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Polydicyclopentadiene (PDCPD) thermoset, as commonly prepared by ring-opening metathesis polymerization (ROMP), features excellent mechanical, thermal and anti-corrosion properties, but lacks ductility and toughness. In situ addition of 2 to 8 wt% of Styrene-Ethylene-Butylene-Styrene (SEBS) thermoplastic during material preparation slightly alters the stiffness while improving its toughness and ductility. Remarkably, 4wt% SEBS increases PDCPD glass transition temperature T g up to 165 °C (i.e. + 7 °C). Calorimetric analyses suggest that addition of SEBS, acting as a plasticizer during molding, reduces the polymerization time of DCPD. This result offers a simple method to adjust PDCPD impact properties and to increase its T g .

Since the elucidation of the ring-opening metathesis polymerization (ROMP) mechanism by Hérisson and Chauvin in 1971, 1 olefin metathesis catalysis for cycloolefin polymerization has been considerably developed. [2][START_REF] Buchmeiser | Homogeneous Metathesis Polymerization by Well-Defined Group VI and Group VIII Transition-Metal Alkylidenes: Fundamentals and Applications in the Preparation of Advanced Materials[END_REF][START_REF] Sutthasupa | Recent Advances in Ring-Opening Metathesis Polymerization, and Application to Synthesis of Functional Materials[END_REF][START_REF] Abera Tsedalu | A Review on Olefin Metathesis Reactions as a Green Method for the Synthesis of Organic Compounds[END_REF] Among the variety of materials thus prepared, polydicyclopentadiene (PDCPD) has appeared as one of the most interesting thermosets, [START_REF] Kovačič | Ring-Opening Metathesis Polymerisation Derived Poly(Dicyclopentadiene) Based Materials[END_REF] thanks to its high chemical and corrosion resistance, stiffness, and heat resistance for automotive, pipeline and building applications. [START_REF] Camboa Sá | Development of Lightweight and Cost-Efficient Exterior Body Panels for Electric Vehicles[END_REF][START_REF]Global Polydicyclopentadiene (PDCPD) Market Size 2021 Industry Share, Business Strategies, Growth Analysis, Regional Demand, Revenue, Key Manufacturers and 2025 Forecast Research Report Says Industry Research Biz[END_REF] Investigation of the polymerization mechanism of dicyclopentadiene (DCPD) revealed that the higher ring-strained norbornene first opens, resulting in the formation of a linear structure, followed by opening of the cyclopentene ring, ultimately resulting in a crosslinked network. [START_REF] Fisher | Ring-Opening Metathesis Polymerization of Exo-Dicyclopentadiene: Reversible Crosslinking by a Metathesis Catalyst[END_REF] Also, in the presence of ruthenium catalysts, PDCPD mainly crosslinks through metathesis but olefin addition reactions may also contribute to the crosslinking process, as reported by Davidson et al.. [START_REF] Davidson | Polymerization of Dicyclopentadiene: A Tale of Two Mechanisms[END_REF][START_REF] Davidson | The Polymerization of Dicyclopentadiene: An Investigation of Mechanism[END_REF] In addition, much effort has been devoted to control the polymerization kinetics of DCPD in reaction injection molding process, [START_REF] Yao | Ring-Opening Metathesis Copolymerization of Dicyclopentadiene and Cyclopentene through Reaction Injection Molding Process[END_REF][START_REF] Kim | Optimization and Analysis of Reaction Injection Molding of Polydicyclopentadiene Using Response Surface Methodology[END_REF] leading to a highly crosslinked polymer with high thermal resistance, characterized by a glass transition temperature T g close to 160 °C. Due to the absence of non-covalent interactions (e.g. hydrogen bonding) in the PDCPD network and to its propensity to form nanoscale voids, PDCPD has revealed remarkable impact performances much better than those of epoxy-based resins. [START_REF] Knorr | Overcoming the Structural versus Energy Dissipation Trade-off in Highly Crosslinked Polymer Networks: Ultrahigh Strain Rate Response in Polydicyclopentadiene[END_REF][START_REF] Long | Influence of Molecular Weight between Crosslinks on the Mechanical Properties of Polymers Formed: Via Ring-Opening Metathesis[END_REF] However, the quasi-static mechanical properties of PDCD and the lack of ductility, are very far from those reported for crosslinked elastomers, for example in terms of elongation at break. This is yet a drawback for many applications such as body panels or field joint coating. The use of comonomers (e.g. cyclooctadiene, alkyl-norbornenes) [START_REF] Yang | Cure Kinetics and Physical Properties of Poly(Dicyclopentadiene/5-Ethylidene-2-Norbornene) Initiated by Different Grubbs' Catalysts[END_REF][START_REF] Boggioni | Terpolymerization of Substituted Cycloolefin with Ethylene and Norbornene by Transition Metal Catalyst[END_REF][START_REF] Dean | Rapid Synthesis of Elastomers and Thermosets with Tunable Thermomechanical Properties[END_REF] or elastomers (e.g. polybutadiene, [START_REF] Yang | Curing Study of Dicyclopentadiene Resin and Effect of Elastomer on Its Polymer Network[END_REF] ethylenepropylene-diene (EPDM) monomer (< 5wt%) [START_REF] German | Physico-Mechanical Characteristics of the PDCPD-EPDM-30 Composites[END_REF] ), forming copolymers with possibly pendant chains within the PDCPD network, has been proposed to improve these properties. However, in general, this drastically deteriorates the stiffness of PDCPD and decreases its T g . In industry, blending of two polymers with different properties is a common approach to improve the final properties of materials. [START_REF] Utracki | Commercial Polymer Blends[END_REF] Hence, the addition of non-miscible soft elastomers in a highly crosslinked epoxy has been shown to improve the ductility and toughness of the material, but it detrimentally decreases T g . [START_REF] Yee | Toughening Mechanisms in Elastomer-Modified Epoxies[END_REF][START_REF] Liu | Effect of Cross-Linking Density on the Toughening Mechanisms of Rubber-Modified Thermosets[END_REF][START_REF] Liu | Nanocavitation in Self-Assembled Amphiphilic Block Copolymer-Modified Epoxy[END_REF][START_REF] Lu | Additive Toughening Effects on New Bio-Based Thermosetting Resins from Plant Oils[END_REF][START_REF] Thomas | Morphology, Thermal, and Mechanical Properties of a DGEBA Based Epoxy Resin Toughened with a Liquid Rubber[END_REF][START_REF] Bain | Failure Processes Governing High-Rate Impact Resistance of Epoxy Resins Filled with Core-Shell Rubber Nanoparticles[END_REF][START_REF] Caldona | A Review on Rubber-Enhanced Polymeric Materials[END_REF] While addition of elastomers into PDCPD is reported to improve its flexibility and impact strength, [START_REF] Klosiewicz | US4657981A: Dicyclopentadiene Polymer Containing Elastomer[END_REF] such an "in situ effect" on PDCPD network formation and T g , directly correlated to its maximum service temperature, has to our knowledge never been reported.

The objective of the work reported herein is to highlight the role of a thermoplastic elastomer (TPE), namely Styrene-Ethylene-Butylene-Styrene (SEBS; Kraton TM G1652 commercial grade), a fully hydrogenated poly[styrene-b-(ethylene-co-butylene)-b-styrene] (Figure S1) strong and flexible TPE with excellent heat and UV resistance commonly used as impact modifier for engineering thermoplastics, [START_REF] Abreu | SBS and SEBS Block Copolymers as Impact Modifiers for Polypropylene Compounds[END_REF] as an in situ component in the rutheniumcatalyzed ROMP of DCPD (Scheme 1). Also, the influence of SEBS on the final thermomechanical properties of PDCPD, especially its T g and polymerization degree, is investigated. S1). The addition of SEBS during ROMP and eventually into the resulting PDCPD decreases the stiffness of the material, as reported for epoxy/elastomer systems. [START_REF] Yee | Toughening Mechanisms in Elastomer-Modified Epoxies[END_REF][START_REF] Liu | Effect of Cross-Linking Density on the Toughening Mechanisms of Rubber-Modified Thermosets[END_REF][START_REF] Liu | Nanocavitation in Self-Assembled Amphiphilic Block Copolymer-Modified Epoxy[END_REF][START_REF] Lu | Additive Toughening Effects on New Bio-Based Thermosetting Resins from Plant Oils[END_REF][START_REF] Thomas | Morphology, Thermal, and Mechanical Properties of a DGEBA Based Epoxy Resin Toughened with a Liquid Rubber[END_REF][START_REF] Bain | Failure Processes Governing High-Rate Impact Resistance of Epoxy Resins Filled with Core-Shell Rubber Nanoparticles[END_REF][START_REF] Caldona | A Review on Rubber-Enhanced Polymeric Materials[END_REF] In fact, the Young's modulus (E) decreases from 2.1 to 1.5 ± 0.1 GPa and maximum tensile stress ( max ) declines from 50 to 34 ± 1 MPa (Figure 1a). On the other hand, the impact strength and elongation at break ( max ) reach a maximum of 34 ± 3 kJ•m 2 and 15 ± 3 %, respectively, for  SEBS = 4wt% (Figures 1a,1b).

This trend agrees with the improved toughness and ductility of the material upon addition of an elastomer in a thermoset, in particular in terms of enhanced cavitation, shear banding or crack pinning phenomena, and reduced stiffness. However, as commonly reported, the material's stiffness is reduced at the same time. [START_REF] Yee | Toughening Mechanisms in Elastomer-Modified Epoxies[END_REF][START_REF] Liu | Effect of Cross-Linking Density on the Toughening Mechanisms of Rubber-Modified Thermosets[END_REF][START_REF] Liu | Nanocavitation in Self-Assembled Amphiphilic Block Copolymer-Modified Epoxy[END_REF][START_REF] Lu | Additive Toughening Effects on New Bio-Based Thermosetting Resins from Plant Oils[END_REF][START_REF] Thomas | Morphology, Thermal, and Mechanical Properties of a DGEBA Based Epoxy Resin Toughened with a Liquid Rubber[END_REF][START_REF] Bain | Failure Processes Governing High-Rate Impact Resistance of Epoxy Resins Filled with Core-Shell Rubber Nanoparticles[END_REF][START_REF] Caldona | A Review on Rubber-Enhanced Polymeric Materials[END_REF] For our present PDCPD/SEBS systems, whitening of samples is observed during tensile test (Figure S2b), and a rough surface is observed by SEM after impact (Figure 2c), as compared to the smooth surface observed for neat PDCPD (Figures 2a,2b). These observations suggest a cavitation mechanism and other adsorption mechanisms limiting crack propagation, due to the presence of micrometric nodules in PDCPD (Figures 2c,2d), as commonly observed for thermoset/thermoplastic blends. 31 A maximum ductility and toughness values at  SEBS = 4wt% (Figures 1a,1b) are also hinting at a larger elastomer concentration leading to particle agglomeration that decreases the yielding area density and/or favors failure defects and failure growth. [START_REF] Liu | Effect of Cross-Linking Density on the Toughening Mechanisms of Rubber-Modified Thermosets[END_REF][START_REF] Lu | Additive Toughening Effects on New Bio-Based Thermosetting Resins from Plant Oils[END_REF][START_REF] Thomas | Morphology, Thermal, and Mechanical Properties of a DGEBA Based Epoxy Resin Toughened with a Liquid Rubber[END_REF][START_REF] Bain | Failure Processes Governing High-Rate Impact Resistance of Epoxy Resins Filled with Core-Shell Rubber Nanoparticles[END_REF][START_REF] Caldona | A Review on Rubber-Enhanced Polymeric Materials[END_REF] Rewardingly, in the present PDCPD/SEBS materials, these classical variations of mechanical properties are coupled with an unexpected improvement of the thermal properties. Indeed, the glass transition is observed over a narrower temperature range (Figure S3) and reaches a maximum value of T g = ca. 165 ± 1 °C (Figure 1c) at  SEBS = 4wt% (as compared to T g ~ 158 ± 1 °C for neat PDCPD). Moreover, the rubbery plateau, E ' r , as determined by DMA, increases from ca. 10 to 19 ± 1 MPa, corresponding to a molar mass between crosslinks, M c , varying from 1 200 to 600 g•mol 1 . These observations are in contrast with those previously reported for other highly crosslinked thermosets such as epoxy materials where the addition of a soft elastomer or plasticizer tends to decrease the T g . [START_REF] Yee | Toughening Mechanisms in Elastomer-Modified Epoxies[END_REF][START_REF] Liu | Nanocavitation in Self-Assembled Amphiphilic Block Copolymer-Modified Epoxy[END_REF][START_REF] Lu | Additive Toughening Effects on New Bio-Based Thermosetting Resins from Plant Oils[END_REF][START_REF] Thomas | Morphology, Thermal, and Mechanical Properties of a DGEBA Based Epoxy Resin Toughened with a Liquid Rubber[END_REF][START_REF] Bain | Failure Processes Governing High-Rate Impact Resistance of Epoxy Resins Filled with Core-Shell Rubber Nanoparticles[END_REF] In addition, the polymerization degree of DCPD, , as measured by DSC (Figure S4), increases from 75 ± 5 % for neat PDCPD to 87 ± 5 % for PDCPD/SEBS with  SEBS = 4wt% (Figure 1d). In summary, the best compromise between mechanical and thermal properties is obtained for  SEBS = 4wt% in PDCPD (Figure 1).
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 SEBS [wt%] 35 40 45 50 In order to elucidate this unexpected yet valuable effect of SEBS on the thermal properties of PDCPD, in situ temperature measurements (Figure 3), isothermal DSC (for 5 min at various temperatures) and further complementary anisothermal analyses (following isotherms; from 40 to 300 °C at 30 °C•min -1 ) were performed, and the polymerization kinetics at each isothermal temperature (Figure 4) was studied for both neat DCPD and DCPD/4wt% SEBS.
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As shown in Figure 3, similar maximum in situ temperatures T max = ca. 180 °C and 130 °C were recorded for both DCPD and DCPD/4wt% SEBS systems, respectively, in the core or at the mold wall of the plate. This is due to the very exothermic polymerization reaction associated with the energy released by cyclic olefin ring opening. [START_REF] Ivin | Olefin Metathesis and Metathesis Polymerization[END_REF] A slight reaction delay (ca. 5 s) was observed at  SEBS = 4wt%, probably due to the resin viscosity (, measured using a Brookfield viscosimeter) increasing from 6 to 96 cP and/or to the DCPD dilution effect. High in situ temperatures (> 100 °C) were measured in the mold for few tens of seconds (Figure 3). T iso ) (Figure 4). This is within the same order of magnitude as the time measured during molding, at high temperature (Figure 3). We thus suggest that macromolecules of SEBS, thanks to their solubility in DCPD, act as a lubricant or plasticizer. This phenomenon induces the mobility of the polymer material during polymerization, thus enabling in turn a higher DCPD polymerization rate. This would account for improving polymerization degree of DCPD at short molding time, thus increasing the crosslinking density and the glass transition temperature of PDCPD in the presence of SEBS. In summary, we have demonstrated that the addition of a small amount (4wt%) of SEBS TPE significantly increases both the toughness and T g of PDCPD (in direct correlation to its maximum application temperature) without dramatically affecting its stiffness. These thermomechanical properties improvements are suggested to arise from the plasticizing effect of SEBS during molding, leading to better polymerization degree and crosslinking density of PDCPD, as supported by DSC and DMA analyses. This unexpected result paves the way to the tuning of PDCPD properties upon adjusting the elastomer chemical structure and morphology. Further studies changing the elastomer nature are currently in progress for maximizing toughening effect and T g value.

Supporting Information

Experimental section. ). 1 No signals arising from potential residual double bonds derived from the butylene monomer ( H between 5 and 6 ppm) 2 within the main backbone of SEBS were detected by 1 H NMR spectroscopy (Figure S1) thus supporting its fully hydrogenated characteristics. First generation ruthenium catalyst (M101 ® Umicore (CAS number: 250220-36-1); Sigma-Aldrich, Saint-Louis, USA), dissolved (2wt%) in toluene (HPLC grade), was used for the DCPD ROMP. This catalyst was selected for its lower activity as compared to a second generation ruthenium catalyst, thereby avoiding a rapid gelation and enabling a more homogenous mixing before casting. S1. Classically, the stiffness of the sample decreases, characterized by a drop of both the Young's modulus E and the maximum tensile stress  max , from 2.1 to 1.5 ± 1 GPa and from 50 to 34 ± 1 MPa, for neat PDCPD to PDCPD/8wt% SEBS, respectively. In parallel, the strain at break,  max , in tensile test slightly increases to 15 ± 3% (from 13 ± 3% for neat PDCPD) (Figure S2 More significantly, the Izod impact strength reaches 34 ± 3 kJ•m 2 (from 13 ± 3 kJ•m 2 ), with 4 wt% of SEBS (Table S1). Both a maximum ductility and toughness value are noted for this SEBS concentration. Figure S3 shows the variation of the storage modulus, E', and the damping factor, tan  as a function of temperature for neat PDCPD and PDCPD/SEBS samples, as measured by DMA.

The addition of SEBS increases the glass transition temperature (T g ) of PDCPD, the elastic rubbery modulus plateau (E' r ), and narrows the range of the glass transition temperature.

Maximum values were measured for  SEBS = 4wt%, where T g and E' r reached 165 ± 1 °C and 19 ± 1 MPa, as compared to 158 ± 1 °C and 10 ± 1 MPa for neat PDCPD, respectively. E'
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f =1 Hz S5e -k), the polymerization rate appears to be delayed at the onset of the reaction in the presence of 4wt% of SEBS; this is likely due to the resin viscosity (as measured using a Brookfield viscosimeter) that increases from  = 6 to 96 cP and/or a DCPD dilution effect.

T g ~ 158°C T g ~ 165°C tan  E' tan  E' r ~ 10 MPa
However, systematically, the polymerization time required to reach 95% of the maximum normalized polymerization degree, t 0.95 , is in the order of a few tens of seconds shorter, especially above T iso > 100 °C where the SEBS phase is completely plasticized. We suggest that the soft SEBS macromolecule plays the role of a lubricant or plasticizer during ROMP, thereby improving the polymerization rate of DCPD during the short molding time (few tens of seconds (Figure 3)), especially at high temperatures. 
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 1 Scheme 1. ROMP of DCPD
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 12 Figure 1. Main tensile (a), impact (b), thermomechanical (c) and calorimetric (d) characteristics of neat PDCPD and PDCPD/SEBS as a function of SEBS content,  SEBS

Figure 3 .

 3 Figure 3. In situ temperature monitoring over time during molding of neat DCPD and DCPD/4wt% SEBS

Figure 4 .

 4 Figure 4. Polymerization degree,  (a) and time variations to reach 95% of the maximum polymerization degree at each isothermal temperature, t 0.95 , (b) as a function of isothermal temperature, T iso .
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 1 Figure S1. 1 H NMR (300 MHz, CDCl 3 , 25 °C) full (bottom) and zoomed (top) spectra of SEBS (Kraton TM G1652); * stands for residual solvent signal.

Figure

  Figure S2 presents the average tensile curves for neat PDCPD and PDCPD/SEBS

  .a). This is correlated to an elongation mechanism change with the addition of SEBS, favoring cavitation as suggested by specimen whitening (Figure S2.b).

Figure S2 .

 S2 Figure S2. Average tensile curves for neat PDCPD and PDCPD/SEBS samples (a) and photos of tensile specimens of neat PDCPD and PDCPD/4wt% SEBS during tensile test (b)
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 S3S4 Figure S3. DMA analysis of neat PDCPD and PDCPD/SEBS samples
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 111S5 Figure S5. Quasi-isothermal (a, c) and associated anisothermal (b, d) DSC thermograms for neat DCPD (a, b) and DCPD/4wt% SEBS (c, d) samples. Normalized polymerization degrees, (t), at various isothermal temperatures T iso during isotherms (ek)

  

  1 H NMR spectrum of SEBS commercial grade used. Raw thermo-mechanical data of PDCPD/SEBS samples (tensile tests, Izod impact, DMA & DSC analysis).
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	Liquid DCPD/TCPD mixture (85/15 w/w as determined by 1 H NMR) was prepared by
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	styrene] (SEBS; 30wt% styrene content; Kraton TM G1652) TPE (physically crosslinked), was
	supplied by Kraton Corporation (Houston, USA; T g = 36 °C and 96°C, average number
	molar mass (M		

n ) ca. 54 000 g.mol 1

Table S1 .

 S1 Main mechanical properties of neat PDCPD and PDCPD/SEBS samples

			Tensile test		Izod Impact
	SEBS concentration [wt%]	Young's Modulus E [GPa]	Max stress [MPa]  max	Strain at break [%]  max	Impact strength [kJ.m -2 ]
	0	2.1 ± 0.1	50 ± 1	13 ± 3	13 ± 3
	2	1.8 ± 0.1	45 ± 1	13 ± 4	32 ± 2
	4	1.8 ± 0.1	42 ± 1	15 ± 3	34 ± 3
	8	1.5 ± 0.1	34 ± 1	14 ± 5	11 ± 3
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