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    Functional polyesters via ring-opening copolymerization of α-hydroxy-γ-butyrolactone and ϵ-caprolactone: La[N (SiM e_3)_2]_3 as an efficient coordination-insertion catalyst

Introduction

In recent years, aliphatic polyesters have shown a particular relevance in the development of sustainable and degradable polymers to face the environmental concerns [START_REF] Hillmyer | Aliphatic polyester block polymers: Renewable, degradable, and sustainable[END_REF][START_REF] Schneiderman | Aliphatic Polyester Block Polymer Design[END_REF][START_REF] Larrañaga | A review on the thermomechanical properties and biodegradation behaviour of polyesters[END_REF]. Thanks to their biodegradable and biocompatible properties, these polymers are already used in many fields as in packaging, biomedical (tissue engineering, drug delivery systems, regenerative medicine…) or 3D printing applications [START_REF] Brannigan | Synthesis, properties and biomedical applications of hydrolytically degradable materials based on aliphatic polyesters and polycarbonates[END_REF][START_REF] Washington | Recent advances in aliphatic polyesters for drug delivery applications[END_REF][START_REF] Asghari | Biodegradable and biocompatible polymers for tissue engineering application: a review[END_REF][START_REF] Zhang | Biodegradable polyester shape memory polymers: Recent advances in design, material properties and applications[END_REF][START_REF] Chiulan | Recent advances in 3D printing of aliphatic polyesters[END_REF][START_REF] Arrieta | On the use of PLA-PHB blends for sustainable food packaging applications[END_REF]. However, their application range can be extended with the use of functional monomers. Indeed, these latter enable to design tailor-made copolyesters thanks to the introduction of pendant functionalities to the polymer backbone ready for post-modification reactions such as chain extension, cross-linking, or functionalization with peptides [START_REF] Taniguchi | Functional modification of biodegradable polyesters through a chemoselective approach: Application to biomaterial surfaces[END_REF][START_REF] Becker | Functional biodegradable polymers: Via ring-opening polymerization of monomers without protective groups[END_REF][START_REF] Farmer | Post-polymerization modification of biobased polymers: maximizing the high functionality of polymers derived from biomass[END_REF]. To achieve the synthesis of polyesters, the ring-opening (co)polymerization (ROP/ROCP) of cyclic esters (lactones and lactides), which is a powerful tool to design the structure and architecture of polymers, has been promoted [START_REF] Penczek | Living ring-opening polymerizations of heterocyclic monomers[END_REF][START_REF] Jérôme | Recent advances in the synthesis of aliphatic polyesters by ringopening polymerization[END_REF]. Moreover, the growing awareness of environmental concerns together with the fossil resources depletion have raised the need to develop bio-based polymers [START_REF] Zia | Recent developments and future prospects on bio-based polyesters derived from renewable resources: A review[END_REF][START_REF] Wang | Sustainable polymers from biomass: Bridging chemistry with materials and processing[END_REF][START_REF] Nomura | Synthesis of Bio-Based Aliphatic Polyesters from Plant Oils by Efficient Molecular Catalysis: A Selected Survey from Recent Reports[END_REF][START_REF] Zhang | Bio-based polyesters: Recent progress and future prospects[END_REF] as, nowadays, most of the polyesters are derived from petroleum. -Lactones are an important class of monomers that count many bio-based and functional lactones. Nevertheless, ROP of γ-lactones [START_REF] Danko | Ring-opening polymerization of γ-butyrolactone and its derivatives: A review[END_REF][START_REF] Song | Ring-opening (co)polymerization of γbutyrolactone: a review[END_REF][START_REF] Song | Ring-opening polymerization of γ-lactones and copolymerization with other cyclic monomers[END_REF][START_REF] Liu | Advances, Challenges, and Opportunities of Poly(γbutyrolactone)-Based Recyclable Polymers[END_REF] faces thermodynamic challenges [START_REF] Saiyasombat | Ring strain and polymerizability of cyclic esters[END_REF][START_REF] Houk | Why δ-valerolactone polymerizes and γbutyrolactone does not[END_REF][START_REF] Alemán | Thermodynamic control of the polymerizability of five-, six-, and seven-membered lactones[END_REF][START_REF] Dubois | Handbook of Ring-Opening Polymerization[END_REF][START_REF] Olsén | Thermodynamic Presynthetic Considerations for Ring-Opening Polymerization[END_REF]. Because of their low strain energy, this class of monomer has been considered as "non-polymerizable". In this particular case, the ROP under ambient pressure results in a low negative change of enthalpy (ΔHp) which is too small to counterbalance the large negative entropic (ΔSp) change, thus, resulting in a positive polymerization free energy (ΔGp). In 2016, Chen et al. achieved the polymerization of the five-membered γ-butyrolactone (γ-BL) using La[N(SiMe3)2]3 as catalyst under specific reaction conditions: polymerization at low temperature (below the ceiling temperature (Tc)) and at high monomer concentration [START_REF] Hong | Completely recyclable biopolymers with linear and cyclic topologies via ring-opening polymerization of γ-butyrolactone[END_REF]. The γ-BL is a wellknown monomer as the poly(γ-butyrolactone) is a polyester that can be totally depolymerized.

Another strategy to overcome the thermodynamic issues is to perform the random copolymerization of γ-lactones with high ring strain energy monomers, such as the seven-membered ε-caprolactone (ε-CL) [START_REF] Song | Ring-opening polymerization of γ-lactones and copolymerization with other cyclic monomers[END_REF]. The random copolymerization is also a good method to tune the polyester degradability by playing on the chemical nature of the comonomers and their rate of incorporation. As an example, increasing the number of γ-BL units in a PBL-co-PCL copolymer facilitates the thermal and hydrolytic degradation of the poly(ε-caprolactone) (PCL) chains [START_REF] Hong | nonstrained" γ-Butyrolactone-Based Copolyesters: Copolymerization Characteristics and Composition-Dependent (Thermal, Eutectic, Cocrystallization, and Degradation) Properties[END_REF]. Organometallic catalysts have been widely used for the synthesis of (co)polyesters through a coordination/insertion mechanism [START_REF] Kuran | Coordination polymerization of heterocyclic and heterounsaturated monomers[END_REF][START_REF] Stirling | Catalytic metal-based systems for controlled statistical copolymerisation of lactide with a lactone[END_REF][START_REF] Li | Recent Advances in Metal-Mediated Stereoselective Ring-Opening Polymerization of Functional Cyclic Esters towards Well-Defined Poly(hydroxy acid)s: From Stereoselectivity to Sequence-Control[END_REF]. Several metal-based systems [START_REF] Hatamvand | Synthesis of boronic acidfunctionalized poly(glycerol-oligoγ-butyrolactone): Nano-networks for efficient electrochemical sensing of biosystems[END_REF][START_REF] Zhou | Bicomponent transparent polyester networks with shape memory effect[END_REF][START_REF] Gagliardi | Chemical synthesis of a biodegradable PEGylated copolymer from ε-caprolactone and γ-valerolactone: evaluation of reaction and functional properties[END_REF][START_REF] Gagliardi | Ring-opening copolymerization thermodynamics and kinetics of γvalerolactone/ϵ-caprolactone[END_REF][START_REF] Bhaw-Luximon | Polymerization of ε-caprolactone and its copolymerization with γ-butyrolactone using metal complexes[END_REF][START_REF] Hori | Chemical synthesis of high molecular weight poly(3hydroxybutyrate-co-4-hydroxybutyrate)[END_REF][START_REF] Danko | Functional Polyesters with Pendant Double Bonds Prepared by Coordination-Insertion and Cationic Ring-Opening Copolymerizations of ϵ-Caprolactone with Renewable Tulipalin A[END_REF][START_REF] Zhu | Catalyst-Sidearm-Induced Stereoselectivity Switching in Polymerization of a Racemic Lactone for Stereocomplexed Crystalline Polymer with a Circular Life Cycle[END_REF][START_REF] Liu | Organomagnesium towards efficient synthesis of recyclable polymers[END_REF][START_REF] Olsén | Establishing α-bromo-γ-butyrolactone as a platform for synthesis of functional aliphatic polyesters-bridging the gap between ROP and SET-LRP[END_REF][START_REF] Xi | Synthesis, characterization and degradation properties of poly(α-angelica lactone-co-ε-caprolactone) copolymers[END_REF][START_REF] Chen | Degradable polymers from ring-opening polymerization of α-angelica lactone, a five-membered unsaturated lactone[END_REF][START_REF] Catchpole | Copolymerisation of β -butyrolactone and γ -butyrolactone using yttrium amine bis(phenolate) Catalysts[END_REF][START_REF] Liu | Access to high-molecular-weight poly(γbutyrolactone) by using simple commercial catalysts[END_REF] and more specifically Lanthanum (La) based catalyst [START_REF] Hong | Completely recyclable biopolymers with linear and cyclic topologies via ring-opening polymerization of γ-butyrolactone[END_REF][START_REF] Hong | Coordination ring-opening copolymerization of naturally renewable αmethylene-γ-butyrolactone into unsaturated polyesters[END_REF][START_REF] Zhu | Living Coordination Polymerization of a Six-Five Bicyclic Lactone to Produce Completely Recyclable Polyester[END_REF][START_REF] Zhu | A synthetic polymer system with repeatable chemical recyclability[END_REF][START_REF] Sangroniz | Packaging materials with desired mechanical and barrier properties and full chemical recyclability[END_REF][START_REF] Tang | The Quest for Converting Biorenewable Bifunctional α-Methylene-γ-butyrolactone into Degradable and Recyclable Polyester: Controlling Vinyl-Addition/Ring-Opening/Cross-Linking Pathways[END_REF][START_REF] Shi | Hybrid monomer design for unifying conflicting polymerizability, recyclability, and performance properties[END_REF][START_REF] Chen | Boosting Highly Ordered Porosity in Lanthanum Metal-Organic Frameworks for Ring-Opening Polymerization of γ-Butyrolactone[END_REF] showed a high efficiency for the ROP and ROCP of the γ-BL and its derivatives yielding high molar mass (co)polyesters which drove the presented work.

Αmong the -lactone family, α-hydroxy-γ-butyrolactone (HBL) is a bioderived monomer from glucose [START_REF] Hong | O-Succinyl-l-homoserine-based C4-chemical production: succinic acid, homoserine lactone, γ-butyrolactone, γ-butyrolactone derivatives, and 1,4-butanediol[END_REF] , [START_REF] Walther | Construction of a synthetic metabolic pathway for biosynthesis of the non-natural methionine precursor 2,4-dihydroxybutyric acid[END_REF] analogue to the γ-BL and bearing a hydroxyl function. The presence of this rare function on the monomer is of particular interest for the synthesis of functionalized polymers that can be post-modified. The incorporation of HBL units into a polyester can change its thermomechanical properties by decreasing the crystallinity. Hydroxyl function can also provide hydrophilicity to the polymer which may enhance the degradability of the final material. Only a few articles discuss the HBL polymerization. HBL oligomers were first obtained using Lewis and Brϕnsted acids in bulk [START_REF] Bednarek | Cationic oligomerization of α-hydroxy-γ-butyrolactone[END_REF]. Its copolymerization with ε-CL was also performed using Sn(Oct)2 as a catalyst and led to the formation of branched copolymers with a maximum HBL incorporation ratio of 14% [START_REF] Hua | One-pot inimer promoted ROCP synthesis of branched copolyesters using α-hydroxy-γ-butyrolactone as the branching reagent[END_REF]. Indeed, the HBL polymerization remains to be explored further.

In this project, the synthesis of functional copolyesters via the ROCP of HBL and ε-CL monomers using La[N(SiMe3)2]3 as the catalyst was studied. The polymerization mechanism was elucidated thanks to a kinetic study and to precise characterization of the polymer microstructure. In order to optimize the polymerization conditions, the influence of different reaction parameters was investigated allowing the synthesis of copolyesters with various amounts of HBL.

Materials and methods

Materials

α-hydroxy-γ-butyrolactone (HBL) was given by ADISSEO, put under dynamic vacuum at 40°C and stirred overnight. Then the monomer was purified by distillation, only the second fraction was kept, the first and last fractions were removed. Tri[N,N-bis(trimethylsilyl)amide] lanthanum(Ш) was purchased from Sigma-Aldrich, stored into a glovebox and used as received. Benzyl alcohol and εcaprolactone were purchased from Alfa Aesar, dried over CaH2 overnight and vacuum-distillated.

The solvents were dried on alumina column and cryo-distilled: THF over Na/benzophenone and toluene over polystyryl lithium.

General polymerization method(s)

All polymerizations were performed in a flame-dried Schlenk. For a typical copolymerization: ratio M/C/I = 400/1/1; [M1 +M2] = 8 M; THF; ε-CL/HBL ratio = 77/23, the Schlenk was first introduced into an argon-filled glovebox, charged with a predetermined amount of catalyst (1 equivalent; 0.021mmol; 13mg,) and closed with a rotaflow stopcock. The reactors were taken out from the glovebox and connected to a dual-manifold Schlenk line. Under argon atmosphere, the initiator (1 equivalent; 0.021 mmol; 26 μL of a solution in THF at 0.8 M) and the solvent (0.15 mL) were added to the reactor and stirred for 10 min. Then, the pre-mixed monomers (400 equivalents; ε-CL: 6.39 mmol, 0.71 mL; HBL: 1.91 mmol, 0.15 mL) were added to the blend under argon atmosphere. The reactors were closed and placed in a bath at the desired temperature. After a given period of time the polymerizations were quenched by addition of 2.2 mL methanol acidified with HCl. The polymers were solubilized in CHCl3, precipitated in methanol and dried overnight under vacuum. Both monomer conversions were determined from 1 H NMR spectra of the crude products. The ε-CL conversion was calculated using the integration of the polymer signals N, J' and the CH2 signal of the unreacted monomer. The HBL conversion, composition and copolymer composition were determined according to procedure on the Figure S8. The degree of branching (DB) was calculated in the case of copolymerization of AB2 with AB monomers according to the formula [START_REF] Bednarek | Branched aliphatic polyesters by ring-opening (co)polymerization[END_REF]:

𝐷𝐵 = 2𝐷 2D + LAB2 + LAB
With D the branched HBL, LAB2 the linear HBL and LAB the opened caprolactone (Procedure Figure S9).

Polymerization kinetic studies

The kinetic was performed in a flame-dried Schlenk and inside an argon-filled glovebox. A first batch was prepared by mixing the catalyst, initiator and solvent. After 10 min of stirring, the pre-mixed monomers were added to the mixture and the first batch was separated into different Schlenk tubes.

The reactors were taken out of the glovebox and placed in a pre-heated bath at 80°C. After a chosen period of time the Schlenk tubes were quenched, and an aliquot was taken for NMR and SEC analyses.

Characterization

For conversion calculations, the samples were analyzed by liquid-state 1 H NMR recorded at 298 K on a Bruker Advance 400 spectrometer operating at 400 MHz in CDCl3. For the identification of the structure, liquid-state 1 H NMR, 1 H-13 C HSQC NMR, 1 H-1 H COSY NMR, 1 H-1 H TOCSY NMR and DOSY NMR spectra were recorded at 298 K on a Bruker Prodigy spectrometer operating at 400 MHz in CDCl3.

Size exclusion chromatography (SEC) has been used for the determination of the polymer numberaverage molar masses (Mn ̅̅̅̅ ) and dispersities (Đ = Mw ̅̅̅̅̅ /Mn ̅̅̅̅ ). Measurements were performed using tetrahydrofuran (THF) as the eluent and on an Ultimate 3000 system from Thermoscientific equipped with diode array detector DAD. The system also includes a multi-angles light scattering detector MALS and differential refractive index detector dRI from Wyatt technology. Polymers were separated on three G2000, G3000 and G4000 TOSOH HXL gel columns (300 x 7.8 mm) (exclusion limits from 1000 Da to 400 000 g/mol) at a flowrate of 1 mL/min. Columns temperature was held at 40°C. Polystyrene was used as the standard.

Differential scanning calorimetry (DSC) measurements of copolyesters samples (≈5 mg) were performed using a DSC Q100 RCS apparatus from TA Instruments. First, the samples were heated from -80°C to 100°C at 10°C/min and equilibrated at this temperature for 2 min in order to remove the residual solvent. The samples were then cooled to -80°C at 5°C/min and held for 2 min, and finally reheated to 100°C at 10°C/min. The thermograms were obtained from third cycle.

Results and discussion

Based on γ-BL thermodynamics, the homopolymerization of HBL was first investigated at low temperature (-40°C) and also at 80°C in the presence of a very small amount of THF, keeping a Monomer/Catalyst/Initiator (M/C/I) ratio of 100/1/1 and a monomer concentration of 8 M. In both cases, no polymer was formed in line with thermodynamic issues. Therefore, HBL copolymerization with ε-CL, a commonly used lactone for copolymerizations, was studied.

As a starting investigation, a 1/0.3 eq (77/23 %) ε-CL/HBL ratio was chosen to check a possible incorporation of HBL into the PCL. the influence of the temperature in the range 0-100°C was first studied keeping all the reaction parameters constant (Table 1). At 0°C, low conversions of both monomers were obtained: 12 % for ε-CL and 5 % for HBL with mainly the formation of dimers or trimers. Increasing the temperature to 25°C raises the HBL conversion to 52 %. A slight raise of the molar mass follows this conversion increase but remains limited. Indeed, as the initial feed ratio is only composed of 23 % of HBL, its conversion increase is not sufficient to reach high molar masses.

At higher temperatures (70°C and 80°C), the HBL conversion reaches 90 % whereas the one of ε-CL levels off to 56 % and 70 %, respectively. SEC analyses reveal a mix of oligomers and polymer chains with average molar masses around 700 g/mol and 950 g/mol and dispersity of 3.4 and 4.9, respectively. At 100°C, the ε-CL conversion continues to grow reaching 81 % and a slight decrease of HBL one. This temperature appeared to be unfavourable for the HBL ring-opening. The molar mass and dispersity of this sample remain in the same range. From 25°C to 80 °C, the HBL incorporation remains high between 59 % and 28 %, higher than the HBL feed, as its conversion is higher as compared to the ε-CL one. At 100°C the conversion gap between the two monomers reduces and the HBL incorporation decreases to 22%.

These preliminary experiments confirm the importance of the temperature parameter. The copolymerization at room temperature for a longer polymerization time was also tested (Table S1).

After 7 days of reaction, the monomer conversions reached 49 % for ε-CL and 91 % for HBL. The so-formed copolymer contains 36 % of HBL monomer units and exhibits a molar mass of 1 300 g/mol with a dispersity of 3.1. The copolymerization at room temperature was possible but with a very slow kinetic profile. Therefore, the progress of the copolymerization indicates that active species are not dead but react much slower in this case.

For the rest of the study, the temperature was set at 80°C as it was considered as the best compromise between high monomer conversions, higher molar masses and reasonable polymerization times. The percentages indicated in the article are in mol.%.

In order to have a better insight of the copolymerization mechanism, NMR analyses were performed on the prepared copolymers (Figure 1 and Figures S1-S4). The structural analysis showed the presence of monomer units from both monomers: in green the ε-CL units and in blue the HBL units which include different structural patterns.

Figure 1: 1 H NMR spectrum and proposed structure of HBL/ε-CL copolymers (Table 1, run 4).

The 1 H NMR spectrum shows the opened forms of HBL, which have been referred as "linear HBL" on the structure (black rectangle, Figure 1). During the polymerization process, a secondary hydroxyl function is formed by the ring-opening of HBL. The switch of the La catalyst from the primary alcohol to the secondary one generating a primary alcohol can be considered. Such motive (black rectangle in dash dots, Figure 1) was not identified by NMR but cannot be excluded.

In addition, the presence of branching points in the structure (red rectangle, Figure 1) as reported before [START_REF] Hua | One-pot inimer promoted ROCP synthesis of branched copolyesters using α-hydroxy-γ-butyrolactone as the branching reagent[END_REF], was also confirmed and referred as "branched HBL". Indeed, according to the mechanism (Scheme 1A), the ring-opening of HBL leads to the formation of pendant free hydroxyl functions which can react further with the catalyst (Scheme 1B) to generate branches.

As also evidenced by NMR analysis, several chain ends are produced during the copolymerization process. One can note the formation of MeO-chain-end which has already been observed [START_REF] Hong | Completely recyclable biopolymers with linear and cyclic topologies via ring-opening polymerization of γ-butyrolactone[END_REF] with the La[N(SiMe3)2]3. and γ-BL. As an example, when no alcohol is used as an initiator, the chain-ends are: -N(SiMe3)2 and [La]-. The quenching step with acidified MeOH leads to the production of MeOtermini (Scheme 1A). However, when benzyl alcohol is used as an initiator, a metal alkoxide species is formed which produces BnO-chain-ends, as observed on the NMR spectra. It was reported [START_REF] Hong | Completely recyclable biopolymers with linear and cyclic topologies via ring-opening polymerization of γ-butyrolactone[END_REF] that, depending on the La/BnOH ratio, both MeO-and BnO-chain ends can be formed. Finally, the formation of cyclic HBL terminated chains (-OBL) was reported [START_REF] Hua | One-pot inimer promoted ROCP synthesis of branched copolyesters using α-hydroxy-γ-butyrolactone as the branching reagent[END_REF] and was also evidenced here and referred as "cyclic HBL" (orange rectangle, Figure 1). The presence of -OBL units as chain ends means that the monomer acts also as an initiator (inimer) thanks to its secondary hydroxyl group. In comparison to the reaction between La[N(SiMe3)2]3 and benzyl alcohol, the presence of -OBL chain ends testifies the occurrence of a similar reaction between the catalyst and HBL according to the proposed mechanism (Scheme 1C). Furthermore, it was also observed (Figure S4) the duplication of the cyclic HBL proton (in α position of the carbonyl) when the initial ε-CL/HBL ratio is decreased.

It is speculated that at high ε-CL amount, there is only initiation of ε-CL by HBL. However, the selfinitiation of HBL can be observed with higher amount of HBL in the feed.

Finally, the formation of macrocycles caused by back-biting reactions known in the γ-lactones polymerization [START_REF] Hong | Completely recyclable biopolymers with linear and cyclic topologies via ring-opening polymerization of γ-butyrolactone[END_REF], could not be demonstrated in this study but cannot be excluded (Scheme 1D).

Scheme 1: proposed mechanism of the different polymerization steps of HBL with La[N(SiMe3)2]3. A) Usual expected mechanism of HBL ROP without initiator. B) Formation of branched HBL. C) Formation of cyclic HBL. D) Back-biting reaction.

In order to simplify the mechanism, the ε-CL incorporation is not represented in this scheme.

The successful incorporation of HBL units into the copolymers was also confirmed by DOSY analysis (Figure S5). As can be seen, a single diffusion coefficient is observed for the signals of the ε-CL and HBL units confirming the formation of only true copolyesters.

To have a better insight on the copolymerization mechanism, a kinetic study was performed at the following conditions: ratio M/C/I = 400/1/1; [M1+M2] = 8M; THF; ε-CL/HBL ratio = 77/23; T=80°C (Figure 2). The variation of the monomer conversion and the types of HBL monomer units (cyclic, linear and branched) were determined. As several HBL motives have been identified, only the linear and branched units were considered for the calculation of HBL conversion as the conversion refers to the monomer ring-opening.

The results show that HBL was converted faster than ε-CL. Indeed, after 1h reaction, the HBL conversion reached its maximum, 90 %, while ε-CL converted slower, i.e. conversion of 77 % after 3 h reaction (Figure 2A). The molar masses also increased from 230 g/mol to 1 700 g/mol with the conversion (Figure S6, Table S2), as well as the dispersity from Đ=1.7 to Đ=6.6. The shape of the chromatograms and the dispersity values are in agreement with the occurrence of branching reactions.

The variation with time of HBL motive, i.e. cyclic, linear or branched units within the copolymers was also investigated (Figure 2B). At very low reaction time (5 min), the majority of the reacted HBL is under its cyclic form: 17 % against 5 % for the linear and 13 % for the branched forms. This feature shows that most of the HBL first reacts as an initiator through its secondary alcohol function. After 15 min reaction, the linear and branched forms become predominant (30 % and 23 % respectively) showing that HBL is consumed as a monomer. Over time, the chain-end cyclic HBL motives gradually decline from 17 % to 3-5 % due to their ring-opening. In the meantime, the branching points gradually increased during the polymerization to reach more than 50 % while the linear HBL units decreased to about 25 %. Overall, such kinetic investigation shows that the majority of HBL motive is the branched form as the linear and cyclic units can react during the polymerization. In a second step, the influence of the monomers feed ratio was studied (Table 2). A wide a range of initial ε-CL/HBL ratios from 9 % to 50 % of HBL was investigated which led to the formation of copolyesters with a content of HBL motives ranging from 9 % to 63 %. For all the experiments, the HBL conversion remains high, between 85 % and 90 %. By decreasing the ε-CL/HBL ratio, the ε-CL conversion decreased from 89 % to 54 %. Indeed, at high HBL content in the feed, a decrease in the polymerization rate is suggested due to the difference in the monomer reactivities. The decrease in the ε-CL conversion is accompanied by a decrease of the copolyester molar masses from Mn ̅̅̅̅ = 3400 g/mol to 850 g/mol. Therefore, such copolyesters exhibit high HBL incorporation ratio and low molar masses. The variation in the type of incorporated HBL motive (linear, branched, cyclic) was also evaluated as a function of the initial monomer concentration. By varying the HBL concentration from 9 % to 50 %, the HBL-linear units in the polymer chains raise from 23 % to 67 % and reversibly, the HBL-branched units diminish from 73 % to 26 %. Indeed, by keeping the same reaction time, the higher the HBL concentration, the higher the HBL linear forms and the lower the branching points.

The reduction of branching points is also reflected by the dispersity value which also declines from 7.8 to 3.4.

The degree of branching (DB) was also calculated to evidence the evolution of the amount of branching points with the HBL incorporation. For highly branched polymers, the DB tends towards DB=1, while the DB is closer to 0 for polymers with low amount of branching. The DB was calculated according to the formula [START_REF] Bednarek | Branched aliphatic polyesters by ring-opening (co)polymerization[END_REF] applied to the copolymerization case between AB2 and AB monomers with the HBL (linear and branched) and ε-CL (linear) units. The increase in the HBL incorporation in the copolymers from 9 % to 43 % was followed by a gradual raise in DB from 0.12 to 0.31.

Although the branched HBL decreased (from 73 % to 42 %), the increase in HBL incorporation is so high that the amount of branched units incorporated increases the DB. In contrast, the DB is decreased to 0.24 with the highest HBL incorporation, 63 %. In this case, even though the HBL incorporation is high, the amount of branched units incorporated (26 %) is not enough to overcome the high amount of linear HBL (67 %), which decreases the DB.

The thermal properties of the copolyesters were investigated by performing DSC analyses on different samples: the PCL used as a reference and several copolymers with various HBL incorporation ratios (Figure S7). A decrease of the melting temperature and crystallinity ratio of the copolymers was observed with an increase of the HBL content. The copolymer with 9% of HBL showed a broad and split melting peak with a shift toward lower temperature values, 30°C and 38°C. As reported [START_REF] Hua | One-pot inimer promoted ROCP synthesis of branched copolyesters using α-hydroxy-γ-butyrolactone as the branching reagent[END_REF],

the HBL incorporation in the copolymer breaks the order of crystalline domains of poly(εcaprolactone). Indeed, the split peak is related to the formation of different kind of domains. This phenomenon is accentuated with the increase in HBL incorporation to 18 % which leads to a broadening of the crystallisation peak and a decrease of its melting temperature, 16°C. Finally, above 28 % of incorporated HBL in the copolymers, the crystallization was no longer observed, proof of the random structure of these copolyesters. In addition, other experimental parameters such as the reaction time, M/C/I ratio, solvent and monomer concentration were also studied (Table 3). Increasing polymerisation time to 48h slightly increased the molar masses (Table 3, run 12) but is not really significant. In the ROP of γ-lactones, it has been shown that the presence of primary alcohol together with La[N(SiMe3)2]3 enhanced considerably the catalytic activity due to the formation of metal alkoxide species. As HBL behaves as an inimer, we performed the copolymerization without using BnOH (Table 3, run 13) as an initiator. It was observed that ε-CL conversion remained unchanged around 70 %. The conversion of HBL decreased to 84 % as a fraction of HBL served as initiator. This is confirmed by the copolyester analysis which indicates a content of the cyclic HBL motive of 9 %. A higher amount of branched HBL was also noticed (70 %) in opposition to linear HBL motives (21 %). Therefore, no significant effect with the use or not of benzyl alcohol was observed on the catalytic activity, as its amount in the M/C/I ratio is low in regard to the HBL amount.

Finally, the nature of the solvent to perform polymerizations is also an important factor such as the polarity which may affect the reaction rate. As an example, in the case of γ-butyrolactone polymerization with La[N(SiMe3)2]3 as catalyst, the highest yield was obtained in THF. Achieving the reaction in a non-polar solvent, e.g. toluene, (Table 3, run 14), resulted in similar monomer conversion and HBL incorporation ratios. The reaction was also performed in bulk ([M1+M2] = 9.68 M) and similar results were obtained (Table 3, run 15) showing the possibility to perform a solventfree reaction. The low influence of the solvent may be explained by its low amount.

DB calculations were also carried out for the different synthesized copolyesters. For runs 11 and 13 to 15, the DB values are almost identical, around 0.26, as the monomer conversion and HBL incorporation ratios and compositions (linear and branched) are in the same range. 

Conclusion

Copolyesters based on ε-CL and HBL monomers were synthesized in the presence of La[N(SiMe3)2]3. The temperature was the key parameter to get high monomer conversions and molar masses. At 80°C in THF and after 3h of reaction, the monomer conversions reached 70 % for ε-CL and 90 % for HBL, generating copolyesters with Mn ̅̅̅̅ values of 950 g/mol and Đ=4.9. The kinetic of the polymerization under these conditions revealed a faster conversion of HBL in comparison to ε-CL. Analysis of the copolyester microstructure and monitoring of the HBL conversion allowed us to have a better insight with respect to the polymerization mechanism. Indeed, HBL first behaves as an initiator and then as a monomer leading to the formation of linear units with pendant free hydroxyl groups together with branched units. Finally, by tuning the initial monomer ratios, copolyesters with incorporated HBL units from 9 % to 63 % could be obtained. As a general trend, low molar masses were obtained due to the low conversion of ε-CL. The high insertion of HBL units in the copolymers and the presence of free hydroxyl pendant groups on the polymer backbone opens the way for postmodification reactions in order to design original polymeric materials and target various applications.

Figure 2 :

 2 Figure 2: kinetic study A) conversion of ε-CL and HBL vs time B) Type of HBL motive vs time.

Table 1 :

 1 

		ε-CL/HBL copolymerization with La[N(SiMe3)2]3 at different temperatures. Ratio M/C/I = 400/1/1;
	[M1+M2] = 8M; THF; ε-CL/HBL ratio = 77/23; time = 3h		
	Run	Temperature (°C)	Conversion a ε-CL (mol.%) HBL (mol.%)	HBL incorporation (mol.%) a	𝐌𝐧 ̅̅̅̅̅ SEC (g/mol) b Đ b
	1	0	12	5	11	170	1.3
	2	25	11	52	59	230	1.6
	3	70	56	90	32	700	3.4
	4	80	70	90	28	950	4.9
	5	100	81	78	22	1 090	4.1

a Calculated from 1 H NMR of the crude product. b Obtained from SEC analysis in THF with polystyrene standards.

Table 2 :

 2 

		ε-CL/HBL copolymerization with La[N(SiMe3)2]3 and various monomers feed ratios. Ratio M/C/I =
	400/1/1; [M1+M2] = 8M; THF; time = 3h; T=80°C.					
	Run	ε-CL/HBL ratio	Conv. ε-CL (mol.%) a	Conv. HBL (mol.%) a	HBL incorporation (mol.%) a	HBL type units a Cyclic Linear Branched HBL HBL HBL	𝐌𝐧 ̅̅̅̅̅ SEC (g/mol) b Đ b DB a
						(mol.%)	(mol.%)	(mol.%)		
	6	91/9	89	87	9	4	23	73	3 400	7.8 0.12
	7	83/17	80	87	18	4	24	72	1 700	6.1 0.20
	8	71/29	53	86	40	14	42	44	740	4.0 0.28
	9	67/33	55	85	43	12	47	42	800	3.3 0.31
	10	50/50	54	90	63	7	67	26	850	3.4 0.24
	a Calculated from 1 H NMR of the crude product. b Obtained from SEC analysis in THF with polystyrene
	standards.								

Table 3 :

 3 ε-CL/HBL copolymerization with La[N(SiMe3)2]3 and various reaction conditions (Reaction time, M/C/I ratio, solvent, monomer concentration). Ratio M/C/I = 400/1/1; [M1+M2] = 8M; THF; ε-CL/HBL

	ratio = 77/23; time = 3h; T=80°C						
	Run Solvent	Time (h)	Conv. ε-CL (mol.%) c	Conv. HBL (mol.%) c	HBL incorporation (mol.%) c	HBL type units c Cyclic Linear Branched HBL HBL HBL	𝐌𝐧 ̅̅̅̅̅ SEC (g/mol) d Đ d DB c
							(mol.%)	(mol.%)	(mol.%)		
	11	THF	3	70	90	28	5	32	63	950	4.9 0.27
	12	THF	48	80	79	23	3	43	54	2 000	6.9 0.18
	13 a	THF	3	70	84	26	9	21	70	1 100	3.9 0.27
	14	Toluene	3	69	89	28	10	25	65	1 500	5.7 0.26
	15 b	-	3	67	89	28	4	39	57	990	4.0 0.25

a Ratio M/C/I = 400/1/0. b Bulk, [M1+M2]=9.68M. c Calculated from

1 

H NMR of the crude product. d Obtained from SEC analysis in THF with polystyrene standards.

Acknowledgments

The authors acknowledge the Agence Nationale de la Recherche for the financial support (ANR-19-CE43-0008). This work had been done in collaboration with Adisseo and Toulouse Biotechnology Institute, who are gratefully acknowledged for their scientific support.

Data availability

Some raw/processed data required to reproduce these findings cannot be shared at this time as the data also forms part of an ongoing study, but others are present in the Supplementary Information file linked to this manuscript.

Supporting Information

The supplementary information is available online at:

Author Information

Corresponding Authors

Stéphane Carlotti: carlotti@enscbp.fr Henri Cramail: cramail@enscbp.fr Frédéric Peruch: peruch@enscbp.fr

Author Contributions

All the authors contributed equally to the elaboration of this manuscript and gave the approval to the final version.

ORCID Declaration of competing interest

There are no conflicts of interest.