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Introduction

The properties of thermoplastic elastomers (TPE) are strongly dependent on the structuration at the micro-or nanoscale between a major elastomeric phase and a minor rigid phase playing the role of physical cross-links. Either obtained through reactive processing or self-organization, these materials are not based on chemical cross-linking percolating through the continuous phase which allows them to be (re)transformed like thermoplastics and recycled. This class of materials is thus particularly appealing in the context of circular economy. Consequently, it appears necessary to develop new classes of TPEs to improve their overall environmental impact and broaden their range of usage properties. This can be achieved by controlling the glass transition temperature (Tg) of the soft matrix and increasing the Tg or the melting temperature (Tm) of the rigid domains. [1] A number of TPEs have been developed industrially from the step-growth polymerization of a large variety of building blocks such as polyurethanes, polyether block amides, polyether block esters. [START_REF] Holden | Thermoplastic Elastomers[END_REF] Well-controlled or living chain growth strategies able the control precisely the macromolecular architecture of block copolymers with soft and rigid segments offer however easier handles to fine-tune the morphologies of the materials, that directly impacts their thermomechanical properties. As an example, block copolymers obtained by living anionic polymerization such as polystyrene-b-polybutadiene-bpolystyrene (PS-b-PB-b-PS also called SBS) and polystyrene-bpolyisoprene-b-polystyrene (PS-b-PI-b-PS, SIS) are ubiquitous class of TPEs. [1] Recent developments can be highlighted in the domain of polyesters such as switchable catalysis [START_REF] Stößer | [END_REF], [4] or chainshuttling copolymerization [5] that paves the way to sequencedefined architectures. Polyolefin thermoplastic elastomers (P-TPEs) constitute another attractive class of materials for their high performance and economical sourcing. Different synthesis strategies from coordination polymerization and challenges in this field have been thoroughly discussed in this area in a recent review. [6] A large range of amorphous or crystalline polyolefins can be obtained by (co)polymerizing a very narrow set of easily available and cheap monomers such as ethylene (E), -olefins or conjugated dienes. These materials also combine several highly valuable properties such as high entanglement moduli (above 1 MPa) and low Tg. The living polymerization by coordination-insertion polymerization of olefins (E, propene (P), -olefins) has also been extensively studied to produce block copolymers with remarkable properties. [7] However, only one polymer chain is produced per metallic active center, which considerably increases the overall cost and the amount metallic residues, and thus reduces the possibility of large-scale production of these polymers. Coordinative chain transfer polymerization (CCTP) allows generating a very large number of polymeric chains per metallic active center. This controlled coordination-insertion polymerization technique takes advantage of degenerative chaintransfer between the metallic active center used as a catalyst and an organometallic chain transfer agent (CTA) such as MgR2, ZnR2 or AlR3. [8][9][10][11][12] Diblock and multiblock copolymers have been synthesized via CCTP. At Dow Chemical researchers obtained multiblock copolymers, [13,14] now commercialized by the tradename INFUSE TM , by combining two catalysts with a common CTA, ZnEt2, in the presence of E and octene (Oct). Oct being preferentially copolymerized with E by one of the two catalysts, soft P(E-co-Oct) and rigid PE segments are formed within the same chains. More recently, using a single catalyst, Lee and coll. successfully prepared by CCTP PE-b-P(E-co-P)-b-PE triblock copolymers by successive polymerization of E and a mixture of E and P followed by a coupling reaction. [15] The same group has developed a divalent chain transfer agent based on zinc. [16] PS-b-P(E-co-P)-b-PS triblock copolymers have been obtained by successive pyridyl-amido hafnium catalyst-mediated coordination-insertion copolymerization of E and P and anionic polymerization of styrene. We showed that a new class of elastomers can be formed by copolymerizing E and butadiene (B) with the catalysts {Me2Si(C13H8)2Nd(BH4)2Li(THF)}2/MgR2. [17], [18] Called ethylene butadiene rubbers (EBR), these elastomers feature ethylene units, trans-1,4-and vinyl butadiene units and cyclohexyl motifs formed by intramolecular cyclisation (Scheme 1). More recently, we have highlighted that this catalyst fulfills the requirement of CCTP [19] and is amenable to the design of macromolecular architectures incorporating EBR segments. [20], [21] Satisfactory elastomeric properties include low moduli, high extensibility and high elastic recovery after deformation. [22] In the case of TPEs from block copolymers, such properties are strongly linked with the proper separation of hard segments into noncontinuous domains, and proper anchoring of the soft segments across hard domains thanks to triblock or multiblock architectures. Widely used SBS-or SIS-type TPEs feature high incompatibility between the PS and PB or PI segments, which ensures strong segregation in the melt and easy control of the morphology by tuning the volumic fraction of PS. Polyolefin block copolymers feature low incompatibility in the melt, and often rely on crystallization-induced phase separation from weakly segregated melts. [23] They display in this way an advantageous combination of good mechanical performances and low melt viscosities. The present paper demonstrates that well-defined diblock, triblock and multiblock copolymers featuring soft EBR and crystalline PE segments can be prepared using {Me2Si(C13H8)2Nd(BH4)2Li(THF)}2 (1)/MgR2 as a catalyst according to CCTP. Structural, mechanical and rheological characterization confirms that although these materials are made from more than 80 wt% E overall, the phase separation between the crystalline PE domains and the soft EBR phase leads to remarkable performances as TPEs.

Results and Discussion

Synthesis of diblock copolymers via CCTP

As mentioned in the introduction, the copolymerization of ethylene with butadiene using {Me2Si(C13H8)2Nd(BH4)2Li(THF)}2 ( 1)/(n-Bu)(n-Oct)Mg (BOMAG) catalyst is controlled by a mechanism of CCTP and thus well-adapted to the design of block copolymers. First, diblock copolymers EBR-b-PE (Scheme 1 and Table 1, runs 2,4-6,8) were prepared in a single reactor by changing the feed from an ethylene-butadiene mixture to pure ethylene. The theoretical molar mass of each block is directly monitored by the consumption of monomers during each step (i.e. pressure decay in the ballast), the number of chains being fixed by the amount of BOMAG. Reference EBRs were prepared as models for EBR segments before chain extension (Table 1, runs 1, 3, 7). As already reported, a good control of the copolymerization was confirmed by the good match between theoretical and measured molar masses and rather low dispersity values. For each diblock copolymers (runs 2, 4-6, 8 in Table 1), there is also a good agreement between the theoretical and experimental Mn, although a broadening of the molar mass distribution is observed for the highest PE molar mass targeted (runs 6 and 8 in Table 1). Such broadening could be due to -H elimination during the second step leading to dead EBR-b-PE chains and PE chains after reinitiation. However, PE could not be detected by SEC (Figure S2 andS3) although its formation cannot be completely ruled out. We believe that the broadening could indeed originate from the variety of chain ends of the EBR block, such as alkyl, cyclohexyl-methylene or (vinylcyclohexyl)-methylene depending on the different insertion modes of butadiene and reinsertion of pendant double bonds. [19] Without impeding the formation of block copolymers after chain extension, the corresponding various reactivities towards ethylene insertion during chain extension would broaden the final molar mass distribution. We indeed previously highlighted that the catalytic insertion of ethylene after (vinylcyclohexyl)-methylene terminal groups is significantly slower than after other terminal groups. On the other hand, for polymers with higher molar masses, the viscosity of the polymerization medium increases significantly during the course of polymerization. This may affect chain transfer rates and increase the dispersity values. Diblock copolymers of increasing molar masses (Table 1, runs 2, 5, 8) were synthesized keeping the same fraction of PE (~17 wt%). SEC analyses of the reference EBRs and of the corresponding diblock copolymers showed successful chain extensions (Figure S2). In addition, the three diblock copolymers displayed very similar microstructures as expected (Table S1). A series of diblock copolymers based on a EBR with a targeted Mn of 30 kg mol -1 (EBR30K) with an increasing fraction of PE were also prepared (runs 4-6 in Table 1). As expected, the percentage of ethylene units increases from an EBR to an EBR-b-PE block copolymers (Table S2). Mn theo [a] (g mol -1 )
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of PE segments [d] (%) (MesMg(CH2)5MgMes). In association with the complex 1, a selective polymer chain growth on the pentanediyl moiety was demonstrated, the mesityl moiety remaining unreactive. [24] During the course of this work, we realized that the ability of Grignard reagents such as butylmagnesium bromide (BMB) to act both as alkylating agent and CTA was specific to the use of complex 1 (Table S3). Indeed BMB does not activate bispentamethylcyclopentadienyl neodymium precursors such as (C5Me5)2NdCl2Li(OEt2)2 and ((C5Me5)2Nd(BH4)(THF) for ethylene polymerization. The pentanediyl-1,5-di(magnesium bromide) (BrMg(CH2)5MgBr -PDMB) was then anticipated to be an efficient CTA when used in combination with 1 for the synthesis of the targeted PE-b-EBR-b-PE triblock copolymers (Scheme 2). PDMB was prepared by reacting dibromopentane with magnesium in 2methyltetrahydrofuran (MeTHF). After evaporation of the solvent, the product was solubilized in toluene (0.43 M, MeTHF/Mg = 2.15). The control of the copolymerization of E and B by the 1/PDMB catalyst was first demonstrated when forming EBR using various amounts of PDMB. As expected, a decrease of Mn was observed when increasing the concentration of the CTA (runs S3-S6 in Table S3) while dispersity values as low as 1.4 could be obtained, similarly to dispersities previously obtained with 1/BOMAG. PDMB was next implemented to synthesize triblock copolymers by achieving EBR by sequential copolymerization of E with B followed by its chain extension in the presence of E (Scheme 2) in a one-pot process. Two triblock copolymers with overall 17 wt% PE were prepared from EBR blocks of Mn of ca 30 and 60 kg mol -1 (Table 2, runs 9 and 10, respectively) according to the same previously described procedure employed for the synthesis of the EBR-b-PE diblock copolymers with BOMAG. SEC traces of the isolated triblock copolymers (Figure S4) were

PE-b-EBR-b-PE

unimodal showing the formation of the desired triblock copolymers.

The control of the monomer feeds and the pseudo-living nature of the polymerization enable multiple switches from a mixture of E and B to pure E while forming multiblock copolymers with PE and EBR segments. This was indeed achieved up to an heptablock copolymer (Table 2, run 11d). Mn of 10000 and 3000 g mol -1 were targeted for the EBR and PE segments, respectively. In this case, the polymerization was performed at 80°C and aliquots of the reaction medium were withdrawn before each switch of monomer feed. The evolution of the molar mass distribution after each step (initial EBR block, triblock, pentablock and heptablock formation) is given in Figure 1 and shows the excellent control over the successive chain extensions. )
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of PE segments [d] (%) Figure 1. SEC chromatograms obtained after each switch of monomer feed during the synthesis of the heptablock copolymer.

Thermomechanical and rheological properties DSC analysis (Table 1, Figures S5 andS6) of the diblock copolymers showed a Tg of EBR segments at about -33°C, a very weak meltng endotherm related to EBR segments around 10°C, and the melting of the PE block at 100-120°C. The normalized crystallinity of PE (See Table 1) is relatively low for short segments on low molar mass copolymers (15% and 33% for EBR15k-b-PE3k and EBR30k-b-PE3k, respectively) and the corresponding melting endotherms are very broad on DSC traces. In all other cases however, melting endotherms were narrow and the relative crystallinity was above 50%. Similar results were found for triblock copolymers PE-b-EBR-b-PE (Table 2, Figure S7), with the notable exception that even short PE3k segments displayed high crystallinities of 60%.

Regarding the multiblock copolymer (Figure S8 2). The heptablock displayed two distinct Tm that we attributed to internal (101.8°C) and external (121.3°C) PE blocks. Indeed, similar drastic changes in the crystallization temperature of internal or external blocks have already been observed in block copolymers based on poly(εcaprolactone) and poly(trimethylene carbonate) segments. [25] Interestingly, the relative PE crystallinity barely changes in the three samples (See Table 2). Extended thermomechanical information was obtained from DMA in tensile mode (Figure 2-a,b, Table S5) that enables to characterize the materials up to their melting point. Similar glass transition temperatures for all samples were confirmed. In the temperature range 0-30°C, the moduli appeared essentially driven by the fraction of PE, and reach at 25°C about 4 MPa for 9 wt% PE (run 4), about 11 MPa for 17 wt% PE (runs 2,5,9,10) and about 25 MPa for 29 wt% PE (runs 6 and 11d). Above 50°C, low molar mass diblocks EBR15k-b-PE3k and EBR30k-b-PE3k, and to a lower extent EBR30k-b-PE6k, softened progressively, thus confirming the broadness of the melting transition. The ratio E'25°C / E'80°C characterizes the conservation of properties in the service temperature range: triblock copolymers, even with short PE segments, performed significantly better than diblock copolymers. The multiblock copolymer, also containing short PE segments, demonstrated the least dissipative performance, with the lowest tan δ value at 80°C While the two distinct melting transitions in the multiblock copolymer 11d can be clearly observed, analysis in tensile mode 15 20 25 Retention time (min)
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is not adapted for melts, and to complete the monitoring of melting and crystallization we resorted to DMA experiments in a rheometer, using oscillatory shear by plate-plate geometries (Figure S9). The complex modulus G* during cooling-heating steps showed moderate hystereses between crystallization and melting, between 16 and 30°C, indicating fast crystallizations. In the melt, the complex moduli appeared to increase with the total molar mass of the copolymers, with however a surprisingly high value for EBR30k-b-PE12k. This was confirmed by small amplitude oscillatory shear (SAOS) at 150°C (Figure S10) that showed melts in or near terminal flow regime (G'~ω 2 , G''~ω 1 ) except for EBR30kb-PE12k. Finally, zero shear viscosities at 150°C were extrapolated from flow curves (Figure S11) and reported on Figure S12. While most samples obey the power law η0~M 3.4 characteristic of entangled melts, significant deviations are found for EBR15k that appears to be below the critical entanglement molar mass, and for EBR30k-b-PE12k and EBR45k-b-PE9k that may present to a certain extent phase separation in the melt. 

Structural analysis

SAXS analyses at 150°C (Figure S13) confirmed that most EBRb-PE block copolymers display featureless patterns, thus corroborating the absence of structuration in the melt. The good compatibility between the blocks could be indeed anticipated from the microstructure of EBR containing about 78 mol% of ethylene units (Table S2). In accordance with melt rheology, EBR45k-b-PE9k displayed however a broad scattering signal, rather distinctive of weak segregation without long range ordering. This could either stem from segregation between the PE and EBR blocks that may have reached a sufficient molar mass, or from the presence of a small amount of PE homopolymer that cannot be ruled out from SEC traces (Figure S2). At room temperature (RT) however, sharp scattering peaks and corresponding 2q* harmonics indicated strong microphase separation and formation of lamellar structures. Simultaneous SAXS/WAXS monitoring during cooling (see selected examples in Figure S14) indicated that this phase segregation is concomitant with crystallization of PE segments, and thus that these copolymers undergo crystallization-induced self-assembly from disordered melts. As a consequence, the morphology and interdomain spacings between crystalline PE lamellae are not necessarily dictated by the molar mass or the copolymers or the volume ratio of PE and EBR blocks. [START_REF] Müller | Block Copolym[END_REF], [START_REF] Van Horn | [END_REF] EBR15k-b-PE3k displayed for example longer interdomain spacing (58 nm) than EBR30k-b-PE6k (45 nm), most probably because of its lower crystallinity. Direct imaging of the structuration was obtained by carefully surfacing bulk samples using ultracryo microtomy and imaging with PeakForce AFM. The same tip was kept for all images to allow for direct comparison of moduli between samples. The modulus images (Figure 3) show for all cases crystalline PE lamellae (in bright), separated with amorphous matrix. Profile analysis (see selected traces in Figure S15) shows interlamellar spacing in good accordance with the primary diffraction peak determined with SAXS. The moduli of crystalline lamellae measured with PeakForce (Figure S15) appears strongly correlated to the relative crystallinity within PE segments (Tables 1 and2), varying typically between 20 MPa for weakly crystalline PE domains in EBR15k-b-PE3k to 200 MPa for highly crystalline PE domains in PE3k-b-EBR30k-b-PE3k. Interestingly, the lamellae appeared also thicker and flatter for triblock copolymers than for the corresponding diblocks (Figure 3). In the multiblock copolymer 11d, no distinction can be made between two types of PE crystalline domains. The lamellae are however much smaller than in triblocks (no more than 200 nm large) and appear tightly packed.

Tensile properties

Tensile properties at RT of block copolymers displayed a variety of behaviors (Figure 2c, Table S5). Sample EBR15k-b-PE3k and EBR30k-b-PE3k had a viscoplastic behaviour that precluded conventional tensile testing. Initially, all materials displayed a rigid behaviour and a yield point at about 50% elongation typical of semicrystalline materials. The Young moduli E were in good accordance with DMA storage moduli at 25°C (See Table S5), and were essentially driven by the overall fraction of crystalline PE. This indicated to some extent a physical percolation between crystalline lamellae as confirmed by the AFM pictures showing intertwined lamellar stacks (Figure 3). The multiblock 11d, also composed of short PE3k segments showed in this regard improved strength (σmax = 3.2 MPa) without compromises on the elongation at break, due to a higher fraction of crystalline materials. Finally, PE6k-b-EBR60k-b-PE6k displayed far better strength with accelerated strain hardening occurring above 900% elongation similarly to chemically crosslinked elastomers and reached the maximal course of our tensile setup without breaking (σmax > 4.4MPa, εb > 1450%).

The tensile characterization was completed by cyclic extensions to 300% to assess the elastic recovery (Figure S16 and Figure 4). This property is indeed critical for TPEs, that must be able to withstand repeated loads while maintaining their dimensional stability. All block copolymers present a significant and irreversible loss of moduli and disappearance of yield behavior after the first stretching (Figure S16). As mentioned above, we attributed this to slip across lamellar stacks. The EBR45k-b-PE9k diblock copolymer performed relatively poorly as expected in absence of chain bridging across PE lamellae, and the corresponding strain recovery decayed continuously with each cycle. Triblock copolymers and especially the PE3k-b-EBR30k-b-PE3k performed significantly better, with strain recoveries up to 93%. Finally, the multiblock 11d offered a very promising combination of high stiffness with excellent strain recovery up to 89%.

Conclusion

The development of polyolefin thermoplastic elastomers by catalytic routes is a major challenge for achieving recyclable polyolefin-based elastomers. We have shown in this paper that combining the control provided by CCTP and the design and use of original chain transfer agents such as bimetallic magnesium bromide allowed to synthesize from diblock to multiblock copolymers incorporating crystalline PE and elastomeric EBR segments in the same chain. Low molar mass copolymers (< 100 kg mol -1 ) displaying low melt viscosities thanks to the absence of phase segregation in the melt underwent crystallization-driven selfassembly below 100°C. Depending on their macromolecular architectures (e.g. triblock or multiblock structures, segment molar mass and overall fraction of crystalline segments), a variety of mechanical properties can be achieved. The most promising material was PE6kb-EBR60k-b-PE6k triblock that demonstrate excellent extensibility above 1400% and strain recovery of 87% after 9 stretching cycles. In comparison, a multiblock ethylene-octene OBCs from Dow Chemical with a comparable content of 18 wt% in crystalline PE segments but a molar mass twice higher displayed similarly a low yield stress about 1.2 MPa, high extensibility up to 1200%, and an efficient elastic recovery of 94% after one cycle. Strain hardening at extensions > 500% is however much stronger due to a higher entanglement and leads to significantly higher ultimate tensile stress, at 14 MPa. [28] The PE3k-b-EBR10kb-PE3k-b-EBR10k-b-PE3k-b-EBR10k-b-PE3k multiblock copolymer also offered an excellent compromise with improved modulus, while also maintaining excellent strain recovery of 89% after 9 stretching cycles. SWING@Soleil, respectively, as well as Fabrice Brunel for performing temperature-dependent SAXS/WAXS experiments.

Scheme 1 .

 1 Scheme 1. Synthesis of EBR-b-PE diblock copolymers via CCTP.

Scheme 2 .

 2 Scheme 2. Synthesis of triblock copolymers using a (1)/PDMB catalyst.

  11d PE3K-b-EBR10K-b-PE3K-b-EBR10K-b-PE3K-b-EBR10K-bmL of toluene, 4 bars, 90°C (80°C for run 11), E/B = 80/20 mol%, [Nd] = 250 µM, [MesMgBr] = 1.5 mM, [PDMB] = 2.5 mM (run 9 and 11), 1.25 mM (run 10) and [a] Mn theo = yield/(nCTA), for the multiblock copolymer the expected Mn was considered. [b] Determined by SEC in 1,2,4-trichlorobenzene at 150°C. [c] Determined by DSC. [d] Determined by DSC ΔH100%PE = 293 J g -1 .

  ), the melting temperature of the PE block decreased when extending the PEb-EBR-b-PE triblock (113.9°C) to the EBR-b-PE-b-EBR-b-PE-b-EBR pentablock (104.4°C) (Table

Figure 2 .

 2 Figure 2. a,b) DMA analysis of block copolymers in tensile mode (1 Hz, 3°C min -1 ). c) Tensile testing (RT, 500 mm min -1 ). 1450% elongation corresponds to the maximal course and indicates that the samples did not break during the test.

Figure 3 .

 3 Figure 3. Modulus mapping through PeakForce AFM of samples a) EBR45k-b-PE9k, b) EBR30k-b-PE6k, c) EBR15k-b-PE3k, d) Multiblock 11d, e) PE6k-b-EBR60k-b-PE6k, f) PE3k-b-EBR30k-b-PE3k. The color scales are in Pa. 0 2 4 6 8 10 12 14A

Figure 4 .

 4 Figure 4. Elastic recovery after cyclic extension of the block copolymers at RT up to 300% elongation.

  b-EBR 60K -b-PE 6K

Table 1 .

 1 Molar masses and thermal properties of EBR and EBR-b-PE diblock copolymers discussed in this manuscript.

	Run	Polymer	[BOMAG] (mmol L -1 )	Yield (g)

Table 2 .

 2 Molar masses and thermal properties of PE-b-EBR-b-PE triblock and multiblock copolymers discussed in the manuscript.

	Run	Polymer	Yield (g)	Mn theo [a] (g mol -1
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