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Beyond their usual combination with metal-ions, we show that terpyridine (TPy) functionalized polymers can be associated with inorganic nanoparticles to form transient networks via supramolecular bonds. These interactions are first evidenced by differential scanning calorimetry where a growing fraction in Fe3O4 nanoparticles is seen to shift up and broaden significantly the glass transition of PnBA-TPy (+8 °C) whereas no effect is observed on the corresponding pure PnBA matrix. The formation of an organic-inorganic physical network is then revealed by rheological measurements highlighting the extra-friction caused by the TPy groups at longer timescales. Because they are based on unentangled polymers, such nanocomposites present, in addition, the great advantage to switch rapidly from the solid to the liquid state when submitted to an oscillatory magnetic field. Under this so-called induction heating, the physical network is dismantled remotely from the inside, making this class of materials promising candidates for the design of responsive-rubbers.

Introduction

Supramolecular polymer networks based on transient connections such as hydrogen bonding, π-π stacking, ionic aggregations or metal-ligand complexes are a fascinating class of materials endowed with tailorable properties. [START_REF] Zhang | Dynamics of associative polymers[END_REF][START_REF] Bentz | Supramolecular metallopolymers: from linear materials to infinite networks[END_REF][START_REF] Yang | Supramolecular polymers: historical development, preparation, characterization, and functions[END_REF][START_REF] Voorhaar | Supramolecular polymer networks: hydrogels and bulk materials[END_REF][5] In the latter case, terpyridine (TPy) functionalized polymers are often associated with various metallic ions to form networks possessing tunable rheological properties. [START_REF] Zhuge | Decoding the linear viscoelastic properties of model telechelic metallo-supramolecular polymers[END_REF][START_REF] Zhuge | Synthesis and Rheology of Bulk Metallo-Supramolecular Polymers from Telechelic Entangled Precursors[END_REF][START_REF] Habicht | Connectivity defects enhance chain dynamics in supramolecular polymer model-network gels[END_REF][START_REF] Bode | Correlation between scratch healing and rheological behavior for terpyridine complex based metallopolymers[END_REF][START_REF] Brassinne | Control over the assembly and rheology of supramolecular networks via multi-responsive double hydrophilic copolymers[END_REF][START_REF] Rossow | Supramolecular polymer gels with potential model-network structure[END_REF] TPy groups have also been employed in combination with 2-ureido-4-pyrimidone (UPy) to form hybrid supramolecular networks containing both metal-ligands and hydrogen bonds. [START_REF] Hofmeier | High molecular weight supramolecular polymers containing both terpyridine metal complexes and ureidopyrimidinone quadruple hydrogen-bonding units in the main chain[END_REF] Besides, pyridine (Py) based polymers have attracted recently the interest of several research groups because of their ability to form strong H-bonds with inorganic fillers forming "attractive nanocomposites". [START_REF] Holt | Chain and segmental dynamics of poly (2-vinylpyridine) nanocomposites[END_REF][START_REF] Holt | Dynamics at the polymer/nanoparticle interface in poly (2vinylpyridine)/silica nanocomposites[END_REF][START_REF] Cheng | Unraveling the mechanism of nanoscale mechanical reinforcement in glassy polymer nanocomposites[END_REF][START_REF] Baeza | Network dynamics in nanofilled polymers[END_REF][17] In particular, Holt et al. [START_REF] Holt | Chain and segmental dynamics of poly (2-vinylpyridine) nanocomposites[END_REF][START_REF] Holt | Dynamics at the polymer/nanoparticle interface in poly (2vinylpyridine)/silica nanocomposites[END_REF] have shown a continuous broadening of the glass transition of poly(2-vinyl-pyridine) (P2VP) for a growing content in colloidal silica, emphasizing the strong interactions existing at the molecular level between the polymer nitrogen atoms and the hydroxyl groups present at the silica surface. Also, Chen et al. 17 have rationalized the outstanding enhancement of the rheological properties through a theoretical model describing the percolation of the polymerparticle network based on rubbery and glassy bridges. Moreover, Baeza et al. [START_REF] Baeza | Network dynamics in nanofilled polymers[END_REF] have evidenced the dynamical transition from the classic WLF character to an Arrhenian behavior (with an activation energy higher than 400 kJ mol -1 ) when the silica content was increased above 30 vol.%. Although all these studies are limited to the sole case of P2VP/silica nanocomposites, they suggest that other functional groups, containing Py units, should interact strongly with polar surfaces. Of particular interest to the present study, the formation of supramolecular bonds was also reported between monomeric Py and Fe-oxide surfaces where the attraction was preferentially assigned either to hydrogen bonds [START_REF] Kung | IR studies of NH3, Pyridine, CO, and NO adsorbed on transition metal oxides[END_REF] or to complexation with Fe atoms. [START_REF] Cutting | Molecular scale investigations of the reactivity of magnetite with formic acid, pyridine, and carbon tetrachloride[END_REF][START_REF] Rocha | Poly (ethylene glycol)-block-poly (4-vinyl pyridine) as a versatile block copolymer to prepare nanoaggregates of superparamagnetic iron oxide nanoparticles[END_REF] On top of the usual reinforcement effect provided by silica nanofillers, the utilization of superparamagnetic iron oxide nanoparticles (SPION) is frequently encountered in the nanocomposite literature because it makes possible induction heating. [START_REF] Schmidt | Electromagnetic activation of shape memory polymer networks containing magnetic nanoparticles[END_REF][START_REF] Hohlbein | Remote-controlled activation of self-healing behavior in magneto-responsive ionomeric composites[END_REF][START_REF] Bayerl | The heating of polymer composites by electromagnetic induction-A review[END_REF][START_REF] Abenojar | Structural effects on the magnetic hyperthermia properties of iron oxide nanoparticles[END_REF] This technique consists in heating a medium containing responsive nano-objects by submitting it to an oscillatory magnetic field characterized by an amplitude close to 10 mT and a frequency of several tens or hundreds of kHz. In addition, induction heating attracts much interest in biomedical engineering because it enables cancer cells elimination through the injection of SPION and subsequent localized heating of +6 °C. 24,25,26, The heating intensity depends on the following parameters:

(i)
The content in nanoparticleswhile it must be lower than 1 wt.% in biomedical applications because of toxicity issues, it can be easily raised up to ca. 60 wt.% (≈ 20 vol.%) in polymer-based nanocomposites.

(ii) The characteristics of the electromagnetic fieldits amplitude, frequency and direction.

(iii) The nature of the nanoparticlestheir chemical composition, their size and their shape.

The superparamagnetic properties of nanoparticles and their subsequent ability to dissipate heat originates from their magnetic hysteresis governed by two fundamental mechanisms:

Néel and Brown relaxations, which are often termed as responsible for the "magnetic viscosity" of SPION. [START_REF] Street | A study of magnetic viscosity[END_REF][START_REF] Gaunt | Magnetic viscosity and thermal activation energy[END_REF] Néel relaxation is intrinsically related to the nature of the particles. Its characteristic time 𝜏 𝑁 corresponds to the time during which the macro-spin [START_REF] Néel | Théorie du traînage magnétique des ferromagnétiques en grains fins avec applications aux terres cuites[END_REF] of a SPION remains in a given equilibrium state before switching to its antiparallel configuration. While it is a spontaneous phenomenon, it engenders a delay on the spin orientation when the particle is submitted to an oscillatory magnetic field, causing heat dissipation. In equation 1 below, 𝐾 is the magnetic anisotropyclose to 10 kJ m -3 for nano-spheres of Fe3O4, [START_REF] Deatsch | Heating efficiency in magnetic nanoparticle hyperthermia[END_REF][START_REF] Wang | The heating effect of magnetic fluids in an alternating magnetic field[END_REF] 𝑉 is the volume of the particle, 𝑇 is the temperature, 𝑘 𝑏 is the Boltzmann constant, and 𝜏 0 is the extrapolation of 𝜏 𝑁 at an infinite temperatureclose to 1 ns for Fe3O4 SPION. [START_REF] Abenojar | Structural effects on the magnetic hyperthermia properties of iron oxide nanoparticles[END_REF][START_REF] Deatsch | Heating efficiency in magnetic nanoparticle hyperthermia[END_REF][START_REF] Wang | The heating effect of magnetic fluids in an alternating magnetic field[END_REF] 𝜏 𝑁 = τ 0 exp ( 𝐾𝑉 𝑘 𝑏 𝑇 )

On the other hand, the Brown relaxation time 𝜏 𝐵 depends on the viscosity of the surrounding medium 𝜂 and corresponds to the "geometrical" reversal of the particle, resulting in a macrospin inversion, similarly as in the previous case. It is commonly expressed through the rotational diffusion coefficient 𝐷 𝑟 calculated from the Stokes-Einstein law such as:

𝜏 𝐵 = 1 2𝐷 𝑟 = 3𝜂𝑉 ℎ 𝑘 𝑏 𝑇 (2) 
In which 𝜂 is the viscosity of the Newtonian fluid surrounding spherical particles of volume

𝑉 ℎ = 4 3 𝜋𝑟 ℎ 3
, with 𝑟 ℎ their hydrodynamic radius. [START_REF] Hess | Local dynamics in supramolecular polymer networks probed by magnetic particle nanorheology[END_REF] Note that the viscosity is expected to match the zero shear viscosity 𝜂 0 * for polymer melts and solutions. [START_REF] Hess | Size effects on rotational particle diffusion in complex fluids as probed by Magnetic Particle Nanorheology[END_REF] The effective relaxation time 𝜏, associated with the macro-spin reversal of SPION, can then be simply expressed as : 30

𝜏 = ( 1 𝜏 𝑁 + 1 𝜏 𝐵 ) -1 (3) 
Our long-term idea is to combine a polymer able to form reversible bonds with SPION to produce reinforced rubbers able to switch from the solid to the liquid state in a fraction of a second when submitted to an electromagnetic stimulus. Unentangled polymers characterized by a low glass transition temperature (𝑇 𝑔 ) and interacting favorably with Fe3O4 nanoparticles are thus promising candidates. We propose in the present article to deal with a TPy functionalized short poly(n-butyl acrylate) (PnBA-TPy) reinforced with Fe3O4 nanoparticles.

Beyond their interactions with polar surfaces, TPy functions are chosen because they will offer a great tunability of the rheological properties in presence of additional metal ions [START_REF] Zhuge | Decoding the linear viscoelastic properties of model telechelic metallo-supramolecular polymers[END_REF] (nottreated in the present work).

The article is organized as follows: After the description of the materials and methods in section 2, we propose a dual study of the thermal and rheological properties of nanocomposites formulated either with a neat PnBA matrix or our purpose made PnBA-TPy in section 3. We mainly focus on the rheology which appears to be essential for both the mechanical properties of the rubber in service and its ability to generate heat. The latter aspect is finally developed in section 4 in which we compare systematically the heating kinetics of the whole set of nanocomposites and tentatively rationalize their behavior based on classic SPION induction heating models.

Experimental section

Materials

A well-defined PnBA-TPy random copolymer was synthesized by copolymerizing n-Butylacrylate (nBA) with a TPy functionalized acrylate co-monomer as shown in Figure 1. The so-prepared polymer contains 7 mol.% of TPy functionalized monomers corresponding to ca.

10 groups per chain in average. A reference PnBA was also synthesized in the same conditions.

The synthesis protocol of both polymers is provided in Supplementary Information (SI) section 1. A short molecular weight was desired (𝑀 𝑛 ̅̅̅̅ = 21 kg mol -1 and Ð = 1.28) to insure the fast diffusion of the chains once the physical bonds with the SPION are deactivated. Note that the molecular weight between entanglements of PnBA is estimated to 𝑀 𝑒 = 17-23 kg mol -1 , [START_REF] Zhuge | Synthesis and Rheology of Bulk Metallo-Supramolecular Polymers from Telechelic Entangled Precursors[END_REF]34 avoiding long reptation mechanisms. PnBA was selected for its low glass-transition temperature, lack of crystallinity and easiness of modification, enabling the subsequent production of nanocomposites endowed with thermoplastic elastomer-like properties. Powder of Fe3O4 nanoparticles (14-29 nm) were purchased from Nanografi (Turkey) and used as received. 

a) b)

Sample preparation: All composites (9, 18, 24 vol.% ± 0.5 vol.%) were prepared by solvent casting in acetone. 10 vol.% solutions of polymer (PnBA-TPy or PnBA) and 5 vol.% suspensions of Fe3O4 were separately prepared and subsequently mixed via mechanical stirring in appropriate quantity to formulate each sample. The so-obtained mixtures were then dried at room temperature overnight insuring an intimate mixing of the two components and further homogenized mechanically through gentle hot-pressing at 80 °C to avoid any critical particles sedimentation issues. The so-obtained 600 μm -1 mm thick films were finally used for DSC, rheology and induction heating experiments.

Methods

X-Ray Diffraction (XRD): XRD measurements were performed at room temperature on a D8 advance apparatus (Bruker, USA) using Cu-Kα1 radiation. The diffraction pattern of our Fe3O4 powder was recorded in the 2-theta range of 15-90°.

Fourier Transform Infra-Red spectroscopy (FTIR): FTIR spectra of our powder was recorded on a Nicolet iS50 spectrophotometer (Thermo Fisher scientific, USA). An attenuated total reflectance (ATR) mode was used with a diamond crystal. 32 scans were accumulated with a resolution of 4 cm -1 and an interval of 2 cm -1 .

Scanning Electron Microscopy (SEM):

The dispersion of nanoparticles in PnBA-TPy and PnBA was studied in samples loaded with 9 vol.% in Fe3O4 through SEM-BSE by using a VEGA3 apparatus (TESCAN, USA). The acceleration tension of the electrons was set to 20 kV and the beam intensity "BI" was fixed at 11. Because of their extreme sensitivity to the electron beam, samples were remolded via hot-pressing performed at 50 °C to obtain 1.5 mm thick films and subsequently metallized with platinum.

Differential Scanning Calorimetry (DSC): DSC measurements were carried out on a

Perkin-Elmer DSC 8000 apparatus under 20 mL min -1 nitrogen flow. Temperature and enthalpy calibrations were performed by using indium and zinc standards. Samples of about 10 mg were cooled down to -80 °C for 5 min before to be heated up at 10 °C min -1 up to room temperature. This cycle was then repeated once, resulting in the measurements presented in Figure 3 (2 nd heating ramp).

Rheology: Frequency sweeps (100 to 0.1 rad s -1 ) were performed in the linear regime. The strain amplitude was adjusted according to the sample and the temperature from 0.1 % (composite loaded at 24 vol.%, below -10 °C) up to 5 % (neat polymers above 20 °C). The measurements were recorded every 5 or 10 °C, on an ARES-G2 rheometer (TA, USA) equipped with 10 mm parallel plates and a gap of 0.8 mm (± 0.1 mm). These data were successfully reproduced with an ARES-G1 equipped with 8 mm plate-plate geometry. Compliance issues at low temperature were corrected based on the work by Laukkanen [START_REF] Laukkanen | Small-diameter parallel plate rheometry: a simple technique for measuring rheological properties of glass-forming liquids in shear[END_REF] . PnBA-TPy based samples were measured from -30 °C up to 30 °C. Their PnBA counterpart, which have a lower 𝑇 𝑔 , were measured from -50 °C up to 30 °C. Corresponding master curves were built by using the timetemperature superposition (TTS) principle with a reference temperature 𝑇 𝑟𝑒𝑓 = 0 °C. Apart from usual horizontal shifts (𝑎 𝑇 ), slight vertical shifts (𝑏 𝑇 ) were used to enhance the quality of the neat polymer master curves. Their values were systematically ranging from 0.94-1.1, representing thermal expansion. Vertical shifts ranging from 0.94-1.5 were also used in nanocomposites in which TTS was not necessarily expected to work because of the presence of several dynamical contributions ("multi-clocks" system). Although we do not have strong evidence for it, the global decrease of 𝑏 𝑇 with increasing temperature is assigned to the progressive deactivation of physical interfacial bonds (see Figure 4 below). Note that no direct correlation between 𝑏 𝑇 and the material's expansion coefficient (𝛼) was forced in this work because of (i) the temperature range, implying non-constant 𝛼 due to its proximity to 𝑇 𝑔 and/or (ii) the biphasic nature of the materials. We refer the reader to SI section 2 for more details about rheometry and data treatment. Measurements performed above 10 °C were mostly excluded from the master curves because of their poor overlap with the rest of the data (except for PnBA-TPy + 9 vol.% Fe3O4). This kind of "selective" master curves were also reported by Cui et al. [START_REF] Cui | Linear shear and nonlinear extensional rheology of unentangled supramolecular side-chain polymers[END_REF] in systems containing more than one dynamical contribution when broader master curves were impossible to form.

Induction heating: Induction heating of nanocomposites was performed with a master controller V3+ apparatus (CEIA, Italy) connected to a pancake-shaped (flat spiral) inductor made of two concentric turns. A 0.1 mm thick Teflon composite tape covered the inductor to protect it from materials flowing. The frequency of the magnetic field applied was fixed to 855 

Results and discussion

Characterization of the Fe3O4 nanoparticles

The crystalline structure of Fe3O4 nanoparticles is firstly characterized by XRD and their surface state probed by FTIR. All the peaks present in the XRD diffraction pattern (Figure 3a) are assigned to Fe3O4 in accordance with literature, [START_REF] Wang | The heating effect of magnetic fluids in an alternating magnetic field[END_REF][START_REF] El Ghandoor | Synthesis and some physical properties of magnetite (Fe3O4) nanoparticles[END_REF][START_REF] Snow | Heat capacity studies of nanocrystalline magnetite (Fe3O4)[END_REF][START_REF] Akinay | Magnetic and microwave absorption properties of PVB/Fe3O4 and PVB/NiFe2O4 composites[END_REF] indicating the purity of our powder.

On the other hand, the FTIR spectrum (Figure 3b) exhibits two strong Fe-O bands at 550 and 430 cm -1 which correspond to stretching vibrations of tetrahedral (Fetetra-O) and octahedral (Feocta-O) sites respectively. [START_REF] Ozkaya | Synthesis of Fe3O4 nanoparticles at 100 C and its magnetic characterization[END_REF][START_REF] Namduri | Quantitative analysis of iron oxides using Fourier transform infrared spectrophotometry[END_REF] In addition, a characteristic broad peak is observed at ca. 3300 cm -1 , standing unambiguously for hydroxyl groups covalently bonded onto the particles surface. [START_REF] Ozkaya | Synthesis of Fe3O4 nanoparticles at 100 C and its magnetic characterization[END_REF] These -OH groups are known to appear on the nanoparticles during their synthesis by chemical co-precipitation in aqueous environment. [START_REF] Yang | Re-examination of characteristic FTIR spectrum of secondary layer in bilayer oleic acid-coated Fe3O4 nanoparticles[END_REF] The presence of both Fe atoms and -OH groups at the SPION surface makes therefore uncertain the origin of the filler-polymer attraction presented below. As mentioned in the introduction, it is believed to come from the TPy nitrogen interaction with the -OH groups at the magnetite surface (H-bonding), and/or the Fe atoms complexation. For the sake of clarity, the two configurations are depicted schematically in Figure 4. We believe that atomistic simulations, elucidating the configuration of the TPy group at the nanoparticles surface, could help to solve this issue (see e.g. ref. [START_REF] Qiang | Molecular dynamics simulations of the interaction between Fe3O4 and biocompatible polymer[END_REF] ). 

Impact of TPy / Fe3O4 interactions on polymer dynamics

The extra-attraction between functionalized polymers and magnetite nanoparticles is first suggested by SEM micrographs in Figure 5. While solvent casting followed by mechanical homogenization insures that nanoparticles are well distributed in both PnBA-TPy (a) and PnBA (b) at a 100 μm lengthscale, it seems that their local dispersion is improved when the polymer is functionalized with (only) 7 mol.% of TPy groups, being potentially of great importance for efficient induction heating. [START_REF] Serantes | Influence of dipolar interactions on hyperthermia properties of ferromagnetic particles[END_REF] Note that the SEM investigation is made difficult because of the samples degradation under the electron beam in spite of their careful preparation. For the sake of completeness, we provide in SI section 3 an image analysis of our SEM micrographs and additional TEM images of the same nanoparticles embedded in a less sensitive semi-crystalline polymer (5 vol.%). Complementary TEM images are provided in SI section 3.

A more systematic characterization of the supramolecular bonds impact on polymer dynamics is presented in Figure 6 where DSC is used to detect possible effects on the glass transition. [START_REF] Holt | Dynamics at the polymer/nanoparticle interface in poly (2vinylpyridine)/silica nanocomposites[END_REF][START_REF] Baeza | Network dynamics in nanofilled polymers[END_REF] The two neat polymers and the corresponding nanocomposites loaded with 𝛷 = 9, 18 and 24 vol.% in Fe3O4 were investigated, making emerge two important results. (i) The functionalization of 7 mol.% of the PnBA units with TPy groups shifts the polymer glass transition by ca. +20 °C (from -45 °C to -25 °C). This effect is understood as an extra-steric hinderance caused by the bulky TPy units. In fact, smaller functional groups able to form Hbonds, grafted on the same polymer, were seen to have no impact on its glass transition. [START_REF] Shabbir | Effect of hydrogen bonding on linear and nonlinear rheology of entangled polymer melts[END_REF] (ii)

The glass transition temperature in PnBA-TPy is increased by ca. 8 °C (see Table 1), and significantly broadens, when 9 vol.% in nanoparticles are added. It seems however that this broadening saturates at higher filler fractions, most likely because of the limited number of TPy groups in the material (about 10 TPy groups per polymer chain). We believe that a gradual effect may have been observed at lower contents in particles. On the contrary, the corresponding nanocomposites based on neat PnBA do not show any significant shift of the glass transition (although it does broaden), remaining around -45 °C. This observation is the clearest evidence of the strong attraction at the molecular level existing between TPy and -OH groups or Fe atoms. It reminds similar trends observed in Py-based nanocomposites [START_REF] Holt | Dynamics at the polymer/nanoparticle interface in poly (2vinylpyridine)/silica nanocomposites[END_REF][START_REF] Baeza | Network dynamics in nanofilled polymers[END_REF] which indicated the presence of N ⋯ HO physical bonds. Such interactions between PnBA-TPy and magnetite nanoparticles are also expected to strongly impact the rheological response of the composites. As mentioned above, silica particles filled P2VP not only exhibit a strong broadening of the segmental relaxation but also an outstanding increase of the dynamic moduli accompanied by a pronounced delay of the relaxation spectrum. [START_REF] Baeza | Network dynamics in nanofilled polymers[END_REF] These observations are actually comparable with what we obtain here for PnBA-TPy with increasing particle content, as can be seen on Figure 7a showing reliable master curves built on a limited temperature range, in quantitative agreement with other PnBA based systems. 34,[START_REF] Goldansaz | How supramolecular assemblies control dynamics of associative polymers: Toward a general picture[END_REF][START_REF] Jakubowski | Comparison of thermomechanical properties of statistical, gradient and block copolymers of isobornyl acrylate and n-butyl acrylate with various acrylate homopolymers[END_REF] The resulting horizontal shift factors 𝑎 𝑇 are presented in Figure 8 and fitted with the William-Landel-Ferry (WLF) equation, supporting our DSC experiments. In fact, while 𝑐 1 and 𝑐 2 coefficients are found similar for all the PnBA-based nanocomposites, they decrease continuously with the filler content in their PnBA-TPy counterparts (see Table 2).

This result reminds once again the "steepening" of the shift factor temperature dependence obtained in nanosilica filled P2VP. [START_REF] Baeza | Network dynamics in nanofilled polymers[END_REF] (See also SI section 2 for a comparison of the neat PnBA 𝑎 𝑇 temperature dependence with data from ref. 34 , as well as vertical shift factors 𝑏 𝑇 ). 2 below. Reference temperature is set to 0 °C.

Table 2. c1 and c2 parameters at 𝑇 𝑟𝑒𝑓 = 0 °C obtained from WLF fits (Figure 8). 7a, we remark that the high-frequency 𝐺'-𝐺''cross-over of PnBA-TPy nanocomposites shifts to much longer time when the filler content is increased, in agreement with the 𝑇 𝑔 up-shift observed in DSC (Figure 6a). On the contrary, we show in Figure 7b that PnBA-based materials exhibit the "classic" trend observed in (mostly) repulsive nanocomposites, i.e., a moderate delay of the low-frequency relaxation mechanisms and a limited reinforcement with no significant shift of the high-frequency 𝐺'-𝐺'' cross-over. The latter trend is again in line with our DSC measurements (Figure 6b). 

PnBA-TPy

PnBA

Because of their different glass transition temperatures, it is then interesting to compare PnBA-TPy and PnBA based nanocomposites containing the same fraction in particles at the same "distance" from their respective 𝑇 𝑔 . This is illustrated in Figure 9 where the reference temperature for each material satisfies 𝑇 𝑟𝑒𝑓 = 𝑇 𝑔 + 45 °C. Remarkably, while in neat matrixes (Figure 9a), one can observe similar Rouse-like behavior and flow regime in both polymers because of their identical molecular weights (the fit is performed with Reptate 48 on PnBA data), the rheological response of nanocomposites starts to differ from 9 vol. % in particles (Figures 9b-d). This is particularly visible in the flow regime where PnBA-TPy composites clearly display lower 𝐺'(𝜔) and 𝐺''(𝜔) exponents (denoted 𝑋' and 𝑋'') than their PnBA counterparts, synonymous of an extra-friction between the two phases. Increasing further the Fe3O4 loading up to 18 and 24 vol.% impacts then the response at higher frequencies, notably the 𝐺'-𝐺'' crossover position (denoted 𝜔 𝑐 ), and the broadening of the corresponding 𝛼-relaxation.

For clarity, we report respectively in Figure 9e and 9f the values of 𝜔 𝑐 , and 𝑋' and 𝑋'' as a function of 𝛷 for the two series of nanocomposites. Interestingly, 𝜔 𝑐 is seen to decrease exponentially with increasing the filler content in both pure polymers, albeit a stronger dependence is observed for PnBA-TPy. This result suggests therefore that, although it is clear that TPy groups enhance the polymer-filler attraction, neat PnBA chains have also the possibility to interact favorably with the particles, probably through their side groups which contains the polar acrylate function. Besides, while the flow regime exponents observed in nanocomposites loaded with 9 and 18 vol.% exhibit similar values as in the neat matrix for PnBA (i.e., 𝑋' ≈ 2 and 𝑋'' ≈ 1), they strongly decrease when PnBA-TPy is used, indicating the sluggish relaxation of the functionalized chains. At 24 vol.%, both exponents drop below 0.5 regardless of the host polymer, suggesting the formation of an elastic network mainly controlled by the filler-filler interaction, PnBA-TPy relaxation remains nevertheless slightly slowlier. Here, it is worth mentioning that creep measurements (requiring a larger amount of sample) followed by compliance inversion would have helped to further broaden the master curves at lower frequency. PnBA-TPy: X' X'' PnBA:

X' X''

Induction-heating of the nanocomposites

Beyond their reinforcing effect, Fe3O4 nanoparticles make the nanocomposites responsive to electromagnetic fields which is an important asset for the creation of multi-functional materials. In the present study, the goal is to switch from solid-to liquid-like mechanical properties as quickly as possible by using induction heating, potentially of great interest for healing or sudden energy dissipation applications. The assets of such a method are multiple:

(i) Remote control: It offers the possibility of acting in a contactless manner, [START_REF] Hohlbein | Remote-controlled activation of self-healing behavior in magneto-responsive ionomeric composites[END_REF] making the heating convenient to use. This may be essential for a healing treatment performed with a portative inductor.

(ii) Localized character and selectivity: The operator does not provide heat directly to the material but applies an electromagnetic radiation that will stimulate only targeted subdomains, able to generate, from the inside, their "own" heat. This difference opens the way to localized healing of coatings as well as selective "melting" in macroarchitectured materials; notably of importance in energy dissipation devices.

(iii) Flexibility of the heating: Since the heat generation depends mainly on the electromagnetic radiation characteristics and the intrinsic properties of the particles, it is possible to create an optimized heater/receiver coupling in contrast to resistive heating which only depends on the "hot-plate" characteristics. The inductor that we use offers notably the possibility to tune the duration of the electromagnetic pulse.

(iv) Low inertia: Due to the absence of susceptor (hot-plate), the thermal inertia of the setup is greatly reduced. It only depends on the thermal conduction of the material, making the thermal cycles more efficient. This property must not be neglected because the solid/liquid transition in both directions must occur as fast as possible.

In Figure 10a, we show the evolution of the temperature in nanocomposites submitted to the oscillatory magnetic field as a function of time 𝑇(𝑡), revealing two important trends: (i) increasing the filler content is found to accelerate the heating process and to increase the maximum temperature reached in the permanent regime -this expected trend has a similar amplitude in both PnBA and PnBA-TPy. (ii) Nanocomposites loaded with a given fraction in SPION are systematically found to heat faster and to a larger extend in the non-functionalized PnBA (Figure 10b). In order to analyze in a quantitative way this data, one can use the classic heat equation considering a small volume of material (no spatial temperature gradient) to determine the heat generated by the SPION as a function of the temperature during the experiment 𝑃(𝑇(𝑡)), such as:

𝑃(𝑇(𝑡)) = 𝑚 𝐶 𝑝 𝑑𝑇(𝑡) 𝑑𝑡 + ℎ 𝑆 1 (𝑇(𝑡) -𝑇 0 ) + 𝜆 𝑆 2 𝑒 (𝑇(𝑡) -𝑇 0 ) (4) 
where 𝑇 0 is the room temperature, 𝑚 the mass of the sample, 𝐶 𝑝 its specific heat capacity, 𝑆 1 the surface of the sample in contact with air (top part and edges), 𝑆 2 the surface in contact with the Teflon composite tape (bottom part), 𝑒 the tape thickness, ℎ the convective heat transfer coefficient of air (≈ 10 W m -² K -1 at 1 atm and 40 °C) [START_REF] Saidi | In Air pressure dependence of natural-convection heat transfer[END_REF] and 𝜆 the heat conduction coefficient of the tape. Note that 𝐶 𝑝 values of nanocomposites were calculated from theoretical values of Fe3O4 and PnBA at room temperature (respectively 0.76 and 1.82 J g -1 K -1 ) [START_REF] Snow | Heat capacity studies of nanocrystalline magnetite (Fe3O4)[END_REF][START_REF] Snow | The Heat Capacity and Thermodynamic Properties of the Iron Oxides and Their Relation to the Mineral Core of the Iron Storage Protein Ferritin[END_REF][START_REF] Mark | Physical properties of polymers handbook[END_REF] resulting in 1.48, 1.28 and 1.18 J g -1 K -1 for nanocomposites loaded with 9, 18 and 24 vol.% respectively. For simplicity, these 𝐶 𝑝 were assumed to be constant during the experiment whereas an increase by +20 % and +15 % is expected from the literature for PnBA and nano-Fe3O4 respectively when passing from 300 K to 470 K. [START_REF] Snow | Heat capacity studies of nanocrystalline magnetite (Fe3O4)[END_REF][START_REF] Snow | The Heat Capacity and Thermodynamic Properties of the Iron Oxides and Their Relation to the Mineral Core of the Iron Storage Protein Ferritin[END_REF][START_REF] Mark | Physical properties of polymers handbook[END_REF] While good data fits 𝑇(𝑡) can be achieved with equation 4 by letting free 𝑃(𝑇(𝑡)), it seems that its variation can be eliminated by reporting the resulting error on a different parameter, namely λ, that is consequently found to vary between 77 and 116 mW m -1 K -1 (the theoretical value for neat Teflon is reported to be ca. 300 mW m -1 K -1 ). 52 We refer the reader to the whole fitting procedure detailed in SI Section 4. Note that this choice, 𝑃(𝑇(𝑡)) = 𝑃 0 , was made because of small variations of 𝑃(𝑇(𝑡)), strongly suggesting that the heat generation was mainly governed by Néel relaxation (see below). Finally, one can determine for each nanocomposite the specific absorption rate (𝑆𝐴𝑅), i.e., the specific power generated by the nanoparticles in different environments (in W g -1 ) as:

𝑆𝐴𝑅 = 𝑃 0 𝑚 𝑥 𝐹𝑒 3 𝑂 4 (5) 
where 𝑥 𝐹𝑒 3 𝑂 4 is the weight fraction of magnetite in the sample. Note that 𝑆𝐴𝑅 values for Fe3O4 SPION (14-29 nm) reported in Figure 10c (ca. 100 W g -1 ) are well in line with results obtained from similar experiments, [START_REF] Deatsch | Heating efficiency in magnetic nanoparticle hyperthermia[END_REF][START_REF] Mohapatra | Size-dependent magnetic and inductive heating properties of Fe 3 O 4 nanoparticles: scaling laws across the superparamagnetic size[END_REF] 

Discussion

While the results from our rheological analysis demonstrate unambiguously the extraattraction between PnBA and Fe3O4 when the former is functionalized with TPy units, induction heating outputs, and notably the results presented in Figure 10c, deserve a closer attention. In fact, in spite of the identical nature and content in particles in both series of composites, 𝑆𝐴𝑅 in PnBA-TPy appears significantly lower than in PnBA up to 𝛷 = 18 vol.%. We also remind the reader that 𝑃(𝑇(𝑡)) was systematically found to vary in a very limited extent.

We propose below to rationalize those two results by using a combination of qualitative and quantitative arguments based on the classic Néel and Brown models. In the present case, two opposite scenarios can be considered:

(i) The dominating phenomenon is the Néel relaxation, i.e., 𝜏 𝑁 ≪ 𝜏 𝐵 , resulting in 𝜏 ≈ 𝜏 𝑁 , meaning that the high viscosity of the medium totally blocks the Brownian motion. In consequence, for an identical particle's structure, one should observe an identical heating profile in both series of samples. Since it is clearly not the case (Figure 10), it suggests that the SPION are not dispersed in the same way. This statement seems reasonable since the extra-attraction caused by the TPy units is expected to enhance the dispersion of the particles in PnBA-TPy, as further supported by our SEM investigation (Figure 5).

However, it is essential to note that reducing the aggregation of particles (or agglomeration of aggregates), i.e., decreasing their dipolar interactions, should accelerate the Néel relaxation (lower 𝜏 𝑁 ) [START_REF] Serantes | Influence of dipolar interactions on hyperthermia properties of ferromagnetic particles[END_REF] resulting in an extra heating in the PnBA-TPy series, at the opposite of our experimental observations. Then, on a different aspect, because 𝜏 𝑁 decreases exponentially with the temperature (equation 1), the resulting 𝑃(𝑇(𝑡)) is expected to grow by a (reasonable) factor 𝜓 ≈ 2.2 between the beginning (𝑇 = 𝑇 0 ) and the end (𝑇 = 𝑇 𝑚𝑎𝑥 ) of the experiment -see SI section 5 for calculation details.

(ii) The dominating phenomenon is the Brown relaxation, i.e. 𝜏 𝐵 ≪ 𝜏 𝑁 , resulting in 𝜏 ≈ 𝜏 𝐵 , meaning that the relatively low viscosity enables the Brownian motion, occurring at a shorter time than the Néel macro-spin reversal. This scenario is qualitatively adapted to explain the reduction of 𝑆𝐴𝑅 when PnBA-TPy is the host matrix. In fact, a higher viscosity leads to a higher 𝜏 𝐵 and a lower 𝑆𝐴𝑅 (fewer macro-spin reversal per time unit). However, this hypothesis also implies a drastic reduction of 𝜏 𝐵 with the temperature, originating not only from the intrinsic inverse dependence between 𝜏 𝐵 and 𝑇 (equation 2), but also from the Arrhenian drop of the viscosity when increasing the temperature. In the framework of an induction heating dominated by Brownian motion, we estimate quantitatively an increase of 𝑃(𝑇(𝑡)) by a factor close to 1000 during the experiment (see SI section 5)which obviously does not match with our observations, rather indicating an almost constant power delivered all along the test. The latter is clearly evidenced by the good fit of 𝑇(𝑡) obtained with equation S1, see Figure S11 in SI Section 4.

To summarize, it seems therefore that none of these extrapolated scenarios can fully rationalize our experimental results. On one hand, the first hypothesis (𝜏 𝑁 ≪ 𝜏 𝐵 ), predicts a satisfyingly small rise of 𝑃(𝑇(𝑡)) with the temperature whereas it cannot explain, even qualitatively, the lower values of 𝑆𝐴𝑅 found for PnBA-TPy. On the other hand, the second hypothesis (𝜏 𝐵 ≪ 𝜏 𝑁 ) can be invoked to rationalize the latter issue but predicts a huge increase of 𝑃(𝑇(𝑡)) during a given experiment. In consequence, we propose to interpret our experiments through a combination of the two above-mentioned scenarios as follows:

First, the Néel relaxation must dominate overall the induction heating since the 𝑃(𝑇(𝑡)) values are found to evolve in a limited extent regardless of the sample composition. Because the temperature would not exhibit a sharp exponential profile (Figure 10a and S11) in the opposite case, we can be confident on this first statement. Then, lower 𝑆𝐴𝑅 values obtained in PnBA-TPy indicate that the rheological properties must also impact the heat production. In fact, we believe that the Brown relaxation does occur, but plays a minor role on the heat generation because of the pronounced aggregation of particles, limiting greatly their ability to rotate. More quantitatively, we observe that 9 vol.% of Fe3O4 generates 1.5 times more heat in PnBA than in PnBA-TPy. However, following a theoretical approach based on the viscosity's variation would have given a ratio closer to 4.4, confirming the failure of equation 2 because of the non-isolated character of our SPION (see SI section 5-6). Finally, it is worth mentioning that the 𝑆𝐴𝑅 is seen to decrease progressively with the filler content in PnBA based nanocomposites whereas it is constant in their PnBA-TPy counterparts (Figure 10c), leading ultimately to a crossover at 24 vol.%. Such diminution is expected with increasing the filler fraction because of growing dipolar interactions between the nanoparticles, particularly because of their aggregation. [START_REF] Deatsch | Heating efficiency in magnetic nanoparticle hyperthermia[END_REF][START_REF] Wang | The heating effect of magnetic fluids in an alternating magnetic field[END_REF][START_REF] Serantes | Influence of dipolar interactions on hyperthermia properties of ferromagnetic particles[END_REF][START_REF] Them | On magnetic dipole-dipole interactions of nanoparticles in magnetic particle imaging[END_REF] On the other hand, the absence of 𝑆𝐴𝑅 diminution in PnBA-TPy nanocomposites corroborates therefore the extra polymer-filler attraction resulting in a better magnetite dispersion, in agreement with SEM, DSC and rheological experiments. It also supports the fact that in spite of a lower aggregation, SPION embedded in the PnBA-TPy generate less heat because of the higher viscosity of their local environment, demonstrating that Brown relaxation cannot be neglected.

Interestingly, although it is limited to a qualitative analysis in the present study, one could imagine measuring the heat generated by a given fraction of SPION to access the local rheological properties of their surroundings. While this approach reminds the magnetic particle nano-rheology, [START_REF] Hess | Size effects on rotational particle diffusion in complex fluids as probed by Magnetic Particle Nanorheology[END_REF][START_REF] Roeben | Magnetic particle nanorheology[END_REF] based on the Brownian rotation too, it enables, in principle, measuring samples of higher viscosities, i.e. polymer melts, under the restriction of a preidentification of the sole Néel mechanism (achievable in the glassy state). Note that the utilization of magnetically blocked particles [START_REF] Hess | Local dynamics in supramolecular polymer networks probed by magnetic particle nanorheology[END_REF][START_REF] Hess | Size effects on rotational particle diffusion in complex fluids as probed by Magnetic Particle Nanorheology[END_REF] is excluded in our case since we need the Néel relaxation to generate heat from the beginning of the experiment for applicative reasons.

Conclusion

Beyond their frequent utilization in metal-ligand supramolecular networks, we have demonstrated that TPy functionalized polymers are capable of forming attractive bonds with the magnetic fillers polar surface, similarly as what is observed in P2VP/silica nanocomposites.

This extra-friction has been first evidenced through DSC, where a strong up-shift and a broadening of the glass transition temperature with increasing the filler content were observed in PnBA-TPy whereas much weaker perturbations were seen in PnBA. At a larger length scale, the extra friction most likely caused by a combination of H-bonds and Fe atoms complexation, is seen to delay significantly the relaxation of unentangled chains. Indeed, they pass from a usual Rouse-like response to physical gels endowed with solid-like properties at room temperature, opening new perspectives for the design of responsive materials. In the future, we believe that combining H-bonds with metal-ligand interactions could lead to a new kind of double supramolecular network. These materials would have the great asset to rely on a single TPy functionalized polymer from which metal ions and nanoparticles would be added. In addition, the present strategy, i.e., adding a small fraction of a functionalized co-monomer within a base polymer, offers a great chemical versatility resulting in a wide range of accessible properties. Following this logic, the next step will therefore consist in evaluating competing effects, i.e., quantifying the TPy preference in forming metal-ligand or H-bonds in ternary mixtures as well as increasing the fraction of TPy groups within the chains.

Figure 1 .

 1 Figure 1. Chemical structure of the two polymers used to prepare nanocomposites. a) 7 mol.% random TPy functionalized PnBA (PnBA-TPy) and b) PnBA.

  kHz and its amplitude to ca. 10 mT corresponding to an intensity of 19 A in the inductor. The magnetic solicitation consisted in pulses representing 10 % of the total time to avoid excessive heating kinetics being hardly measurable. Disk-shaped samples (3 mm diameter and 0.5 mm thick) were heated and their temperature variations recorded contemporaneously with a PI 450 infrared camera (Optris, Germany) equipped with a 13° lens characterized with an optical resolution of 382 × 288 pixels and a measurement rate of 27 Hz. A schematic representation of the whole dispositive is displayed in Figure 2.
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 2 Figure 2. Schematic representation of the setup used for the induction heating of our nanocomposites.

Figure 3 .

 3 Figure 3. Fe3O4 powder characterization. a) XRD measured in reflection and b) FTIR spectroscopy (ATR mode).

Figure 4 .

 4 Figure 4. Possible interaction pathways between the TPy nitrogen and the surface of Fe3O4: a) with -OH groups, i.e., H-bonding, or b) through Fe complexation (example with Fe 2+ ).

Figure 5 .

 5 Figure 5. SEM micrographs of nanocomposites containing 9 vol.% in Fe3O4 based on a) PnBA-TPy and b) PnBA matrixes. Brightest zones stand for SPION aggregates. The quality of the micrographs is limited by a strong degradation of the polymers under the electron beam.

Figure 6 .

 6 Figure 6. DSC heating scans performed at 10 °C min -1 under nitrogen flow for a) PnBA-TPy and b) PnBA based nanocomposites. The heat flow is systematically normalized by the mass of polymer within the sample and the data are shifted for clarity. Inserts stand for the derivative of the normalized heat flow as a function of the temperature.
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 78 Figure 7. Rheological master curves built at 𝑇 𝑟𝑒𝑓 = 0 °C. Effect of the particle content on the rheology of a) PnBA-TPy and b) PnBA based nanocomposites. (Both graphs show 11 decades in abscissa).

Figure 9 .

 9 Figure 9. Rheology master curves at 𝑇 𝑟𝑒𝑓 = 𝑇 𝑔 + 45 °C for PnBA-TPy and PnBA based nanocomposites. a) Neat matrixes, red solid lines correspond to the Rouse model computed with Reptate. b) 9 vol.%, c) 18 vol.% and d) 24 vol.%. e-f) Evolution of 𝜔 𝑐 and the power law exponents in the flow regime (𝑋', 𝑋'') as a function of the volume fraction in particles.

Figure 10 .

 10 Figure 10. Induction heating experiments on nanocomposites. a) Temperature as the function of time obtained by thermal imaging. b) Maximal temperature 𝑇 𝑚𝑎𝑥 reached by the nanocomposites as a function of the filler content. Lines are guides to the eye. c) Analog dependence of 𝑆𝐴𝑅 obtained from two fitting procedures (see SI section 4).

  

Table 1 .

 1 Glass transition of PnBA-TPy and PnBA based samples extracted from DSC.

			PnBA-TPy			PnBA		
	Vol.%	Neat	9	18	24	Neat	9	18	24
	𝑇 𝑔 (°C)								
		-25	-18	-18	-16	-45	-44	-45	-44
	(± 1 °C)								

  corroborating our hypotheses. While "global fit" 𝑆𝐴𝑅 estimations are obtained from fitting 𝑇(𝑡) with equation S1 between 0 and 60 s, their "short time fit" counterparts originate from data subsets satisfying 𝑇(𝑡) < 0.63 𝑇 𝑚𝑎𝑥 , enhancing the precision on 𝑆𝐴𝑅 values at short time. (See details in SI section 4).
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