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Itaconic Acid-Based Reactive Diluents for Renewable and Acrylate-Free UV-Curing Additive Manufacturing Materials
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Reactive diluents, small monomers with low viscosity, and reactive groups are widely used in UV-curable materials for additive manufacturing (3D-printing) to optimize the processability and properties of the cured objects. Most of these reactive diluents, such as acrylic acid esters, are derived from fossil resources and possess strong irritation and allergenic potential. Therefore, more benign biobased reactive diluents for UV-curing materials are of high interest. Herein, we present the synthesis of novel monomeric compounds derived from bio-based itaconic acid, such as diesters and hydroxyesters. Depending on the molecular architecture, the viscosity and reactivity can be significantly influenced. The most promising monomers were formulated with bio-based polyester itaconates and the properties of the materials were evaluated. The addition of these reactive diluents resulted in a significant reduction of the viscosity and an improved curing behavior. Finally, two of these novel reactive diluents were successfully applied in UV-curing additive manufacturing processes.

■ INTRODUCTION

UV-curing polymer resins, such as polyester acrylates or polyurethane acrylates, are widely used as binder resins for printing inks, coatings, and materials for additive manufacturing (3D-printing). [START_REF] Toledo | Switzerland) under nitrogen (35 mL 255 min -1 ). Samples (ca. 10 mg) were heated from 25 to 800 °C (10 K 256 min -1 ). Thermal decomposition temperatures were taken at 5% mass 257 loss (T d,5% ) and the maximum of the first derivative of the TGA curve 258 (DTG curve) (T d,max ). 259 ■ RESULTS AND DISCUSSION 260 Synthesis of the Reactive Diluents. In the endeavor to 261 develop reactive diluents derived from itaconic acid, three types 262 of itaconic acid-based reactive diluents were designed to 263 synthesize 13 different potential reactive diluents[END_REF][2][3] However, to obtain processable and UVcurable materials, the polymer resins need to be formulated with other components, such as photoinitiators, additives, and reactive diluents (RDs). The latter are small molecules that act as a solvent for the polymer resins to reduce the viscosity of the formulation. In addition, they exhibit reactive groups that allow them to be incorporated into the polymer network during the curing process. Furthermore, these components not only reduce the viscosity of the formulation but also influence the reactivity of the resins and the properties of the final cured materials. In addition, these reactive diluents are of high importance as they can account for as much as 60 wt % of the resin formulation, for example, in additive manufacturing materials. The most commonly used RD in radical UV-curing applications exhibits reactive vinyl groups. Most common esters behavior of these novel monomeric structures were analyzed. In addition, they were examined on their potential as acrylate-free, bio-based reactive diluents for UV-curing materials with a focus on additive manufacturing.

■ EXPERIMENTAL SECTION Materials. Toluene (technical grade) was used as the azeotropic solvent, purchased from VWR International, and distilled before use. Itaconic acid (99%) was obtained from ECEM. 1-Butanol (99%), 2phenoxyethanol (99%), triphenylphosphine (TPP, 99%), 1,2-epoxybutane (99%), and (+)-limonene oxide (97%) were obtained from Sigma-Aldrich. 2,6-Di-tert-butyl-4-methylphenol (BHT, 99%), mequinol (MEHQ), cyclohexanol (98%), benzylalcohol (98%), and sulfuric acid (H 2 SO 4 , 95-97%) were purchased from Fluka Analytical, and methanesulfonic acid (MSA, 99.5%) was purchased from Carl Roth.

Acetic anhydride (Ac 2 O, 100%), methanol (100%), and ethanol (99.5%) were obtained from VWR International. Styrene oxide (98%) was purchased from Alfa Aesar, and cyclohexene oxide (98%) was purchased from Acros Organics. 1,3-Propanediol (purum) was obtained from DuPont Tate & Lyle (Loudon, TN, USA). Fascat 4101 was kindly provided by PMC Group, Inc., and Irgacure 1173 (2hydroxy-2-methyl-1-phenyl-propan-1-one) was obtained from BASF SE. TPO (diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide) was purchased from IGM Resins.

Synthesis of Diesters (DEs) of Itaconic Acid. Itaconic acid (1 mol) and an alcohol (2 mol) were mixed with BHT (0.1 wt %) and MSA (0.1 wt %) in 50 mL of toluene and stirred at 120 °C for 6 h, and water was recovered using a Dean-Stark apparatus. The reaction was monitored by IR focusing on the disappearance of carboxylic acid. The solvent was evaporated and the crude product was purified by means of column chromatography.

Synthesis of Hydroxyesters (HEs) of Itaconic Acid. Itaconic acid (1 mol) and acetic anhydride (1 mol) were placed in a roundbottom flask, and 250 mL of toluene was added. Sulfuric acid (0.08 wt %) was added under stirring, and subsequently, the mixture was heated at 50 °C for 3 h. Then, the produced acetic acid was removed under reduced pressure. Itaconic anhydride was dried under vacuum and reacted directly after drying to avoid hydrolysis. An alcohol (1 mol) was added together with 250 mL of toluene and reacted at 50 °C for 16 h.

The reaction was monitored by IR with a focus on the disappearance of the anhydride signals (1850 and 1770 cm -1 ). The epoxide (1 mol) and BHT (0.1 wt %) were added, and TPP (1 wt %) was added under stirring before heating the mixture at 120 °C for 3 h. The reaction was monitored by IR focusing on the disappearance of carboxylic acid. The crude product was washed twice with 250 mL of 1 wt % solution of NaHCO 3 to remove the unreacted monoester and epoxide. Subsequently, the organic layer was separated, dried over 10 g of Na 2 SO 4 , and filtrated. The solvents were removed under reduced pressure to yield the products as yellowish oils.

Synthesis of Dihydroxyesters (DHEs) of Itaconic Acid. Itaconic acid (1 mol), the epoxide (2 mol), and BHT (0.1 wt %) were dissolved in 250 mL of toluene, and TPP (1 wt %) was added under stirring before heating the mixture at 120 °C for 6 h when using 1,2epoxybutane and at 16 h with the other epoxides. The reaction was monitored by IR focusing on the disappearance of carboxylic acid. The crude product was washed twice with 250 mL of 1 wt % solution of NaHCO 3 to remove the unreacted itaconic acid and epoxide. Subsequently, the organic layer was separated, dried over 10 g of Na 2 SO 4 , and filtrated. The solvents were removed under reduced pressure to yield the products as yellowish oils.

Synthesis of Poly(propylene itaconate). Itaconic acid (1 equiv), 1,3-propanediol (1.25 equiv), mequinol (0.06 wt %), BHT (0.08 wt %), and Fascat 4101 (0.39 wt %) were placed in a round-bottom flask, and toluene as an azeotropic solvent was added (∼10 mL per 100 g of reaction mixture). The weight percentages of inhibitors and the catalyst are relative to the mass of all monomers. The mixture was heated for 3 h at 180 °C, and water was recovered using a Dean-Stark apparatus. The reaction was monitored by measuring the acid value until a value of <5 mg KOH/g was reached. The solvent was then removed under reduced Synthesis of Poly(propylene itaconate-co-propylene seba-184 cate). Itaconic acid (0.5 equiv), sebacic acid (0.5 equiv), 1,3-185 propanediol (1.45 equiv), mequinol (0.06 wt %), BHT (0.08 wt %), 186 and Fascat 4101 (0.39 wt %) were placed in a round-bottom flask, and 187 toluene as an azeotropic solvent was added (∼10 mL per 100 g of 188 reaction mixture). The weight percentages of inhibitors and the catalyst 189 are relative to the mass of all monomers. The mixture was heated for 3 h 190 at 180 °C, and water was recovered using a Dean-Stark apparatus. The 191 solvent was then removed under reduced pressure, and 100 ppm of 192 mequinol was added to the cooled resin for stabilization. The process mass intensity (PMI) was calculated following eq 2. 197 Detailed calculations for all monomers can be found in the Supporting 198 Information.

=

PMI

total input mass (g) mass product (g)

199

(2)

Curing. As a photoinitiator, Irgacure 1173 was added (5 wt %) to the 201 resin and mixed. The mixture was left for 1 h at 50 °C to reduce the 202 amount of air trapped in the resin that could lead to cracks when the 203 material is cured. The mixture was then poured in a mold (100 × 8 × 1 204 mm) for curing of a test bar. An UV-oven, Technigraf 8 Amp equipped 205 with UV 4/120-2 light (254 nm), was used with a treadmill set at 3 m/ 206 min. The intensity of the oven was measured before and after curing 207 with an average value of 500 mJ/cm 2 . The reactivity toward radical 208 crosslinking was assessed by photo-DSC.

209

Gel Content. The gel content was measured by continuous 210 extraction of samples with acetone in a Soxhlet apparatus. For this, a 211 Soxhlet sleeve was first dried for 1 h at 80 °C to ensure no residual water in the filter paper. Then, the sleeve was filled with a sample of the cured specimen (∼1.0 g) and placed into the Soxhlet apparatus. The specimen was continuously extracted for 24 h before the sleeve, and the sample was dried again. The gel content was calculated with the following equation: (m ex /m 0 ) × 100, with m ex being the mass after extraction and m 0 being the initial mass.

Measurement. Photo-DSC measurements were made using a Mettler Toledo DSC 3+ STARe System equipped with a Lightning Cure LC8 lamp at 70% of its intensity using 40 μL crucibles without lids. To get the integration of the signal only, two runs were made with a short time 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 was organized as follows: 30 s at the set temperature (25 °C at atmospheric pressure under air) without the lamp and then the lamp being turned on for 9.5 min. The break between the runs lasts 30 s.

NMR experiments were conducted on a Bruker Avance III 500 MHz spectrometer (Bruker, Billerica, MA, USA). Proton shifts are reported in ppm (δ) downfield from tetramethylsilane (TMS), and they were determined by reference to the residual solvent peak (acetone-d 6 , 2.05 ppm for hydrogen atoms).

Infrared spectroscopy was performed on a Thermo Scientific Nicolet iS5 FT-IR (Thermo Fischer Scientific, Waltham, MA, USA).

Viscosity measurements were performed on a Bohlin CVO 120 rheometer equipped with a PP40 disc (CP 4°, 40 mm). Measurements were made with a rotation speed of 50 s -1 for 10 s. Five measurements were made for each temperature (25, 37.5, 50, 62.5, and 75 °C), and the average value was calculated for each temperature.

Additive manufacturing experiments were conducted on a Phrozen Sonic 4K DLP printer. The samples (25 × 10 × 4 mm) were cured with a layer thickness of 20 μm and an exposure time of 45 s per layer. After the process, samples were demolded 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.

DMA (dynamic mechanical analysis) was performed on a Bohlin

Tritec 2000 equipped with a liquid nitrogen tank to regulate the temperature of the furnace. Measurements were conducted in single Scheme 1. Syntheses of (a) Diesters (DEs), (b) Hydroxyesters (HEs), and (c) Dihydroxy Esters (DHEs) of Itaconic Acid previously developed in our laboratories. [START_REF] Pérocheau Arnaud | Selective Synthesis of Monoesters of Itaconic Acid with Broad Substrate Scope: Biobased Alternatives to Acrylic Acid?[END_REF] For this, in situgenerated itaconic anhydride was first reacted with an alcohol to obtain a monoester of itaconic acid, which was subsequently reacted with an epoxide to obtain the desired target structure (Scheme 1b). The HEs were obtained with yields between 80 and 92%, and the missing 8-20% were unreacted monoesters and epoxide that were easily separated during the workup procedure. Finally, di-α-hydroxyesters (DHEs) of itaconic acid were obtained in high yields of 86 to 92% by reacting 2 equiv of epoxide with itaconic acid (Scheme 1c). Again, unreacted acid and epoxides were removed during the work-up procedure. The desired compounds were obtained in good to excellent yields.

All structures synthesized in this study and the yields of the t1 reactions are shown in Table 1.

Green Chemistry Metrics of the Synthesized Compounds. To further quantify the efficiency of the monomer syntheses, the atom economy (AE) and process mass intensity (PMI) of the reactions were calculated (eqs 1 and 2 and Table 1). [START_REF] Trost | The atom economy -A search for synthetic efficiency[END_REF][START_REF] Jimenez-Gonzalez | Using the Right Green Yardstick: Why Process Mass Intensity Is Used in the Pharmaceutical Industry To Drive More Sustainable Processes[END_REF] The values obtained for the atom economy were in between 68 and 100%, with the HEs showing the lowest values due to 2 equiv of acetic acid formed during the reaction. In the Table 1. Structure, Yields, Atom Economy, Process Mass Index (PMI), and Viscosity of Reactive Diluents at 25 and 75 °C in mPa• s D case of the DEs, only water is generated as a side product, resulting in AEs of around 90%. In the case of the DHEs, AEs of 100% were obtained, as no side products are being formed during the addition reaction of the itaconic acid to the epoxides.

In the next step, the PMI was calculated to also evaluate the influence of solvents, purifying agents, and catalysts on monomer syntheses. In this case, the synthetic procedures of the DEs proved to be the most efficient with PMI values of less than 2. The main reasons for this were that toluene was only used as an azeotropic solvent and the assumption that these monomers can also be purified by means of vacuum distillation, which makes solvents and purifying agents obsolete. The values for the HEs (up to 6.2) and DHEs (2.8-4.4) are higher due to the aqueous work-up necessary to purify the monomers.

However, the values obtained are good and prove the efficiency of the synthetic procedures presented in this study. The exact numbers used for the calculations can be found in the Supporting Information (Tables S1-S4).

Theoretically, HEs and DHEs are supposed to be more viscous due to the possibility of H-bonding and also more reactive due to the possibility to reinitiate the radical polymerization of peroxide radicals that usually are too unreactive to propagate. [START_REF] Toledo | Switzerland) under nitrogen (35 mL 255 min -1 ). Samples (ca. 10 mg) were heated from 25 to 800 °C (10 K 256 min -1 ). Thermal decomposition temperatures were taken at 5% mass 257 loss (T d,5% ) and the maximum of the first derivative of the TGA curve 258 (DTG curve) (T d,max ). 259 ■ RESULTS AND DISCUSSION 260 Synthesis of the Reactive Diluents. In the endeavor to 261 develop reactive diluents derived from itaconic acid, three types 262 of itaconic acid-based reactive diluents were designed to 263 synthesize 13 different potential reactive diluents[END_REF][START_REF] Dowbenko | Radiation curing of organic coatings[END_REF] Characterization of the Reactive Diluents. The structure of the itaconic acid-based reactive diluents was confirmed by NMR and IR spectroscopy. All IR spectra were similar with a typical core composed of 2940 and 2860 cm -1 for CH 2 + CH 3 , 1710 cm -1 for CO (ester), 1640 cm -1 for CC (itaconic acid), and 1200 cm -1 for C-O (ester). For both HEs and DHEs, vibrations at 3650-3350 cm -1 for O-H and 1150 cm -1 for C- Scheme 2. Synthesis of a Polypropylene Itaconate (PPI)

322 O (alcohols) are present. In addition, no more vibrations 323 corresponding to epoxide or acid groups could be found. 324 Furthermore, for RDs with aromatic rings, an additional signal at 325 1600 cm -1 is visible, which corresponds to aromatic CC 326 vibration. All spectra can be found in the Supporting 327 Information.

328

The structures of the 13 reactive diluents were also confirmed 329 by proton and carbon NMR. As an example, the 1 H NMR and F 332 the α-hydroxyester at the conjugated acid group. This can be 333 explained by the higher reactivity of the itaconic anhydride 334 during the nucleophilic attack of the alcohol, resulting in a high 335 selectivity toward the monoester at the nonconjugated acid 336 group. This was reported in detail in our previous study on the 337 monoesters. [START_REF] Pérocheau Arnaud | Selective Synthesis of Monoesters of Itaconic Acid with Broad Substrate Scope: Biobased Alternatives to Acrylic Acid?[END_REF] Still around 11% of the inverted α-hydroxyester is 338 formed (H x′ ), as both monoesters can undergo a ring opening 339 reaction with an epoxide. All NMR spectra of the other reactive 340 diluents can be found in the Supporting Information.

341

Viscosity. As the role of a reactive diluent is to reduce the 342 viscosity while enhancing the reactivity of resins, the viscosity 343 curves of all RDs were measured between 25 and 75 °C (Table 344 1). The results reveal that the viscosity is influenced by two factors. First, the presence of hydroxyl groups has the biggest influence and leads to a significant increase. But also, the nature of the side groups has a large impact, where linear aliphatic chains generally lead to lower viscosity. where no cyclic structures are present, the viscosity is relatively low with less than 1000 mPa•s. To exclude undesired heatinduced radical polymerization of the double bonds during synthesis, which would also lead to a significant increase in viscosity, the SEC analysis of DHE-3 was conducted. However, no high molecular weight fraction could be observed in the SEC 371 chromatogram (Figure S1, Supporting Information). Some of 372 the HEs and most of the DHEs possess too high viscosities to 373 significantly reduce the overall viscosity of a UV-curing 374 formulation. However, the investigation of the influence of 375 hydroxy groups as well as side groups on the UV-curing 376 reactivity is still of high interest and could help further improve 377 the properties of UV-curing materials derived from itaconic acid.

378

Photo-DSC. The reactivity toward UV-curing was deter-379 mined by means of photo-DSC. The double bond density 380 (DBD) is given as the number of moles of reactive double bond 381 of the itaconic acid per gram. This allowed the calculation of the 382 theoretical enthalpy of polymerization based on the theoretical 383 maximum energy liberated by a mole of substituted itaconate 29 384 (dimethyl itaconate was used as a reference: ΔH DMI theo = 60.7 385 kJ/mol). This allowed the calculation of the final conversion of 386 the double bonds (C CC ) as well as the rate of polymerization t2 387 (RoP) (Table 2), corresponding to the speed of the curing 388 process. [START_REF] Harikrishna | Synthesis and photopolymerization kinetics of linear alicyclic urethane acrylate macromonomer in presence of reactive diluents[END_REF] The results show that there are considerable 389 differences in the reactivity and conversion of the monomers. 390 All DEs exhibit pretty low reactivity of less than 6 s -1 •1000. 391 However, in terms of conversions, there is a significant difference 392 between the dibutyl itaconate (DE-3) and dicyclohexyl 393 itaconate (DE-1). For HEs and DHEs, the monomers with 394 one cyclohexyl group and one hydroxy cyclohexyl group (HE-6) 395 or two hydroxy cyclohexyl groups (DHE-4), the highest RoP of 396 ≥17 s -1 •1000 and high conversions were obtained. These results 397 suggest that cyclohexyl groups have a beneficial effect on the 398 reactivity. This effect was previously observed in the synthesis of 399 itaconated epoxidized soybean oil (IESO), where the mono-400 esters of itaconic acid were reacted with the epoxy groups of the 401 epoxidized soy bean oil. [START_REF] Pérocheau Arnaud | Selective Synthesis of Monoesters of Itaconic Acid with Broad Substrate Scope: Biobased Alternatives to Acrylic Acid?[END_REF] In that case, the IESO obtained with 402 cyclohexyl itaconate showed the highest RoP and conversion. 403 However, this effect cannot be observed for all monomers 404 synthesized. While HE-2 and HE-3 exhibit relatively high 405 conversions, the RoP for both monomers is quite low despite the 406 cyclohexyl moiety in the structure. In addition, DHE-1 showed a 407 good RoP of 10.91 s -1 •1000 and a conversion of 65%, even 408 though two hydroxybutyl groups are present in the monomer.

409

To further investigate the structure-property relationship, 410 four of the synthesized monomers were selected to be used as f4 411 reactive diluents in a formulation with a bio-based resin (Figure f4 412 4). DE-1 was used due to its low viscosity in combination with 413 decent conversion. The other three were chosen due to a 414 combination of good or high RoP with still acceptable 415 viscosities. DHE-4 was not selected despite the high reactivity 416 as the viscosity was too high for the envisaged application in 417 additive manufacturing.

418

Characterization of Formulated Mixtures. To assess the 419 impact of the obtained reactive diluents, a polypropylene 420 itaconate (PPI) resin was prepared. The bio-based resin was synthesized according to the condensation described in the s2 Experimental Section (Scheme 2). Reactive diluents were mixed with the resin at 10, 30, and 50 wt % together with 5% Irgacure 1173 as a photoinitiator; the neat PPI and the formulations were t3 first characterized by means of viscosity measurements (Table 3 f5 and Figure 5) to obtain information on the processability of these materials.

All reactive diluents reduced the viscosity of the resin up to a 20-fold factor for the least viscous reactive diluent: dicyclohexyl itaconate (DE-1). It is worth noticing that even though the intrinsic viscosity of DE-1 is four times lower than that of HE-2, when mixed with the linear polyester resin, a similar viscosity is observed. This might be attributed to the fact that the hydroxy group of HE-2 leads to intermolecular H-bonding between the monomers, which increases the viscosity. When mixed with PPI, this interaction between the monomers is most likely reduced, and in turn, the overall viscosity is lower than expected. Viscosity curves of the formulations with 30% of the four RDs are shown in Figure 5.

The reactivity of all formulated resins as well as the standard f6 resin was studied by means of photo-DSC (Table 3 and Figure f6 6). The neat PPI has a good RoP of 26.7 s -1 •1000. However, as this resin is very viscous, the radical crosslinking rapidly increases the viscosity to the gel point, where the radicals cannot further propagate due to reduced mobility. Therefore, only a conversion of 55% is obtained. Addition of RDs, if the intrinsic reactivity is high enough, should reduce the viscosity while keeping a good reactivity and thus increasing the conversion. Depending on the type of the reactive diluent added, three trends can be observed:

• For DE-1, a 90/10 ratio allows an increase in the final conversion to 61% while keeping a reactivity in the same range (24.6 s -1 •1000). However, due to the low intrinsic reactivity of DE-1 (Table 2), an increase to 30 or 50 wt % will result in a lowered reactivity (15.5 s -1 •1000) and conversion as low as 51%.

• For DHE-1, it can be observed that the higher the amount of RD, the higher the conversion will be, up to 64% for the 50 wt % RD. This is due to the presence of hydroxyl groups that help propagate the radical polymerization.

However, the RoP slightly decreases down to 19.7 s -1 • 1000. Thus, up to 50 wt % DHE-1 can be added to a formulation without any negative impact on either conversion or viscosity.

• In the case of HEs, the trends brought by the ester and hydroxyester blend. The use of 10 wt % of either HE slightly increases the conversion but is better at 30 wt % with the best conversions of 66 and 65%, respectively. However, if a higher ratio of 50% RD is introduced, the conversion and the RoP decrease. Thus, it is more beneficial to use the 70/30 ratio for an optimized reactivity and conversion.

Overall, the mixed reactive diluents, HEs, are the candidates with the highest conversions and RoP in the same range as the standard PE-It as can be seen in Figure 6a for the conversion and Figure 6b for the rate of polymerization. In addition to the conversion, the gel content of cured samples was measured. For this small test, specimens were cured in a Teflon mold (100 × 8 × 1 mm) and subsequently continously extracted by means of Soxhlet extraction. In all cases, the gel content was increased in comparison to the neat polyester resin with the best results when DHE-1 was used (93-95%). This finding shows that the reactive diluents are indeed incorporated into the polymer network. In addition, the reduction of the viscosity is also beneficial for both the conversion and gel content, as the material can undergo more crosslinking reactions before the gel point is reached and the mobility of the polymer chains is suppressed.

Additive Manufacturing Assays. To further evaluate the properties of these itaconic acid-based monomers, their performance as reactive diluents in UV-curing additive manufacturing was examined. For this, the monomers DE-1 and DHE-1 were added to a bio-based polyester-itaconate oligomer, together with TPO as a photoinitiator and methoxyphenol as a radical inhibitor. This leads to formulations with overall bio-based contents of 70.4 wt % (Form-DE-1) and 71.9 wt % (Form DHE-1). For this calculation, the oligomer is fully derived from renewable resources and the monomers are only partially bio-based, as the alcohols groups are not considered as bio-derived in the calculations. The formulations t4 exhibit viscosities of 2.58 and 3.45 Pa•s, respectively (Table 4). The oligomer used in this case was poly(propylene itaconate-copropylene sebacate) with a dicarboxylic acid-to-diol ratio of 1:1.45. This was done to reduce the initial viscosity of the resin and also to reduce the double bond density of the polyester. The formulations were then used to manufacture DMA specimens (25 × 10 × 4 mm) via a DLP process. The material was cured in layers of 20 μm thickness with a curing time of 45 s per layer. Under these conditions, both materials could be manufactured into the desired specimen; however, in the case of Form-DE-1, the contours were ragged and no sharp edges could be formed in f7 the printing process (Figure 7). Shorter curing times (<45 s) led to cracks on the surface of the specimen prior to post-curing.

After an additional 30 min post-curing (15 min on both sides), the properties of the materials were evaluated by means of dynamic mechanical analysis (DMA). In both cases, flexible materials were obtained, with Form-DE-1 exhibiting a storage modulus of 192.3 MPa, which was slightly higher than Form-f8t5 DHE-1 with 131.5 MPa (Figure 8 and Table 5). The frequencydependent glass transition temperature is also higher for Form-DE-1. Both can be explained by the more rigid cyclic structure of DE-1, which is known to enhance both the T g and storage modulus. In both cases, the gel content of the cured materials was around 93%, proving that also under AM conditions, the majority of the diluents are incorporated in the polymeric network.

In addition to the thermomechanical properties, the thermal stability of the materials was examined under a nitrogen atmosphere by means of thermogravimetric analysis (TGA). Similar results for both formulations were obtained with T d,5% of f9 227 or 233 °C, respectively (Table 5 and Figure 9). In addition, both cured materials exhibit two major decomposition steps, the 533 first at 328 or 350 °C and the second at 406 and 395 °C (Table 534 5). In the case of Form-DE-1, these two decomposition steps are 535 more pronounced in comparison to Form-DHE-1 (Figure 8).

536

To further evaluate the potential of the formulations, a more 537 complex and detailed 3D object was additively manufactured. As 538 Form-DHE-1 showed better printing performance in the case of 539 the DMA specimen, this formulation was used. The object was 540 cured with an exposure time of 45 s per layer, followed by 30 min 541 of post-curing. Under these conditions, a detailed object with 542 f10 sharp contours could be obtained (Figure 10). This demon-543 strates that it is indeed possible to synthesize and formulate UV- 

Figure 2 .

 2 Figure 2. Itaconic acid (6) and dimethyl itaconate (DMI, 7).
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  Green Chemistry Metrics. The atom economy (AE) was 194 calculated by eq 1.

Figure 3 .

 3 Figure 3. (a) 1 H NMR and (b) 13 C NMR of HE-2 in CDCl 3 . Signals of the inverted α-hydroxyester are marked as H x′ .

Figure 4 .

 4 Figure 4. Selected itaconic acid-based monomers used as reactive diluents in a formulation with a bio-based polyester itaconate resin.
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 133 Figure 3. The major product obtained for all HEs is the one with

Figure 5 .

 5 Figure 5. Viscosity of the neat polyester resin and those with 30 wt % of the selected reactive diluents.

Figure 6 .

 6 Figure 6. Photo-DSC analysis with 0 and 30 wt % of the selected reactive diluents: (a) conversion vs time and (b) rate of polymerization vs time.

Figure 7 .

 7 Figure 7. DMA specimens manufactured from itaconic-acid derived materials. (a) Form-DE-1 and (b) Form-DHE-1.

  Cycloaliphatic and aromatic groups, on the other hand, increase the viscosity of the RDs. For the DEs, where no hydroxyl groups are present, the influence of the side group can be observed. The viscosity at 25 °C increases from 7 mPa•s for dibutyl ester to 103 mPa•s for dicyclohexyl ester. For the HEs, the major influence of the hydroxy groups can be seen. By introduction of only one hydroxy group at the cyclohexyl ring (DE-1 vs HE-6), the viscosity increases from 103 to almost 4700 mPa•s. But even with hydroxy groups present in the molecule, aliphatic side chains can significantly reduce the viscosity. The replacement of a cyclohexyl group (HE-6) with a butyl chain (HE-2) reduces the viscosity of the hydroxy cyclohexyl ester more than 10-fold from almost 4700 mPa•s to less than 400 mPa•s. For the DHEs, the viscosity is, in almost all cases, very high (up to 93.000 mPa• s) again, showing that the hydroxy groups have significant influence on the viscosity. However, in the case of DHE-1,

Figure 8 .

 8 Figure 8. DMA curves of (a) Form-DE-1 and (b) Form DHE-1.

Figure 9 .

 9 Figure 9. (a) TGA and (b) DTG curves of Form-DE-1 (red) and Form DHE-1 (black).

Figure 10 .

 10 Figure 10. Three-dimensional version of the logo of the Fraunhofer WKI printed on a DLP machine: (a) material during post-curing and (b) final material (reproduced with permission of Fraunhofer WKI).

  544 induced radical crosslinking materials, which are completely free 545 of methacrylic or acrylic acid groups. These materials can be 546 successfully employed in the UV-curing DLP additive 547 manufacturing process. All crosslinking groups are derived 548 from bio-based itaconic acid, which allows for an overall 549 renewable content of up to 72 wt %, setting the stage for more 550 benign and sustainable materials for UV-curing additive 551 manufacturing. 552 ■ CONCLUSIONS 553 In this study, three families of itaconic acid-derived reactive 554 diluents were synthesized in good to excellent yields with a high 555 atom economy and efficient process mass intensity. After a study 556 of their respective viscosities and reactivity toward UV-curing,

Table 2 .

 2 Photo-DSC Analysis of All Reactive Diluents

	#	DBD (mmol/g)	ΔH theo (J/g)	ΔH exp (J/g)	RoP (s -1 •1000)	C CC (%)
	DE-1	3.4	206	119	6.0	58
	DE-2	3.2	196	97	5.4	50
	DE-3	4.1	251	75	4.1	30
	HE-1	4.1	251	118	4.3	47
	HE-2	3.5	214	130	9.0	61
	HE-3	3.5	214	135	5.1	63
	HE-4	2.7	164	66	10.3	40
	HE-5	2.9	178	109	6.6	61
	HE-6	2.9	178	122	17.5	68
	DHE-1	3.6	221	145	10.9	65
	DHE-2	2.3	140	37	2.8	26
	DHE-3	2.7	164	59	4.3	36
	DHE-4	3.1	186	108	17.0	58

Table 3 .

 3 Viscosity in Pa•s at 25 °C and Photo-DSC Analysis of PPI with Different Amounts of Reactive Diluents

	#	viscosity, 25 °C (Pa•s)	DBD (mmol/g)	ΔH theo (J/g)	ΔH exp (J/g)	RoP (s -1 •1000)	C (%)	GC (%)
	PPI	25.9	4.4	267	147	26.7	55	72
	PPI_DE-1-10%	11.5	4.3	261	158	24.6	61	87
	PPI_DE-1-30%	5.0	4.1	249	126	20.1	51	82
	PPI_DE-1-50%	1.2	4.0	243	127	15.3	52	80
	PPI_HE-2-10%	10.7	4.3	262	156	25.4	60	90
	PPI_HE-2-30%	4.9	4.1	251	162	24.0	65	91
	PPI_HE-2-50%	2.3	4.0	240	124	20.5	52	90
	PPI_HE-6-10%	16.9	4.3	258	161	22.2	63	84
	PPI_HE-6-30%	13.8	4.0	240	158	25.8	66	93
	PE-IT_HE-6-50%	11.0	3.7	221	132	20.7	60	89
	PPI_DHE-1-10%	17.0	4.3	262	155	25.6	59	95
	PPI_DHE-1-30%	9.6	4.2	252	159	22.5	63	93
	PPI_DHE-1-50%	5.3	4.0	243	154	19.7	64	94

Table 4 .

 4 Composition of the Formulations Based on DE-1 and DHE-1 Used as Materials for the UV-Curing DLP Process

	formulation	Form-DE-1	Form-DHE-1
	polyester	50.0%	50.0%
	DE-1	46.95%	
	DHE-1		46.95%
	TPO	3.0%	3.0%
	methoxyphenol	0.05%	0.05%
	Σ	100%	100%

Table 5 .

 5 Results of DMA, Gel Content, and TGA Measurements of the 3D-Printed Specimens

		formulation	Form-DE-1	Form-DHE-1
	bio-based content	70 wt %	72 wt %
	viscosity	2.58 Pa•s	3.45 Pa•s
	storage modulus (E′) at 25 °C	192.3 MPa	131.5 MPa
	T g	a	90 °C	6 0	°C
	gel content	93.0%	93.2%
	T d,5%	227 °C	233	°C
	T d,max	328/406 °C	350/395	°C

a Maximum of the loss factor (tan δ).
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