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Efficient and rapid organocatalyzed ring-opening polymerization (ROP) of trimethylene carbonate (TMC) and epsilon caprolactone (ε-CL) was reported for the synthesis of PTMC-b-PCL-b-PTMC block copolymers with controlled architectures and desired block proportions. These block copolymers were processed as thin films, and the improvement of their stability and mechanical properties was achieved via an additional reticulation step of previous chain-end methacrylation. Subsequently, the morphology (phase separation and crystallinity) of these semicrystalline block copolymers was investigated by differential scanning calorimetry (DSC) and atomic force microscopy (AFM). DSC measurements of such block copolymers with χABN values higher than 20 showed two distinct glass-transition temperatures, thus indicating a phase-separated system. As expected, the crystallinity-driven phase-separated morphology predominated as revealed by AFM analysis of the block copolymers. The crosslinking step at the melt state, hence creating a dense polymer network, revealed to not disturb the crystallinity phenomenon. However, melt-state cross-linked block copolymer thin films manifested to be sensitive to rapid liquid nitrogen quenching. Thereby, as evidenced by AFM, under these circumstances, thermodynamically driven phase separation clearly predominates over the originally crystalline one. The cross-linked thin films remained stable even after 4 months with access to thermodynamical phaseseparated morphologies at temperatures below the poly(ε-caprolactone) melting point. Precisely, this coexistence of dual crosslinked/crystalline networks in the same copolymer structure allowed us to establish, for the first time, the shape-memory properties in such block copolymers, as verified by thermomechanical analysis.

INTRODUCTION

Biodegradable and biocompatible polymers are considered as starting materials for potential applications in both industrial and medical eco-friendly fields. 1 Among them, aliphatic merization techniques. Accordingly, as a result of the recent 35 advances in ring-opening polymerization (ROP), random, 36 gradient, or block copolymers containing PCL blocks have 37 been reported in the literature. 5 -7 Thus, various copolymers of 38 polyesters such as poly(ε-caprolactone) (PCL) are particularly studied for drug delivery, tissue engineering, or even as packaging alternatives due to their easy processability and PCL with poly(lactide), poly(glycolide), or poly(ethylene 39 glycol) have been developed mainly as systems with lower-40 tuned degradation rates. 8,9 Furthermore, amorphous poly-41 overall versatility. [2][3][START_REF] Bartnikowski | 1-Confined crystallization morphology of poly(epsilon-caprolactone) 789 block within poly(epsilon-caprolactone)-poly(l-lactide) copolymers. 790 20[END_REF] The widely affordable PCL offer interesting physical properties with low glass-transition and melting temperatures (Tg ≈ -60 °C; Tm ≈ 60 °C). Nevertheless, the high crystallinity and the moderate mechanical characteristics of PCL homopolymer represent a limiting factor to a broader scope of applications. However, the properties of a homopolymer can be modified via copoly-(trimethylene carbonate) (PTMC) is well known in both tissue engineering and drug delivery domains due to its soft and elastic properties and harmless degradation products during metabolic processes. 10,11 Therefore, copolymerization of TMC with ε-CL can lead to materials combining elasticity, softness, and bioresorption with a great potential in nerve guide reconstruction and as antithrombotic stents. 12,13 A commonly used method for the synthesis of triblock copolymers with controlled architectures is based on the preliminary creation of a middle "prepolymer" block. The latter carries reactive terminal groups being able to initiate the synthesis of the terminal blocks, achievable by either "one-pot" or "two-step" block copolymerizations. Nevertheless, particular attention needs to be devoted in the choice of appropriate catalytic systems. In practical terms, the ROP of cyclic esters linking allowed the conservation of microphase-separated 105 morphologies. 25 On the contrary, un-cross-linked samples of 106 the same block copolymer undertook morphological changes 107 upon crystallization, leading to alternating structures of 108 amorphous layers and crystalline lamellae. As a matter of 109 fact, this study designates the cross-linking reactions as a 110 method for governing morphological phenomena in block 111 copolymers with crystalline chains. Additionally, it has to be 112 noticed that the combination of double-organized systems, 113 displaying crystalline and cross-linked networks, can lead to 114 materials with remarkable properties. Thereby, radiation-cured 115 PCL has been reported as one of the first shape-memory 116 materials presenting low recovery temperatures and large 117 recovery deformations. 26,27 Nonetheless, smart materials with 118 shape-memory properties based on PTMC-PCL block 119 and also cyclic carbonates can be generally ensured via copolymers have not been reported to date. 120 cationic, anionic, or coordination-insertion mechanisms.

Historically, syntheses of copolymers based on ε-CL with TMC were catalyzed by zinc, tin, bismuth, or aluminum dtransition-metal complexes, as well as rare-earth metals, [START_REF] Jia | Synthesis and characterization of ABA-type block copolymers of 761 amorphous block[END_REF]15 generally leading to high-molecular-weight copolymers. However, such organometallic catalysts show satisfactory reactivity rates only after long periods (≈3 days) while demanding overly elevated reaction temperatures causing potential transesterification reactions. 16 Additionally, good control of the block composition and especially the absence of residual metals in the final polymer are nowadays more and more required, especially when targeting biomedical applications. 17 Hence, alternative organocatalysis appears as a promising way and

In this work, we report a different organocatalytic pathway 121 for controlled, rapid, and metal-free synthesis of PTMC-b-122 PCL-b-PTMC. Block copolymers with different molar ratios 123 were chemically characterized via NMR spectroscopy, size-124 exclusion chromatography (SEC), and differential scanning 125 chromatography (DSC), while the phase organization was 126 observed via atomic force microscopy (AFM). The chain-end 127 methacrylation was effectuated so that the polymers could 128 cross-link under UV irradiation. Thereupon, the effects of 129 cross-linking as well as the copolymer composition on the 130 crystallinity and phase separation were discussed. Finally, the 131 simultaneous existence of both cross-linked and crystalline 132 networks allowed the conception of a shape-memory polymer 133 shows successful polymerizations. TMC/ε-CL copolymers are also attractive to be studied in terms of the crystallinity-phase separation interrelationship in consideration of the dissimilar amorphous and semicrystalline nature of the two blocs. In general, the crystallization behavior in single-crystalline block copolymers is simpler than the one occurring in double-crystalline block copolymers. 18,[START_REF] Muller | Self-nucleation and 777 ■ crystallization kinetics of double crystalline poly[END_REF] Nevertheless, in both cases, the competition between phase separation and crystallization phenomena will have a direct impact on the microstructure morphology. Phase separation, due to the thermodynamic incompatibility of both blocks, will favor the formation of self-assembled nanodomains. On the other hand, a succession of amorphous and crystalline layers is expected upon the predomination of crystallinity. Consequently, the crystallization (Tc) and melting (Tm) temperatures of the crystalline block, as well as the glass-transition (Figure 1). 

MATERIALS AND METHODS
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temperatures (Tg) have a direct impact on the resulting polymer properties. The crystallization phenomenon in PCL homopolymers and in some of the PCL block copolymer systems such as PCL-PEO, PCL-PLLA, PCL-PPDX, or PCL-PS-PB has been extensively studied. [START_REF] Kim | Polycaprolactone: a biodegradable crystallization behavior of poly(L-lactide)-block-poly(epsilon-capro-782 polymer with its application in the field of self-assembly study[END_REF][START_REF] Cui | Crystallization enhanced thermal-sensitive hydrogels of PCL-PEG-785 Hasirci, N. PCL and PCL-based materials in biomedical applications. PCL triblock copolymer for 3D printing[END_REF][22] In spite of that, phase separation and crystallization developments occurring in biodegradable PTMC-b-PCL block copolymers have been poorly investigated. The crystallization can be possibly influenced by the presence, position, and amount of amorphous PTMC blocks, hence pointing out to differing 2.1. Materials. ε-Caprolactone (ε-CL) was obtained from Santa 135 Cruz Biotechnologies (Germany), and trimethylene carbonate 136 (TMC) monomer was purchased from Foryou Medical (China). 137 The catalysts [1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD), methane-138 sulfonic acid (MSA), tin(II) 2-ethyl hexanoate (Sn(oct)2), initiator 139 (1,6-hexanediol, 99%), methacrylic anhydride (MMA), and triethyl-140 amine (TEA)] were purchased from Sigma-Aldrich (France) and used 141 as received. 2-HydroXy-2-methylpropiophenone (Darocur 1173) was 142 provided by BASF Chemicals (Germany). Anhydrous toluene 143 (99.8%) purchased from Sigma-Aldrich (France) and anhydrous 144 dichloromethane retrieved from solvent purificator Inert PureSolv 145 organized morphologies. 23 To the best of our knowledge, only (France) were used as polymerization solvents.

146 Castillo et MSA as a catalyst using 1,6-hexanediol as an initiator. In the case of the first catalytic system, ε-CL monomer (10 g, 87.7 mmol, 100 equiv), Sn(Oct)2 (0.01 g, 0.0247 mmol, 0.028 equiv), and 1,6hexanediol (0.104 g, 0.877 mmol, 1 equiv) were reacted in the bulk at 100 °C for 24 h. Otherwise, while using MSA (0.118 g, 1.23 mmol, 1.4 equiv) as a catalyst and anhydrous toluene (20 mL, [ε-CL]0 = 4.4

In the case of photo-cross-linked films, prior to spin-coating and UV 225 irradiation, 5 wt % Darocur 1173 photoinitiator with respect to the 226 polymer was added to the solution formulation for thin films. 227 Afterward, the irradiation was performed in a UV cross-linker Bio-228 Link chamber (Thermo Fisher, France). The irradiation time was 10 229 min at 100 J•cm -2 using 365 nm wavelength at 10 cm from the surface 230 mol•L -1 ) as a solvent, the reaction miXture was stirred at 60 °C for 2 of the specimens. 231 h. For the same synthesis at room temperature, anhydrous 2.2.8. Weight Fraction Degree of Crystallinity (Xc). The degree of 232 dichloromethane was used as a solvent (70 mL, [ε-CL]0 = 1.25 mol•L -1 ) with a reaction time of 6 h. Monomer conversion was crystallinity was deduced from eq 1.

ΔH (T )

233 evidenced via 1 H NMR, and in the case of MSA catalysis, the reaction media was neutralized with 3 times molar excess of triethylamine

Xc = f m
ΔHf 0 (Tm 0 ) (1) 234 (TEA). Finally, the polymer was precipitated in cold methanol and where ΔH (T ) represents the enthalpy of fusion measured by DSC 235 dried in a vacuum oven for 24 h (97% yield). 

• R is the universal gas constant (8.314 J•mol -1 •K -1 ),
• T is the absolute temperature, 244 245 dure for the MSA-catalyzed PCL homopolymer synthesis at room

• νAB is the geometric mean of molar volumes of PTMC and 246 temperature stated above, once the conversion of the previous reaches PCL polymers, and 247 >99%, TBD (2.5 equiv to MSA) is added to the reaction media, to neutralize the acidic catalyst, thus instantly allowing the TMC • (δA -δB) 2 is the cohesive energy density in J•cm -3 from 248 Hildebrand solubility parameters of both polymers (δPTMC and 249 polymerization step to carry on. After complete conversion of the TMC monomer under 1.5 h, the TBD was quenched with a 3 times δPCL).

250 molar excess of acetic acid. In the final step, the polymer was slowly precipitated in cold methanol, washed several times with the same solvent, and finally dried in a vacuum oven for 24 h. The TMC conversion rate was >97%, and the final yield of the reaction was

The product χABN term values representing the segregation 251 strength of our systems are described in Table S1. The coefficient 252 N represents the number of repeating units of both blocks, whereas in 253 our studies, the number of repeating units of the middle block 254 about 96%.

(PTMC or PCL) was fiXed to 100. 255

Standard Procedure for the One-Pot Synthesis of the PCL-

The volume fraction of the PTMC block was deduced from eq 3, 256 b-PTMC-b-PCL Triblock Copolymer. Following the previously reported procedure for PTMC synthesis with rapid TBD catalysis, and f PTMC + f PCL= 1 for symmetrical systems.

M w PTMC × d PTMC

257

once the conversion of the latest reaches its maximum, MSA (2.5

f PTMC = (M w × d ) + (M w × d ) (3 
) equiv to TBD) was added to the reaction media to quench the basic PTMC PTMC PCL PCL 258 catalyst. In the round-bottom flask, an additional volume of anhydrous DCM ([ε-CL] 0 = 1 mol•L -1 ) was added. Finally, the ε-where dPTMC = 1.31 g•cm -3 and dPCL = 1.14 g•cm -3 are the respective 259 CL monomer (11.08 g, 97.2 mmol, 100 equiv) was introduced and densities of PTMC and PCL polymers.

260 the reaction was allowed to continue for 2 h. Finally, MSA was neutralized with 3 times molar excess of TEA, and the polymer was concentrated under vacuum, then slowly precipitated, and washed 2.3. Methods. 2.3.1. NMR Spectrometry and Size-Exclusion 261 Chromatography (SEC) Analyses. The samples for NMR and SEC 262 analyses were prepared as previously described in our previous works, 263 and the respective measurements were performed using the apparatus 264 numerous times in cold methanol before being dried in a vacuum described in the same publication. [START_REF] Toshikj | A simple and general approach for the synthesis of biodegradable triblock copolymers by organocatalytic ROP from poly(lactide) macroinitiators[END_REF] 265 oven for 24 h. The ε-CL conversion rate was 95% with a final reaction yield of 93%.

Synthesis of PTMC-b-PCL-b-PTMC and PCL-b-PTMC-b-PCL Dimethacrylate.

Both classes of PTMC-PCL hydroXyl-terminated block copolymers were methacrylated using methacrylic anhydride (MMA) in the presence of triethylamine (TEA). First, the block copolymers were dissolved in anhydrous dichloromethane ([triblock copolymer]0 = 0.2 g•mL -1 ) in a round-bottom flask, then MMA and TEA (with 6 molar equivalents with respect to the polymer) were introduced. The reaction proceeded for 7 days at room temperature in the dark. The dimethacrylated block copolymers were later purified by precipitation in cold methanol, dried in a vacuum oven at room temperature for 24 h, and stored at -18 °C until further use.

Differential Scanning Calorimetry (DSC)

. DSC analysis and 266 measurements of the thermal conduct of the materials were 267 performed on a Mettler Toledo (Mettler Toledo, France) DSC1 268 calorimeter where constant calibrations were implemented via 269 biphenyl, indium, bismuth, zinc, and cesium chloride standards. To 270 erase the thermal history of the samples, they were heated between 271 -150 and 100 °C at a rate of 20 °C min -1 while using nitrogen as a 272 purge gas. Samples within the 10-15 mg range of PTMC and PCL 273 homopolymers as well as their corresponding blend and triblock 274 copolymers were subjected to thermal analysis after purification, 275 drying, and in some cases cross-linking and speed cooling. All of the 276 samples were measured in the second scan of DSC thermograms at 277 the midpoint of transition for the glass-transition temperature and at 278 2.2.6. Blending PTMC and PCL Homopolymers. A blend (50/50 the maximum peak for the fusion and crystalline temperature.

279 wt %) of the homopolymers was dissolved in small excess of the dichloromethane (good solvent for both polymers) and stirred for 24 h. The blend was separated by first evaporation of the solvent and then drying in a vacuum oven for 24 h.

Preparation of Polymer Thin Films.

Thin polymer films for AFM were prepared by spin-coating (4000 rpm during 90 s) of 10 wt % polymer solutions in dichloromethane on clean Si wafer substrates.

Atomic Force Microscopy (AFM). 2.3.3.1. Peak Force 280

Quantitative Nano-Mechanical Property Mapping (PF-QNM). 281 Mechanical characterization was performed with a Multimode AFM 282 instrument (from Bruker Corporation) upgrade with Nanoscope V 283 using PF-QNM imaging mode. First, a Bruker-RTESPA-300-30 probe 284 with a spring constant of the lever of 38.5 N m -1 and a tip radius of 50 285 nm was used for samples at images 1, 2, and 3, and second, a Bruker-286 m p RTESPA-150-30 probe with a spring constant of the lever of 2.18 N 1) and εp(N) are the strains of the sample once the sample has fully 322 m -1 and a tip radius of 50 nm was used for all of the other samples. After an initial step to calibrate sensitivity deflection and sync distance QNM on a sapphire sample from Bruker Instruments, these values were confirmed during measurement on a blend of polymers (PS-recovered in two successively passed cycles.

RESULTS AND DISCUSSION

323 LDPE) from Bruker, providing an indentation modulus of around 100 MPa for LDPE phase. The applied maximum load was set at 60 nN for all of the measurements with RTESPA-150 tip, and the peak force amplitude was set at 60 nm. For measurements with RTESPA-300, the maximum load was set at 25 nN and the peak force amplitude was set at 20 nm. The obtained force versus separation curves were analyzed in real time to obtain different mechanical properties: adhesion force, elastic modulus, deformation, and energy dissipation. The well-known DMT model was used to fit retract curve to calculate indentation modulus (Poisson's coefficient set at 0). [START_REF] Derjaguin | Quantifying the 889 Contact Deformations on Adhesion of Particles[END_REF] These values were then sent to different data channels that are shown as a set of different images simultaneously with the topography image.

Dynamic Mechanical Analysis (DMA)

. DMA was carried out using a Metravib DMA 25 with Dynatest 6.8. The cyclic thermomechanical tensile tests were performed using 11 × 11 × 1 mm films as follows: the sample was stretched at a temperature of 70 °C to an elongation of 10% (step 1). The stretched sample was kept at this elongation for 10 min, then cooled to 30 °C at a cooling rate of 0.3 °C min -1 (step 2), and equilibrated at this temperature for 30 min. The sample, being in its temporary fiXed state, was unloaded to σ = 0 MPa (step 3), and the temperature was increased to 70 °C at a heating rate of 10 °C min -1 (step 4) and held there for 10 min. This 3.1. Block Copolymer Synthesis and Characteriza-324 tion. With regard to advanced organocatalysis, eco-friendly 325 MSA has been notably used for mild and controlled 326 polymerizations of ε-CL, initiated by both primary and 327 secondary alcohols. [START_REF] Gazeau-Bureau | S. Organo-catalyzed ROP of epsilonradiation crosslinked poly(epsilon-caprolactone)[END_REF] On the other hand, organocatalysis for 328 the ROP of cyclic carbonates has been less explored. In fact, 329 the previously reported sulfonic Bronsted acid catalyst for the 330 ROP of TMC is known to potentially produce troublesome 331 secondary decarboXylation reactions due to the coexistence of 332 activated monomer (AM) and activated chain-end (ACE) 333 mechanisms. [START_REF] Delcroix | Ring-Opening Polymerization of Trimethylene Carbonate Catalyzed by Methanesulfonic Acid: Activated Monomer versus Active Chain End Mechanisms[END_REF] However, Couffin et al., while employing MSA 334 organocatalysis, succeeded in achieving PCL-b-PTMC-b-PCL 335 and PTMC-b-PCL-b-PTMC triblock copolymers with low 336 polydispersities by a sequential addition of the monomers and 337 catalytic cross-propagation. [START_REF] Couffin | Mild and Efficient Preparation of Block and Gradient Copolymers by Methanesulfonic Acid Catalyzed Ring-Opening Polymerization of Caprolactone and Trimethylene Carbonate[END_REF] Interestingly, in our case, the 338 optimal copolymerization conditions were obtained by altering 339 the catalytic pathway for the synthesis of the second PTMC 340 block. Accordingly, we investigated a nucleophilic activation of 341 TMC via guanidine molecules such as TBD in favor of the 342 synthesis of PTMC-b-PCL-b-PTMC block copolymers via 343 program was repeated three times with the same sample (N = 3). dihydroXylated PCL first route (Figure 2).

f2

The strain fiXity ratio Rf and the strain recovery ratio Rr were calculated from eqs 4 and 5, respectively.

R (N) = εu(N)

A successful copolymerization in this case could be carried 345 out by either two-step or "one-pot switch catalysis" polymer-346 ization. Therefore, in regard to less time-consuming synthetic 347

f 317 εm(N) εm(N) -εp(N) (4)
procedures, we proceeded with the one-pot switch catalysis 348 copolymerization. For that purpose, first, the PCL prepolymer 349 was synthesized in 6 h at room temperature by MSA catalysis. 350 The kinetics could be accelerated if needed, and the 351 reported MSA copolymerization (PTMC/PCL triblock copolymers of 30 000 g•mol -1 demanded 24 h of synthesis). [START_REF] Couffin | Mild and Efficient Preparation of Block and Gradient Copolymers by Methanesulfonic Acid Catalyzed Ring-Opening Polymerization of Caprolactone and Trimethylene Carbonate[END_REF] The synthesis of block copolymers with different molar ratios was consistent with the established protocols and reaction mechanisms. The efficient formation of pure PTMCb-PCL-b-PTMC triblock copolymers with controlled architectures was confirmed by 1 H NMR, two-dimensional diffusion-multiplet signal at 4.15 ppm assigned to CL-TMC and TMC-376 CL (CH2O-CO) linkages demonstrated negligible integrations, 377 thus indicating the absence of any secondary transesterification 378 reactions. The latter can be equally evidenced in the 13 C NMR 379 spectrum (Figure 3B), where the carbonyl signals of the 380 PTMC block (155 ppm) and PCL block (174.5 ppm) 381 remained joined so that no additional peaks implicating 382 ordered spectroscopy (2D DOSY)-1 H NMR spectroscopy, and transesterification process were present in between.

R r (N) = ε (N) -ε (N -1) (5) 
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SEC analyses, as presented in Figure 3.

In the 1 H NMR spectrum, the main signals of the PTMC and PCL blocks exhibit relative intensities in close concordance with the targeted molar ratios between the different blocks (PTMC/PCL = 50/50 in Figure 3A; PTMC/ PCL = 75/25 in Figure S1A; and PTMC/PCL = 25/75 for Figure S2A). The composition of the resulting copolymers can be determined by comparing the values of the characteristic signal ratios at 4.24 ppm from PTMC and 4.06 ppm from PCL. Moreover, the unique triplet signal corresponding to the Moreover, SEC analysis demonstrated low dispersities with a 384 monomodal population and an increase of molecular weight 385 compared to the initial PCL macroinitiator (Figure 3C and 386 Table 1). Finally, to further assist the previous character-387 t1 izations, the DOSY-NMR diffusion spectrum (Figure 3D) 388 revealed two separate diffusion coefficients between the PCL 389 macroinitiator and PTMC-b-PCL-b-PTMC block copolymer, 390 hence confirming the successful copolymerization and TMC 391 block initiation by the PCL unit. The diffusion coefficient of 392 the block copolymer was uniform, thus implicating a precisely 393 CH2OH PTMC chain end was clearly visible at 3.72 ppm. The controlled triblock copolymer architecture. In the meantime, the degree of crystallinity Xc of the PTMCb-PCL-b-PTMC block copolymers increased proportionally with the ratio of PCL (Table 2). As expected, the partial crystallinity rate of the samples increased simultaneously with the crystallization temperature of the triblock copolymers. 433 Interestingly, the partial crystallinity in the PCL-b-PTMC-b-PCL block copolymers was noticeably lower than that in PTMC-b-PCL-b-PTMC copolymer with the same molar ratio. Such a statement can be possibly explained by the confined crystallization of the PCL chains and their hindrance by the bulky PTMC100 middle block. In the case of the PTMC50/ PCL50 blend sample, we observe that for this well-phaseseparated system, the presence of PTMC hinders the crystallization of the PCL, thus confirming the previous 442 PCL50 comment.

PTMC50-b- PCL100- b-PTMC 50 PTMC150- b-PCL100- b- PTMC150 PTMC17-b- PCL100- b- PTMC17 PCL50-b- PTMC100- b-

395

On the other hand, the PCL-b-PTMC-b-PCL triblock 396 copolymer starting from dihydroXylated PTMC could not be 397 synthesized via TBD organocatalysis due to the insufficient 398 activity of ε-CL toward guanidine base (TBD). [START_REF] Toshikj | A simple and general approach for the synthesis of biodegradable triblock copolymers by organocatalytic ROP from poly(lactide) macroinitiators[END_REF] Thus, the 399 PCL-b-PTMC-b-PCL block copolymers employed in this 400 study were synthesized via one-pot MSA organocatalysis.

401

Ultimately, the triblock copolymers were photo-cross-linked 402 for the purpose of investigating the influence of such 403 occurrence on the phase organization. In this regard, the 404 block copolymers reported herein were end-functionalized 405 with methacrylate groups that are able to produce photo-cross-406 linked networks in the presence of a photoinitiator and UV 407 light. The high percentage of functionalization (>85%) can be 408 verified through the 1 H NMR spectrum (Figure S3) of the 409 methacrylated polymers by integration of the Ha and Hb 410 protons (5.5 and 6.1 ppm) of the characteristic peak of the 411 double bond of the methacrylate units and comparing them In regard to the phase separation properties of the block copolymers, two precisely distinct glass-transition temperatures (Tg) corresponding to each block could be observed in the PTMC50-b-PCL100-b-PTMC50, PCL50-b-PTMC100-b-PCL50, 447 and PTMC150-b-PCL100-b-PTMC150 block copolymers. Moreover, in all three cases, both the Tg from the PTMC block and the Tg from the PCL block were narrowly close to the glasstransition temperatures of the corresponding homopolymers, signifying a strongly segregated system. As a matter of fact, this argument is in accordance with the Flory-Huggins phase separation theory, where the χABN value (eq 2 and Table S1) for the block copolymers reported above is largely higher than the outlined limit for phase segregation of 10. [START_REF] Mai | Self-assembly of block copolymers[END_REF] However, the PTMC17-b-PCL100-b-PTMC17, having its χABN value close to 10, demonstrated a single glass-transition temperature of -45.7 °C, situated between those of the two homopolymers and undeniably close to the predicted value of -47 °C by the FoX equation for miscible systems. [START_REF] Castillo | Impact of the architecture on the crystallization powerful and versatile strategy to develop shape-memory polymers. 865 kinetics of poly(epsilon-caprolactone)/poly(trimethylene carbonate)[END_REF] In the first place, it is widely reported that the melting 419 temperature of the PCL homopolymer increases consistently 420 with its length. [START_REF] Ou-Yang | Bulk crystallization behavior of poly(epsilon-caprolactone) with a wide range of molecular weight[END_REF] In our case, the PCL100 homopolymer 421 demonstrated proper crystallinity with a melting temperature 422 of 63 °C, a value consistent with those reported in the 423 literature. [START_REF] Wang | Physical properties, crystallization kinetics, and spherulitic growth of well-defined poly(epsiloncaprolactone)s with different arms[END_REF] However, when PCL is blended or copolymerized 424 with PTMC, the melting temperatures decreased between 52 425 and 57 °C, independently of their molar proportions and block Therefore, we first validated mean-field theory requirements for thermodynamical phase separation in symmetric block copolymers systems (fA + f B = 1) (eq 3). In a second step, we were interested in exploring such phase-separated morphologies, where crystalline phase separation is conventionally known to predominate. Morphology studies on phase organization of PTMC-PCL copolymers have been poorly reported in the literature thus far. [START_REF] Castillo | Impact of the architecture on the crystallization powerful and versatile strategy to develop shape-memory polymers. 865 kinetics of poly(epsilon-caprolactone)/poly(trimethylene carbonate)[END_REF] As a matter of fact, phaseseparated structures of this block copolymer have never been thoroughly investigated by AFM studies. Thus, thin films obtained by the spin-coating technique with different conditions of assembly were analyzed with the assumption of visualizing a thermodynamically driven phase separation 476 426 positioning in the copolymer. Such a decrease of Tm morphology, as suggested by DSC.

427 demonstrates the impact of rubbery PTMC chains on the 428 crystallinity of PCL. [START_REF] Han | Preparation of poly(epsilon-caprolactone)/poly(trimethylene carbonate) blend nanofibers by electrospinning[END_REF] AFM images of PTMC50-b-PCL100-b-PTMC50 block copolymer thin films compared with thin films of a blend of same f4 f4 molar proportions are presented in Figure 4A,B. Herein, even though differences in size of spherulites are visible between the two images, spherulitic morphologies characteristic to crystalline PCL systems are present in both cases. Subsequently, we attempted room-temperature photo-cross-linking of the chain-end-modified copolymers, thus creating a physically linked polymeric network as a way to disturb the crystallinity of the system (Figure 4C). If eventually photocross-linking enabled to quench the system, thus inhibit the crystallization, we could expect to observe a thermodynamical phase-separated system. Nevertheless, the same result with of the thin films directly in their melted state, to investigate if 500 the dense polymer network could prevent the reappearing of a 501 crystallization-driven phase separation once the sample is 502 cooled down. For that purpose, methacrylated PTMC50-b-503 PCL100-b-PTMC50 block copolymer thin films were previously 504 thermally annealed at 80 °C (T > Tm (PCL)) and photo-cross-505 linked at the same temperature. In fact, cross-linking is usually 506 known to alter the semicrystalline nature of a polymer toward 507 an amorphous one. [START_REF] Paajanen | Crystallization of cross-linked polyethylene by molecular dynamics simulation[END_REF][START_REF] Sedov | Influence of the Cross-Link Density on the Rate of Crystallization of Poly(epsilon-Caprolactone)[END_REF] Unexpectedly, despite thermal 508 annealing and photo-cross-linking at the melted state, the 509 material retrieved its crystalline state upon cooling down, as it 510 predominant spherulitic crystalline networks was obtained as can be visualized in Figure 4D.

511 in un-cross-linked block copolymer thin films. The spherulitic domains were noticeably more discernible in the blend compared to the photo-cross-linked copolymer, signifying a stronger and more liberate crystallization in thin films of such a system.

SAXS literature data reported crystalline lamellar phaseseparated structures upon melt-state quenching of PTMC-PCL copolymers. [START_REF] Castillo | Impact of the architecture on the crystallization powerful and versatile strategy to develop shape-memory polymers. 865 kinetics of poly(epsilon-caprolactone)/poly(trimethylene carbonate)[END_REF] Subsequently, we attempted photo-cross-linking Undeniably, the density of the cross-linked PTMC network 512 in the PTMC50-b-PCL100-b-PTMC50 system was insufficient to 513 disrupt the crystallinity state of the PCL blocks. Thereafter, we 514 attempted photo-cross-linking of the PCL phase in PCL50-b-515 PTMC100-b-PCL50 block copolymers to observe if in such case, 516 where PCL is the side block, an impact on the crystallinity 517 could be noticed. Nevertheless, as it can be evidenced in the 518 image in Figure 4E, even though the spherulitic behavior was 519 much less apparent on the photo-cross-linked PCL terminal blocks, thermodynamical phase separation did not occur. Identical observations could be noted down for PTMC150-b-PCL100-b-PTMC150, a copolymer with a lower molar ratio of the crystalline block (Figure S5). Thus, even within lower volume fractions, the crystallization-driven self-assembly Table 3. Thermal Properties of Cross-Linked Copolymer Thin Films Measured by DSC with a Cooling Rate of 20 °C min -1a persisted.

Following the objective to investigate the effect of the semicrystalline blocks on the final organization with respect to processing, we attempted freezing of the morphology directly from the melted state by rapid liquid nitrogen quenching. Once immersed therein for a couple of seconds, the melted photo-cross-linked PTMC50-b-PCL100-b-PTMC50 block copolymer structure loosens its crystalline behavior. Hence, in lites. However, the same result was obtained for un-crosslinked quenched block copolymer, with slightly less defined thermodynamical phase separation (Figure 5A). Likewise, liquid nitrogen quenching enabled access to thermodynamically driven phase separation in the other cross-linked block copolymer system PTMC150-b-PCL100-b-PTMC150 (Figure S6). However, in the case of PTMC17-b-PCL100-b-PTMC17, a * after cross-linking; ** after cross-linking and LN2 quenching.

3.3. Shape-Memory Material and Mechanical Proper-582 ties. Polymers with shape memory properties feature the 583 ability to return from a deformed state (temporary shape) to 584 their original (permanent) shape through an external 585 stimulation. [START_REF] Lendlein | Shape-memory polymers[END_REF] In the case of thermoresponsive polymers, the 586 with a limiting value of χABN, no phase separation is expected as also evidenced in the DSC with a single glass-transition temperature.

Interestingly, random "wormlike" morphologies could be observed in each case of a thermodynamically phase-separated system, independently on the block emplacement or their volume fractions. Therefore, this study could possibly shape recovery is triggered by external temperature stimuli. 587 Shape memory polymer (SMP) is traditionally constituted of 588 both (i) cross-linked networks that stabilize the permanent 589 shape and (ii) semi-cross-linked phases, which are sensitive to 590 temperature and represent the so-called switching segments. 591 It is recognized that photo-cross-linking has been more and 592 more implemented as a tool for designing SMP. [START_REF] Luo | Highly Cross-Linked and Stable Shape-Memory[END_REF]43 On the 593 represent the starting point for further investigations in thermodynamically phase-separated PTMC-PCL block copolymer associations. In addition, the cross-linked and quenched block copolymer thin films retained their thermodynamical phase-separated structures even after 16-week storage at room temperature (Figure S7). Analogous image as that in the initial state could be observed, thus indicating stability in time of such systems. On the contrary, un-cross-linked, LN2-quenched thin films started recovering their crystalline state after 4 weeks (Figure S8). However, once the cross-linked and quenched system was submitted to temperatures higher than the PCL melting point, the crystallization took over once again (Figure S9). Therefore, to preserve a phase-separated system due to the thermodynamical incompatibility between the blocks, the block copolymer melt state needs to be quenched in liquid nitrogen, further photo-cross-linked, and preserved under 45 °C, which represents the beginning of the melting of the PCL blocks according to the DSC thermogram.

The thermal properties of the photo-cross-linked and liquidnitrogen-quenched thin films of PCL50-b-PTMC100-b-PCL50 other hand, PTMC photo-cross-linking can result in flexible 594 and tough form-stable networks with superior elastomeric 595 properties. 44 In addition, biodegradable SMP responding to 596 temperatures as external stimuli are of great interest, 597 particularly when the response temperature is low enough to 598 be used in daily life applications such as biological or medical 599 domains. 45 Therefore, to this extent, segmented copolymers 600 such as PTMC-PLLA or PCL-PLLA have been studied as 601 shape-memory materials. [START_REF] Navarro-Baena | Shape-PCL: From morphological, thermal and mechanical studies to shape 876 memory polymer networks from oligo(epsilon-caprolactone)-memory behavior[END_REF][START_REF] Pfau | PCL-878 Based Shape Memory Polymer Semi-IPNs: The Role of Miscibility in 879[END_REF][START_REF] Sharifi | Polymeric micro-882 structures with shape-memory properties for biomedical use built by 883[END_REF][49] However, smart SMPs based on 602 a biodegradable block copolymer are not common, and SMPs 603 based on specifically photo-cross-linked PTMC-PCL triblock 604 copolymers have never been formerly reported. Therefore, in 605 this study, as a result of the control on the crystallization that 606 we previously demonstrated, we examined the shape-memory 607 behavior in both PCL-b-PTMC-b-PCL and PTMC-b-PCL-b-608 PTMC block copolymers. As presented in Figure 6D, the 609 f6 shape memory effect was successfully evidenced on a cured 610 PTMC-b-PCL-b-PTMC film. The temporary shape was 611 achieved by cooling the polymer, which has been initially 612 deformed above the transition temperature. Shape recovery 613 occurred within 5 s once the film was placed above the 614 transition temperature, which corresponds to the melting point 615 and PTMC50-b-PCL100-b-PTMC50 block copolymers were of the sample (60 °C).

616 measured by DSC to analyze if these thermal treatments t3 disrupted the physical properties of the materials (Table 3).

The DSC measurements in Table 3 allow us to conclude that neither the cross-linking nor the liquid nitrogen quenching disturbs the crystalline network. Actually, both cross-linked and crystalline networks were maintained in the block copolymers independently on the emplacement of each block in the chains. The preservation of a crystalline network within a cross-linked system led us to the investigation of the shapememory properties in these PTMC-PCL triblock copolymers.

H

The shape-memory properties of the polymer networks were 617 quantified by cyclic, thermomechanical tensile experiments 618 (Figure 6A-C). 50 The strain recovery rate Rf and the strain 619 recovery rate Rr were calculated. Rf describes the ability to fiX 620 the mechanical deformation, which has been applied during 621 the programming process, and can be calculated by the 622 amplitude ratio of the fiXed deformation εu to the total 623 deformation εm. 627 The Rf values of all prepared samples were higher than 99% for starting point of the melting temperature and agreed with the t4 628 all cycles, whereas the Rr values were higher than 70% (Table t4 629 4). The shape-memory Tr (°C) properties varied slightly DSC scanning results. PTMC-PCL block copolymer shape-memory material was 635 recovery of γ-radiation cross-linked PCL. Our systems are affirmed and characterized with mechanical properties using 636 limited to two netpoints per polymer chains, which explains 637 the limited Rr. 

CONCLUSIONS

Figure 1 .

 1 Figure 1. Overview of the PTMC-b-PCL-b-PTMC block copolymer phase separation and the generated properties.

Figure 2 .

 2 Figure 2. Synthesis of PTMC-b-PCL-b-PTMC block copolymers with PCL first route by nucleophilic TBD activation and functionalization by methacrylate groups.

  Figure 3. Spectroscopy analyses of PTMC-b-PCL-b-PTMC triblock copolymer synthesized via anionic organocatalysis (TBD). (A) 1 H NMR spectrum in CDCl3 of the copolymer with the assigned signals; (B) 13 C NMR spectrum of the copolymer in CDCl3 with the assigned signals; (C) SEC chromatograms of PCL macroinitiator (in red) and final triblock copolymer (in black); (D) 2D DOSY-1 H NMR spectrum with distinct diffusion coefficients, the peaks of initial PCL homopolymer in red and the peaks of the triblock copolymer after reaction in black.

  418

Figure 4 .

 4 Figure 4. AFM height images (20 × 20 μm) from spin-coated DCM solution thin films. PTMC/PCL blend (A), PTMC50-b-PCL100-b-PTMC50 block copolymer (B), UV-cross-linked PTMC50-b-PCL100-b-PTMC50 block copolymer (C), thermally annealed and cross-linked PTMC50-b-PCL100-b-PTMC50 block copolymer thin film (D), and thermally annealed and cross-linked PCL50-b-PTMC100-b-PCL50 block copolymer thin film (E).

Figure 5 .

 5 Figure 5. AFM height images of liquid nitrogen (LN2)-quenched, un-cross-linked PTMC50-b-PCL100-b-PTMC50 BCP thin film (20 × 20 μm) (A) and cross-linked PTMC50-b-PCL100-b-PTMC50 BCP thin film (5 × 5 μm) (B).

f5Figure 5B ,

 5B Figure5B, we can assist to a thermodynamically driven phase separation, with the complete absence of spherulitic crystal-

Figure 6 .

 6 Figure 6. Thermomechanical shape-memory cycle of PCL50-b-PTMC100-b-PCL50 (A) and PTMC50-b-PCL100-b-PTMC50 (B) polymer network.It is represented that in both cases, upon elongating the network to 10% at 70 °C, followed by cooling down to 30 °C at constant strain, succeeded by a release of the applied stress, the specimen can recover to its original dimensions by heating up to 70 °C. In (C), the specimen elongation is plotted as a function of temperature. Herein, the onset temperature of recovery (Ts, vertical arrows (C), the temperature at which the network segments start to relax and a contraction of the sample can be observed) and the shape transition-temperature range (ΔTr) are indicated. Shape memory effect on the PTMC50-b-PCL100-b-PTMC50 film (D), with shape recovery in 5 s at 60 °C (just above the beginning of the melting state).

Table 4 .PTMC50a

 4 Shape-Memory Properties of PCL50-b-PTMC100-b-PCL50 and PTMC50-b-PCL100-b-PTMC50 Networks Measured by Cyclic Thermomechanical Analyses a PCL50-b-PTMC100-b-PCL50 99.97 85.5 ± 7 41 29To begin with, the effective synthesis of PTMC-b-PCL-b-PTMC block copolymers was achieved via guanidine base (TBD) organocatalysis. Controlled copolymer architecture and desired block proportions were verified through NMR and SEC characterizations. Besides, end functionalization with photosensitive methacrylate groups of the block copolymers when cross-linking the thin films. Pioneering AFM investigations on thin films of PTMC-The polymer networks were deformed at 70 °C, and the shape was fiXed at 30 °C. The shape-fiXity ratio (R ) and the shape recovery ratio PCL block copolymers allowed access to the visualization of (Rr) were assessed at 30 and 70 f °C, respectively. The onset thermodynamical phase separation in the semicrystalline 652 system. Liquid nitrogen quenching directly from melted state temperature of recovery (Ts) and the temperature range of the shaperecovery transition (ΔTr) are indicated in Figure6. 630 between the first and second cycles because of the long holding 631 time due to the slow cooling of the apparatus, which generate 632 segment-chain orientation and relaxation effects.50 After the 633 second cycle, Rf and Rr reached almost constant values. Zhu et al. proved a strong influence of the cross-link density on the enabled suppression of the crystallinity while photo-crosslinking led to preservation of the phase-separated morphology and stability in the long term. Hence, on account of deeper investigations in the morphology phenomena present in PTMC-PCL photo-cross-linked block copolymers, we were able to establish the simultaneous existence of dual crosslinked/crystalline network. Accordingly, for the first time, a 634 51

638

  It was found that the transition temperature of the 639 specimens was around 41 °C for PCL-b-PTMC-b-PCL and 640 49 °C for PTMC-b-PCL-b-PTMC. It is closely related to the the DMA technique. Furthermore, the transition temperature to the permanent shape being the PCL melting point, the shape memory properties can be customized by varying the PTMC and PCL block emplacement, as the latter proved to have a direct impact on the melting transition temperature Ts networks ΔTr Rf (%) Rr (%) (°C) (°C)

  

Table 1 .

 1 Molecular Weights and Dispersities of Synthesized Block Copolymers Measured by SEC

  This single Tg signifies that partial miscibility is observed in the case of short PTMC 462 412 with the peaks of the PTMC or PCL blocks. blocks. Crystallization and Phase Separation Behavior in 414 PTMC/PCL Triblock Copolymers, Established via DSC 415 and AFM Techniques. The thermal properties of the 416 different copolymers were evaluated by DSC and are presented t2 417 in Table 2 and Figure S4.

413 3.2.

Table 2 .

 2 Thermal Properties of the Polymers Obtained by DSC Analyses

		PTMC/PCL molar		Tg (PTMC)			|ΔHf (Tm)|	
	copolymers	ratio	Tg (PCL) (°C)	(°C)	Tc (PCL) (°C) Tm (PCL) (°C)	(J•g -1 )	Xc (%)
	PTMC150-b-PCL100-b-PTMC150	75/25	-56	-15	-6	56	21	15
	PTMC50-b-PCL100-b-PTMC50	50/50	-57	-16	17	57	42	31
	PTMC17-b-PCL100-b-PTMC17	25/75	-46	21	54	60	45	
	PCL50-b-PTMC100-b-PCL50	50/50	-57	-11	14	52	31	23
	PCL/PTMC blend	50/50	-58	-15	18	57	46	34

  The shape-recovery ratio Rr quantifies at what 624 extent the shape recovers in the Nth cycle (for N > 1) with 625 respect to the recovered shape of the previous (N -1)th cycle. 626

	block copolymer thin (PCL) Tg film (°C)	Tg (PTMC) (°C)	Tc (PCL) (°C)	Tm (PCL) (°C)	|ΔHf (J•g -1 ) (%) (Tm)| Xc
	PCL50-b-PTMC100-b-PCL50*	-55	-13.6	12.9	51	30	22
	PCL50-b-	-56	-17	13.5	51	30	
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