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Introduction. Polyoxometalates (POMs) are soluble anionic metal oxide clusters of d-block transition metals in high oxidation states (typically W VI or Mo VI ) exhibiting properties that can be exploited in numerous fields, [START_REF] Miras | Engineering polyoxometalates with emergent properties[END_REF][START_REF] Proust | Functionalization and postfunctionalization: a step towards polyoxometalate-based materials[END_REF][START_REF] Dolbecq | Hybrid Organic-Inorganic Polyoxometalate Compounds: From Structural Diversity to Applications[END_REF] these species being, for example, relevant for photochemical [START_REF] Walsh | Hybrid polyoxometalate materials for photo(electro-) chemical applications[END_REF] or biological [START_REF] Bijelic | The antibacterial activity of polyoxometalates: structures, antibiotic effects and future perspective[END_REF] applications due in particular to their unique redox behaviors. While the classical acid or alkali salts of POMs are generally highly soluble in water, limiting their recyclability and reusability in important applications such as catalysis, [START_REF] Wang | Recent advances in polyoxometalate-catalyzed reactions[END_REF] this disadvantage can be overcome by incorporating them into matrices.

For instance, the decatungstate polyanion [W10O32] 4-and the seminal [PMo12O40] 3-and [SiMo12O40] 4- Keggin species, highly recognized for their catalytic properties, have been immobilized into polymers using photopolymerization techniques. In that way, [W10O32] 4-POMs were associated with silanes (or borane derivatives) and iodonium salts to promote free-radical cationic photopolymerization of epoxides under polychromatic Hg-Xe irradiation. [START_REF] Lalevée | Decatungstate (W10O32 4-)/Silane: A New and Promising Radical Source Under Soft Light Irradiation[END_REF] Similar results were obtained with the threecomponent photo-initiating systems [XMo12O40] n-(X = P, n = 3 or X = Si, n = 4) / hydrogen donors (silane, germane) / iodonium salts for initiating the radical and cationic polymerization of acrylates and epoxides under UV irradiation, respectively. [START_REF] Xiao | Keggin-Type Polyoxometalate ([PMo12O40] 3-) in Radical Initiating Systems: Application to Radical and Cationic Photopolymerization Reactions[END_REF] The reduction of iodonium salts by [PMo12O40] 3-generates phenyl radicals (Ph•) which are involved in a H-abstraction reaction process with silane (or germane) thus forming initiating silyl (or germyl) radicals for free-radical polymerization of acrylate monomers.

Subsequently, the oxidation of silyl (or germyl) radicals by iodonium salt leads to initiating cationic reactive species, which can afford the free radical promoted cationic photopolymerization. More recently, new structures of onium salts containing polyoxomolybdates or polyoxotungstates as counter anions were elegantly proposed. [START_REF] Mokbel | Iodonium-polyoxometalate and thianthrenium-polyoxometalate as new one-component UV photoinitiators for radical and cationic polymerization[END_REF] Interestingly, POM derivatives proved to be effective for sensitizing iodonium salts by intramolecular electron transfer reaction under UV irradiation, generating radical and cationic species for synthesizing interpenetrated epoxy/acrylate materials under air conditions. Moreover, the elaborated POM-containing polymers have also proved to be highly active for the degradation of pharmaceutical compounds or the degradation of dyes. [START_REF] Ghali | New hybrid polyoxometalate/polymer composites for photodegradation of eosin dye[END_REF][START_REF] Ghali | Characterization of polyoxometalate/polymer photo-composites: a toolbox for the photodegradation of organic pollutants[END_REF][START_REF] Brahmi | Performance improvement of the photocatalytic process for the degradation of pharmaceutical compounds using new POM/ polymer photocatalysts[END_REF] Noticeably, all the photosystems described above consist in a mixture of anionic POMs with cationic photoinitiators (PIs), allowing photopolymerization under irradiation with  ≤ 405 nm and leading to POM-incorporating composites. However, to the best of our knowledge, covalent association of POMs and PIs has never been investigated, although such association could bring new optical properties to the photosystem.

The reaction between the Lindqvist POM [Mo6O19] 2-and organic amines, leading to imido derivatives, has been widely studied over the last two decades. As early as 2001, Peng et al. reported a protocol allowing to obtain such hybrid species in high yield. [START_REF] Wei | An Efficient and Convenient Reaction Protocol to Organoimido Derivatives of Polyoxometalates[END_REF] We can discuss their optical properties, taking as an example the naphthalene derivative [Mo6O18N(C10H7)] 2-. The lowest energy electronic transitions are observed at 300 nm for the 2-naphtaleneamine ligand and at 325 nm for the [Mo6O19] 2-precursor, respectively. This last transition was assigned to a charge-transfer from the oxygen π-type HOMO to the molybdenum π-type LUMO. Strikingly, in the hybrid complex [Mo6O18N(C10H7)] 2-, this band becomes more intense and is bathochromically shifted by nearly 60 nm (max = 383 nm). This originates from the charge-transfer transition of the coordinated N atom to the molybdenum atom as a result of the delocalization of the π-electrons of the naphthalene ring to the hexamolybdate unit, and evidences a strong electronic interaction between the POM and the covalently bonded organic conjugated ligand. [START_REF] Zhu | Naphthyl Amines as Novel Organoimido Ligands for Design of POM-Based Organic-Inorganic Hybrids: Synthesis, Structural Characterization, and Supramolecular Assembly of (Bu4N)2[Mo6O18N(Naph-1)[END_REF] Obviously, the amplitude of the shift strongly depends on the π-electrons delocalization characterizing the organic sub-unit. It follows that such functionalization allows to tune the POM and organic substrate optical properties, and while the yellow [Mo6O19] 2-precursor only poorly absorbs in the visible domain, strongly colored hybrid species can be obtained after the grafting of such colorless aromatic amines. However, to the best of our knowledge, the potentiality of such functionalized POMs to act as photoactive species in the visible range has never been explored.

We report herein the synthesis of three new imido derivatives obtained from the [Mo6O19] 2-precursor and amino derivatives of the anthracene, benzophenone and anthraquinone photoinitiators, respectively. While these organic PIs are only active under UV irradiation for the polymerization processes targeted in our study, we show that their performances can indeed be strongly increased once connected to the POM unit. Importantly, this represents a novel strategy for shifting the organic photoinitiator activity from UV to visible light irradiation. The three isolated hybrid materials have been fully characterized both in the solid-state and in solution. Their optical and photophysical properties have been deeply studied by UV-vis spectroscopy, cyclic voltammetry, fluorescence and laser flash photolysis experiments. Their use for the free-radical polymerization of trimethylolpropane triacrylate (TMPTA) and soybean oil epoxidized acrylate (SOA) has been also investigated by Real-Time Fourier Transform InfraRed Spectroscopy (RT-FTIR) and electron paramagnetic resonance spintrapping (EPR ST). The influence of such POM derivatives on the mechanical properties of the obtained hybrid polymers is discussed. Finally, the antibacterial properties of such materials against S. aureus under solar light irradiation are described.

Experimental section.

All chemicals and solvents for synthesis and characterizations were purchased from commercial sources except (TBA)2[Mo6O19] (TBA = tetrabutyl ammonium) which has been synthesized as previously described. 15 

Synthesis of the molecular compounds.

Synthesis of (TBA)2[Mo6O18(NC6H4C(O)C6H5)] (POM-AB). Under an inert atmosphere, (TBA)2[Mo6O19] (0.887 g, 0.65 mmol), 2-aminobenzophenone (0.128 g, 0.65 mmol, 1 eq) and N,N'dicyclohexylcarbodiimide (DCC) (0.188 g, 0.91 mmol, 1.4 eq.) were suspended in 8 mL of anhydrous DMSO. The pale yellow mixture was heated at 70°C for 1 hour, turning dark-red with time. Once the suspension cooled down to room temperature, the mixture was filtered to remove the dicyclohexylcarbodiurea. The resulting filtrate was then added into a flask containing diethyl ether (200 mL), leading to the precipitation of the crude product as an orange powder which was recrystallized from hot acetonitrile (ca. 50°C, 10 mL). Orange crystals of POM-AB were then isolated by filtration and washed with ethanol and diethyl ether (0.709 g, 0.46 mmol, yield 71%). [START_REF] Miras | Engineering polyoxometalates with emergent properties[END_REF] Synthesis of (TBA)2[Mo6O18(NC14H9)] (POM-AC). POM-AC was synthesized following the same protocol than that described for POM-AB but using 2-aminoanthracene (0.125 g, 0.65 mmol, 1 eq) instead of 2aminobenzophenone. The reddish crude product was recrystallized from hot acetonitrile (ca. 50°C, 3 mL) and isolated by filtration as a red powder which was washed with diethyl ether (0.349 g, 0.23 mmol, yield 35%). Crystals suitable for X-rays diffraction were obtained through diffusion of tertbutylmethyl ether into an acetonitrile solution. [START_REF] Miras | Engineering polyoxometalates with emergent properties[END_REF] Synthesis of (TBA)2[Mo6O18(NC14H7O2)] (POM-AQ). POM-AQ was synthesized following the same protocol than that described for POM-AB but using 2-aminoanthraquinone (0.145 g, 0.65 mmol, 1 eq) instead of 2-aminobenzophenone. After filtration of the dicyclohexylcarbodiurea, the resulting filtrate was then added into a flask containing diethyl ether (200 mL) and ethanol (50 mL), leading to the precipitation of the crude product as a brown-reddish powder. The powder was collected, washed with ethanol and dried with ether (m = 0.856 g). It was then solubilized in a minimum of acetonitrile. After a few hours, the resulting mixture was filtrated, the solid mainly consisting in unreacted POM precursor. The filtrate was evaporated and POM-AQ was isolated as a brown powder after trituration with diethylether (0.450 g). [START_REF] Miras | Engineering polyoxometalates with emergent properties[END_REF] Photopolymerization kinetic studies. 2 wt% (with respect to the monomer) of POM derivatives (POM-AC, POM-AB or POM-AQ) were dissolved with 5 wt% (with respect to the monomer) of the reductive co-initiator MDEA in acrylate monomer (TMPTA or SOA). After stirring and sonicating the respective formulations for 5 min, photopolymerizations were performed at room temperature. 12 μm-layers of solution were put down to a BaF2 pellet and irradiated with LED@385 nm (44 mW.cm -2 ), LED@405 nm (25 mW.cm -2 ), LED@455 nm (15 mW.cm -2 ) or LED @470 nm (25 mW.cm -2 ), under air or in laminate conditions. The Infrared spectra of the sample were continuously recorded by Real-Time Fourier Transform InfraRed Spectroscopy (RT-FTIR) with a JASCO FTIR 4700 Instrument as previously described. [START_REF] Sautrot-Ba | Purpurin derivatives as visible-light photosensitizers for 3D printing and valuable biological applications[END_REF] The photo-reactivity of the acrylate monomers was observed by following the acrylate functions absorption bands at 1636 cm -1 .

Antibacterial Assays. Antibacterial assays were performed with S. aureus ATCC6538 on the POM-AQ derived materials under solar-light irradiation according to a previously described procedure. [START_REF] Sautrot-Ba | Quinizarin Derivatives as Photoinitiators for Free-Radical and Cationic Photopolymerizations in the Visible Spectral Range[END_REF] The photoinduced materials which have been made with a common UV photoinitiator i.e. 2,2-Dimethoxy-2-phenylacetophenone (DMPA) under UV-light irradiation are used as reference samples for antibacterial tests. X-ray Diffraction. Intensity data collections were carried out with a Bruker D8 VENTURE diffractometer equipped with a PHOTON 100 CMOS bidimensional detector using a high brilliance IµS microfocus Xray Mo K monochromatized radiation ( = 0.71073 Å). The absorption corrections were based on multiple and symmetry-equivalent reflections in the data sets using the SADABS program [START_REF] Sheldrick | Program for Scaling and Correction of Area Detector Data[END_REF] based on the method of Blessing. [START_REF] Blessing | Empirical Correction for Absorption Anisotropy[END_REF] The structures were solved by direct methods and refined by full-matrix least-squares using the SHELX-TL package. [START_REF] Sheldrick | Software Package for the Crystal Structure Determination[END_REF] The hydrogen atoms were theoretically located on the basis of the conformation of the supporting atoms. The crystallographic data are gathered in Table S1.

CCDC numbers of POM-AB and POM-AC are 2257497 and 2257498, respectively. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. UV-Visible absorption spectra were recorded using a Perkin Elmer Lambda 2 UV-Vis spectrophotometer.

Steady-state photolysis experiments.

Fluorescence spectra were recorded from a FluoroMax-4 spectrofluorometer according to previously described method. [START_REF] Breloy | Bio-based porphyrins pyropheophorbide a and its Zn-complex as visible-light photosensitizers for free-radical photopolymerization[END_REF] The acetonitrile solutions of POM-AQ, POM-AC and POM-AB were irradiated under LED@405 nm (25 mW/cm 2 ) under air, with and without the presence of a reductive co-initiator MDEA to observe their photostability.

Electron Paramagnetic Resonance Spin-trapping (EPR ST) experiments. The X-band cw-EPR spectra (modulation frequency of 100 kHz) were monitored with the EMXplus spectrometer (Bruker) equipped with the High Sensitivity Probe-head (Bruker) in the small quartz flat cell (Wilmad-LabGlass, WG 808-Q). The spin trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO; Sigma-Aldrich) was distilled prior to the application and dissolved in acetonitrile (ACN; SeccoSolv  Merck). The solutions prepared by mixing stock solutions of POM-derivatives, MDEA and DMPO in ACN were carefully saturated by argon and immediately irradiated at 295 K directly in the EPR resonator utilizing a LED@400 nm source (λmax = 400 nm; Bluepoint LED, Hönle UV Technology). The EPR spectra were recorded in situ during/after a defined exposure. The g-factors were determined with an uncertainty of ± 0.0001 exploiting a nuclear magnetic resonance teslameter (ER 036TM, Bruker) and integrated frequency counter. The experimental EPR spectra were analyzed by the WinEPR software (Bruker) and the calculations of spin-Hamiltonian parameters were performed with the EasySpin toolbox working on MatLab  platform. [START_REF] Stoll | a comprehensive software package for spectral simulation and analysis in EPR[END_REF] The standard EPR spectrometer settings were as follows: microwave frequency, ~ 9.427 GHz; microwave power, ~11.10 mW or ~20.93 mW; center field, ~335.8 mT; sweep width, 8-10 mT; gain, 2.0010 5 ; modulation amplitude, 0.1 mT or 0.05 mT; sweep time, 45 s; time constant, 10.24 ms; the number of scans, 5 or 10.

Cyclic voltammetry. Cyclic voltammetry scans were done according to a previous described procedure. [START_REF] Stoll | a comprehensive software package for spectral simulation and analysis in EPR[END_REF] Measurements were carried out on acetonitrile solutions of POM derivatives (C = 10 -3 M) between 0 and 2.15 V for oxidation, and between 0 and -1V for reduction, with a 0.05 V. s -1 scan rate.

The data were analyzed on GPES electrochemical software 4.9 (Utrecht, Netherlands).

Laser Flash Photolysis experiments. Nanosecond transient absorption measurements were performed using a home-built setup which has been described previously. [START_REF] Mendes Marinho | Time-Resolved Interception of Multiple-Charge Accumulation in a Sensitizer-Acceptor Dyad[END_REF] Briefly, a Nd:YAG pumped optical parametric oscillator (OPO) laser was used for sample excitation at 380 nm with an energy of ~ 2 mJ/pulse with a repetition rate of 10 Hz. A white light continuum laser (STM-2-UV LEUKOS) at a repetition rate of 20 Hz was used as a probe. The probe beam was split into two arms, one for probing samples and the other for reference in order to compensate for energy fluctuations. The probing arms were then coupled into a round-to-linear optical fiber bundle before being analyzed by a spectrograph SPEX 270M (Jobin-Yvon). Detection of the dispersed white light was performed by an intensified charge coupled device (ICCD) detector PIMAX 4 (Princeton Instrument). Transient absorption spectra were calculated using the following formula:

∆𝐴 = log 10 ( 𝑆 𝑟𝑒𝑓 𝑜𝑛 𝑆 𝑟𝑒𝑓 𝑜𝑓𝑓 × 𝑆 𝑝𝑟𝑜𝑏 𝑜𝑓𝑓 𝑆 𝑝𝑟𝑜𝑏 𝑜𝑛 )
where 𝑆 𝑟𝑒𝑓 𝑜𝑛 and 𝑆 𝑟𝑒𝑓 𝑜𝑓𝑓 are reference spectra when pump laser is on and off respectively, 𝑆 𝑝𝑟𝑜𝑏 𝑜𝑛 and 𝑆 𝑝𝑟𝑜𝑏 𝑜𝑓𝑓 are probe spectra when pump laser is on and off respectively.

Nanoindentation experiments. Nanoindentation and scratch experiments were performed on steel substrate coatings at room temperature. A commercial Nano Indenter (G200 from Agilent Technologies) using a Berkovich tip (Micro Star Technologies) were used. Thirty tests were done.

Samples were loaded and unloaded at constant strain rate (0.05 s -1 ) using a home-made method. [START_REF] Mazeran | Determination of mechanical properties by nanoindentation in the case of viscous materials[END_REF] Loading was realized using the Continuous Stiffness Method (CSM) until a 1 µm depth was obtained.

Unloading was performed after a hold load plateau of 60 s to achieve the viscous response. Twenty parallel scratches face forward distant from 200 µm were performed, with a load increasing from 0 to 100 mN on a 500 µm length.

DSC measurements. DSC measurements were performed on a TA Instruments DSC25 discovery series with a refrigerated cooling system RCS90.

Dynamic Mechanical Analyses (DMA).

DMA experiments were done with a TA Q800 DMA apparatus equipped with a tensile setup to characterize the thermo-mechanical behavior of the POM derived samples according to a previous procedure. [START_REF] Haider | Long-Chain Polyorthoesters as Degradable Polyethylene Mimics[END_REF] Experiments were performed in a closed environment and samples were cooled down to -140 °C and heated up to 50 °C with a 3 °C/min ramp rate. The applied stress frequency was 1 Hz, with a 0.1% deformation and a pre-load static force of 0.01 N.

Singlet oxygen species detection. The singlet oxygen photogeneration by POM-AQ was investigated in solution using tetraphenylcyclopentadienone (TPCPD). The progress of reactive oxygen species (ROS) generation was followed by the oxidation of TPCPD, hence by the subsequent decrease of its absorbance at 495 nm. A solution containing both TPCPD (6.29  10 -4 M) and POM-AQ (4.97 x 10 -5 M)

was prepared in ACN. The solution was irradiated with a LED@405 nm (25 mW/cm²) and sampled at fixed times to monitor the decrease of the TPCPD absorption by UV-visible spectroscopy. The reference test consists in the irradiation of TPCPD alone in ACN without POM-AQ, to observe its own photobleaching during the irradiation.

Results and Discussion.

Synthesis and characterization of the hybrid POMs. The synthesis of monosubstituted organoimido POM derivatives has been well-developed during the last two decades. Our strategy follows the main synthetic route which proceeds via a N,N'-dicylohexylcarbodiimide (DCC)-mediated POM-amine coupling reaction. [START_REF] Wei | An Efficient and Convenient Reaction Protocol to Organoimido Derivatives of Polyoxometalates[END_REF] First, many attempts were performed by reacting the octamolybdate polyanion

[Mo8O26] 4-with aromatic amines (2-aminoanthracene, 2-aminoanthraquinone or 2aminobenzophenone) or their ammonium forms in presence of DCC in refluxing acetonitrile.

Unfortunately, hard-to-define mixtures were systematically obtained, prompting us to modify the experimental conditions (nature of the POM precursor, temperature…), in particular using DMSO instead of acetonitrile as solvent as recently successfully considered by Fielden and coll. for the synthesis of several related hybrids. [START_REF] Al-Yasari | Donor-acceptor organo-imido polyoxometalates: high transparency, high activity redox-active NLO chromophores[END_REF][START_REF] Al-Yasari | Organoimido-Polyoxometalate Nonlinear Optical Chromophores: A Structural, Spectroscopic, and Computational Study[END_REF][START_REF] Al-Yasari | Fine-tuning polyoxometalate non-linear optical chromophores: a molecular electronic "Goldilocks" effect[END_REF][START_REF] Al-Yasari | third order non-linear optical and electrochemical properties of dipolar, centrosymmetric and C2v organoimido polyoxometalate derivatives[END_REF] The UV-Vis absorption spectra of the three hybrid compounds and the related organic and inorganic precursors were recorded in acetonitrile. First of all, the lowest energy absorption band of the Lindqvist-type polyanion (TBA)2[Mo6O19] located at λ = 325 nm is attributed to the Ligand-to-Metal charge transfer (LMCT) from the oxygen π-type highest occupied molecular orbital (HOMO) to the molybdenum π-type lowest unoccupied molecular orbital (LUMO). In POM-AB, this band is bathochromically shifted of 24 nm (λ = 349 nm) and above all, considerably more intense (Figure 2b).

Considering as an example the ε values for λ = 405 nm (one of the wavelength values tested for photopolymerization processes, see below), we actually observe a significant difference between POM-AB (ε405 = 5300 L.mol -1 .cm -1 ) and 2-aminobenzophenone (ε405 = 1660 L.mol -1 .cm -1 ). This is in accordance with optical properties of previously reported arylimido POM derivatives and results from the enhanced delocalization of the aromatic π-electrons to the inorganic matrix via the formation of the Mo≡N triple bond. [START_REF] Zhu | Naphthyl Amines as Novel Organoimido Ligands for Design of POM-Based Organic-Inorganic Hybrids: Synthesis, Structural Characterization, and Supramolecular Assembly of (Bu4N)2[Mo6O18N(Naph-1)[END_REF] In the UV-Vis spectrum of 2-aminoanthracene, the lowest absorption band is located at 406 nm while POM-AC exhibits a broad and intense absorption band at 428 nm along with a shoulder at 449 nm (Figure 2c), indicating that these species absorb in the visible domain. Globally, all of the electronic transition bands of the precursors are red-shifted demonstrating here again the strong electronic interaction between the two components. Notably, the increase of the ε values is strongly pronounced for POM-AC, with ε405 = 17230 L.mol -1 .cm -1 against ε405 = 3480 L.mol -1 .cm -1 for 2aminoanthracene. This is also the case for POM-AQ with ε405 value up to ca. 15600 L.mol -1 .cm -1 , much higher than that of the organic precursor (ε405 = 2100 L.mol -1 .cm -1 ) (Figure 2d).

Single crystal X-ray diffraction studies confirm that in POM-AC and POM-AB the organic moiety is covalently linked to the hexamolybdate core through the nitrogen atom. In contrast, in presence of MDEA, a dramatic decrease of the absorbance of these bands is observed (Figures 4b, S11b and S11d), suggesting a photoinduced electron transfer reaction between the three POMs, respectively, and MDEA, as described in the following section. Reactivity of POM derivatives at the excited states. In order to evaluate the reactivity of POM derivatives at their singlet excited state, fluorescence experiments have been performed. Regarding the possibility of electron transfer reactions between POM derivatives and MDEA, cyclic voltammetry experiments in acetonitrile have also been done (Figure S12). All the determined photophysical data are summarized in Table 1.

Regarding POM-AQ, a maximum of fluorescence is observed at 604 nm (λex = 420 nm), with a fluorescence quantum yield of Φfluo = 0.013. The gradual addition of MDEA to POM-AQ leads to a decrease of fluorescence (Figure 5) with a quite high Stern-Volmer constant KSV MDEA = 8.7 M -1 . (Eox(MDEA) = +1.00 V/SCE), the reduction potential of POM-AQ (Ered(POM-AQ) =-0.38 V/SCE) and its excited singlet-state energy (Es(POM-AQ) = 2.48 eV, corresponding to the maximum of the fluorescence emission spectrum (Figure 5)), the GS (POM-AQ/MDEA) free energy change value for the electron transfer reaction being indeed estimated to -1.10 eV (Table 1).

Associated electron transfer yield

Regarding 5)), the GS (POM-AQ/MDEA) free energy change value for the electron transfer reaction being indeed estimated to -1.10 eV (Table 1). Surprisingly, no fluorescence was observed neither for POM-AB nor POM-AC, avoiding the estimation of the fluorescence quenching by MDEA. Thus, the excited singlet-state energies of POM-AB and POM-AC have been estimated from the UV absorption band edge, being evaluated to 2.58 eV and 2.36 eV, respectively. Interestingly, GS (POM-AC/MDEA) and GS (POM-AB/MDEA) are negative, demonstrating also a favorable electron transfer reaction between both POM derivatives and MDEA.

Table 1. Photophysical properties of POM-AC, POM-AB and POM-AQ.

λmaxfluo (nm)

Φfluo ES (eV) KSV MDEA (M -1 ) Eox (V) Transient absorption spectra obtained under excitation at 380 nm evidenced the presence of a large absorption band between 400 nm and 800 nm starting from 100 ns to 40 ms delay times for the three reported hybrid POMs (Figures 6, S13 and S14 for POM-AQ, POM-AB and POM-AC, respectively).

ERed (V) GS (POM/MDEA) (eV) POM-AC -
Focusing first on the POM-AQ compound, we observe an absorption band at about 450 nm in the early time (Figure 6, left). This band decays rapidly, in several nanoseconds, and can be attributed to the singlet state absorption of the anthraquinone moiety. Then, a large absorption band between 400 nm and 800 nm appears in less than 100 ns until 40 ms delay times. It is generally assumed that when anthraquinone is functionalized with electron-donor groups (amine functional group), the lowest excited states show a strong charge transfer (CT) character. [START_REF] Dahiya | Photophysical properties of 2-amino-9,10-anthraquinone: evidence for structural changes in the molecule with solvent polarity[END_REF] This band mainly results from the conjugation of the free electron pair located on the pz orbital of the nitrogen with the  electronic system of anthraquinone. In the presence of the POM moiety, the lifetime associated with this CT band is evaluated to be 15±4 ms for POM-AQ (Figure 6, right). This long-lived CT state could be an intermediate in photoinduced electron transfer reactions between POM-derivatives and MDEA.

Similar results of long-lived CT in the millisecond time scale were obtained for POM-AB (CT lifetime = 21 ± 6 ms) and POM-AC (CT lifetime = 17 ± 5 ms). However, no singlet state at short delay times was observed in the case of POM-AB and POM-AC, which is in agreement with the absence of the fluorescence in these compounds (Figures S13 andS14). EPR experiments. Electron transfer reactions between POM-derivatives and MDEA are also evidenced by EPR spin-trapping (EPR-ST) experiments. EPR-ST is indeed the most valuable technique to observe radical species generated from photoinduced processes. In spin trapping experiments, the hyperfine splitting pattern and the values of the hyperfine coupling constants of the EPR spectrum of the spin adduct are characteristic of the type of free radical that is trapped. [START_REF] Peyrot | Electron Paramagnetic Resonance Spin Trapping (EPR-ST) Technique in Photopolymerization Processes[END_REF] According to previous investigations, [START_REF] Boulmier | Photoactive Polyoxometalate/DASA Covalent Hybrids for Photopolymerization in the Visible Range[END_REF] the irradiation of POM-AB/MDEA/DMPO (DMPO = 5,5-dimethyl-1-pyrroline N-oxide) solutions in acetonitrile under argon using a LED@400 nm source resulted in the generation of an EPR signal (Figure 7) representing the superposition of: i) a dominant signal characterized by the spin-Hamiltonian parameters (aN = 1.4950.001 mT, aH = 1.7450.01 mT, aH = 0.1360.01 mT, aH = 0.0720.003 mT; g = 2.00570.0001), assigned to the formation of a DMPO-adduct with carboncentered radical on MDEA (called α-aminoalkyl radical) and ii) the second signal with the following hyperfine coupling constants (aN = 1.4860.004 mT, aH = 2.1270.01 mT; g = 2.00580.0001) corresponds to a carbon-centered radical on phenyl group of the benzophenone moiety. [START_REF] Barker | Characterization of spin adducts obtained with hydrophobic nitrone spin traps[END_REF] The intensity of both signals gradually increased upon the prolonged LED@400 nm irradiation. The simulation best fit was calculated considering the relative concentration of • DMPO-CR (aminoalkyl) and

• DMPO-carbon-centered radicals of 88 % and 12 %, respectively.

The generation of identical DMPO-adducts and gradual rise of their intensity was observed also upon LED@400 nm exposure of POM-AC/MDEA/DMPO (Figure S15) and POM-AQ/MDEA/DMPO (Figure S16) solutions in acetonitrile under argon. However, their stability in the experimental systems is low, and the prolonged/stopped irradiation led to a rapid decline, most probably due to the high reactivity of photoactivated system towards nitroxide moiety.

Photopolymerization studies with POM derivatives photoinitiating systems and polymer characterization

Free-radical photopolymerization. The use of polyoxometalates as photoinitiating systems has been scarcely studied. [START_REF] Lalevée | Decatungstate (W10O32 4-)/Silane: A New and Promising Radical Source Under Soft Light Irradiation[END_REF][START_REF] Xiao | Keggin-Type Polyoxometalate ([PMo12O40] 3-) in Radical Initiating Systems: Application to Radical and Cationic Photopolymerization Reactions[END_REF][START_REF] Mokbel | Iodonium-polyoxometalate and thianthrenium-polyoxometalate as new one-component UV photoinitiators for radical and cationic polymerization[END_REF][START_REF] Ghali | New hybrid polyoxometalate/polymer composites for photodegradation of eosin dye[END_REF][START_REF] Ghali | Characterization of polyoxometalate/polymer photo-composites: a toolbox for the photodegradation of organic pollutants[END_REF][START_REF] Brahmi | Performance improvement of the photocatalytic process for the degradation of pharmaceutical compounds using new POM/ polymer photocatalysts[END_REF][START_REF] Xiao | Photochemical in situ elaboration of polyoxometalate (α-[SiMo12O40] 4-)/polymer hybrid materials[END_REF] To date, most of the investigations have used two-or three- component photo-initiating systems for free-radical polymerization of acrylates under UV light irradiation (Hg-Xe lamp), and to the best of our knowledge, no photoinitiating systems based on POMs have been designed for initiating radical photopolymerization under irradiation with wavelengths higher than 405 nm. This may be related to the fact that the POMs considered in the previous studies do not absorb significantly in the visible range. In the following experiments, we will demonstrate the capability of imido POM derivatives to promote freeradical photopolymerization (FRP) under visible LEDs irradiation. 

leading to a long period of inhibition. The POM-AQ/MDEA photo-initiating system appears as the most efficient likely due to the highly favorable electron transfer reaction (GS (POM-AQ/MDEA) = -1.1 eV) compared to that of POM-AC and POM-AB ones. Overall, it is observed that the photopolymerization process occurs under LED irradiation in the visible range, with wavelength ranging from 405 to 470 nm, which to our knowledge is a first example for the synthesis of such composites incorporating POMs.

Materials characterization.

In this section, materials are synthesized with the best performing photoinitiating systems, i.e POM-AQ/MDEA. The synthesis of rectangular POM-AQ derived materials (POM-AQ/MDEA/SOA) are performed under LED@405 nm irradiation and under air, the obtained materials adopting a rectangular shape as a result of the fabrication method. DSC results demonstrate that no endothermic peak is observable, meaning that no further free-radical polymerization occurs during thermal analysis in the -80°C to 200°C range. It seems that free-radical photopolymerization of SOA is complete even under air. Tg is evaluated at around 14°C (Figure S20), which is similar to what is described in literature for UV-photoinduced SOA materials. Loading and unloading curves of the nanoindentation tests on POM-AQ coatings were overlapping, demonstrating an elastomeric behavior (Figure S21). Elastic modulus of POM-AQ-based coatings is measured by fitting the load/displacement curve by a pure elastic indentation model and was evaluated to 96 ± 18 MPa. Surprisingly, in the same conditions, the reference coatings based on the well-known UV photoinitiating system i.e. 2,2-Dimethoxy-2-phenylacetophenone (DMPA), did not lead to mechanically stable coatings for nanoindentation tests. Considering the scratch resistance tests, the height profiles before and after scratches appear similar, confirming thus the entire recovery of the POM-AQ-based coatings and its noteworthy elastomeric behavior (Figure S21). It can be proposed that addition of POM-AQ into the polymer matrix decreases the intermolecular forces into SOA films, thus improving their flexibility. Optical microscopy observation after scratches does not show any fracture, delamination, or residual imprint, demonstrating also a very good resistance to brittle fracture and adherence to the steel. Interestingly, the remarkable capacity of POM-AQ to generate singlet oxygen species in solution under LED@405 nm irradiation has been evidenced. The addition of POM-AQ in a tetraphenylcyclopentadienone (TPCPD) solution indeed leads to a tremendous decrease of the TPCPD absorbance in comparison with the POM-AQ solution-free reference (Figure 9), evidencing that the oxidation of TPCPD is due to the singlet oxygen species generated in presence of POM-AQ. [START_REF] Marek-Urban | Heavy-Atom Free spiro Organoboron Complexes As Triplet Excited States Photosensitizers for Singlet Oxygen Activation[END_REF] These interesting results prompted us to test POM-AQ-based coatings as antibacterial materials against S. aureus under solar light irradiation. Prior to anti-bacterial tests, POM-derived surfaces were put into contact for 24h with a S. aureus solution to maximize bacterial adhesion. Interestingly, the incubated and irradiated surfaces show antiadhesion property as the number of colony forming units (CFUs) for these surfaces are ten times lower than that observed with non-irradiated ones (Figure 10). Previous control experiments demonstrated that solar light has no influence on bacterial death. [START_REF] Sautrot-Ba | Quinizarin Derivatives as Photoinitiators for Free-Radical and Cationic Photopolymerizations in the Visible Spectral Range[END_REF] Interestingly, the antibacterial results also demonstrated that light has no significant influence on the proliferation of bacteria on the surface of related POM-AQ free materials as the CFUs for irradiated POM-AQ free materials is high, being similar to that observed for non-irradiated POM-AQ derived ones. As a consequence, singlet oxygen species produced under solar light activation at the surface of the POM-derived material is responsible for bacterial death. This interesting result undoubtedly demonstrates the potentialities of the POMderived materials to be used for disinfection applications. solid state and in solution. Notably, these compounds have been obtained in one step in a very short reaction time (1 h). Steady-state photolysis experiments evidenced a high interaction between the three reported hybrid POMs and MDEA, the reductive agent considered here for radical polymerization reactions. In addition, fluorescence studies highlight a favorable electron transfer process between the singlet excited state of POM-AQ and MDEA, while EPR investigations allow to characterize the MDEAcentered radical species generated from the photoinduced processes. Very importantly, the capability of such imido POM derivatives to promote free-radical photopolymerization even under visible LED irradiation was demonstrated. After 800s, acrylate conversion yields up to 50% under 470 nm LED irradiation for the POM-AQ/MDEA/TMPTA photoinitiating system and 90% under 405 nm LED irradiation for the POM-AQ/MDEA/SOA one were indeed observed, while in such conditions no polymerization was evidenced considering 2-aminoanthraquinone as photoinitiator. Rectangular films prepared considering the POM-AQ/MDEA/SOA photosystem have been obtained, the free-radical photopolymerization of SOA being complete even when performed in the presence of air. The coatings exhibit a very good flexibility, resistance to brittle fracture and adherence to stainless steel substrate.

Also, POM-AQ exhibits a high capacity to generate singlet oxygen species in solution under visible light irradiation. Interestingly, investigation of the photoinduced antibacterial properties of the coatings against S. aureus put to the forefront its capability to limit bacterial adhesion. Overall, this work paves the way to the elaboration of a large range of easy-to-synthesize visible-light polymerization photoinitiators. Future work will focus on the preparation of related hybrids incorporating thiophene derivatives, which present very interesting photocatalytic and biological properties. [START_REF] Vallan | Thiophene-Based Trimers and Their Bioapplications : An Overview[END_REF] Also, while we report here on the synthesis of POM derivatives covalently bonded to one organic fragment, imido-Lindqvist POMs incorporating up to six organic fragments can be obtained. [START_REF] Huang | A general and highly regioselective synthesis approach to multifunctionalized organoimido derivatives of Polyoxometalates[END_REF] Investigation of the effect of the accumulation of organic photoinitiators around a single Lindqvist unit on the properties of the hybrid systems thus seems very appealing.

  H NMR (CD3CN, 300 MHz): δ = 7.84-7.19 (m, 9H, anthracene group), 3.12 (t, 16H, TBA), 1.62 (m, 16H, TBA), 1.39 (m, 16H, TBA), 0.98 (t, 24H, TBA). FT-IR (cm -1 ): 2958 (s), 2933 (s), 2871 (s), 1656 (s), 1598 (m), 1581 (w), 1480 (s), 1377 (m), 1330 (m), 1315 (m), 1292 (m), 1273 (m), 1166 (w), 1151 (w), 1106 (w), 1025 (w), 976 (m, ν(Mo-N)), 944 (s, ν(Mo-Ot)), 924 (sh), 879 (w), 764 (s, ν(Mo-Ob-Mo)), 588 (s). ESI/MS: [Mo6O19] 2-m\z = 439.67 (exp.), m\z = 440.15 (calc.); [Mo6O18(NC6H4-C(O)-C6H5)] 2-m\z = 529.20 (exp.), m\z.= 529.43 (calc.); ((TBA)[Mo6O18(NC6H4-C(O)-C6H5)]) -m\z = 1302.70 (exp.), m\z = 1301.31 (calc.). Anal. Calcd for Mo6O19N3C45H81 (found) %: C, 35.01 (35.16); H, 5.29 (5.17); N, 2.72 (2.75).

  H NMR (CD3CN, 300 MHz): δ = 8.51 (d, 2H), 8.07 (m, 3H), 7.87 (s, 1H), 7.55 (m, 2H), 7.40 (dd, 1H), 3.12 (t, 16H, TBA), 1.61 (m, 16H, TBA), 1.36 (m, 16H, TBA), 0.98 (t, 24H, TBA). FT-IR (cm -1 ): 2960 (s), 2932 (s), 2873 (s), 1480 (s), 1454 (s), 1377 (m), 1343 (m), 1309 (m), 1296 (m), 1239 (w), 1147 (w), 1107 (w), 1068 (w), 1029 (w), 975 (m, ν(Mo-N)), 945 (vs, ν(Mo-Ot)), 894 (s), 765 (s, ν(Mo-Ob-Mo)), 583 (s). ESI/MS: [Mo6O19] 2-m\z = 439.88 (exp.), m\z = 440.15 (calc.); [Mo6O18(NC14H9)] 2-m\z = 528.19 (exp.), m\z.= 527.5 (calc.); ((TBA)[ Mo6O18(NC14H9)]) -m\z = 1296.67 (exp.), m\z = 1297.0 (calc.). Anal. Calcd for Mo6O18N3C46H81 (found) %: C, 35.90 (35.72); H, 5.30 (5.20); N, 2.70 (2.74).

1 H

 1 abbreviations were used to explain the multiplicities: s, singlet; d, doublet; t, triplet; br, broad peaks;

Figure 1 .

 1 Figure 1. Synthetic pathway of the organoimido POM derivatives POM-AB, POM-AC and POM-AQ.

Figure 2 .

 2 Figure 2. a) ESI-MS spectrum of POM-AC in acetonitrile, and UV-Visible spectra in acetonitrile of b) 2aminobenzophenone (blue line), (TBA)2[Mo6O19] (green line) and POM-AB (red line); c) 2-aminoanthracene (blue line), (TBA)2[Mo6O19] (green line) and POM-AC (red line) and d), 2-aminoanthraquinone (blue line), (TBA)2[Mo6O19] (green line) and POM-AQ (red line).

  For POM-AB, the short formed Mo-N bonds (1.7392(1) Å) along with the C-N-Mo angle (170.361(4)°) are illustrative of organoimido groups bound to an octahedral d 0 metal center via a Mo≡N triple bond (Figure 3, bottom).This is also the case for POM-AC but the Mo-N bond is slightly longer (1.7737(1) Å) while the more acute C-N-Mo angle (154.597(4)°) evidences a stronger distortion, probably due to the steric hindrance of the anthracene group (Figure3, top). Also, as a typical feature for organoimido POM derivatives, the bond between the central oxygen and the molybdenum bearing the organic moiety is significantly shorter (2.2167(1) Å for POM-AB and 2.2058(1) Å for POM-AC) than the bonds between the central oxygen and the five other metal centers (in the 2.3183(1)-2.3625(1) Å range for POM-AB and in the 2.3078(1)-2.3775(1) Å range for POM-AC). The crystal packing of POM-AC does not exhibit any π-π interactions between neighboring anthracene units nor between the aromatic group and the nearest POM facet. In contrast, as it can be seen in FigureS10, π-π interactions involving the monosubstituted aromatic ring of two adjacent benzophenone moieties leads to the formation of dimers along the z axis in POM-AB. These interactions are characterized by a distance of 3.8063(1) Å between the centroids of these parallel rings.

Figure 3 .

 3 Figure 3. Molecular structures of POM-AC (top) and POM-AB (bottom). TBA cations and H atoms have been omitted for clarity. Turquoise spheres: Mo, red spheres: O, blue spheres: N, grey spheres: C.

Figure 4 .

 4 Figure 4. Photolysis of a) POM-AC alone and b) POM-AC/MDEA in acetonitrile under LED@405nm in the 0-600 s range. Light intensity = 25 mW.cm -2 . [MDEA] = 55 mM and [POM-AC] = 5.3 10 -5 M.

  φeT calculated from the equation φeT = KSV MDEA x [MDEA]) / (1+ KSV MDEA x [MDEA]) afforded φeT = 0.812 for [MDEA] = 0.495 M, e.g. for the MDEA concentration used in the kinetics of photopolymerization conditions (see below). This calculated φeT value is relatively high, demonstrating thus a favorable electron transfer reaction between the singlet excited state of POM-AQ and MDEA. This result is not surprising as Rehm-Weller equation (see equation S1) which is used to determine if the electron transfer reaction from MDEA to POM-AQ is possible in the excited singlet state predicted favorable POM-AQ/MDEA interaction using the oxidation potential of MDEA

  POM-AQ, a maximum of fluorescence is observed at 604 nm (λex = 420 nm), with a fluorescence quantum yield of Φfluo = 0.013. The gradual addition of MDEA to POM-AQ leads to a decrease of fluorescence (Figure 5) with a quite high fluorescence constant KSV MDEA = 8.7 M -1 . Associated electron transfer yield φeT calculated from the equation φeT = KSV MDEA x [MDEA]) / (1+ KSV MDEA x [MDEA]) afforded φeT = 0.812 for [MDEA] = 0.495 M, e.g. for the MDEA concentration used in the kinetics of photopolymerization (see below). This calculated φeT value is relatively high, demonstrating thus a favorable electron transfer reaction between the singlet excited state of POM-AQ and MDEA. This result is not surprising as Rehm-Weller-equation (see equation S1) which is used to determine if the electron transfer reaction from MDEA to POM-AQ is possible in the excited singlet state predicted favorable POM-AQ/MDEA interaction using the oxidation potential of MDEA (Eox(MDEA) = +1.00 V/SCE), the reduction potential of POM-AQ (Ered(POM-AQ) =-0.38 V/SCE) and its excited singlet-state energy (Es(POM-AQ) = 2.48 eV, corresponding to the maximum of the fluorescence emission spectrum (Figure

  the UV absorption band edge, Φfluo = fluorescence quantum yield, ES = excited singlet state energy, KSV MDEA = quenching of fluorescence by MDEA, Eox = oxidation potential of the electron donor, ERed = the reduction potential of the electron acceptor and GS (POM/MDEA) = free energy change value for the electron transfer reaction. Eox and Ered values are referred to the SCE electrode.

Figure 5 .

 5 Figure 5. Quenching of POM-AQ fluorescence upon gradual addition of MDEA (from black to blue curve) in acetonitrile (λex = 420 nm). Inset: corresponding Stern-Volmer plot. Absorbance of POM-AQ at 425 nm = 0.05.

Figure 6 .

 6 Figure 6. Transient absorption spectra at indicated delay times (left) and the kinetic trace at 500 nm (right) of POM-AQ in acetonitrile ([POM-AQ] = 2.7 x 10 -5 M, ex = 380 nm).

Figure 7 .

 7 Figure 7. The normalized experimental (1) and simulated (2) EPR spectra obtained after 900 s LED@400 nm exposure of POM-AB/MDEA acetonitrile solutions in the presence of DMPO spin trapping agent under argon.
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 2 Magnetic field (mT)

Figure 8 .

 8 Figure 8. Kinetic profiles of TMPTA (acrylate group) in laminate in presence of POM-AQ/MDEA (a), POM-AC/MDEA (b) and POM-AB/MDEA (c) upon exposure with 1) LED@385 nm, 2) LED@405nm, 3) LED@455 nm and 4) LED@470 nm. Thickness of the film = 12 μm.

Figure 9 .

 9 Figure 9. Photolysis experiments of a TPCPD solution a) in absence of POM-AQ and b) in the presence of POM-AQ during LED@405 nm exposure in acetonitrile. Light intensity = 25 mW/cm². [TPCPD] = 6.29  10 -4 M and [POM-AQ] = 4.97 x 10 -5 M.

Figure 10 .

 10 Figure 10. Colony forming units (CFUs) at the surface of the photoinduced derived material with and without POM-AQ, and after 2 h of solar light exposure (irradiated) and without light irradiation (non-irradiated).

Table 2

 2 

	summarizes the

Table 2 .

 2 TMPTA and SOA final acrylate conversions (%) obtained by RT-FTIR after 800 s of irradiation

	(LEDs@385, 405, 455 and 470 nm) under air and in laminate conditions, in the presence of PI/MDEA with
	PI = POM-AC, POM-AB or POM-AQ.			
	Photo-initiating system	LED@385 nm	LED@405 nm	LED@455 nm	LED@470 nm
			Monomer: TMPTA		
	POM-AC/MDEA	58% a , 55% b* (280s)	69% a , 68% b (130s)	23% a , 0% b	5% a
	POM-AB/MDEA	62% a , 35% b* (360s)	60% a , 60% b (200s)	0% a , 0% b	6% a
	POM-AQ/MDEA	51% a , 30% b* (30s)	57% a , 66% b* (50s)	52% a , 25% b*(200s)	50% a
			Monomer: SOA		
	POM-AC/MDEA	33% a , 0% b	69% a , 70% b* (34s)	26% a , 0% b	-
	POM-AB/MDEA	9% a , 0% b	36% a , 0% b	18% a , 0% b	-
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