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Coarse-Grained Molecular Dynamics Modeling of Segmented Block Copolymers: Impact of the Chain Architecture on Crystallization and Morphology

We extend our recent coarse-grained model describing semicrystalline homopolymers to simulate the morphol-ogy and phase transitions of thermoplastic elastomers made of segmented (hard/soft) block copolymers. The generic model is adapted to match the physical characteristics of the two chemical units involved in the copolymer chains by using classic scaling rules. We investigate the crystallization kinetics of the hard segments as well as their phase separation from the soft units in either triblock or pentablock copolymers. We identify the soft segment molecular weight as a key parameter resulting in the following observations when decreasing the temperature from a homogeneous state. On the one hand, the phase separation preceding the crystallization process in triblock copolymers results in a constant temperature of crystallization when varying the soft segment length. On the other hand, the limited phase separation achieved in pentablock copolymers constrains them to crystallize at progressively lower temperatures while increasing the soft segment length. Finally, increasing the soft segment molecular weight was found to lead to a higher relative crystallinity which can be interestingly related to a rise of the loop segment's content.

INTRODUCTION

Thermoplastic elastomers (TPE) are widely used in the industry since the 1960s for their rubbery properties and ease of processing. They can be found in various applications such as dashboard elements, wires sheaths, and bitumen modifiers. [START_REF] Drobny | Handbook of Thermoplastic Elastomers[END_REF][START_REF] Amin | Thermoplastic Elastomeric (TPE) Materials and Their Use in Outdoor Electrical Insulation[END_REF][START_REF] Lu | Modification of road bitumens with thermoplastic polymers[END_REF][START_REF] Spontak | Thermoplastic elastomers: fundamentals and applications[END_REF] Their outstanding properties come from the specific chain morphology of these segmented block copolymers consisting of an alternation of soft and hard segments (respectively denoted SS and HS below) along the chain. [START_REF] Gaymans | Segmented copolymers with monodisperse crystallizable hard segments: Novel semi-crystalline materials[END_REF] While SS are made of an amorphous rubbery polymer at room temperature, HS are characterized by a higher glass transition temperature [START_REF] Vinogradov | Viscoelastic properties of butadiene-styrene block copolymers[END_REF] and a possible ability to associate with each other by crystallizing. [START_REF] Miller | Properties of Polyether-Polyurethane Block Copolymers: Effects of Hard Segment Length Distribution[END_REF] This particular chain morphology leads to a microphase-separated structure of soft and hard domains, the latter being glassy regions or crystallites. These hard domains behave like physical nodes linking the soft segments, in contrast to chemical cross-links in vulcanized rubbers. However, the structure-properties relationship of thermoplastic elastomers is still unclear. Experiments have pointed out that these materials can exhibit quite different morphologies according to their chemical composition and processing route, [START_REF] Gaymans | Segmented copolymers with monodisperse crystallizable hard segments: Novel semi-crystalline materials[END_REF][START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF] suggesting that interaction strengths between the blocks, chain rigidity, and thermal history are determining factors.

Actually, while the microphase separation and ordering processes in amorphous diblocks and triblocks are well understood with clear conclusions in both experimental [START_REF] Krause | Microphase Separation in Diblock and Triblock Copolymers of Styrene and α-Methylstyrene[END_REF][START_REF] Bates | Block CopolymersDesigner Soft Materials[END_REF] and theoretical [START_REF] Meier | Theory of Block Copolymers. I. Domain Formation in A-B Block Copolymers[END_REF][START_REF] Helfand | Block Copolymer Theory. III. Statistical Mechanics of the Microdomain Structure[END_REF][START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF] approaches, increasing the number of blocks in the chains makes their behavior significantly more complex. Theoretical works show that multiblock copolymers can present the same types of phases as in diblocks. [START_REF] D O B R Y N I N | C o m p u t e r -A i d e d Comparative Investigation of Architecture Influence on Block Copolymer Phase Diagrams[END_REF][START_REF] Matsen | Stable and Unstable Phases of a Linear Multiblock Copolymer Melt[END_REF] Nevertheless, structural characterizations also show that changing the number of blocks can be a useful tool to tune the phase diagram [START_REF] Spontak | Thermoplastic elastomers: fundamentals and applications[END_REF][START_REF] Lee | Sustainable Poly(lactide-bbutadiene) Multiblock Copolymers with Enhanced Mechanical Properties[END_REF][START_REF] Lee | Structure, and Properties of Alternating and Random Poly(styrene-b-butadiene) Multiblock Copolymers[END_REF][START_REF] Spontak | Perfectly-Alternating Linear (AB)n Multiblock Copolymers: Effect of Molecular Design on Morphology and Properties[END_REF] and the order-disordered transition, sometimes called the microphase separation transition (MST). [START_REF] ;C O C H R A N | Consequences of Block Number on the Order-Disorder Transition and Viscoelastic Properties of Linear (AB)n Multiblock Copolymers[END_REF][START_REF] Martello | Synthesis and Melt Processing of Sustainable Poly(ϵ-decalactone)block-Poly(lactide) Multiblock Thermoplastic Elastomers[END_REF][START_REF] Zhang | Evolution of Microphase Separation with Variations of Segments of Sequence-Controlled Multiblock Copolymers[END_REF] This transition is known to depend on four parameters: the interaction parameter, the fractions of each component, the chain length, and the number of blocks. [START_REF] Spontak | Perfectly-Alternating Linear (AB)n Multiblock Copolymers: Effect of Molecular Design on Morphology and Properties[END_REF][START_REF] Zhang | Evolution of Microphase Separation with Variations of Segments of Sequence-Controlled Multiblock Copolymers[END_REF] However, interpreting the consequences of additional blocks in the chain can sometimes be difficult because in most of these experimental studies both the number of blocks and the chain length change simultaneously. While increasing the chain length promotes the phase separation at higher temperatures, increasing the number of blocks tends to lower the MST temperature. This can be understood from the thermodynamic point of view and has been modeled by Krause considering surface energies at the junction of two consecutive blocks. [START_REF] Krause | Microphase Separation in Block Copolymers. Zeroth Approximation Including Surface Free Energies[END_REF] The full understanding of these ordering mechanisms becomes even more intricate when dealing with semicrystalline multiblock copolymers. The thermal behavior of such systems becomes quite complex with several phase transitions: glass transition of each block, melting/crystallization of each crystallizable block, and microphase separation transition. The morphologies obtained after crystallization are highly dependent on the relative values of these phase transitions temperatures. [START_REF] Panthani | Crystallization and Mechanical Properties of Poly(l-lactide)-Based Rubbery/Semicrystalline Multiblock Copolymers[END_REF] When the melting point of the crystallizable block exceeds the MST temperature, the crystallization can proceed from the homogeneous melt. [START_REF] Rangarajan | Morphology of Semicrystalline Block Copolymers of Ethylene-(Ethylene-aJf-propylene)[END_REF] In this case, crystallization can even induce the phase separation. [START_REF] Koo | Structure and Properties of Semicrystalline-Rubbery Multiblock Copolymers[END_REF] On the contrary, when the microphase separation transition occurs above the melting point, ordering happens before crystallization. If the glass transition of the amorphous segment is higher than the crystallization temperature of the other block, then the crystallization is forced to occur between the hard glassy domains. [START_REF] Ho | Crystallization-Induced Undulated Morphology in Polystyrene-b-Poly(l-lactide) Block Copolymer[END_REF][START_REF] Ho | Crystallization and Melting Behavior of Poly(ϵ-caprolactone) under Physical Confinement[END_REF][START_REF] Zhu | Phase structures and morphologies determined by self-organization, vitrification, and crystallization: confined crystallization in an ordered lamellar phase of PEO-b-PS diblock copolymer[END_REF][START_REF] Myers | Crystallization of Defect-Free Polyethylene within Block Copolymer Mesophases[END_REF] However, this is not the case for TPE. Thus, crystallization can reorder the melt morphology if the segregation strength is too weak. [START_REF] Loo | Modes of Crystallization in Block Copolymer Microdomains:Breakout, Templated, and Confined[END_REF] A crystallization confined to the phase-separated domains requires a higher segregation strength. [START_REF] Nojima | Size dependence of crystallization within spherical microdomain structures[END_REF][START_REF] Quiram | Crystallization of Asymmetric Diblock Copolymers from Microphase-Separated Melts[END_REF] In addition, the link between the structure and the mechanical behavior still remains elusive. Very few models can explain the role of the SS conformations on the rubbery modulus of these materials. [START_REF] Baeza | The Reinforcement Effect in Well-Defined Segmented Copolymers: Counting the Topological Constraints at the Mesoscopic Scale[END_REF] A reason for that is the difficulty to get such reliable topological information. To get a better understanding of this complex structuring behavior, one can use a simple coarse-grained molecular dynamics modeling. As mentioned above, TPE are made of segmented copolymers with two types of blocks (SS and HS), each one having specific chain rigidity, density, interaction strength, and ability to crystallize. These four criteria must be taken into account to correctly describe the TPE morphology and thermomechanical behavior. Generally, coarse-grained molecular dynamics simulations of block copolymers concern amorphous systems, with glassy and rubbery domains. [START_REF] Davris | A coarse-grained molecular dynamics study of segmental structure and mobility in capped crosslinked copolymer films[END_REF] These can be obtained by defining several regions containing each type of block [START_REF] Makke | Influence of Tie and Loop Molecules on the Mechanical Properties of Lamellar Block Copolymers[END_REF] or by starting from a homogeneous melt which will phase separate when decreasing the temperature. [START_REF] Yildirim | Multiscale Modeling of the Morphology and Properties of Segmented Silicone-Urea Copolymers[END_REF][START_REF] Cui | Thermomechanical properties and deformation of coarse-grained models of hard-soft block copolymers[END_REF][START_REF] Sethuraman | Segmental dynamics in lamellar phases of tapered copolymers[END_REF][START_REF] Komarov | Silicone-urea copolymer as a basis for self-organized multiphase nanomaterials[END_REF] It has been demonstrated that such models can provide a good description of the nonlinear tensile response of amorphous thermoplastic elastomers like SIS (styrene-isoprene) or SBS (styrenebutadiene) triblock copolymers. [START_REF] Parker | Nonlinear Mechanics of Triblock Copolymer Elastomers: From Molecular Simulations to Network Models[END_REF] Similar numerical models have been used to study the microphase separation transition and the resulting patterns for directed self-assembly systems. [START_REF] Lawson | Coarse grained molecular dynamics model of block copolymer directed self-assembly[END_REF][START_REF] Muller | Kinetics of directed self-assembly of block copolymers on chemically patterned substrates[END_REF][START_REF] Peters | Simulation study of the effect of molar mass dispersity on domain interfacial roughness in lamellae forming block copolymers for directed self-assembly[END_REF] Molecular dynamics simulations also demonstrated the key role of the copolymer architecture on the resulting morphology in solvent. The influence of the SS length [START_REF] Avaz | Soft segment length controls morphology of poly(ethylene oxide) based segmented poly(urethane-urea) copolymers in a binary solvent[END_REF] and grafting [START_REF] Kosovan | Amphiphilic Graft Copolymers in Selective Solvents: Molecular Dynamics Simulations and Scaling Theory[END_REF] have notably been investigated. Single c h a i ni nm e a nfield simulations have led to similar conclusions. [START_REF] Wang | Microphase Separation of Diblock Copolymer Brushes in Selective Solvents: Single-Chain-in-Mean-Field Simulations and Integral Geometry Analysis[END_REF] Besides, a recent study has shown the modification of the chain conformations when adding associating groups to the copolymer, resulting in the formation of intramolecular loops. [START_REF] Carrillo | Chain conformation of polymer melts with associating groups[END_REF] Apart from that, no molecular dynamics model describing the morphology and phase transitions in crystallizable segmented block copolymers has been reported to our knowledge.

Nevertheless, several coarse-grained models enable the simulation of semicrystalline homopolymers. Some of them are directly derived from atomistic simulations using a systematic coarse-graining procedure, as proposed for poly-(vinyl alcohol) (CG-PVA). [START_REF] Reith | Mapping Atomistic to Coarse-Grained Polymer Models Using Automatic Simplex Optimization To Fit Structural Properties[END_REF][START_REF] Meyer | Formation of Chain-Folded Structures in Supercooled Polymer Melts Examined by MD Simulations[END_REF][START_REF] Luo | Coding coarse grained polymer model for LAMMPS and its application to polymer crystallization[END_REF][START_REF] Jabbari-Farouji | Static and dynamic scaling behavior of a polymer melt model with triple-well bending potential[END_REF] The relationship between the semicrystalline structure obtained with this CG-PVA model and its mechanical behavior has been extensively studied by Jabbari-Farouji and co-workers. [START_REF] Jabbari-Farouji | Correlation of structure and mechanical response in solidlike polymers[END_REF][START_REF] Jabbari-Farouji | Plastic Deformation Mechanisms of Semicrystalline and Amorphous Polymers[END_REF][START_REF] Jabbari-Farouji | Role of the Intercrystalline Tie Chains Network in the Mechanical Response of Semicrystalline Polymers[END_REF] Another approach consists of using a generic coarse-grained model, such as the wellknown Kremer-Grest (KG) bead-spring model, [START_REF] Grest | Molecular dynamics simulation for polymers in the presence of a heat bath[END_REF][START_REF] Kremer | Dynamics of entangled linear polymer melts: A molecular-dynamics simulation[END_REF] and modifying its parameters to obtain an energetically favorable crystalline structure. [START_REF] Hoy | Simple model for chain packing and crystallization of soft colloidal polymers[END_REF][START_REF] Morthomas | Crystallization of finite-extensible nonlinear elastic Lennard-Jones coarse-grained polymers[END_REF] In such a model, beads represent groups of atoms interacting through two types of forces: covalent bonds and weak interactions. Each interaction is modeled by a potential leading to two equilibrium distances: the bond length l b and the distance between nonbonded beads r eq (see details in section 2.1). Hoy et al. showed that crystallization could be obtained by equalizing these two equilibrium lengths: l b = r eq . [START_REF] Hoy | Simple model for chain packing and crystallization of soft colloidal polymers[END_REF] However, this results in a very coarse crystallization, in which the beads are aligned in space to form crystals, but with unrealistic chain conformations. A very recent publication based on a similar approach to build semicrystalline linear and star homopolymers has shown that increasing the complexity of the chain architecture (increasing the number of arms) can inhibit the polymer crystallization. [START_REF] Giuntoli | Influence of polymer topology on crystallization in thin films[END_REF] Another approach consisting of changing the ratio r eq /l b to obtain a perfect crystalline structure has been recently implemented by some of us to model semicrystalline homopolymers. [START_REF] Morthomas | Crystallization of finite-extensible nonlinear elastic Lennard-Jones coarse-grained polymers[END_REF] The optimal set of parameters leading to a stable body-centered orthorhombic structure has notably been determined. This method has demonstrated its ability to model semicrystalline polymers with realistic morphologies such as folded chains, ties, and loop molecules. [START_REF] Zhai | Crystallization and Molecular Topology of Linear Semicrystalline Polymers: Simulation of Uni-and Bimodal Molecular Weight Distribution Systems[END_REF][START_REF] Zhai | Disentangling and Lamellar Thickening of Linear Polymers during Crystallization: Simulation of Bimodal and Unimodal Molecular Weight Distribution Systems[END_REF] In the present work, we propose to combine this technique to the simulation of segmented copolymers to model the structuring behavior of semicrystalline TPE previously studied from the experimental point of view. [START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF][START_REF] Baeza | Multiscale Organization of Thermoplastic Elastomers with Varying Content of Hard Segments[END_REF][START_REF] Dealmeida | Bimodal Crystallization Kinetics of PBT/PTHF Segmented Block Copolymers: Impact of the Chain Rigidity[END_REF] The article is organized as follows: After explaining the different methods and modeling aspects in section 2,w e present and discuss the results in three sections. First, results concerning the properties of the neat soft and hard homopolymers are presented in section 3.1. Then, section 3.2 details how the chain architecture influences the crystallization kinetics. Finally, the resulting morphologies are presented in section 3.3, and the relationship with the copolymer architecture is discussed. Section 4 is devoted to concluding remarks.

METHODS

2.1. Potentials. In the KG model, polymer chains are made of beads representing groups of atoms linked by nonlinear springs. The weak interactions between nonbonded beads separated by a distance r are given by a Lennard-Jones (LJ) potential:
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where ε is the depth of the potential well and σ corresponds to the distance at which the potential is zero.

The bonds between neighbors separated by a distance l are modeled by the combination of a finitely extensible nonlinear elastic (FENE) potential and a Weeks-Chandler-Anderson (WCA) potential (purely repulsive LJ potential):
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where k is the attractive force strength, R 0 the maximum length of the spring, and i k j j j j j i k j j j y

{ z z z i k j j j y { z z z y { z z z z z U l ll l () 4 1 4 for 2 WCA 12 6 1/6 ε σσ σ =′ ′ - ′ +≤ ′
where ε′ is the depth of the potential well and σ′ the distance at which the potential is ε′.

The parameters defining these potentials are chosen in a careful way which is described in sections 2.2 and 2.3. In the following, physical quantities related to the simulations are expressed in the LJ unit system. The energy, length, and time units are given by ε u , σ u , and τ u , respectively (with

m / uu u 2 u τ σε =
, where m u is the mass unit).

2.2. Copolymer Model. Modeling block copolymer chains requires using two types of beads, corresponding to the two types of blocks (SS and HS). This involves using two types of bonds (U bond SS and U bond HS ) and three types of weak interactions (U LJ SS , U LJ HS , and U LJ SS-HS ), defined by a total of 14 parameters. Two additional parameters have to be considered, the bead mass m b and the number of beads per segment N b , resulting in a total of 18 parameters. Because we wish the HS to be able to crystallize, the parameters for U bond HS and U LJ HS were directly set to the values found by Morthomas et al. [START_REF] Morthomas | Crystallization of finite-extensible nonlinear elastic Lennard-Jones coarse-grained polymers[END_REF] Then, the corresponding parameters for SS must be determined relative to the HS ones by taking into account the differences of chain rigidity, length, density, and interaction strength between the two types of blocks. This has been achieved in the same vein as the work of Svenaborg et al., who adapted the KG model to specific polymers by tuning the chain stiffness. [START_REF] Svaneborg | Grest models for universal properties of specific common polymer species[END_REF][START_REF] Svaneborg | Grest models for commodity polymer melts: Linking theory, experiment and simulation at the Kuhn scale[END_REF] The density can be expressed as chain length per unit volume. This quantity, expressed as the bond length l b divided by the volume of a bead V b in the model, is wished to match with the ratio of the Kuhn length l k over the volume occupied by a Kuhn monomer V k :

l V l V b b k k ≡ .
The volume occupied by a Kuhn monomer can be expressed as a function of the Kuhn molecular mass and the specific mass:

V M k k = ρ .
Also, the volume of a bead is related to the bond length in one direction and depends on the equilibrium distance between the nonbonded bodies in the two directions perpendicular to the axis of the chain: V b ∝ l b σ 2 . Combining these three relations leads to eq 4a, which can be used to fix the density of each type of block to a target value.

The chain stiffness is usually expressed as the Flory's characteristic

ratio C R Nl 2 bb 2 = ∞
(ratio between the mean-square end-to-end distance of the actual chain and the one resulting from a random walk). [START_REF] Rubinstein | Polymer Physics[END_REF] The freely rotating chain (FRC) model, which seems quite relevant in this case since all torsion angles are equally probable (no torsion potential in our model), provides the relation between C ∞ and the bond angle θ:

C 1c o s 1c o s = θ θ ∞ +⟨ ⟩ -⟨ ⟩ .
In consequence, the stiffness of the chain can be tuned by modifying the bond angle θ, which is usually achieved by adding a bending potential. [START_REF] Reith | Mapping Atomistic to Coarse-Grained Polymer Models Using Automatic Simplex Optimization To Fit Structural Properties[END_REF][START_REF] Meyer | Formation of Chain-Folded Structures in Supercooled Polymer Melts Examined by MD Simulations[END_REF][START_REF] Svaneborg | Grest models for universal properties of specific common polymer species[END_REF][START_REF] Svaneborg | Grest models for commodity polymer melts: Linking theory, experiment and simulation at the Kuhn scale[END_REF] However, we chose another way to tune the stiffness that does not require any additional potential and consists of changing the ratio r eq /l b . [START_REF] Morthomas | Crystallization of finite-extensible nonlinear elastic Lennard-Jones coarse-grained polymers[END_REF] Indeed, the bond angle is related to this ratio according to . Because we have already fixed σ in the LJ potential (i.e., r eq ) to control the density, we can only change l b to modify the angle. To do that, one can modify the minimum position of the bond potential by changing σ′ in the WCA part. To predict the effect of such a change on the chain stiffness, one can use the previous relation between r eq , l b , and θ to express the total potential U tot = U LJ + U bond as a function of the bond length l b (keeping the bond angle θ constant) or, in return, as a function of the bond angle θ (keeping the bond length l b constant). That way, the mean bond angle and bond length can be predicted by using the partition function: 

By using the expressions 3a and 3b, one can then find the optimal values of the bond potential parameters which lead to the target stiffness (expressed as Kuhn length l k ) which must be compared with the product l b C ∞ in the simulation. This is the meaning of eq 4b. The value of C ∞ is also related to the number of beads included in a Kuhn monomer: C ∞ = N b /N k . Because the number of Kuhn monomers N k can be simply expressed from the ratio between the mass of a segment M s and the Kuhn molar mass M k , one can obtain the total number of beads in a segment N b as shown in eq 4c. Following the same idea, the mass of a bead m b can be defined from eq 4d.

Finally, the interaction strength between the beads is controlled by the depth of the LJ potential ε. It is estimated from the solubility parameter δ of the polymer. Indeed, the latter is related to the square root of the interaction energy per volume unit which is described by eq 4e. These five considerations constitute the following system of eqs 4a-4e, which need to be solved to determine the simulation parameters corresponding to specific polymer properties.
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Once the parameters for HS and SS are calculated, the values for cross-interactions (HS and SS interacting together with U LJ SS-HS ) can be determined from the usual Lorentz-Berthelot combining rules expressed in eqs 5a and 5b.

HS SS

HS SS

σ σσ = + - (5a) HS SS HS SS εε ε = - (5b)
2.3. Systems. In this paper, the model is applied to the specific case of PBT-PTHF (poly(butylene terephthalate)-polytetrahydrofuran) copolymers whose target properties are provided in Tables 1 and2. One can note that some properties of PTHF and PBT are estimated from values concerning polymers of close chemistry (respectively PEO and PET) because of the lack of data in the literature. As mentioned before, the HS parameters were fixed to the values determined by Morthomas et al. [START_REF] Morthomas | Crystallization of finite-extensible nonlinear elastic Lennard-Jones coarse-grained polymers[END_REF] Only the size of the segment N b HS was adjusted according to eq 4c (see Table 3). Then the 

ρ HS a [g cm -3 ] l k HS b [nm] M k HS c
[g mol -1 ] corresponding SS parameters were determined so that the ratios between the HS and SS physical properties comply with the five scaling eqs 4a-4e. Bonds parameters k SS , R 0 SS , and ε′ SS were fixed to their classic values, leaving only one degree of freedom for varying the product l b C ∞ in eq 4b which was controlled by adjusting σ′ SS . This method results in a five equations system with five unkowns: m b SS , N b SS , ε SS , σ SS , and σ′ SS . All parameters calculations have been performed at a temperature of 4 ε u /k B , resulting in the numerical values presented in Table 4. As explained in section 2.2, the parameters values for crossinteractions ε HS-SS and σ HS-SS are deduced from eqs 5a and 5b.

δ HS d [MPa 1/2 ] M s HS [g mol -1 ] 1.
Although real TPE (such as PBT/PTHF) are often made of multiblock copolymers with 7 or 8 HS per chain on average, we restricted our simulations to the case of shorter chains to limit the computing time: pentablock copolymers (containing 3 SS and 2 HS) and dumbbells (triblock copolymers with 1 SS and 2 HS). The HS length was fixed to 21 beads, corresponding to a molar mass of 970 g mol -1 . For each copolymer type, seven samples were made with different SS lengths (between 5 and 114 beads) corresponding to molecular weights ranging from 130 to 3000 g mol -1 . In the following, they are denoted SSN b SS where N b SS is replaced by the number of beads per SS. The limit case of 0 bead per SS is also treated as a neat HS of 42 beads (denoted neat HS42), namely twice the length of a HS. Neat hard and soft polymer chains of 100 beads are also created and denoted respectively neat HS100 and neat SS100. The number of chains in each box is fixed to 500. The different chain architectures are detailed in Figure 1 and Table 5.

2.4. Simulation Procedure. All the molecular dynamics simulations are performed using the classic LAMMPS code. [START_REF] Plimpton | Fast parallel algorithms for short-range molecular Dynamics[END_REF] The copolymer chains are built using a radical-like polymerization algorithm (RLP) previously developed by Perez and co-workers. [START_REF] Perez | Polymer chain generation for coarse-grained models using radical-like polymerization[END_REF][START_REF] Mahaud | Polymer Chain Generation for Coarse-Grained Models Using Radical-Like Polymerization[END_REF] The simulation is performed in the NPT ensemble, using periodic boundary conditions, at P = 0.5 ε u /σ u 3 and T =4ε u /k B . It starts from a bath containing two types of loner beads (SS and HS types). 500 beads are randomly chosen to become radicals which will try to find a loner in their vicinity to bind to. The radical is then transferred to the new extremity of the molecule while the old one becomes an inner monomer. This procedure is repeated until the chain reached its target size, building the different blocks in a stepwise manner. A short delay of 5 τ u is introduced between each growth step so that the chain can relax all through its growth. At the end of this process, the remaining loner beads are removed and the system is equilibrated during 2 × 10 5 τ u .

Once the copolymer melt is generated and equilibrated, cooling ramps are performed until T = 0.01 ε u /k B at two different rates: 5 × 10 -5 τ u -1 and 5 × 10 -6 τ u -1 for the study of glass transition and nonisothermal crystallization, respectively.

To improve the statistics of the simulations, the whole equilibration and cooling ramp has been repeated on one system (pentablock SS76) replicated eight times in space (two times in each direction). This new system has been equilibrated during 5 × 10 5 τ u at T =4ε u / k B to obtain different (new) initial configurations in the whole box before starting the cooling ramp. A comparison with the results obtained on the small system is provided in Supporting Information section 1, showing the good reliability of these results.

2.5. Post-Treatment Analysis. Post-treatment analysis is performed right after equilibration or during the cooling ramp. To look at the chain conformations in the molten state, the mean-square internal distance (MSID) ⟨R 2 (n)⟩ is computed at T =4ε u /k B .I n addition, an entanglement analysis is performed using the Z1 code of Kroger et al. which uses geometrical considerations to extract the primitive path of a dense polymer melt. [START_REF] Kroger | Shortest multiple disconnected path for the analysis of entanglements in two-and three-dimensional polymeric systems[END_REF][START_REF] Shanbhag | Primitive Path Networks Generated by Annealing and Geometrical Methods:Insights into Differences[END_REF][START_REF] Hoy | Topological analysis of polymeric melts: Chain-length effects and fast-converging estimators for entanglement length[END_REF][START_REF] Karayiannis | Combined Molecular Algorithms for the Generation, Equilibration and Topological Analysis of Entangled Polymers: Methodology and Performance[END_REF] This algorithm is used to compute the molecular weight between entanglements M e .

The study of crystallization during the cooling ramp is performed using an algorithm recently developed by Perez and co-workers and based on hierarchical clustering. [START_REF] Morthomas | Crystallization of finite-extensible nonlinear elastic Lennard-Jones coarse-grained polymers[END_REF] It enables us to detect all the crystallites in the simulation box and estimate their size. Previous works using a similar coarse-grained model have shown that crystal clusters made of fewer than 50 beads are not stable over time. [START_REF] Zhai | Crystallization and Molecular Topology of Linear Semicrystalline Polymers: Simulation of Uni-and Bimodal Molecular Weight Distribution Systems[END_REF] Therefore, a threshold has been fixed so that every organized cluster below this size is considered as amorphous. The analysis of the amorphous segments is also part of the algorithm that provides a global insight into the chains conformation and network topology. It classifies the amorphous segments into four categories: "tie" if it Finally, the morphology of the multiphasic material is studied by using the radial distribution function (RDF) computed with the Ovito software. [START_REF] Stukowski | Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool[END_REF] To analyze the phase separation process, the RDF of HS beads is computed during the cooling ramp (having removed the SS beads from the box to keep the hard phase only). The resulting morphology after crystallization of the hard segments is also analyzed by computing the RDF on the crystallized HS beads only, at a fixed temperature T =1ε u /k B .

ρ SS a [g cm -3 ] l k SS b [nm] M k SS c [g mol -1 ] δ SS d [MPa 1/2 ] M s SS [g mol -1 ] 0.
m b HS [m u ] N b HS [-] ε HS [ε u ] σ HS [σ u ] k HS [ε u σ u -2 ] R 0 HS [σ u ] ε′ HS [ε u ] σ′ HS [σ u ]
m b SS [m u ] N b SS [-] ε SS [ε u ] σ SS [σ u ] k SS [ε u σ u -2 ] R 0 SS [σ u ] ε′ SS [ε u ] σ′ SS [σ u ]

RESULTS AND DISCUSSION

3.1. Impact of Chain Rigidity. The main difference between the two types of blocks constituting the copolymers is their chain stiffness. Considering the potentials parameters values, a FRC model predicts a C ∞ value of 6.19 for the HS and 4.47 for the SS at the reference temperature T =4ε u /k B . Figure 2a shows the normalized MSID C(n)=⟨R 2 (n)⟩/(nl b 2 ) which is expected to tend to these values for high n. Indeed, the graph shows C(100) ≈ 5.9 for the HS and C(100) ≈ 4.2 for the SS. Moreover, one can see that the full FRC prediction given by eq 6 is in good agreement with the effective C(n) curve. This indicates that the Kuhn lengths of our modeled systems are well controlled. To compare with the literature, these values can be expressed in terms of molecular weights (eq 4c), resulting in M e SS = 1180 g mol -1 and M e HS = 1070 g mol -1 , in good agreement with the available data: 1080-1420 g mol -1 for PTHF [START_REF] Das | Dynamic scaling in entangled mean-field gelation polymers[END_REF] and 1160 g mol -1 for PBT. [START_REF] Wang | Investigation on enhancement of weld strength between PMMA and PBT in laser transmission welding-Using intermediate material[END_REF] One can note that the numbers of Kuhn segments per entanglement strand are also qualitatively consistent with the data concerning similar chemistries, PEO and PET, for which N Ke equals respectively 14.7 and 5.5. [START_REF] Fetters | Chain Dimensions and Entanglement Spacings[END_REF] Such a result is of primary importance for a good modeling of the mechanical properties, in particular the plateau modulus.

Cn Rn nl n () () () 1c o s 1c o s 2 cos (1 cos ) (1 cos ) n 2 b 22 θ θ θθ θ = ⟨⟩ = +⟨ ⟩ -⟨ ⟩ - ⟨⟩ -⟨⟩ -⟨ ⟩ (6 
Two critical properties for TPE are the glass transition temperature T g and the crystallization (or melting) temperature T c (or T m ) of each block. Typical values of these temperatures follow T g SS < T m SS < T room < T g HS < T m HS to have a rubbery mechanical behavior at room temperature, T room .I n the case of PBT-PTHF systems, T g SS = -60 °C, T m SS =0°C, T g HS =6 0°C, and T m HS = 220 °C. [START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF][START_REF] Dealmeida | Bimodal Crystallization Kinetics of PBT/PTHF Segmented Block Copolymers: Impact of the Chain Rigidity[END_REF][START_REF] Mark | Polymer Data Handbook[END_REF] The model is expected to reproduce (at least in a qualitative way) this thermal behavior with the four phase transitions occurring at different temperatures. Indeed, the glass transition temperature is expected to be related to the chain stiffness C ∞ and the interaction energy ε, which have been both carefully adjusted for each block. Empirical models predict a linear dependence of the glass transition temperature with the cohesive energy per flexible unit, E coh . [START_REF] Kreibch | EinfluB der Segmentstruktur und der Vernetzung auf den Glasubergang Tg[END_REF] Considering a Kuhn segment containing C ∞ beads whose interaction energy is ε consequently leads to E coh ∝ C ∞ ε. Given the present parameters values, this quantity should be 3 times larger for HS compared to SS. To check the resulting difference of T g between the two modeled polymer chains, one needs to follow the evolution of the volume per bead during a quick cooling ramp (see section 2.4 for details). One can note that the glass transition temperature is expected to be rate-dependent (which is not studied here) because of its second-order nature, contrary to the melting/crystallization process. The results for both neat polymer chains are shown in Figure 2b. The glass transition temperature is extracted from the break in slope position, giving T g SS = 0.46 ε u /k B and T g HS = 1.5 ε u /k B . This seems to be in good agreement with the previous estimation of cohesive energy in HS being 3 times higher than the SS one. The crystallization temperature is also expected to be affected by both the chain mobility (which depends on the chain stiffness C ∞ ) and the driving force related to the interaction energy ε. The crystallization can be observed in a slower cooling process (see section 2.4 for details), and T c can be taken as the temperature at which the time derivative of enthalpy is maximum. Figure 2c gives T c SS = 0.9 ε u /k B and T c HS = 2.0 ε u /k B . These values are in qualitative agreement with our previous studies in which we reported that the isothermal crystallization of neat HS can start at ca. 2.3 ε u / k B . [START_REF] Morthomas | Crystallization of finite-extensible nonlinear elastic Lennard-Jones coarse-grained polymers[END_REF][START_REF] Zhai | Crystallization and Molecular Topology of Linear Semicrystalline Polymers: Simulation of Uni-and Bimodal Molecular Weight Distribution Systems[END_REF][START_REF] Zhai | Disentangling and Lamellar Thickening of Linear Polymers during Crystallization: Simulation of Bimodal and Unimodal Molecular Weight Distribution Systems[END_REF] As expected, the model leads to four distinct temperatures which qualitatively match the reality. A simple mapping of these results with the real temperatures cited above indicates that the room temperatureusual operating temperature for TPEshould be around 1 ε u /k B .

3.2.

Copolymer Architecture Drives Crystallization. In the previous part, we showed how the chain rigidity controls the conformation of the neat polymer chains. Thus, changing the copolymer morphology should impact the chain conformation. Figure 3 provides the MSID of both copolymer types evidencing that modifying the chain architectureby changing either the SS length or the number of segments enables to tune the chain stiffness between the two extreme cases corresponding to neat HS and neat SS. Indeed, the global rigidity of the chain increases when decreasing the SS length, i.e., when increasing the HS fraction. However, it is clear that the MSID of the copolymer does not follow a classic FRC model whose bond length and bond angle were taken as the averaged values of each neat polymer. In fact, the MSID curves are nonmonotonic, which is not related to any lack of equilibration but rather to the alternation of two rigidities in the copolymer chain (see the convergence of MSID over equilibration in Supporting Information section 2). In particular, one can notice the pronounced higher rigidity at the extremities of the dumbbellsending with HScompared to pentablocks whose ends are made of SS.

As explained in section 2.4, the nonisothermal crystallization of the copolymers is studied during a cooling ramp starting from the melt and ending in the SS glassy state. The rate (5 × 10 -6 τ u -1

) has been adjusted so that the crystallization can easily occur within a reasonable time. The phase transitions can be observed by looking at the evolution with temperature of the time derivative of enthalpy. The so-called thermograms of all copolymers are plotted in Figure 4. All the curves exhibit a peak between T = 1.5 and 2 ε u /k B corresponding to the HS crystallization. Its position can be taken as the crystallization temperature, T c HS . One can note the decreasing amplitude of the peak when increasing the SS length. This is due to the fact that the area under the peak is proportional to the degree of crystallinity of the whole system. Therefore, lowering the HS fraction obviously leads to smaller degree of crystallinity. A second peak corresponding to the SS crystallization can be observed at lower temperatures for the systems containing the highest fraction of SS (see the second peak at 1.2 ε u /k B for pentablock SS114 on inset of Figure 4a).

These results come together with the crystal analysis described in section 2.5. The algorithm quantifies the number of crystallized beads, distinguishing HS and SS, from which we can extract the relative fractions of crystallized HS and SS: φ HS and φ SS . Their evolution with temperature is represented in Figure 5 for both pentablock copolymers and dumbbells. The crystallinity remains zero down to a temperature close to T c HS determined on the thermograms. Then φ HS starts to increase up to a pseudoplateau ranging between 70% and 90% for 2 )a tT =4ε u /k B for pentablock copolymers (a) and dumbbells (b). Lines stand for the FRC predictions defined in eq 6 for neat soft and hard polymer chains. temperatures below 1 ε u /k B . One can note the good agreement between this value and experimental data obtained for multiblock copolymers made of short and monodisperse HS. [START_REF] Baeza | Multiscale Organization of Thermoplastic Elastomers with Varying Content of Hard Segments[END_REF] The increase of φ SS is much slower and leads to lower relative crystalline fractions (between 10% and 30% for temperatures below 0.5 ε u /k B ). This will be commented further.

An interesting result is the evolution of the HS crystallization temperature when changing the chain architecture. Figure 4a shows that increasing the SS length in pentablock copolymers tends to lower the value of T c HS .I n fact, the crystallization temperature ranges from ca. 1.6 ε u /k B for SS114 up to 1.9 ε u /k B for SS5. It is even higher for neat HS42 (T c HS = 2.0 ε u /k B ). This is also clear in Figure 5a when looking at the onset of the φ HS upturn which is postponed to lower temperatures when increasing the SS length. On the contrary, the crystallization kinetics of the pentablock copolymer tends to the one of neat HS when decreasing the SS length. These results are consistent with previous experimental studies on PBT-PTHF segmented block copolymers revealing that sufficiently short SS resulted in similar kinetics as for neat PBT. [START_REF] Dealmeida | Bimodal Crystallization Kinetics of PBT/PTHF Segmented Block Copolymers: Impact of the Chain Rigidity[END_REF] However, one can notice that this dependence on SS length is not present for dumbbells. T c HS ranges between 1.9 and 2 ε u /k B whatever the SS length (see Figure 4b), and the onset of the crystallinity increase is always at 2 ε u /k B (see Figure 5b). In other words, the HS crystallization is only impacted in the multiblock systems, not in the dumbbells (given the fixed HS length).

Figure 5 also shows the impact of the copolymer architecture on the SS crystallization kinetics. While neat SS crystallize at T c SS = 0.9 ε u /k B , SS inside the copolymers start crystallizing at temperatures much closer to T c HS , around 1.7 ε u /k B . In fact, it seems that the SS crystallization is initiated by the HS one. This is not surprising since the lattice parameters of both crystalline phases are very close. This is a consequence of the very similar LJ σ parameters for both SS and HS interactions (see Tables 3 and4) and the way we choose the value for cross-interactions (see Lorentz rule in eq 5a), promoting the SS crystallization from the HS crystalline walls. This is quite clear when looking at the snapshots of Figure 10 showing the crystalline structures only. There is no isolated SS crystallite: all of them are attached to their HS counterparts. However, we know from experimental studies that the real crystalline structures of PBT and PTHF have different lattice parameters preventing this promoted SS crystallization. [START_REF] Vainshtein | The Crystalline Structure of Polytetrahydrofuran[END_REF][START_REF] Yokouchi | Structures of Two Crystalline Forms of Poly(butylene terephthalate) and Reversible Transition between Them by Mechanical Deformation[END_REF] This artifact, generated by the choice of the potentials, should not affect the following results because of the relatively low crystalline SS fractions.

Focusing on the understanding of the HS crystallization kinetics, we propose below to follow the evolution of the systems during the cooling ramp above the crystallization point, namely between 3 and 2 ε u /k B . We know from scattering [START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF][START_REF] Baeza | Multiscale Organization of Thermoplastic Elastomers with Varying Content of Hard Segments[END_REF] and rheology [START_REF] Nebouy | Modeling shear-induced crystallization in startup flow: The case of segmented copolymers[END_REF] experiments performed on such segmented copolymers that a remaining phase separation is expected in the molten state, likely to play a major role on the crystallization kinetics and resulting network topology. The ordering process while cooling can be monitored by following the RDF of the HS beads. Its evolution with temperature is represented in Figure 6 for two couples of comparable systems having the same HS fraction and same chain length, but different numbers of blocks: (a) pentablock SS19 vs dumbbell SS57 (x HS = 42%) and (b) pentablock SS38 vs dumbbell SS114 (x HS = 27%). At high temperature (T =3ε u /k B ), the RDF curve is almost completely flat in the high-r range (for distances greater than the cutoff radius 2.5σ), suggesting there is no structuring at long distances. When decreasing the temperature, the shape of the RDF changes. A correlation peak progressively grows, which is the sign of structuring at this length scale. The HS start to form domains, separated from the SS by a distance r ≈ 30 σ u . It can be noted that this happens at temperatures higher than T c HS , meaning that the phase separation occurs before crystallization. Comparing then the pentablocks and the dumbbells clearly evidences that the phase separation occurs at higher temperatures in the latter. Therefore, an increase of the number of blocks seems to significantly delay the phase separation process, in good agreement with experimental studies comparing in a systematic way the melt structure in multiblock and triblock copolymers. [START_REF] Arun | The melt rheological behavior of AB, ABA, BAB, and (AB)n block copolymers with monodisperse aramide segments[END_REF] We propose to rationalize these differences between triblocks and pentablocks using the Krause theory, [START_REF] Krause | Microphase Separation in Block Copolymers. Zeroth Approximation Including Surface Free Energies[END_REF] which provides an expression of the free energy change on microphase separation of multiblocks copolymers made of A and B units using the lattice theory of polymers. Unlike classic approaches for diblocks, this model includes an additional entropy decrease caused by the immobilization of the A and B units which are linked at the interface between two blocks. The Krause prediction for free energy change on microphase separation is then where N r is the total number of sites, ν A and ν B are the volumes fractions of A and B units, respectively, χ AB is the Flory interaction parameter (which is a function of temperature, see Supporting Information section 3), z is the coordination number, N 0 is the number of chains, m is the number of blocks per chain, and ΔS dis is the entropy loss when one segment of a chain is immobilized. This model can be used to determine the MST temperature defined as the temperature at which the free energy change is zero. This temperature depends on the chain length (N r /N 0 ), fractions of A and B units (ν A and ν B ), interaction strengths (χ AB ), and the number of blocks m. In our case, the comparison between pentablock SS19 and dumbbell SS57 or pentablock SS38 and dumbbell SS57involves only the change of the parameter m. The application of this model to our systems is presented in Figure 7 where we can see the evolution of the free energy change on microphase separation with temperature for the four systems listed above (see Supporting Information section 3 for details concerning the application of the Krause model to our systems). Although we do not claim to determine the absolute values of the MST temperatures from this graph, we note the consistent order of magnitude for the four values: 1.5, 2.1, 2.7, and 3.8 ε u /k B for pentablocks SS19 and SS38, dumbbells SS57 and SS114, respectively. Moreover, the differences in terms of MST temperatures qualitatively match with the phase separation kinetics observed on the RDF (Figure 6). Basically, increasing the number of blocks makes the phase separation more difficult. In other words, the phase separation occurs at lower temperatures when increasing the number of blocks.

Once shown the differences in terms of phase separation between dumbbells and pentablocks, we can now try to explain the different crystallization kinetics observed for both types of system. We have previously observed that all the dumbbells crystallize at T c HS =2ε u /k B , which is also the crystallization temperature of the neat HS system. On the contrary, the pentablocks have a lower crystallization temperature, which further decreases when increasing the SS length. Looking at the RDF and using the simple thermodynamic model of Krause, we have found that dumbbells phase separate at higher temperatures compared to pentablocks. In fact, we have demonstrated the dumbbells are already well phase-separated at T =2ε u /k B , whereas it is not the case for pentablocks. With this picture in mind, one may assume that the crystallization temperature is driven by the phase separation. In the case of pentablocks, the system is not enough phase-separated to crystallize when reaching the crystallization temperature of the neat HS (T c HS =2ε u /k B ). It requires a lower temperature, favoring the HS gathering, to subsequently crystallize. On the contrary, since dumbbells are already well phase-separated when reaching the crystallization temperature of the neat HS, they crystallize immediately.

However, Krause theory predicts that increasing the SS length from 19 beads to 38 beads will increase the MST temperature (see Figure 7), while the simulation exhibits a decrease on the crystallization temperature (see Figure 5a). In fact, increasing the SS length decreases the HS fraction in the system and, thus, the probability for a HS to find a pair. Therefore, the system requires a high level of phase separation to crystallize. On the contrary, a system with very short SS does not require such a high degree of phase separation to crystallize because of the high HS fraction. Even though the phase separation is difficult in such a systemlow MST temperature because of the low SS fractionit can easily crystallize due to the high probability for a HS to find another Comparisons for two couples of systems at iso-HS fractions (x HS = 42% for pentablock SS19 and dumbbell SS57, x HS = 27% for pentablock SS38 and dumbbell SS114). The dotted line shows the limit between the onephase (ΔG > 0) and phase-separated (ΔG < 0) states. one even at high temperatures. In this way, it appears that the phase separation is not the critical parameter for the HS crystallization which is mainly driven by the probability for a HS to find a pair in its vicinity. Therefore, one can expect the crystallization to be controlled by the local HS number density:

L gr r 1 ()d nL n L , HS HS 0 ∫ ρ ρ = (8)
where ρ n HS is the global HS density defined as the ratio between the number of HS beads and the volume of the box, g(r) is the RDF of HS beads, and L is a cutoff radius defining the vicinity of a HS bead.

Equation 8 has been used to obtain the evolution of the local HS number density before and at the crystallization onset for all the systems. A cutoff radius L = 2.5 σ u was used to take into account the nearest neighbors only (see RDF of HS beads in Supporting Information section 4 for the choice of L). In the case of neat HS, the number density being about 0.24 σ u -3 , this cutoff radius encompasses . The fact that the crystallization onset occurs at an almost constant local HS density independently of the chain architecture shows that crystallization is mostly driven by the probability for a HS to find a pair.

3.3. Resulting Semicrystalline Morphologies. Apart from kinetics, the copolymer architecture is also found to impact the final crystallinity, as evidenced in Figure 5. Modifying the SS length appears to affect the HS crystallinity reached at low temperature: systems with longer SS reach a higher relative crystallinity of both hard and soft segments. φ HS goes from 70% for neat HS polymer chain to more than 90% for copolymers with the longest SS. The increase is even slightly more pronounced for dumbbell systems, going from 65% to more than 95% (probably due to the higher mobility of the HS located at the chain ends). This result is not intuitive. In fact, one could expect that decreasing the HS content would lead to smaller relative HS crystalline fractions due to the reduced probability for a HS to find a pair. However, looking at the topology of the amorphous phase can help to understand this result. As explained in section 2.5, amorphous segments surrounding the crystals can be classified in three categories: dangling ends, loops, and ties. Figure 9 represents the numbers of each type of amorphous segments per crystallized segment for all the systems at T =1ε u /k B . It should be read as the tendency for amorphous segments to preferentially form loops (N L ), ties (N T ), or dangling ends (N DE ). Interestingly, while the number of ties per crystallized segment remains almost independent of the chain architecture (N T ranging between 0.3 and 0.4), the number of loops per crystallized segment significantly increases when increasing the SS length (by a factor 2 when comparing the extreme SS sizes). Then, the higher relative HS crystallinty observed when increasing the SS length can be explained by a higher ability to form loops. Furthermore, we can see their number increasing more quickly for N b SS > 38 beads. This size corresponds to 1 kg mol -1 , which remarkably matches the experimental literature regarding the minimal size for a PTHF segment to fold, being between 1 and 2 kg mol -1 8,33,87 (see Supporting Information section 5 for additional analysis of the MSID in SS loops). This ability to fold has also an impact on the relative SS crystallinity φ SS . One can see in Figure 5 that the final value of φ SS reached at low temperature is almost constant for the systems having a SS length smaller than 38 beads (φ SS = 0.22 for pentablocks and 0.11 for dumbbells). However, when N b SS exceeds this value, φ SS increases quite significantly, by a factor 1.5 for pentablock SS114 and a factor 2 for dumbbell SS114. This effect is once again consistent with the experimental literature showing that PTHF blocks crystallize when their molecular weight exceeds 1 kg mol -1 . [START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF][START_REF] Dealmeida | Bimodal Crystallization Kinetics of PBT/PTHF Segmented Block Copolymers: Impact of the Chain Rigidity[END_REF] The crystal's arrangement in the box and its dependence on the chain architecture is also interesting to analyze because it can be easily compared with experiments such as scattering or microscopy. [START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF][START_REF] Baeza | Multiscale Organization of Thermoplastic Elastomers with Varying Content of Hard Segments[END_REF] For that purpose, the RDF of the crystalline HS beads have been computed at T =1ε u /k B for all systems and are represented in Figure 10. The curves present a maximum corresponding to the correlation length d* between aggregated domains corresponding here to the HS crystal-litesone can note that d* is much smaller than the box length (last point of each curve in Figure 10), meaning that finite size effects are negligible here (see also Supporting Information section 6 for more information about finite size effects). This distance (d* ≈ 30 σ u ) is very close to the correlation length observed at higher temperature for systems being phase-separated but still amorphous (see Figure 6). This corroborates the idea of a crystallization occurring in a preordered melt whose morphology is preserved after crystallization (see section 3.2). Moreover, one can note the slight but significant change on the correlation length when varying the SS length. As one could have expected, decreasing the SS length leads to closer crystallites, i.e., a smaller value of d*. A comparison with experiments can be done on the pentablock SS76 system, which has the same block sizes (but fewer blocks) as a PBT-PTHF segmented copolymer studied with X-ray scattering and atomic force microscopy (AFM) at room temperature in a previous study. [START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF] Converting the correlation length d* =3 4σ u from LJ units to standard unitsusing eq 4bgives a distance between the crystals about 8 nm. Experimentally, it was found that such a system elaborated through hot-pressing crystallizes forming long ribbons spaced by a distance being approximately 38 nm. These ribbons, not perfectly regular, are actually formed of smaller crystals, forming a necklace structure with crystalline nodules spaced by a distance of 10 nm. Considering the relatively small size of the simulation box, it is reasonable to guess that the larger length scale (distance between ribbons) is not accessible with the simulation. However, it seems that the smaller length scale (distance between the nodules) matches quite well with the experiments, reinforcing the consistency of the coarse-grained model presented here (see Supporting Information section 7 for a comparison with AFM imaging). In addition, the shape of the crystals, almost isotropic for pentablocks (see snapshot in Figure 10), is in good agreement with the nodules observed in experiments.

Interestingly, dumbbells are found to form a different structure, with much longer crystallites having one preferential direction of growth. This can be verified looking at the snapshots of Figure 10 representing the crystals of a pentablock and a dumbbell system having the same HS fraction. Quantitatively, we also show in Supporting Information section 8 that pentablocks tend to form further, albeit smaller, crystallites than triblocks. Experimentally, this change from a necklace structure to regular ribbons has been observed in the same study of a unique PBT-PTHF copolymer elaborated through two different processing routes. [START_REF] Nebouy | Process-Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers[END_REF] Hot-pressing was found to lead to a necklace structure while solvent-casting provided continuous (and closer) ribbons. This difference was attributed to a much higher mobility of the chains in the solvent compared to the melt. It is possible to explain the difference observed here between the pentablocks (forming nodules) and the dumbbells (forming long ribbons) by using the same argument. The mobility of the HS in dumbbells is increased for two reasons: first, the shorter diffusion time of the whole chain because of the smaller chain length compared to pentablocks and, second, the higher mobility of blocks located on chain ends.

Such information concerning the semicrystalline structures in TPE and chain topologies is of prime importance to understand their mechanical properties. A recent work compiling several experimental data about the structure and dynamical mechanical properties in TPE has shown that the rubbery modulus is driven by two key parameters: the volume fraction and width of the crystallites, [START_REF] Nebouy | Volume fraction and width of ribbon-like crystallites control the rubbery modulus of segmented block copolymers[END_REF] as predicted by an analytical model developed by Baeza [START_REF] Baeza | The Reinforcement Effect in Well-Defined Segmented Copolymers: Counting the Topological Constraints at the Mesoscopic Scale[END_REF] based on the chains topology. The results presented in this work could be a useful starting point for further investigations on the mechanical properties of TPE.

CONCLUSIONS

By adapting a generic coarse-grained model originally designed for semicrystalline homopolymers to the specific case of PBT-PTHF TPE, we have implemented a molecular dynamics simulation of semicrystalline segmented block copolymers for the first time to our knowledge. We have demonstrated the key role of the chain architecture in the crystallization process, corroborating the insights from experimental studies. On the basis of the fact that the crystallization process is controlled by the probability for a HS to find a pair, we have studied the impact of both the number of blocks and the SS length on the crystallization kinetics. Consistently with thermodynamics predictions, reducing the number of blocks has been found to promote the microphase separation, increasing this probability and thus enhancing the crystallization. When the phase separation is weaker because of a higher number of blocks in the chain, we have evidenced the decrease of the crystallization temperature when increasing the SS length. Consideration of the HS mobility has enabled explaining the different crystalline arrangements observed in pentablocks and dumbbells. The resulting morphologies obtained after crystallization have revealed a good agreement with structural experimental characterizations, reinforcing the relevance of the model. Finally, we believe the development of this coarsegrained model can serve as a basis for further investigations of the static and dynamical properties of TPE. 

SYMBOLS AND ACRONYMS

List of all symbols used in the text. Some properties can be related either to hard or to soft segments. In this case, an exponent HS or SS is added in the text. 

a

  Data for amorphous PBT from ref 67. b Data for a similar chemistry (PET) from ref 68. c Deduced from the Kuhn length. d Averaged data from ref 69.

Figure 1 .

 1 Figure 1. Schematic representation of the systems. Architecture of the neat polymer chains, pentablock copolymers, and dumbbells.

)

  Another conformational property resulting from the chain rigidity and density is the tendency to form entanglements, quantified by the molecular weight between entanglements M e = m b N e = m b C ∞ N Ke , where N e and N Ke are respectively the number of beads and number of Kuhn segments separating two consecutive entanglements. The primitive path analysis of the two neat polymer chains (N b = 100) at T =4ε u /k B gives N e SS = 44.7 (N Ke SS = 10) and N e HS = 23.2 (N Ke SS = 3.7).

Figure 2 . 1 .

 21 Figure 2. Topological and thermal properties of the neat soft and hard polymer chains. (a) Normalized mean-square internal distance C(n)= ⟨R 2 (n)⟩/(nl b 2 )atT =4ε u /k B . Lines stand for a FRC model prediction based on eq 6. (b) Evolution of the volume per bead V b with temperature during a cooling ramp at 5 × 10 -5 τ u -1 . Dashed lines stand for linear fits whose intersection corresponds to the glass transition temperature T g indicated by the arrows. (c) Time derivative of the enthalpy per bead dH/dt as a function of the temperature during a cooling ramp at 5 × 10 -6 τ u -1 . The arrows indicate the position of the peak related to the crystallization temperature, T c .

Figure 3 .

 3 Figure 3. Normalized mean-square internal distance C(n)=⟨R 2 (n)⟩/ (nl b2 )a tT =4ε u /k B for pentablock copolymers (a) and dumbbells (b). Lines stand for the FRC predictions defined in eq 6 for neat soft and hard polymer chains.

Figure 4 .

 4 Figure 4. Time derivative of the enthalpy per bead dH/dt as a function of the temperature during a cooling ramp at 5 × 10 -6 τ u -1 for pentablock copolymers (a) and dumbbells (b). Neat HS is also plotted for comparison. The arrows indicate the position of the peak related to the crystallization temperature, T c HS . The inset is a zoom on the pentablock SS114 data.

Figure 5 .

 5 Figure 5. Relative HS (and SS) crystalline fraction φ HS (and φ SS ) defined as the ratio of the number of HS (SS) crystallized beads and total number of HS (SS) beads during a cooling ramp at 5 × 10 -6 τ u -1 in pentablock systems (a) and in dumbbells (b). Neat HS and neat SS are also plotted for comparison. Lines are guides to the eye.

Figure 6 .

 6 Figure 6. Radial distribution function of the HS beads at several temperatures during a cooling ramp at 5 × 10 -6 τ u -1 (temperature unit is ε u /k B ). Comparison of two couples of systems: (a) pentablock SS19 vs dumbbell SS57 (x HS = 42%) and (b) pentablock SS38 vs dumbbell SS114 (x HS = 27%). Curves for pentablock systems are vertically shifted by 1 unit. Snapshots of the four systems are represented at T = 2.2 ε u /k B . HS are represented in blue and SS in orange.

Figure 7 .

 7 Figure 7. Normalized free energy of phase separation predicted by the Krause model as a function of temperature.Comparisons for two couples of systems at iso-HS fractions (x HS = 42% for pentablock SS19 and dumbbell SS57, x HS = 27% for pentablock SS38 and dumbbell SS114). The dotted line shows the limit between the onephase (ΔG > 0) and phase-separated (ΔG < 0) states.

  neighboring beads. Figure8represents the evolution of the relative HS crystalline fraction with this local HS number density on a temperature range going from 3 to 1.5 ε u /k B . While the global HS densities of all these systems are widely distributed (ranging from 0.03 σ u -3 for pentablock SS114 to 0.23 σ u -3 for dumbbell SS5), the onset of crystallization always occurs at the same local HS density: 0.14 ± 0.02 σ u -3

Figure 8 .

 8 Figure 8. Evolution of the relative HS crystalline fraction φ HS during a cooling ramp at 5 × 10 -6 τ u -1 as a function of the local HS density ρ n,LHS defined in eq 8 for all the copolymers. Temperature range: 3 to 1.5 ε u /k B . Lines are guides to the eye.

Figure 9 .

 9 Figure 9. Numbers of loops N L , ties N T , and dangling ends N DE per crystallized segment as a function of the SS length N b SS at T =1ε u /k B for pentablock copolymers (a) and dumbbells (b). Neat HS is also plotted for comparison.

Figure 10 .

 10 Figure 10. Radial distribution function of the crystallized HS beads at T =1ε u /k B in pentablock copolymers (a) and dumbbells (b). The arrows indicate the position of the maximum (long period d*) corresponding to the mean distance between crystals. Snapshots show the crystalline phases of pentablock SS38 (a) and dumbbell SS114 (b). Crystalline HS beads are represented in blue and crystalline SS beads are in orange.
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 1 Target Physical Properties for PBT (Hard Segment)

Table 2 .

 2 Target Physical Properties for PTHF (Soft Segment)

Table 3 .

 3 Model Parameters for Hard Segments

Table 4 .

 4 Model Parameters for Soft Segments

	1.0	21	1.0	1.89	30	1.5	1.0	1.05

Table 5 .

 5 Copolymers Structures

	name	N b HS [-]	N b SS [-]	M S HS [g mol -1 ]	SS M S [g mol -1 ]	x HS [%]	X HS [wt %]
	pentablocks:						
	SS5	21	5	970	130	74	83
	SS10	21	10	970	260	58	71
	SS19	21	19	970	500	42	56
	SS38	21	38	970	1000	27	39
	SS57	21	57	970	1500	20	30
	SS76	21	76	970	2000	16	24
	SS114	21	114	970	3000	11	18
	dumbbells:						
	SS5	21	5	970	130	89	94
	SS10	21	10	970	260	81	88
	SS19	21	19	970	500	69	80
	SS38	21	38	970	1000	53	66
	SS57	21	57	970	1500	42	56
	SS76	21	76	970	2000	36	49
	SS114	21	114	970	3000	27	39

bridges two different crystallites, "loop" if it is connected twice to the same crystallite, "dangling end" if it has only one extremity connected to a crystal, and "purely amorphous" if the whole chain has no crystallized segment. This analysis is performed every 0.1 ε u /k B during the slow cooling process. The MSID of the different types of segments is also computed during this ramp.

  ASSOCIATED CONTENT * sı Supporting Information The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.macromol.9b02549. Replicated pentablock SS76 for statistics; evolution of MSID during equilibration; details on the application of the Krause theory for microphase separation; RDF for the calculation of local HS density; conformation of SS belonging to loops; insignificance of finite size effects; comparison of modeled and experimental TPE structures; comparison of crystallites in pentablocks and dumbbells (PDF) parallel computer P2CHPD of FLMSN (Fedeŕation Lyonnaise de Modeĺisation et Sciences Numeŕiques). M.N. is grateful to the French Minister of Higher Studies and Research (MESR) for his Ph.D. grant. The authors also thank Michel Perez (MATEIS) for enlightening discussions.

  Fundamental Constantsand Units k B Boltzmann constant σ u length unit in LJ system ε u energy unit in LJ system τ u time unit in LJ system LJ (r) Lennard-Jones (LJ) potential ε depth of the LJ potential well σ distance at which the LJ potential is zero U bond (l) total bond potential U FENE (l) finitely extensible nonlinear elastic (FENE) potential k attractive force strength of the spring R 0 maximum spring length U WCA (l) Weeks-Chandler-Anderson (WCA) potential ε′ depth of the WCA potential well σ′ distance at which the WCA potential is zero U tot (l,θ) total effective potential Network Structure and Topology M e molecular mass between entanglements N e number of beads between entanglements N Ke number of Kuhn segments per entanglement strand φ HS relative HS crystalline fraction φ SS relative SS crystalline fraction N L number of loops per crystallized segment N T number of ties per crystallized segment N DE number of dangling ends per crystallized segment g(r) radial pair distribution function ρ n HS HS number density ρ n,L HS local HS number density d* correlation length between HS crystals

	Thermodynamics and Lattice Theory of Polymers	
	N r	number of sites (units)	
	N 0	number of chains	
	ν A	volume fraction of A units	
	ν B	volume fraction of B units	
	χ AB	Flory interaction parameter	
	z	coordination number	
	m	number of blocks per chain	
	ΔS dis	disorientation entropy gain on fusion per segment	
	ΔG Krause free energy change on microphase separation	
		(Krause theory)	
	MST	microphase separation transition	
	δ	solubility parameter	
	E coh	cohesive energy per flexible unit	
	H	enthalpy per bead	Temperature
	Others		T	temperature
	TPE thermoplastic elastomer	T g	glass transition temperature
	KG	Kremer-Grest (model)	T m melting temperature
	PBT poly(butylene terephthalate)	T c	crystallization temperature
	PTHF polytetrahydrofuran	T room room temperature
	AFM atomic force microscopy	
	t	time	
	ρ	specific mass	
	m b	bead mass	
			Chain Architecture and Conformation
			r eq	equilibrium distance between nonbonded beads
			l b	equilibrium bond length
			θ	bond angle
			V b	volume occupied by a bead
			V k	volume occupied by a Kuhn segment
			M k	Kuhn segment molecular mass
			l k	Kuhn length
			M s	block (segment) molecular mass
			N b X HS	number of beads per block (segment) weight fraction of HS in the chain
			x HS	number fraction of HS in the chain
			R(n) bead-to-bead distance
			MSID mean-square internal distance
			FRC freely rotating chain
			C(n) normalized mean-square internal distance
			C ∞	Flory's characteristic ratio

Potentials
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