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Simple and Rapid Mechanochemical Synthesis of Lactide and 3S-(Isobutyl)morpholine-2,5-dione-Based Random Copolymers Using DBU and Thiourea

There is a growing interest surrounding morpholine-2,5-dionebased materials due to their impressive biocompatibility as well as their capacity to break down by hydrolytic and enzymatic pathways. In this study, the ringopening (co)polymerization of leucine-derived 3S-(isobutyl)morpholine-2,5dione (MD) and lactide (LA) was performed via ball-milling using a catalytic system composed of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 3-[3,5bis(trifluoromethyl)phenyl]-1-cyclohexylthiourea (TU). Once the homopolymerizations of MD and LA optimized and numerous parameters were studied, the mechanochemical ring-opening copolymerization of these monomers was explored. The feasibility of ring-opening copolymerizations in mechanochemical systems was demonstrated and a range of P(MD-co-LA) copolymers were produced with varying proportions of MD (23%, 48%, and 69%). Furthermore, the beneficial cocatalytic effects of TU with regards to ROP control were found to be operative within mechanochemical systems. Further parallels were observed between solution-and mechanochemical-based ROPs.

P olydepsipeptides (PDPs) are an increasingly attractive category of polyesteramides possessing alternating αamino acid (AA) and α-hydroxyacid motifs and obtained via the ring-opening polymerization (ROP) of AA-derived morpholine-2,5-diones. [START_REF] Feng | A Progress in Depsipeptide-Based Biomaterials[END_REF][START_REF] Fonseca | Biodegradable Poly(Ester Amide)s -A Remarkable Opportunity for the Biomedical Area: Review on the Synthesis, Characterization and Applications[END_REF][START_REF] Feng | Biodegradable Polydepsipeptides[END_REF] The ring-opening copolymerization (ROCP) of morpholine-2,5-diones with lactide (LA), glycolide, or ε-caprolactone permits the inclusion of peptide motifs and hydrogen bonds into those polyesters, enhancing their biocompatibility, degradability, and mechanical and thermal properties. [START_REF] Feng | A Progress in Depsipeptide-Based Biomaterials[END_REF][START_REF] Feng | Biodegradable Polydepsipeptides[END_REF][START_REF] Elomaa | Biodegradable Photocrosslinkable Poly(Depsipeptide-Co-Caprolactone) for Tissue Engineering: Synthesis, Characterization, and in Vitro Evaluation[END_REF][START_REF] Lee | Study on Hydrolytic Kinetics of Langmuir Monolayers of Biodegradable Polylactide Derivatives[END_REF][START_REF] Ouchi | G. Mechanochemical Synthesis of Poly-(Trimethylene Carbonate)s: An Example of Rate Acceleration[END_REF][START_REF] Machatschek | Interfacial Properties of Morpholine-2,5-Dione-Based Oligodepsipeptides and Multiblock Copolymers[END_REF][START_REF] Brunacci | Oligodepsipeptide (Nano)Carriers: Computational Design and Analysis of Enhanced Drug Loading[END_REF][START_REF] Hinrichs | Microporous, Elastomeric, Degradable Prostheses to Improve the Arterialization of Autologous Vein Grafts[END_REF][START_REF] Shirahama | Characteristics of the Biodegradability and Physical Properties of Stereocomplexes between Poly(D-Lactide) and Poly(D-Lactide) Copolymers[END_REF][START_REF] Shirahama | Synthesis and Enzymatic Degradation of Optically Active Depsipeptide Copolymers[END_REF][START_REF] Feng | Electrospun Poly(Lactide-Co-Glycolide-Co-3(S) -Methyl-Morpholine-2,5-Dione) Nanofibrous Scaffolds for Tissue Engineering[END_REF][START_REF] John | Synthesis and Modification of New Biodegradable Copolymers: Serine/Glycolic Acid Based Copolymers[END_REF][START_REF] Yu | Synthesis, Characterization, and Drug Delivery of Amphiphilic Poly{(Lactic Acid)-Co-[(Glycolic Acid)-Alt-(L-Glutamic Acid)]}-g-Poly(Ethylene Glycol)[END_REF][START_REF] Ohya | Cell Attachment and Growth on Films Prepared from Poly-(Depsipeptide-Co-Lactide) Having Various Functional Groups[END_REF][START_REF] Feng | Evaluation of Electrospun PCL-PIBMD Meshes Modified with Plasmid Complexes in Vitro and in Vivo[END_REF] Furthermore, the possibility of selecting a specific AA as a starting material for these PDPs enables the incorporation of a particular hydrocarbon or functional group into the (co)polymer, tuning the resulting material's hydrophilic properties. [START_REF] Fonseca | Biodegradable Poly(Ester Amide)s -A Remarkable Opportunity for the Biomedical Area: Review on the Synthesis, Characterization and Applications[END_REF] Nevertheless, depending on the initial AA employed, some morpholine-2,5-diones display limited solubility in organic solvents. Consequently, the (co)polymerization of morpholine-2,5-diones is conventionally performed in bulk with 2-ethylhexanoate tin(II) (Sn(Oct) 2 ) as the catalyst. [START_REF] Feng | A Progress in Depsipeptide-Based Biomaterials[END_REF][START_REF] Fonseca | Biodegradable Poly(Ester Amide)s -A Remarkable Opportunity for the Biomedical Area: Review on the Synthesis, Characterization and Applications[END_REF][START_REF] Feng | Biodegradable Polydepsipeptides[END_REF] However, Sn(Oct) 2 combined with the high reaction temperatures required to melt the monomer (>100 °C) is often at the origin of backbiting and other side reactions, leading to low end-group fidelity and limited control over the ROP. [START_REF] Jorres | Polymerization of (3S,6S) -3-Isopropyl-6-Methyl-2,5-Morpholinedione with Tin Octoate and Tin Acetylacetonate[END_REF][START_REF] Veld | Synthesis of Biodegradable Polyesteramides with Pendant Functional Groups[END_REF][START_REF] Kricheldorf | Homoand Copolymerizations of 3-Methylmorpholine-2,5-dione Initiated With a Cyclic Tin Alkoxide[END_REF][START_REF] Peng | Synthesis of Well-Defined Dihydroxy Telechelics by (Co)Polymerization of Morpholine-2,5-Diones Catalyzed by Sn(IV) Alkoxide[END_REF][START_REF] Penczek | On the Mechanism of Polymerization of Cyclic Esters Induced by Tin(Il) Octoate[END_REF][START_REF] Veld | Copolymerization of Epsilon-Caprolactone and Morpholine-2,5-Dione Derivatives[END_REF][START_REF] Deng | Polymerization of Lactides and Lactones, 12 -Synthesis of Poly[(Glycolic Acid )-Alt-(L-Glutamic Acid )] and Poly(Lactic Acid)-Co-[(Glycolic Acid)-Alt(L-Glutamic Acid)[END_REF] Thus, if the ROP of morpholine-2,5-diones could be performed in bulk and at a much lower temperature, PDPs and derived copolymers with desired molecular weights, compositions, and chain-ends could be obtained.

Recently, Kim et al. demonstrated that trimethylene carbonate and lactide can be homopolymerized in bulk and at room temperature within ball-milling mechanochemical systems using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). [24][START_REF] Lee | Mechanochemical Synthesis of Poly(Lactic Acid) Block Copolymers: Overcoming the Miscibility of the Macroinitiator, Monomer and Catalyst under Solvent-Free Conditions[END_REF][START_REF] Ohn | Mechanochemical Ring-Opening Polymerization of Lactide: Liquid-Assisted Grinding for the Green Synthesis of Poly(Lactic Acid) with High Molecular Weight[END_REF] Mechanochemistry, that is, using mechanical forces to perform chemical reactions, is a discipline undergoing rapid development. [START_REF] Gomollón-Bel | Ten Chemical Innovations That Will Change Our World: IUPAC Identifies Emerging Technologies in Chemistry with Potential to Make Our Planet More Sustainable[END_REF] Many areas of organic synthesis could be revisited while highlighting the undeniable advantages of this approach: a reduced environmental impact due to the absence of organic solvents, high process efficiency, and simplified purification procedures. 24,[START_REF] Wang | Mechanochemical Organic Synthesis[END_REF][START_REF] Do | Chemistry 2.0: Developing a New, Solvent-Free System of Chemical Synthesis Based on Mechanochemistry[END_REF][START_REF] Howard | Mechanochemistry as an Emerging Tool for Molecular Synthesis: What Can It Offer?[END_REF][START_REF] Frisčǐc | Mechanochemistry for Synthesis[END_REF][START_REF] Métro | 1,1′-Carbonyldiimidazole and Mechanochemistry: A Shining Green Combination[END_REF] As such, controlling solid-state mechanochemical polymerizations is a new and exciting frontier for polymer and mechanochemical scientists. [START_REF] Cho | Atom Transfer Radical Polymerization in the Solid-State[END_REF][START_REF] Vogt | Direct Mechanocatalysis: Palladium as Milling Media and Catalyst in the Mechanochemical Suzuki Polymerization[END_REF][START_REF] Grätz | Mechanochemical Polymerization -Controlling a Polycondensation Reaction Between a Diamine and a Dialdehyde in a Ball Mill[END_REF] To date, besides those studies by Kim et al., the field of mechanochemical ROP (mechaROP) is unexplored and mechanochemical copolymerization (mechaROCP) has yet to be investigated. [24][START_REF] Lee | Mechanochemical Synthesis of Poly(Lactic Acid) Block Copolymers: Overcoming the Miscibility of the Macroinitiator, Monomer and Catalyst under Solvent-Free Conditions[END_REF][START_REF] Ohn | Mechanochemical Ring-Opening Polymerization of Lactide: Liquid-Assisted Grinding for the Green Synthesis of Poly(Lactic Acid) with High Molecular Weight[END_REF] Taking these considerations into account, we propose to combine the recent developments in organic catalysis to the pioneering field of mechanochemistry with the aim of developing a cleaner and simplified manner of producing PDP and polyester-based materials.

Based on our recent investigation into the solution-based controlled ROP of leucine derived 3S-(isobutyl)morpholine-2,5-dione (MD) and ROCP with LA using DBU and a thiourea cocatalyst (3-[3,5-bis(trifluoromethyl)phenyl]-1-cy-clohexylthiourea (TU)), [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF] we report herein on the mechaROP of 3S-(isobutyl)morpholine-2,5-dione (MD) and mechaROCP with LA. This permits a direct and pertinent comparison with our previous solvent-based study.

The first objective was to study the DBU catalyzed mechaROP of MD using benzyl alcohol (BnOH) as an initiator (see Scheme 1). All MD homopolymerization results are reported in Table 1. A preliminary test was performed in a stainless-steel reactor using DBU and BnOH with the ratios 50:1:1 in MD:BnOH:DBU (PMD1). This reactor was vibrated with a frequency of 30 Hz for 1 h however no monomer conversion was observed. It is well-known that adding of small amounts of solvent to ball milling systems (liquid-assisted grinding (LAG)) has beneficial effects on mechanochemical reactions by enhancing mixing and reaction kinetics. [START_REF] Tan | Main Group Mechanochemistry: From Curiosity to Established Protocols[END_REF][START_REF] Porte | Peptide Mechanosynthesis by Direct Coupling of N-Protected α-Amino Acids with Amino Esters[END_REF][START_REF] Bowmaker | Solvent-Assisted Mechanochemistry[END_REF] Renewing this test with 0.2 μL mg -1 of DCM resulted in a monomer conversion of 5% (PMD2). Although LAG slightly improved the kinetics, the low monomer conversion obtained was unexpected as the same catalytic system proved highly efficient when polymerizing MD in solution, achieving total monomer conversion in 5 min. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF] In addition to a low monomer conversion, the peaks in the 1 H NMR spectrum of the crude product obtained from PMD2 were remarkably broad, a characteristic that disappears when the sample was filtered through cotton (see Figure S1). This is a tell-tale sign that paramagnetic species are present within the sample. Indeed, when performing ball milling with stainless steel reactors, a certain amount of paramagnetic species such as iron and chromium leach into the reaction. [START_REF] Métro | Comprehensive Study of the Organic-Solvent-Free CDI-Mediated Acylation of Various Nucleophiles by Mechanochemistry[END_REF] As iron-and chromium-based compounds can form coordination bonds with cyclic esters, it is possible that the DBU catalytic process could be hindered. [START_REF] Cozzolino | Salan and Salalen Iron(Iii) Complexes as Catalysts for CO2/ Epoxide Reactions and ROP of Cyclic Esters[END_REF][START_REF] Rittinghaus | New Kids in Lactide Polymerization: Highly Active and Robust Iron Guanidine Complexes as Superior Catalysts[END_REF][START_REF] Stößer | Selective Polymerization Catalysis from Monomer Mixtures: Using a Commercial Cr-Salen Catalyst To Access ABA Block Polyesters[END_REF] On that account, the polymerization was renewed in polytetrafluoroethylene (PTFE) and ZrO 2 based reactors (PMD3 and PMD4). Both types of reactors granted total monomer conversion and produced polymers with molecular weights (4.0 and 4.7 kg mol -1 for PTFE and ZrO 2 respectively) lower than that targeted (M n,target = 8.7 kg mol -1 ) and with broad distributions of molecular weights (Đ = 1.79 and 1.83). The polymer produced in the PTFE reactor had a slightly lower molecular weight, suggesting that ZrO 2 is more appropriate for the mechaROP of MD. This type of reactor was thus chosen for the rest of the study. In both PMD3 and PMD4, no unusual broadening of the 1 H NMR spectra was observed, suggesting that no or negligeable amounts of paramagnetic compounds leached from the reactors. In order to confirm that the ring-opening reactions observed in PMD4 were indeed catalyzed by the DBU, a test was carried out with no DBU (PMD5). No reactions occurred, implying that no impurity, nor any other factor inherent to the mechanochemical system, can catalyze the ROP of MD. Furthermore, in order to verify whether DCM is also essential when using ZrO 2 reactors, two tests were carried out using 0.1 μL mg -1 (PMD6) and no solvent (PM7). In the case of PMD6, the monomer conversion (80%) was lower than PMD4, where 0.2 μL mg -1 was used, as was the molecular weight of the polymer (3.9 kg mol -1 ). In the case of PMD7, where no solvent was used, no polymerization was observed. It can be concluded that, in these conditions, 0.2 μL mg -1 of DCM is required in order to obtain complete monomer consumption.

In comparison, when this reaction was performed in solution (10 μL mg -1 ), complete monomer conversion was achieved in 5 min. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF] Hence, the mechaROP was performed over shorter periods as to determine when total monomer consumption was achieved. Using the same conditions as PMD4, experiments PMD8 and PMD9 were performed over 15 and 5 min, respectively. Monomer conversions of 99% and 86% were observed for PMD8 and PMD9 respectively. In each case, the molecular weights were low and chain distributions were broad. This lack of control was equally observed for the solution-based ROP of MD wherein detrimental intra-and intermolecular transesterifications occurred. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF][START_REF] Dirauf | TBD-Catalyzed Ring-Opening Polymerization of Alkyl-Substituted Morpholine-2,5-Dione Derivatives[END_REF][START_REF] Shi | Synthesis and Controlled Organobase-Catalyzed Ring-Opening Polymerization of Morpholine-2,5-Dione Derivatives and Monomer Recovery by Acid-Catalyzed Degradation of the Polymers[END_REF][START_REF] Lian | Organocatalytic Polymerization of Morpholine-2,5-Diones toward Methionine-Containing Poly(Ester Amide)s: Preparation and Facile Functionalization[END_REF] Furthermore, DBU may deprotonate the amide proton on MD, forming a cyclic imidate which can in turn catalyze the polymerization of other monomers. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF][START_REF] Shi | Synthesis and Controlled Organobase-Catalyzed Ring-Opening Polymerization of Morpholine-2,5-Dione Derivatives and Monomer Recovery by Acid-Catalyzed Degradation of the Polymers[END_REF][START_REF] Tan | Fast and Controlled Ring-Opening Polymerization of Cyclic Esters by Alkoxides and Cyclic Amides[END_REF] To overcome these effects, hydrogen bond donors such as 3-[3,5-bis-(trifluoromethyl)phenyl]-1-cyclohexylthiourea (TU) can be used, granting better control over the polymerization of MD and other monomers. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF][START_REF] Shi | Synthesis and Controlled Organobase-Catalyzed Ring-Opening Polymerization of Morpholine-2,5-Dione Derivatives and Monomer Recovery by Acid-Catalyzed Degradation of the Polymers[END_REF][START_REF] Zhang | Fast and Selective Ring-Opening Polymerizations by Alkoxides and Thioureas[END_REF][START_REF] Pratt | Optimization, and Application of Supramolecular Thiourea-Amine Catalysts for the Synthesis of Lactide (Co)Polymers[END_REF][START_REF] Dharmaratne | The Mechanistic Duality of (Thio)Urea Organocatalysts for Ring-Opening Polymerization[END_REF] In solution-based systems, 5 equiv of TU were necessary for the controlled synthesis of different PMDs (ranging from 8 to 18 kg mol -1 ). [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF] Hence, as to determine whether TU acts in the same fashion during the mechaROP of MD, two tests were carried out with 2.5 equiv (PMD10) and 5 equiv (PMD11) of TU. When compared to PMD8, where no TU was employed, the distribution of molecular weights are narrower (Đ = 1.48 and 1.39) and the molecular weight slightly higher (5.0 and 5.1 kg mol -1 for PMD10 and PMD11, respectively). The 13 C and 1 H NMR spectra of the precipitated polymer obtained from PMD11 display benzyl end-groups. The area of those benzyl peaks, when compared to the polymer backbone peaks, indicates that the polymer formed in PMD11 has a DP of 43: M n,NMR = 7.5 kg mol -1 (see Figure S2). The TU-cocatalyzed mechaROP of MD with 5 equiv of TU was then carried out over shorter periods: 10 and 5 min (PMD12 and PMD13, respectively). When plotting the molecular weight against the monomer conversion, it can be observed that the lower molecular weight polymers obtained at 5 and 10 min were closer to their theoretical molecular weights than the sample at 15 min while having similar values of dispersity (Figure 1).

Next, in order to better understand the different parameters in play, a number of variables were explored using 5 equiv of TU such as in PMD11. In PMD14, eight 5 mm balls were used instead of one 10 mm ball (8 × V 5mm = V 10mm ); in PMD15, the reactor was milled at 20 Hz rather than 30 Hz and in PMD16 and 17, MeTHF and toluene were used in place of DCM.

As was observed by Kim et al., milling with lighter balls or with a reduced frequency lowered the reaction kinetics and led to lower monomer conversions (34 and 29%, respectively). When the reaction was performed with MeTHF, the polymerization evolved at a lower rate (37% monomer conversion) in contrast to toluene, which permitted total monomer conversion. However, the polymer produced with toluene possessed a lower molecular weight and a broader distribution of molecular weights. None of these variations permitted an improvement with respect to PMD11.

Finally the MD:BnOH ratio was investigated (all results are reported in Table S1). When targeting PMDs with higher weights, 17.3 and 25.9 kg mol -1 , the monomer conversion remained low even when the reaction was carried out over 30 min (approximately 50 and 25%, respectively). Two lower weight PMDs of 4.4 and 2.7 kg mol -1 were then targeted. Total conversion was achieved after 10 min and slightly better distributed polymers (Đ = 1.28 and 1.30, respectively) with molecular weights close to those targeted were obtained (4.2 and 2.5 kg mol -1 , respectively; see Figure S3).

It was observed that mechanochemical forces alone are capable of inducing polymer chain modifications. Indeed, in a series of experiments where different purified PMDs produced via solution and mechanochemical routes were milled with and without LAG, sharp decreases in molecular weights accompanied by dispersity increases were observed (see Table S2 and Figure S4). We suggest these are driven by transesterification type reactions that could potentially limit the production of longer chain PMDs via mechaROP. Furthermore, this underscores the importance of quenching the reaction once the monomer conversion has ceased to evolve, an observation which is analogous to the solution-based ROPs. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF][START_REF] Dirauf | TBD-Catalyzed Ring-Opening Polymerization of Alkyl-Substituted Morpholine-2,5-Dione Derivatives[END_REF][START_REF] Shi | Synthesis and Controlled Organobase-Catalyzed Ring-Opening Polymerization of Morpholine-2,5-Dione Derivatives and Monomer Recovery by Acid-Catalyzed Degradation of the Polymers[END_REF][START_REF] Lian | Organocatalytic Polymerization of Morpholine-2,5-Diones toward Methionine-Containing Poly(Ester Amide)s: Preparation and Facile Functionalization[END_REF] Complementary to this study, the mechaROP of LA was also undertaken using the optimized conditions (PMD11) elaborated hereabove (see Figure S5). The effect of TU on the mechaROP of LA is identical and three PLAs of different molecular weight were successfully produced (4.0, 5.5, and 6.9 kg mol -1 with Đ = 1.26, 1.16, and 1.29, respectively; see Table S3).

The homopolymerization of MD and LA mastered, the mechaROCP of these monomers was then investigated (Scheme 2). Using the optimal conditions determined previously (1:1:5 (BnOH:DBU:TU); ZrO 2 reactor; one 10 mmball; DCM (0.2 μL mg -1 ); 30 Hz; 15 min), three copolymers of P(MD-co-LA) were produced with different monomer compositions in the feed: C1 (12MD:38LA), C2 (38MD:12LA), and C3 (25MD:25LA). All copolymerization results are reported in Table 2. In each instance, the LA was 

Scheme 2. MechaROCP of MD and LA

completely consumed whereas MD attained high monomer conversion: 80%, 78%, and 86% for C1, C2, and C3, respectively. A similar result was observed for the solutionbased DBU/TU-catalyzed copolymerization of LA and MD mixtures, wherein LA polymerized much faster than MD during copolymerization. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF] This is attributed to differences in the reactivity of the primary and secondary alcohol end-groups produced by the ring-opening of MD and LA, respectively. Whereas the more reactive primary alcohol is favorable to both LA and MD propagation, the less reactive secondary alcohol is more favorable toward LA homopropagation. Indeed, secondary alcohols are less effective at initiating the ring-opening of MD than primary alcohols. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF] Furthermore, differences in ringstrain may equally contribute to these differences in reactivity. Indeed, Finne-Wistrand et al. have demonstrated that 3,6-(dimethyl)morpholine-2,5-dione, whose structure is identical to LA with the exception of the amide bond, has less ring-strain than LA thus leading to the preferential homopropagation of LA. [START_REF] Kivijärvi | Inclusion of Isolated α-Amino Acids along the Polylactide Chain through Organocatalytic Ring-Opening Copolymerization[END_REF] The 1 H and [START_REF] John | Synthesis and Modification of New Biodegradable Copolymers: Serine/Glycolic Acid Based Copolymers[END_REF] C NMR spectra of the precipitated copolymers contain all the peaks corresponding to both PLA and PMD repeating units as well as aromatic protons characteristic of the benzyl groups on the copolymer chainends (see Figure S6). Comparing the area of the CH 3 proton peak of the PLA units to the CH 2 and CH protons peak of the PMD units, the composition of each copolymer was determined. The molar fraction of MD (m MD ) in each copolymer was 0.23, 0.69, and 0.48 for C1, C2, and C3, respectively, close to the MD composition in the feed. Furthermore, all protons composing the PLA and PMD repeating units as well as benzyl end-groups diffuse at one unique diffusion coefficient as observed via DOSY-NMR, suggesting that the resulting polymer chains contain both repeating units (see Figure S7). The molecular weights of the resulting copolymers (8.5, 6.5, and 7.2 kg mol -1 for C1, C2, and C3, respectively) were close to the ones calculated with respect to the individual monomer conversions (7.1, 6.9, and 7.4 kg mol -1 for C1, C2, and C3, respectively). These copolymers are slightly more polydisperse than the PMD homopolymers (Đ = 1.40-1.42), however, their size exclusion chromatograms are unimodal and symmetrical (see Figure S8). Differential scanning calorimetry was performed on the polymers arising from PMD11, C1, C2, C3, and PLA1 (a polylactide (6.9 kg mol -1 ;Đ = 1.27) produced via mechaROP). All materials produced herein are totally amorphous and possess glass transition temperatures (T g s) of 51.6, 42.3, 43.9, 51.1, and 46.7 °C for PMD11, PLA1, C1, C2, and C3, respectively. The T g s of the copolymers are comprised between those of PMD and PLA and increase with greater MD proportions (Figure 2). The absence of distinct T g s corresponding to PMD and PLA moieties suggests that the copolymers integrate both monomers in a random or gradient fashion. Furthermore, the T g s measured by DSC correspond to the theoretical ones calculated with the Fox equation: 44.4, 48.7, and 46.7 °C for C1, C2, and C3, respectively (see Table S4). In a final exploratory experiment, two homopolymers of PLA and PMD were milled without LAG or catalysts (see Figure S9). Before milling, this mixture of homopolymers possessed two T g s, whereas the resulting milled polymer displayed one unique T g (see Table S5 and Figure S10). This suggests that random copolymers could be formed by remarkably simple mechanochemical processes. These types of polyester interchange reactions usually require an organometallic catalyst to proceed, but have also been performed in the catalyst-free ball-milling system. [START_REF] Kim | Sequence Analysis of Poly(ethylene terephthalate)/Poly(butylene terephthalate) Copolymer Prepared by Ester-Interchange Reactions[END_REF][START_REF] Chen | Synthesis and Characterization of Poly(βhydroxybutyrate) and Poly(ϵ-caprolactone) Copolyester by Transesterification[END_REF][START_REF] Yue | Catalyst-Free Mechanochemical Recycling of Biobased Epoxy with Cellulose Nanocrystals[END_REF] As such, it can be assumed that, in our system, both ROCP and self-catalyzed transesterification reactions contribute to the production of random copolymers.

In this first investigation into the mechaROP of a morpholine-2,5-dione, it was observed that the beneficial effects of a thiourea-cocatalyst on DBU-catalyzed ROPs are operative within ball-milling systems both for MD and LA. Next, using optimized parameters, three copolymers of MD and LA with widely varying proportions of MD were produced. This first probe into mechanochemical ROCPs has demonstrated the impressive potential of ball-milling for the synthesis of copolymers. Indeed, the implementation of these mechaR-OPs was considerably less demanding and time-consuming, as all reagents were added into the reactor and simply milled. In comparison, for solution-based ROPs, many supplementary factors must be considered: reagent/polymer solubility, flame drying/silanization of glassware, inert atmospheres, viscosity, stirring, sequential reagent additions, solvent reflux, stopper permeability, and so on. Moreover, the product is solid and, therefore, can be very easily collected and precipitated. Finally, the amount of solvent necessary for these mechaROPs is approximately 50× less than that required in solution-based systems. [START_REF] Burton | Rapid and Controlled Organocatalyzed Ring-Opening Polymerization of 3S-(Isobutyl)-Morpholine-2,5-Dione and Copolymerization with Lactide[END_REF] In the next step, other catalysts will be investigated to determine those best suited for mechaROPs. The interesting mechanochemical interchange reactions observed herein will 

Scheme 1 .

 1 Scheme 1. MechaROP of MD Catalysed by DBU and TU Using BnOH as an Initiator

Figure 1 .

 1 Figure 1. Evolution of the molecular weight and dispersity in the DBU/TU catalyzed mechaROP of MD with 50:1:1:5 (MD:BnOH:D-BU:TU). Reactions were performed in ZrO 2 reactors with one 10 mm ball at 30 Hz. η DCM = 0.2 μL mg -1 . M n,theo = n MD /n BnOH × conv. × M MD + M BnOH .

a

  Ball-milling at 30 Hz in a ZrO 2 reactor with one 10 mm ZrO 2 ball. η (DCM) = 0.2 μL mg -1 . b Determined via 1 H NMR spectroscopy. c M n,target = n LA / n BnOH × M LA + n MD /n BnOH × M MD + M BnOH . d M n,calc = n LA /n BnOH × conv.(LA) × M LA + n MD /n BnOH × conv.(MD) × M MD + M BnOH . e Determined by SEC in THF using PS standards. f Molar fraction of MD in precipitated copolymer, determined via 1 H NMR spectroscopy.

Figure 2 .

 2 Figure 2. Differential scanning calorimetry thermograms PLA1 (black), C1 (blue), C3 (green), C2 (red), and PMD11 (purple). Exothermal upward.

Table 1 .

 1 DBU-Catalysed MechaROPs of MD Using 50:1:1:x MD:BnOH:DBU:TU a

	name	material	TU (equiv)	solvent; η (μL mg -1 )	time (min)	conv. b (%)	M n,calc c (kg mol -1 )	M n,exp d (kg mol -1 )	Đ
	PMD1	S.S.	0		60	0			
	PMD2	S.S.	0	DCM; 0.2	60	5			
	PMD3	PTFE	0	DCM; 0.2	60	99	8.6	4.0	1.79
	PMD4	ZrO 2	0	DCM; 0.2	60	99	8.6	4.7	1.83
	PMD5 e	ZrO 2	0	DCM; 0.2	60	0			
	PMD6	ZrO 2	0	DCM; 0.1	60	80	6.9	3.9	1.80
	PMD7	ZrO 2	0		6 0	0			
	PMD8	ZrO 2	0	DCM; 0.2	15	99	8.6	4.8	1.74
	PMD9	ZrO 2	0	DCM; 0.2	5	86	7.5	4.0	2.15
	PMD10	ZrO 2	2.5	DCM; 0.2	15	95	8.3	5.0	1.48
	PMD11	ZrO 2	5	DCM; 0.2	15	97	8.4	5.1	1.39
	PMD12	ZrO 2	5	DCM; 0.2	10	46	3.9	2.5	1.31
	PMD13	ZrO 2	5	DCM; 0.2	5	30	2.8	2.0	1.30
	PMD14 f	ZrO 2	5	DCM; 0.2	15	34	30	2.1	1.26
	PMD15 g	ZrO 2	5	DCM; 0.2	15	29	2.6	1.8	1.21
	PMD16	ZrO 2	5	MeTHF; 0.2	15	37	4.1	1.9	1.31
	PMD17	ZrO 2	5	toluene; 0.2	15	99	8.6	4.4	1.50

a Ball-milling at 30 Hz with one 10 mm ball. M n,target = 8.7 kg mol -1 . S.S.: Stainless steel. b Determined via 1 H NMR spectroscopy. c M n,calc = 50 × conv. × M MD + M BnOH . d Determined by SEC in THF using PS standards. e No DBU used. f Eight 5 mm balls. g 20 Hz.
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