really outstanding elongation at break around 50 %, which is the
highest ever reported for a resin associated with a total biobased content
as high as 80 wt%.

Finally, the possibility of tuning the elastic modulus to intermediate
values was explored by increasing the polyester content and by using a
mixture of BHDD and L-HEMA (resin F2). However, even though the
targeted intermediate elastic modulus was effectively achieved, the in-
crease in polyester content caused a significant reduction in the elon-
gation at break compared to F1 and F3, but still reaching the remarkable
average value of 17 %. In order to verify the role played by My-DMI on
the possibility of producing flexible materials, resin F3_C was formu-
lated using L-HEMA and HEMA like F3 but replacing IBM_1 with IB_1. In
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Fig. 9. Tensile stress-strain curves recorded testing 3D printed dog-bones with
the flexible formulations F1, F2 and F3 and F3_C.
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this case, the effect of the replacement of the cycloadduct with itaconic
acid was dramatic, leading to a significant reduction in the elongation at
break (-83 %). This effect is probably related to the increased content of
photocurable units in the polyester chains, which led to higher cross-
linking degrees and increased rigidity. This hypothesis is easily
confirmed by observing the corresponding 37-fold increase in elastic
modulus and the 6-fold increase in tensile strength.

3.6. Evaluation of biobased content

All formulations are then evaluated from a green chemistry
perspective in terms of their biobased contents. As discussed in the
Introduction section, itaconic acid is a promising biobased building
block for the preparation of photocurable materials, and its esterifica-
tion with methanol to form DMI preserved its biobased features.
Furthermore, myrcene is indeed fully bioderived as well. Regarding the
other components of the photocurable polyesters, biobased 1,4-butane-
diol is efficiently manufactured by direct fermentation of sugars or
catalytic reduction of biotechnologically produced succinic acid,
ethylene glycol is widely produced from lignocellulosic material and
glycerol is a cheap by-product of biodiesel production [36-39]. There-
fore, all prepared polyesters can be considered as fully biobased,
meaning that industrial processes for the sustainable production of their
building block are already available and implemented. With respect to
the described reactive diluents and plasticizers, synthetic routes starting
from renewable resources are surely available for the production of
isopropanol, lauric acid, dodecanedioic acid, e-caprolactone and sorbitol
[40-42]. Furthermore, SNS is a biobased plasticizer produced by acet-
ylation of naturally abundant castor oil. On the other hand, methacrylic
acid and acrylic acid are in fact non-biobased, since they are still fully
produced from fossil sources and the development of biobased routes for
their production is still at the earliest stages. Similar conclusions can be
drawn for Et-APO, BHT and ITX, whose production is fully petrochem-
ical, up to our knowledge. In order to be able to categorize the formu-
lated resins according to standard regulations, for each formulation the
biobased content was evaluated in terms of the TUV Austria — OK BIO-
BASED labelling, which allows for the assignment of a rank from one to
four stars to polymer compounds that conform to the EU norm
‘NPR-CEN/TS 16137:2011° on the determination of biobased carbon
content [43,44]. For organic materials, the assessment of the biobased
carbon content is generally preferred over the total biomass content due
to its easier measurement technique, which is based on the 14¢C radio-
isotope analysis that does not require detailed knowledge about the
material composition [45]. The complete calculation of the biobased
carbon content of each formulation is reported in the Supporting In-
formation, while the outcome values for the biobased carbon content
(representing the percentage of bio-based carbon in the formulation
with respect to the overall carbon content, XEC) and for the classical
overall biomass content (representing the percentage of the total mass of
the formulation that is derived from biobased feedstocks, mg) are
collected in Table 5 and Table S2. For the purposes of this work, we
assumed that all components except acrylic and methacrylic

Table 5

Quantitative parameters for the classification of the biobased content of the
formulated photocurable resins. Details regarding the calculation of the reported
parameters is available in the Supporting Information.

Resin Xge mg Resin Xie mg

T1 96.5 % 97.0 % T9 96.4 % 97.0 %
T2 96.5 % 97.0 % T10 96.4 % 97.0 %
T3 96.5 % 97.0 % T11 96.3 % 97.0 %
T4 96.4 % 97.0 % T12 86.8 % 87.0 %
T5 96.4 % 97.0 % T13 86.4 % 87.0%
T6 96.4 % 97.0 % F1 82.4 % 82.2%
T7 96.4 % 97.0 % F2 89.0 % 89.0 %
T8 96.3 % 97.0 % F3 80.0 % 79.3 %




M. Maturi et al.

acid residues, Et-APO, BHT and ITX are fully biobased. The calcu-
lation of the theoretical maximum biobased content of the formulations
allowed to assess that all (meth)acrylate-free formulations (T1-T11) may
possess an overall biomass content of 97 % and biobased carbon con-
tents ranging from 96.3 % to 96.5 %, while resins containing (meth)
acrylates may have biomass contents between 79.3 % and 87 % and
biobased carbon contents from 80 % to 86.8 %. This would allow for the
assignment of the four-star ranking to all formulations, conferred by the
TUV Austria certification body for materials with a total biobased car-
bon content exceeding 80 %. Nonetheless, we provided the description
of 11 formulations characterized by 97 % total biomass content, which
is the highest reported value for a (meth)acrylate-free photocurable
resin for VP.

4. Conclusions

In conclusion, with this work [46], we have demonstrated the pos-
sibility to include a functional terpene like myrcene in the production of
a photocurable polyester to be formulated into photocurable resins for
VP, after a thorough spectroscopic characterization (NMR and FTIR)
which confirmed the expected molecular structures. The formulation of
these polyesters with bioderived synthetic reactive diluents has allowed
for the VP 3D printing of materials with high biobased content (80 —
97 wt%) and tuneable mechanical properties, with elastic moduli
spanning from 6 to 500 MPa, elongations at break from 1.4 % to 50 %
and tensile strengths from 1 to 19 MPa. The effect of molecular and
compositional factors on the mechanical properties of the printed ma-
terials was studied systematically for rigid resins, leading to the
following conclusions:

e The use of linear polyesters leads to an overall improvement of the

mechanical properties;

The biobased branched oligocaprolactone plasticizer SHTC overall

improves the mechanical properties of the resin in a greater extent

than the castor oil-derived SNS;

e An increase in the relative content of itaconic acid in the polyester
reflects in an increased toughness of the material;

e Very high polyester contents (> 60 %) reduce the mechanical

properties;

The effect of diol chain length on mechanical properties is dependent

on the molecular weight of the polyester. At low molecular weights,

shorter diols lead to improved mechanical properties, but not at high
molecular weight;

Higher polyester molecular weights improve mechanical properties

but cause a significant increase in resin viscosity which limits its

applicability;

e The addition of small amounts of multifunctional acrylates such as
PETA increases the cured polymer rigidity.

e The presence of the cycloadduct in the polyester chain was funda-
mental for the obtainment of flexible materials on one hand, while it
relevantly improved the mechanical properties of rigid materials on
the other.

In conclusion, a sustainable strategy toward a set of fully biobased
polyesters exploitable in VP 3D-printing is presented together with the
first evaluation of the global biobased content for the entire formulation,
according to the OK BIOBASED labelling.
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