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The Michael-addition reaction of methylene compounds has been known and used for more than 120 years in organic chemistry synthesis. We report herein a new type of application for this reaction: the preparation of thermosets by catalyst-free bis-Michael addition. In this study, the addition of various methylene C-nucleophiles on tert-butyl 2-(trifluoromethyl)acrylate in presence of a tertiary amine was preliminary evaluated. Then, a tris-2-(trifluoromethyl)acrylate monomer incorporating a tertiary amine was synthesized and used with methylene monomers to prepare innovative polyester networks at temperature going from 25 °C to 100 °C. Finally, the resulting fluorinated carbon-Michael networks were characterized by FTIR, differential scanning calorimetry, thermal gravimetry, dynamic mechanical and swelling analyses. These thermosets exhibited high gel content (>86 %) and good thermo-mechanical properties with a rubbery plateau above 7 MPa and a glass transition temperature above 44 °C. The material thermal properties could be adapted to a targeted application (binder or coating) by the choice of the methylene compound used in the thermoset formulation.

Introduction

The Michael-addition reaction originally consists in the addition of a malonate to an activated α-β unsaturated ester via a base-promoted mechanism. [START_REF] Michael | On the Addition of Sodium Acetacetic Ether and Analogous Sodium Compounds to Unsaturated Organic Ethers[END_REF][START_REF] Tokoroyama | Discovery of the Michael Reaction[END_REF] The "Michael addition" naming has since then been attached to any addition of active methylene compounds or enol-type nucleophiles (Michael donor) to electron-poor olefins (Michael acceptor such as α-β unsaturated esters or vinylsulfones, nitroolefins, …) and such reactions have been used as a synthetic step in a wide range of applications in organic chemistry. [START_REF] Chen | 4.01 Stabilized Nucleophiles with Electron Deficient Alkenes, Alkynes, Allenes[END_REF][START_REF] Reyes | The Catalytic, Enantioselective Michael Reaction[END_REF] The extension of this reaction to heteronucleophiles such as alcohols, [START_REF] Hu | Recent Application of Oxa-Michael Reaction in Complex Natural Product Synthesis[END_REF][START_REF] Nising | Recent Developments in the Field of Oxa-Michael Reactions[END_REF] amines [START_REF] Sánchez-Roselló | A General Overview of the Organocatalytic Intramolecular Aza-Michael Reaction[END_REF][START_REF] Vinogradov | Recent Advances in the Asymmetric Synthesis of Pharmacology-Relevant Nitrogen Heterocycles via Stereoselective Aza-Michael Reactions[END_REF] or thiols [START_REF] Chauhan | Organocatalytic Carbon-Sulfur Bond-Forming Reactions[END_REF][START_REF] Wadhwa | Thia-Michael Addition: An Emerging Strategy in Organic Synthesis[END_REF][START_REF] Nair | The Thiol-Michael Addition Click Reaction: A Powerful and Widely Used Tool in Materials Chemistry[END_REF] is also well documented. Moreover, aza and thia-Michael reactions have also been used in materials science [START_REF] Nair | The Thiol-Michael Addition Click Reaction: A Powerful and Widely Used Tool in Materials Chemistry[END_REF] for the production of a large range of monomers, [START_REF] Giacobazzi | Thia-Michael Reaction for a Thermostable Itaconic-Based Monomer and the Synthesis of Functionalized Biopolyesters[END_REF] dendrimers [START_REF] Chatani | Facile and Efficient Synthesis of Dendrimers and One-Pot Preparation of Dendritic-Linear Polymer Conjugates via a Single Chemistry: Utilization of Kinetically Selective Thiol-Michael Addition Reactions[END_REF] and particles. [START_REF] Yang | Crystal Structures, and Magnetic Properties of Two Cyclic Clusters Comprising Six Iron(III)/Manganese(III) Ions and Entrapping Sodium Ions[END_REF] Crosslinked networks were also synthesized by thia-Michael [START_REF] Chan | The Effects of Primary Amine Catalyzed Thio-Acrylate Michael Reaction on the Kinetics, Mechanical and Physical Properties of Thio-Acrylate Networks[END_REF][START_REF] Chan | Sequential Phosphine-Catalyzed, Nucleophilic Thiol-Ene/Radical-Mediated Thiol-Yne Reactions and the Facile Orthogonal Synthesis of Polyfunctional Materials[END_REF][START_REF] Long | Effects of Thiol Substitution on the Kinetics and Efficiency of Thiol-Michael Reactions and Polymerizations[END_REF][START_REF] Zhang | Assessment of TEMPO as a Thermally Activatable Base Generator and Its Use in Initiation of Thermally-Triggered Thiol-Michael Addition Polymerizations[END_REF][START_REF] Wang | Thiol-Michael Addition Miniemulsion Polymerizations: Functional Nanoparticles and Reactive Latex Films[END_REF][START_REF] Bounds | Preparation and Application of Microparticles Prepared via the Primary Amine-Catalyzed Michael Addition of a Trithiol to a Triacrylate[END_REF][START_REF] Binici | Spherically Propagating Thermal Polymerization Fronts[END_REF] and aza-Michael [START_REF] Ecochard | Linseed Oil-Based Thermosets by Aza-Michael Polymerization[END_REF][START_REF] Paramarta | The Exploration of Michael-Addition Reaction Chemistry to Create High Performance, Ambient Cure Thermoset Coatings Based on Soybean Oil[END_REF][START_REF] Cornille | Synthesis of Hybrid Polyhydroxyurethanes by Michael Addition[END_REF] and some of these networks also demonstrated reprocessability under thermal stimulus via Michael exchange. 26- 28 While Michael addition of active methylene compounds on acrylate enabled the synthesis of some crosslinked networks under catalyzed or UV-promoted conditions, [START_REF] Wang | An Ambient Curable Coating Material Based on the Michael Addition Reaction of Acetoacetylated Castor Oil and Multifunctional Acrylate[END_REF][START_REF] Noomen | Applications of Michael Addition Chemistry in Coatings Technology[END_REF][START_REF] Asemani | Ambient Temperature and UV-Cured Hybrid Coatings from Acetoacetylated Non-Isocyanate Polyurethanes[END_REF][START_REF] Noordover | Addition Curable Coatings from Renewable Resources with Enhanced Adhesion Performance[END_REF] no crosslinked network based on a catalyst-free bis-carbon-Michael addition has been described to the best of our knowledge, although the use of this reaction should allow the preparation of useful materials.

The mechanism of the Michael addition consists in three steps, beginning with the formation of the Michael nucleophile by a base-mediated deprotonation. This nucleophile then adds to the -position of the Michael acceptor through a 1,4-conjugate addition mechanism, leading to a delocalised enolate-type anion. Depending on the reaction conditions, the latter can react with different kinds of electrophiles but a simple proton transfer affords the standard Michael adduct (Scheme 1). If the product of a first Michael addition has a remaining activated hydrogen, it can possibly undergo a second addition following the same mechanism. However, it is important to note that the second pK a is expected to be higher than the initial pK a of the activated methylene compound. For instance, it has been reported that the pK a of the first adduct is expected to have a value of 13 (vs 12 for the initial donor) for the addition of ethyl acetoacetate to methyl acrylate. [START_REF] Mather | Addition Reactions in Macromolecular Design for Emerging Technologies[END_REF] In order to perform a Michael bis-addition, specific acceptors such as acrylonitrile, acrylates or vinyl ketones and activated methylene compounds such as acetylacetone, dialkyl malonate, alkyl cyanoacetate or malonitrile have to be used. In 1963, the addition of different methylene compounds onto acrylonitrile catalyzed by triethylamine was reported. [START_REF] Adamcik | Weakly Basic Catalysts in the Reaction of Acrylonitrile with Active Methylene Compounds 1[END_REF] Following this early research, a wide range of catalysts has been developed, including for instance ruthenium complexes and enolatoiron(II) compounds. [START_REF] Adamcik | Weakly Basic Catalysts in the Reaction of Acrylonitrile with Active Methylene Compounds 1[END_REF][START_REF] Mizuhoyuji | C-H Bond Activation by Ruthenium(0) Complexes. Isolation of an Active Intermediate in the Ruthenium Catalyzed Aldol and Michael Reactions[END_REF][START_REF] Murahashi | Ruthenium-Catalyzed Aldol and Michael Reactions of Nitriles. Carbon-Carbon Bond Formation by .Alpha.-C-H Activation of Nitriles[END_REF][START_REF] Hirano | Addition of N-Bonded Enolato Ligands to Acrylonitrile in Iron and Ruthenium ComplexesElectronic Supplementary Information (ESI) Available: Physical and Spectroscopic Data for 1a and 1b[END_REF][START_REF] Alvarez | Michael Reactions Promoted by Η1-O-Enolatoruthenium(II) Complexes Derived from Ru(Cod)(Cot), Diphosphine, and Dimethyl Malonate[END_REF] 1-methyl-3-butylimidazolium hydroxide (an ionic liquid) has also been used as the reaction medium to promote different Michael additions, leading exclusively to bisadducts. [START_REF] Ranu | Ionic Liquid as Catalyst and Reaction Medium. The Dramatic Influence of a Task-Specific Ionic Liquid, [BmIm]OH, in Michael Addition of Active Methylene Compounds to Conjugated Ketones, Carboxylic Esters, and Nitriles[END_REF][START_REF] Ranu | Ionic Liquid as Catalyst and Solvent: The Remarkable Effect of a Basic Ionic Liquid, [BmIm]OH on Michael Addition and Alkylation of Active Methylene Compounds[END_REF] Synthesized basic cesium-beta zeolite proved as well to be an effective catalyst for the addition of malonitrile to terpenoid acceptors. [START_REF] Volcho | Competing Michael and Knoevenagel Reactions of Terpenoids with Malononitrile on Basic Cs-Beta Zeolite[END_REF] Methyl vinyl ketone, one of the most activated acceptors, can undergo Michael addition under mild reaction conditions. These reactions were generally catalyzed by metal complexes acting as Lewis acid catalyst such as palladium, [START_REF] Stark | Cationic [2,6-Bis(2'-Oxazolinyl)Phenyl]Palladium(II) Complexes: Catalysts for the Asymmetric Michael Reaction[END_REF][START_REF] Dijkstra | Para-Functionalized NCN-Pincer Palladium(II) Complexes: Synthesis, Catalysis and DFT Calculations[END_REF] platinium [START_REF] Fossey | A Direct Route to Platinum NCN-Pincer Complexes Derived from 1,3-Bis(Imino)Benzenes and an Investigation into Their Activity as Catalysts for Carbon-Carbon Bond Formation[END_REF] and ruthenium [START_REF] Picquet | Michael Additions of Carbonucleophiles to Butenone Catalyzed by the Non-Hydride [Ru(O2CH)(CO)2(PPh3)]2 Complex[END_REF] complexes. In this case, the Lewis acid coordinates to the pronucleophile (ligand exchange with a nitrile group of the Michael donor), lowering its pK a and allowing the use of a weak base such as Hünig's base to promote the two successive addition reactions to the acceptor. Organosilicates have also been used to catalyze such Michael additions, in this specific case the silicate might act as both a Lewis acid catalyst and a Brønsted base catalyst. [START_REF] Tateiwa | Pentacoordinate Organosilicate-Catalyzed Michael Addition of β-Keto Esters to 3-Buten-2-One[END_REF] The reactive enolate (Michael donor) can also be generated through electrochemical methods to perform a metal-and strong base-free Michael addition. [START_REF] Palombi | Electrochemically-Initiated Michael Addition of Chiral Acetoacetic Derivatives to Methyl Vinyl Ketone: Stereocontrolled Construction of Quaternary Carbon Centers[END_REF] Among Michael acceptors, 2-trifluoromethylacrylates (MAF) demonstrated a high reactivity towards Michael additions due to the strong inductive effect of the trifluoromethyl group on the double bond. For instance, thiols were added to CF 3 -substituted acrylic acids under catalyst-free conditions by Fokin et al. [START_REF] Vasil'eva | Comparison of α-and β-Trifluoromethylsubstituted Acrylic Acids in Their Reactions with Thiols[END_REF] 3-(2,2,2-Trifluoroethylidene)oxindoles also showed the ability to easily react in the catalyst-free addition of aryl thiols. [START_REF] Chen | Michael Addition of Aryl Thiols to 3-(2,2,2-Trifluoroethylidene)Oxindoles under Catalyst-Free Conditions: The Rapid Synthesis of Sulfur-Containing Oxindole Derivatives[END_REF] A new α-CF 3 -tetracid used for epoxy-vitrimer application was also obtained via a catalyst-free thia-Michael addition of a tetra-thiol on MAF. [START_REF] Berne | Catalyst-Free Epoxy Vitrimers Based on Transesterification Internally Activated by an α-CF 3 Group[END_REF] The specific electronic withdrawing character of the CF 3 group was also used to activate an alkyne-derived acceptor, allowing the synthesis of fluorinated polythioether by DBU catalyzed thia-Michael addition. [START_REF] Daglar | A Straightforward Method for Fluorinated Polythioether Synthesis[END_REF] The reactivity of MAF towards carbanions in Michael additions was already observed in the anionic copolymerisation of MAF with methyl methacrylate. [START_REF] Ito | Polymerization of Methyl α-(Trifluoromethyl)Acrylate and .Alpha.-Trifluoromethylacrylonitrile and Copolymerization of These Monomers with Methyl Methacrylate[END_REF][START_REF] Patil | Advances in the (Co)Polymerization of Alkyl 2-Trifluoromethacrylates and 2-(Trifluoromethyl)Acrylic Acid[END_REF] Narita has extensively studied the high reactivity of fluorinated vinyl compounds towards the addition of anionic and radical species. [START_REF] Narita | Synthesis of Novel Fluorinated Polymers: Facile Carbon-Carbon Bond Formation Aided by Fluorine Substituents[END_REF] In particular, Narita et al. synthesized linear polymers by the anionic double Michael addition of ethyl cyanoacetate to a bis-functional MAF-derivative. [START_REF] Umino | Novel Anionic Polyaddition of 2-Trifluoromethylacrylate by Double Michael Reaction with Ethyl Cyanoacetate[END_REF] In this initial study, the potential of sodium hydroxide as a catalyst for the double Michael addition was first demonstrated on model molecules before being used in the synthesis of linear polymers. In contrast, to the best of our knowledge, no polymer has been synthesized by catalyst-free double Michael addition to bisvinylketones or bis-acrylates.

In the objective to broaden the use of MAF, the synthesis of 3D networks was attempted by a double-Michael addition on a new tris-MAF monomer. An internal catalyst for the Michael addition was integrated into this network to avoid the use of external catalyst. The latter can indeed accelerate material degradation with time or temperature or leach out from the polymer matrix. According to this strategy, the bulk synthesis of these different networks was made possible. Prior to the chemical and mechanical study of these newly formed materials, the addition of three different methylene compounds in the presence of triethylamine was assessed.

Scheme 1. Mechanism of the double Michael addition of methylene compound on activated Michael acceptors.

Results and discussion

Addition of model molecules catalyzed by triethylamine

The addition of different methylene compounds on tert-butyl 2-(trifluoromethyl)acrylate (MAF-TBE) (Scheme 2) was assessed under different conditions summarized in Table 1. The conversion of the double bond was monitored by [START_REF] Zhang | Assessment of TEMPO as a Thermally Activatable Base Generator and Its Use in Initiation of Thermally-Triggered Thiol-Michael Addition Polymerizations[END_REF] F-NMR and confirmed by 1 H-NMR when the reaction conditions allowed it. Dichloromethane and Et 3 N were not removed from the system as MAF-TBE could potentially also evaporate during vacuum treatment, which could have biased the determination of the conversion. The bis-addition products were obtained in high yields for malonitrile, diethylmalonate and nitromethane, their corresponding NMR characterizations are respectively presented in Figure S1, Figure S2 and Figure S3.

Scheme 2. Addition of malonitrile, diethylmalonate or nitromethane on MAF-TBE. Reactions were performed in

dichloromethane in presence of 0.1 eq. of Et 3 N. The first observation is that, without Et 3 N, the Michael addition does not occur with malonitrile at 25 °C even under solvent-free conditions (Table 1, entry 1). Hence, the presence of a base is required to initiate the reaction. For a 2/1/0.1 (MAF-TBE/methylene/Et 3 N) molar ratio, high bis-addition yields were obtained under different conditions, depending on the involved methylene compound.

Particularly, malonitrile was highly reactive since a quantitative conversion was achieved after 30 mn in DCM at room temperature (Table 1, entry 2). Under the same conditions and reaction time, diethylmalonate and nitromethane led only to relatively low conversion of 4 % and 16 %, respectively (Table 1, entry 3 and 6). A full conversion of the MAF-TBE can however be obtained after 168 h and 16 h of reaction (Table 1, entry 4 and 7) respectively for the addition on diethylmalonate and nitromethane. In the case of malonitrile and diethylmalonate, these differences in reactivity can be related to the stronger electron withdrawing ability of a cyano group compared to an ester, and to the resulting difference in pK a of the activated methylenes (11.2 for malonitrile and 12.9 for diethyl malonate). [START_REF] Remya | Quantification and Classification of Substituent Effects in Organic Chemistry: A Theoretical Molecular Electrostatic Potential Study[END_REF] The nitro group is, however, generally classified as a more powerful electronwithdrawing group than the cyano group, which is reflected by the lower pK a of nitromethane (10.2) compared to malonitrile (11.2) despite the presence of only one nitro group. The difference in reaction time observed might therefore be related to the difference in reactivity of the resulting anion. The reaction conditions can however be adapted to reduce the reaction time. Indeed, under neat conditions at 60 °C, full conversion was obtained for diethylmalonate after 24 h (entry 5). Finally, it should be noted that, in this study, nitromethane was considered as a divalent molecule to keep the focus on the bis-Michael addition. However, entry 8 demonstrated the possibility to use nitromethane as a trivalent monomer. Indeed, in presence of an excess of MAF-TBE and a stoichiometric amount of triethylamine, a total disappearance of the nitromethane proton was noticed (Figure S4), indicating the efficient tris-addition of nitromethane to MAF-TBE.

Material synthesis

In order to perform a network synthesis via double Michael addition without the use of an external catalyst, a tertiary amine could interestingly be present on one of the monomers to act as an internal catalyst. This strategy was previously employed for the synthesis by thia-Michael addition of polymer networks, used as hydrophilic microfluidic devices. [START_REF] Bounds | Fabrication and Characterization of Stable Hydrophilic Microfluidic Devices Prepared via the in Situ Tertiary-Amine Catalyzed Michael Addition of Multifunctional Thiols to Multifunctional Acrylates[END_REF] This mechanism of internal catalysis was previously observed for amine/epoxy or anhydride system. [START_REF] Mccoy | Reactions of DGEBA Epoxy Cured with Diethanolamine: Isoconversional Kinetics and Implications to Network Structure[END_REF][START_REF] Yang | The Influence of Tertiary Amine Accelerators on the Curing Behaviors of Epoxy/Anhydride Systems[END_REF] However, for these systems, tertiary amines were generally directly synthesized during the curing process. Similar effect was probably also at play for thermosets involving tertiary amine production such as materials synthesized by aza-Michael addition for instance. [START_REF] Ecochard | Linseed Oil-Based Thermosets by Aza-Michael Polymerization[END_REF][START_REF] Paramarta | The Exploration of Michael-Addition Reaction Chemistry to Create High Performance, Ambient Cure Thermoset Coatings Based on Soybean Oil[END_REF] Following this strategy, a novel trifunctional monomer possessing 2-(trifluoromethyl)acrylate moieties (N-MAF 3 ) was simply synthesized from triethanolamine (N(EtOH) 3 ) and the acyl chloride derived from MAF (Scheme 3). This monomer features a tertiary amine that can act as a catalyst for the Michael addition, like Et 3 N did in the model reactions described above. N-MAF 3 was obtained in good yield (77 %) as a brown viscous liquid and was characterized by 1 H, [START_REF] Giacobazzi | Thia-Michael Reaction for a Thermostable Itaconic-Based Monomer and the Synthesis of Functionalized Biopolyesters[END_REF] C and [START_REF] Zhang | Assessment of TEMPO as a Thermally Activatable Base Generator and Its Use in Initiation of Thermally-Triggered Thiol-Michael Addition Polymerizations[END_REF] F-NMR (Figure S5). Three carbon-Michael networks (CMN) were respectively synthesized from the polyaddition of nitromethane (CMN-NO 2 ), malonitrile (CMN-CN) and diethyl malonate (CMN-DEM) on N-MAF 3 (Scheme 4). For the synthesis of CMN-NO 2 , nitromethane was considered as divalent to facilitate the comparison between CMN. Due to the stoichiometry of the reagents, to the increasing pKa of the addition products and the probable slower rate of the third addition, it was assumed that the network was mostly formed from bis-addition of nitromethane and that the third addition occurred only marginally. [START_REF] Mather | Addition Reactions in Macromolecular Design for Emerging Technologies[END_REF] The reaction conditions for the polyaddition of the CMN are summarized in Table 2. The same order of reactivity was observed for the network formation as in the preliminary study on model molecules. Indeed, a solid was directly obtained for CMN-CN after mixing the components for 1 min in the speed mixer, whereas curing at 80 °C and 100 °C was required for CMN-NO 2 and CMN-DEM, respectively, to obtain a rigid material. For CMN-CN, a post-curing at 75 °C was required to reach complete conversion of the reactive functions since an enthalpy reaction peak around 75 °C could still be detected in DSC analysis after the initial curing at 25 °C. Despite this, it can be noticed that a solid material was readily obtained at 25 °C. The polyaddition presumably followed the same mechanism as the model reactions, the tertiary amine present in N-MAF 3 acting as triethylamine in the model reactions but as an internal catalyst. Compared to the stoichiometry used for the model reactions for which only 0.1 eq of Et 3 N was used, the tertiary amine was present as 0.66 eq. for 1 eq. of methylene group in the CMN preparation, resulting in a higher catalyst loading and an increased rate of the polymerization reaction. FTIR measurements have been performed on the three synthesized CMNs (Figure S6-8). Some specific bonds related to the nature of the methylene monomer are noticeable in the CMN. For instance, an elongation band associated to a nitro group at 1552 cm -1 and a band at 2200 cm -1 corresponding to a nitrile group can be observed for CMN-NO 2 and CMN-CN respectively. Network formation was confirmed by the insolubility tests carried out on the three CMN. High gel contents were obtained (>86 %) for each material, demonstrating the synthesis of highly cross-linked materials. Swelling index were slightly impacted by the nature of the starting methylene compound and followed the expected trend. Indeed, the larger the electron-withdrawing group, the higher the swelling index was.

The glass transition and the alpha transition temperatures were hardly affected by the monomers used. Indeed, T g values were comprised between 44 and 51 °C and T α values ranged from 70 to 79 °C for all CMN. From DSC (Figure S9) and DMA (Figure 1) curves, the glass transition window appeared to be broader for CMN-DEM and CMN-NO 2 compared to CMN-CN. This could be related to the higher curing temperature used for the first materials which induces some heterogeneity in these materials compared to CMN-CN. Finally, the storage moduli on the rubbery plateaus were of the same order of magnitude for the three samples and no clear trend dependent on the methylene used could be found. Nevertheless, it appears that CMN-CN was more rigid than CMN-NO 2 and CMN-DEM at low temperatures as its glassy plateau storage modulus was higher than the ones of the two other materials. Finally, the degradation thermograms of the three CMN were similar and the mass loss temperature at 5 % was above 200 °C for all materials (Figure S10). The three synthesized CMN exhibited relatively similar physical properties.

Figure 1. Storage modulus (full curves) and tan(δ) of CMN-CN (black curves), CMN-NO 2 (blue curves) and CMN-DEM (red curves) from DMA analyses.

Similarly to the curing of epoxy/amine systems, [START_REF] Sukanto | Epoxy Resins Thermosetting for Mechanical Engineering[END_REF][START_REF] Vidil | Control of Reactions and Network Structures of Epoxy Thermosets[END_REF] thermosets polymers can easily be obtained by bis-Michael addition. Moreover, the reactivity of the Michael system can be tuned by the choice of a specific electron-withdrawing group on the methylene monomer. Finally, the mechanical properties of CMN are similar to the ones already observed for epoxy/amine systems, [START_REF] Tcharkhtchi | Epoxy/Amine Reactive Systems for Composites Materials and Their Thermomechanical Properties[END_REF][START_REF] Hollande | Preparation of Renewable Epoxy-Amine Resins with Tunable Thermo-Mechanical Properties, Wettability and Degradation Abilities from Lignocellulose-and Plant Oils-Derived Components[END_REF][START_REF] Fache | Amine Hardeners and Epoxy Cross-Linker from Aromatic Renewable Resources[END_REF] and the glass transition could be adapted by designing new 2-(trifluoromethyl)acrylate monomers including, for instance, aromatic groups.

Conclusion

The preliminary study of the addition of different active methylene compounds as Michael addition donors on a 2-(trifluoromethyl) acrylic ester (Michael acceptor) demonstrated the efficient catalytic role of triethylamine. Moreover, these reactions on model molecules allowed to determine the reactivity order between the methylene compounds (malonitrile > nitromethane > diethylmalonate) in the Michael addition on 2-(trifluoromethyl)acrylate. Following these encouraging results, a new trivalent monomer featuring 2-(trifluoromethyl)acrylate moieties and incorporating a tertiary amine was synthesized. This novel monomer was reacted with the previously studied methylene compounds to provide carbon-Michael addition networks. These polyester thermosets demonstrated relatively similar physical and chemical properties compared to existent epoxy/amine systems.

Their high glass transition temperatures, coupled with their capability to form at relatively low temperature and without an external catalyst, make these carbon-Michael addition networks interesting for future application as binders or coatings. This study represents a first step in the synthesis of thermosets by Michael addition on methylene groups and paves the way to further applicative studies on these materials.

Materials & Methods

Materials

Triethylamine (99 %), Triethanolamine (99 %), Phthaloyl dichloride (> 95 %), Dichloromethane (DCM), THF were purchased from Sigma-Aldrich Merck (Darmstadt, Germany). Malonitrile (99 %) was purchased from Alfa Aesar (Kandel, Germany). Diethylmalonate (99 %) was purchased from Abcr (Karlsruhe, Germany). Nitromethane (99 %) was purchased from Acros Organics (Geel, Belgium). 2-(Trifluoromethyl)acrylic acid (MAF) (> 98%), tert-Butyl 2-(Trifluoromethyl)acrylate (MAF-TBE) (> 98 %) were purchased from SynQuest Labs (Alachua, FL, USA). All materials were used as received. The NMR solvents CDCl 3 was purchased from Eurisotop (Saint-Aubin, France).

Characterizations Nuclear Magnetic Resonance

Proton Nuclear Magnetic Resonance ( 1 H, [START_REF] Giacobazzi | Thia-Michael Reaction for a Thermostable Itaconic-Based Monomer and the Synthesis of Functionalized Biopolyesters[END_REF] C, [START_REF] Zhang | Assessment of TEMPO as a Thermally Activatable Base Generator and Its Use in Initiation of Thermally-Triggered Thiol-Michael Addition Polymerizations[END_REF] F-NMR) analyses were carried out in deuterated chloroform (CDCl 3 , 99.50% isotopic purity) using Bruker Avance III 400 MHz NMR spectrometer at a temperature of 25 °C.

Fourier Transform Infrared Spectroscopy Infrared (IR) spectra were recorded on a Nicolet 210 Fourier transform infrared (FTIR) spectrometer.

The characteristic IR absorptions mentioned in the text are reported in cm -1 . Materials analyses were recorded using an ATR accessory.

Thermogravimetric Analyses

Thermogravimetric Analyses (TGA) were carried out using TG 209F1 apparatus (Netzch). Approximately 10 mg of sample were placed in an aluminum crucible and heated from room temperature to 580 °C at a heating rate of 20 °C/min under nitrogen atmosphere (60 mL/min).

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analyses were carried out using a NETZSCH DSC200F3 calorimeter, which was calibrated using indium, n-octadecane and n-octane standards. Nitrogen was used as purge gas. Approximately 10 mg of sample were placed in a perforated aluminum pan and the thermal properties were recorded between -150 °C and 150 °C at 20 °C/min to observe the glass transition temperature. The T g values were measured on the second heating ramp to erase the thermal history of the polymer. All the reported temperatures are average values.

Dynamic mechanical analyses

Dynamic mechanical analyses (DMA) were carried out on Metravib DMA 25 with Dynatest 6.8 software. Samples were tested in the uniaxial tension mode at a frequency of 1 Hz with a fixed strain of 10 -5 m, while applying a temperature ramp at a rate of 3 °C/min from -100 °C to +150 °C. The T α was determined as the maximum of the loss modulus E''.

Swelling index

Three samples from the same material, of around 20 mg each, were separately immersed in THF for 24 h. The swelling index (SI) was calculated using Equation 1, where m 2 is the mass of the swollen material and m 1 is the initial mass. Reported swelling index are average values of the three samples. Equation 1Gel content Three samples from the same material, of around 20 mg each, were separately immersed in THF for 24 h. The samples were then dried in a ventilated oven at 70 °C for 24 h. The gel content (GC) was calculated using Equation 2, where m 2 is the mass of the dried material and m 1 is the initial mass.

Reported gel content are average values of the three samples. Diethylmalonate (3 mmol, 0.48 g, 1 eq.) was mixed with tert-butyl 2-(trifluoromethyl)acrylate (MAF-TBE) (6 mmol, 1.18 g, 2 eq.) at 25 °C. A catalytic amount of triethylamine (Et 3 N) (0.3 mmol, 30 mg, 0.1 eq) was then added to the solution. The solution was stirred at 60 °C for 24 h and the bis-addition product was obtained in good yield. Nitromethane (3 mmol, 0.18 g, 1 eq., [1 M]) was mixed with tert-butyl 2-(trifluoromethyl)acrylate (MAF-TBE) (6 mmol, 1.18 g, 2 eq.) in dichloromethane at 25 °C. A catalytic amount of triethylamine (Et 3 N) (0.3 mmol, 30 mg, 0.1 eq) was then added to the solution. After 16 h of stirring at 25 °C, the bis-addition product was then obtained in good yield. Nitromethane (3 mmol, 0.18 g, 1 eq., [0.5 M]) was mixed with tert-butyl 2-(trifluoromethyl)acrylate (MAF-TBE) (12 mmol, 2.36 g, 4 eq.) in dichloromethane at 25 °C. A catalytic amount of triethylamine (Et 3 N) (3 mmol, 0.30 g, 1 eq) was then added to the solution. After 24 h of stirring at 25 °C, the triaddition product was obtained in good yield. 

Synthesis of N-MAF 3

Triethanolamine (2.49 g, 1 eq) was dissolved in 100 mL of dichloromethane in the presence of triethylamine (8.43 g, 5 eq). MAF-Cl (9.5 g, 3.6 eq) was added dropwise at 0 °C for 10 min and the reactive mixture was stirred for 2 hours at room temperature. The reaction mixture was filtered, washed with a saturated aqueous sodium hydrogen carbonate solution and twice with brine, twice with distilled water, dried over MgSO 4 , filtered and evaporated under reduced pressure to afford the pure N-MAF 3 as a viscous brown liquid. Yield: 77 %, 6.58 g. 1 H NMR (400 MHz, CDCl 3 ): δ/ppm = 2.95-2.98 (t, 3 J = 5.8 Hz, 6H, N-CH 2 -CH 2 ), 4.31-4.34 (t, 3 J = 5.8 Hz, 6H, N-CH 2 -CH 2 ), 6.46 (m, 6.74, 3H, CH 2 =C), 6.74-6.75 (q, 6.74, 4 J = 1.7 Hz, 3H, CH 2 =C) CMNs were synthesized by mixing 1.5 eq of N-MAF 3 (2.06 g) with 1 eq. of methylene compound in a SpeedMixer. Malonitrile (0.40 g), diethylmalonate (0.96 g) and nitromethane (0.37 g) were used for the synthesis of CMN-CN, CMN-DEM and CMN-NO 2 respectively.

Declaration of Competing Interest

Scheme 3 .

 3 Scheme 3. Synthesis of N-MAF 3 from MAF.

Scheme 4 .

 4 Scheme 4. Synthesis of carbon-Michael networks from reaction N-MAF 3 with a methylene monomer in external catalyst-free conditions.

13 C 3 J = 2 . 7 19 F

 1332719 NMR (101 MHz, CDCl 3 ): δ/ppm = 27.6 (O-C-(CH 3 ) 3 , 33.7 (C-CH 2 -CH), 34.6 (C-CH 2 -CH), 48.0-48.9 (CF 3 -CH-CH 2 ), 85.3 (O-C-(CH 3 ) 3 ), 112.5-113.5 (C-CN), 119.5-127.9 (q, 1 J = 281 Hz, CF 3 ), 163.8-163.9 (q, Hz, C=O) NMR (377 MHz, CDCl 3 ): δ/ppm = -68.5 Synthesis of DEM-MAF 2

1 H 13 C 19 F

 11319 NMR (400 MHz, CDCl 3 ): δ/ppm = 1.22-1.25 (m, CH 2 -CH 3 ), 1.43-1.44 (m, O-C-(CH 3 ) 3 ), 2.17-2.22 (m, C-CH 2 -CH), 2.45-2.55 (m, C-CH 2 -CH), 3.15-3.24 (m, CF 3 -CH-CH 2 ), 4.10-4.18 (m, CH 2 -CH 3 ) NMR (101 MHz, CDCl 3 ): δ/ppm = 13.7 (CH 2 -CH 3 ), 27.6 (O-C-(CH 3 ) 3 , 29.6-30.0 (C-CH 2 -CH), 47.2-48.2 (CF 3 -CH-CH 2 ), 55.1-55.2 (C-CH 2 -CH), 62.0-62.1 (CH 2 -CH 3 ), 83.2 (O-C-(CH 3 ) 3 ), 119.53-127.90 (q, 1 J = 281 Hz, CF 3 ), 165.8-165.9 (CH-C=O), 169.5-169.8 (C-C=O) NMR (377 MHz, CDCl 3 ): δ/ppm = -69.7 Synthesis of NO 2 -MAF 2

1 H 13 C 19 F

 11319 NMR (400 MHz, CDCl 3 ): δ/ppm = 1.42-1.43 (m, O-C-(CH 3 ) 3 ), 2.03-2.34 (m, CH-CH 2 -CH), 2.49-2.67 (m, CH-CH 2 -CH), 3.10-3.31 (m, CF 3 -CH-CH 2 ), 4.25 (s, NO 2 -CH-CH 2 ) NMR (101 MHz, CDCl 3 ): δ/ppm = 27.4 (O-C-(CH 3 ) 3 , 31.6-32.7 (C-CH 2 -CH), 46.3-47.4 (CF 3 -CH-CH 2 ), 84.4-84.7 (O-C-(CH 3 ) 3 ), 88.2-88.7 (NO 2 -CH-CH 2 ), 120.1-128.5 (q, 1 J = 281 Hz, CF 3 ), 165.8-165.9 (CH-C=O), 165-1-165.3 (C-C=O) NMR (377 MHz, CDCl 3 ): δ/ppm = -69.8 Synthesis of NO 2 -MAF 3

1 H 19 F

 119 NMR (400 MHz, CDCl 3 ): δ/ppm = 1.42-1.43 (m, O-C-(CH 3 ) 3 ), 2.04-2.31 (m, CH-CH 2 -CH), 2.51-2.69 (m, CH-CH 2 -CH), 3.10-3.41 (m, CF 3 -CH-CH 2 ) NMR (377 MHz, CDCl 3 ): δ/ppm = -69.8 Synthesis of MAF-Cl 2-Trifluoromethylacryloyl chloride (MAF-Cl) was synthesized by the reaction of 2trifluoromethylacrylic acid (MAF) (29.1 g, 208 mmol) with phthaloyl dichloride (63.2 g, 311.3 mmol) at 150 °C for 2 h and then 190 °C for 30 min. The product was collected by distillation during reaction. Yield: 72 %, 23.8 g. Boiling point: 82 °C.

13 C 19 F

 1319 NMR (101 MHz, CDCl 3 ): δ/ppm = 53.0 (N-CH 2 -CH 2 ), 64.0 (N-CH 2 -CH 2 ), 117.2-125.3 (q, CF 3 , 1 J = 272.5 Hz), 130.8-131.8 (q, C-CF 3 , 2 J = 32.2 Hz), 133.1-133.2 (q, CH 2 =C, 3 J = 5.1 Hz), 161.2 (C=O) NMR (377 MHz, CDCl 3 ): δ/ppm = -65.6 Synthesis of Carbon Michael Addition Networks (CMN)

  

  

Table 1 .

 1 Synthesis conditions of the different experiments performed on model molecules.

	Entry	Methylene compound	Ratio MAF-TBE/methylene/Et 3 N	Solvent T (°C)	Time (h)	MAF-TBE conversion (%) a
	1	Malonitrile	2/1/0	-	25	24	0
	2	Malonitrile	2/1/0.1	DCM	25	0.5	100
	3	Diethyl malonate	2/1/0.1	DCM	25	0.5	4
	4	Diethyl malonate	2/1/0.1	DCM	25	168	100
	5	Diethyl malonate	2/1/0.1	-	60	24	100
	6	Nitromethane	2/1/0.1	DCM	25	0.5	16
	7	Nitromethane	2/1/0.1	DCM	25	16	100
	8	Nitromethane	4/1/1 (tris-addition)	DCM	25	72	75

a Conversion was determined from the integration of the 19 F-NMR spectrum of the crude mixture

Table 2 .

 2 Curing conditions and characterizations of carbon-Michael networks.

	CMN	Curing conditions	T g (°C)	T α (°C)	T d (°C) 5 %	E' glassy (GPa) a	E' rubbery (MPa) a	Swelling index (%)	Gel Content (%)
	CMN-CN	25 °C 2 h +75 °C 30 min	51	79	206	2.95	8.93	178 ± 12	86 ± 1
	CMN-NO 2	80 °C 12 h	46	72	205	1.25	9.64	123 ± 25	88 ± 2
	CMN-DEM	100 °C 3h	44	70	207	1.32	7.31	240 ± 33	93 ± 1
	a Determined at T α -50 °C; b Determined at T α + 50 °C				
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