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pMATM2-b-p(MMA-co-BMA) diblock copolymers composed of a block of poly[bis(trimethylsiloxy) methylsilyl methacrylate] (MATM2) and a second block of a random copolymer of methyl methacrylate (MMA) and n-butyl methacrylate (BMA) were synthesized by the RAFT process with controlled molar masses and low molar mass dispersities. Paints were formulated using these diblock copolymers as binders, without any biocides, or associated with low amounts of biocidal compounds such as dicopper oxide (Cu 2 O), 4,5-dichloro-2-n-octyl-4isothiazole-3-one (DCOIT) and 4-Bromo-2-(4-chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3carbonitrile (Tralopyril). All the coatings exhibited a hydrophobic surface at the initial stage with an evolving surface chemistry when immersed in artificial seawater. The erosion of the coatings was shown to be driven by the molar proportion of MATM2 units in the diblock copolymer. The 2 antifouling properties were evaluated by in situ static immersion in the Mediterranean Sea.

Cu 2 O (20 wt.%) -DCOIT (2 wt.%)-based coatings with 30 mol.% of MATM2 in the seawaterhydrolyzable binder exhibited similar antifouling performances as a commercially available SPC coating over 16 months of field immersion. Contact angles and mass loss measurements, as well as SEM observations enabled to investigate the parameters influencing the antifouling activity of the coatings.

INTRODUCTION

The presence of fouling organisms (bacteria, algae, mollusks) on submerged structures can lead to a reduction in the performances of underwater sensors [START_REF] Delauney | Biofouling Protection for Marine Environmental Sensors[END_REF] , aquaculture production [START_REF] Bannister | Biofouling in Marine Aquaculture: A Review of Recent Research and Developments[END_REF] , or can reduce speed and increase fuel consumption for ships [START_REF] Song | An investigation into the effect of biofouling on ship hydrodynamic characteristics using CFD[END_REF] . To prevent this colonization, antifouling (AF) coatings are usually applied on immersed surfaces. [START_REF] Maan | Recent Developments and Practical Feasibility of Polymer-Based Antifouling Coatings[END_REF] Conventional antifouling coatings are chemically active coatings, primarily composed of biocides incorporated into a polymer binder.

Their antifouling efficacy relies on the controlled and constant release of the active molecules in the marine environment. [START_REF] Marceaux | Effects of Accelerated Ageing Conditions on the Mechanism of Chemically-Active Antifouling Coatings[END_REF][START_REF] Watermann | Can the input of biocides and polymeric substances from antifouling paints into the sea be reduced by the use of non-toxic hard coatings?[END_REF] Such biocides are usually a combination of metal-based biocides, typically dicopper oxide (Cu 2 O) at concentrations up to 50-60 wt.% with "boosters" biocides at 2.5-10 wt.% such as copper pyrithione, zinc pyrithione, zinc ethane-1,2-diylbis(dithiocarbamate) (Zineb), 4,5-dichloro-2-n-octyl-4-isothiazole-3-one (DCOIT) or 4-Bromo-2-(4-chlorophenyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbonitrile (Tralopyril) (un-published internal market study based on the safety data sheets of marine antifouling paints commercially available in France).

The AF activity of chemically active AF coatings depends on both the biocides themselves and the binder used to control their release. [START_REF] Almeida | Marine Paints: The Particular Case of Antifouling Paints[END_REF][START_REF] Ali | An Overview of Controlled-Biocide-Release Coating Based on Polymer Resin for Marine Antifouling Applications[END_REF] AF coatings called 'hard matrix' are non-erodible and the release of biocides depends only on the diffusion of water inside the coating, the solubilization rate of biocides and their diffusion out of the coating. The AF performances of hard AF coatings are limited to several months. Most of biocides-based AF coatings are erodible.

Among them, the most efficient are the Self-Polishing Coatings (SPCs) mainly composed of (meth)acrylic polymers binders which can be hydrolyzed in seawater. Their AF efficacy (up to 5 years) relies on (i) a mechanism of water diffusion in the coating which dissolves soluble pigments, fillers and biocides within an upper layer called 'leached layer', and (ii) a controlled hydrolysis of the polymer binder which becomes hydrophilic or soluble in seawater and lead to a self-polishing phenomenon also called controlled erosion. [START_REF] Kiil | Seawater-Soluble Pigments and Their Potential Use in Self-Polishing Antifouling Paints: Simulation-Based Screening Tool[END_REF][START_REF] Trentin | Quick Test Methods for Marine Antifouling Paints[END_REF] Tri-alkylsilyl (meth)acrylate-based polymers have been widely used as binders for SPC [START_REF] Bressy | Erosion Study of Poly(Trialkylsilyl Methacrylate)-Based Antifouling Coatings[END_REF][START_REF] Finnie | Silyl Ester Copolymer Compositions[END_REF][START_REF] Bressy | Trialkylsilyl Methacrylate)s: A Family of Hydrolysable Polymers with Tuneable Erosion Profiles[END_REF][START_REF] Xie | Coatings with a Self-Generating Hydrogel Surface for Antifouling[END_REF][START_REF] Dahling | Antifouling Composition[END_REF][START_REF] Lejars | Well-Defined Graft Copolymers of Tert-Butyldimethylsilyl Methacrylate and Poly(Dimethylsiloxane) Macromonomers Synthesized by RAFT Polymerization[END_REF][START_REF] Hong | Effects of Hydrolyzable Comonomer and Cross-Linking on Anti-Biofouling Terpolymer Coatings[END_REF][START_REF] Buga | Surface Modification of Silk Fibroin Fibers with Poly(Methyl Methacrylate) and Poly(Tributylsilyl Methacrylate) via RAFT Polymerization for Marine Antifouling Applications[END_REF][START_REF] Zhou | Inhibition of Marine Biofouling by Use of Degradable and Hydrolyzable Silyl Acrylate Copolymer[END_REF][START_REF] Ma | Degradable Polymers for Marine Antibiofouling: Optimizing Structure To Improve Performance[END_REF][START_REF] Xie | Environmentally Friendly Marine Antifouling Coating Based on a Synergistic Strategy[END_REF][START_REF] Xie | Poly(ester)-Poly(silyl methacrylate) Copolymers: Synthesis and Hydrolytic Degradation Kinetics[END_REF] , as they are able to be hydrolyzed in seawater through the hydrolysis of the silyl-ester bond, making them water-soluble.

Fouling Release Coatings (FRCs) represent a second type of AF coatings which are based on a hydrophobic and low surface free energy poly(dimethylsiloxane) (PDMS) cross-linked network, without biocides. [START_REF] Delauney | Biofouling Protection for Marine Environmental Sensors[END_REF][START_REF] Lejars | Fouling Release Coatings: A Nontoxic Alternative to Biocidal Antifouling Coatings[END_REF][START_REF] Hu | Silicone-Based Fouling-Release Coatings for Marine Antifouling[END_REF][START_REF] Selim | Recent Progress in Marine Foul-Release Polymeric Nanocomposite Coatings[END_REF][START_REF] Galli | Amphiphilic Polymer Platforms: Surface Engineering of Films for Marine Antibiofouling[END_REF] These coatings limit the adhesion strength of marine organisms on their surface, so fouling can be easily removed by hydrodynamic forces when the boat is sailing.

However, FRCs are very expensive and difficult to implement. Indeed, they can be undesirable in ship building environment due to their non-stick nature which can results in contamination of surrounding coating areas and cause delamination or reduced adhesion of other types of coating applied on a ship. New developments in the AF domain include the design of self-polishing coatings which can reduce attachment of marine organisms either without biocides or with the use of reduced amounts of biocides. A solution could be a FRC/SPC hybrid coating which combines the erosion properties of SPCs and the low surface free energy of FRCs. [START_REF] Lejars | Well-Defined Graft Copolymers of Tert-Butyldimethylsilyl Methacrylate and Poly(Dimethylsiloxane) Macromonomers Synthesized by RAFT Polymerization[END_REF][START_REF] Lejars | Synthesis and Characterization of Diblock and Statistical Copolymers Based on Hydrolyzable Siloxy Silylester Methacrylate Monomers[END_REF][START_REF] Azemar | Development of Hybrid Antifouling Paints[END_REF][START_REF] Gevaux | Water Erodible Coatings Based on a Hydrolyzable PDMS/Polyester Network[END_REF] Our team has previously demonstrated that pMATM2-b-pMMA diblock copolymers based on methyl methacrylate (MMA) and bis(trimethylsiloxy)methylsilyl methacrylate (MATM2), an hydrolyzable monomer bearing a siloxane moiety, were both hydrolyzable and with a low surface free energy (SFE). [START_REF] Lejars | Synthesis and Characterization of Diblock and Statistical Copolymers Based on Hydrolyzable Siloxy Silylester Methacrylate Monomers[END_REF] Their SFE was shown to be much more lower than the SFE observed for the corresponding statistical copolymers, highlighting the benefits of the diblock copolymer structure. In this present study, new diblock copolymers were prepared using MATM2, MMA and n-butyl methacrylate (BMA). In this case, BMA was copolymerized in the second block with MMA to reduce the glass transition temperature of the second block and ensure good film forming properties even at low molar content of MATM2 in the diblock copolymer.

In this study, pMATM2-b-p(MMA-co-BMA) diblock copolymers were first synthesized by the reversible addition-fragmentation transfer (RAFT) process with controlled molar masses, low dispersities and a controlled architecture. Their chemical structure was characterized by 1 H-NMR and TD-SEC, and their glass transition temperatures by DSC. Then, they were used as binders in the formulation of AF coatings containing low amounts of biocides or no biocides. The AF efficacy of such coatings was evaluated by in situ immersion in the Mediterranean Sea.

Parameters influencing their AF efficacy were investigated by water contact angle measurements, mass loss in immersion, and SEM observations.

EXPERIMENTAL SECTION

2.1.Materials

Bis(trimethylsiloxy)methylsilyl methacrylate (MATM2, Momentive) was distilled under reduced pressure and stored under argon before use. Methyl methacrylate (MMA, 99%, stabilized, Acros) and butyl methacrylate (BMA, 99% stabilized, Acros) were distilled under reduced pressure. 2,2'-Azobisisobutyronitrile (AIBN, 98%, Aldrich) was purified by recrystallization from methanol. Xylene (for analysis, Acros) was distilled under reduced pressure with CaH 2 before use. , Luzenac) and zinc oxide (ZnO, Silar SAS) were used without further purification. Artificial seawater was prepared according the ASTM D1141-90 standard. [START_REF]Practice for the Preparation of Substitute Ocean Water[END_REF] 

2.2.Synthesis of pMATM2-b-p(MMA-co-BMA) diblock copolymers

pMATM2-b-p(MMA-co-BMA) copolymers, with a targeted molar mass M n tg = 20,000 g.mol -1 , were synthesized by RAFT polymerization using CPDB as chain transfer agent (CTA), and AIBN as initiator. The block copolymers were built through the polymerization of a first block of pMATM2, followed by the simultaneous copolymerization of MMA and BMA using pMATM2-CPDB homopolymers as macro-CTAs (Scheme 1). The diblock copolymers with a MATM2 content ranging from 5 to 30 mol.% are designated as copolymers PXX, where XX is the MATM2 molar content ( 

Coatings preparation

The diblock copolymers were used as binders for the preparation of AF paints. All the paints contained xylene as solvent, TiO 2 as pigment, a blend of fillers in equal mass proportions (ZnO, talc and CaCO 3 ), dispersants and thickeners. The paint formulations were simplified versions, with neither desiccating agents nor co-binders compared to commercial AF paints, in order to highlight the main effects of the polymer binder and the biocides. The critical pigment volume concentration was 45%. The paints were formulated with a pigment volume concentration of 42 % and a solid content of 63 wt.%. Three types of more environmentally friendly formulations were tested with low concentrations of biocides or even without biocides. The paints were prepared with a high speed laboratory Dispermat ® AE1-C disperser (Brant Industrie). The paints recipes are depicted in Table S1. One formulation contained 2 wt.% of Tralopyril and 2 wt.% of DCOIT. Tralopyril is an arylpyrrole compound with a broad spectrum control of hard fouling organisms and longlasting efficacy used at low concentrations compared to copper (ten times more active). [START_REF] Janssen | [END_REF] It has a low water solubility resulting in its resistance to leaching. DCOIT has also a broad spectrum against bacterial slime, algae, barnacles, etc., and is efficient at low concentration (1-3%). [START_REF] Dow | [END_REF] A second formulation contained 20 wt.% of Cu 2 O and 2 wt.% of DCOIT. It is a low copper content paint compared to commercial AF paints which usually contain 50-60 wt.% of Cu 2 O. Dicopper oxide is a metallic AF biocide, incorporated in most of the biocide-based commercial AF coatings. Finally, a biocide-free formulation was also prepared.

Coatings were applied on sandblasted poly(vinyl chloride) (PVC) panels (105 × 148 x 8 mm and 25 x 50 x 3 mm) with a bar-coater, leading to ca. 100 µm-dried films for field tests and laboratory tests, respectively. A commercially available SPC paint, Intersmooth® 360 (Akzo Nobel, containing 25-50% of Cu 2 O and 2.5-10% of zinc pyrithione as booster biocide), was used as the SPC reference and similarly applied on PVC panels. On each panel, a 1 cm-width overcoat layer of non-erodible coating was applied on one edge. This creates a 'protected area' where the coating is not in contact with seawater during field immersion. [START_REF] Marceaux | Effects of Accelerated Ageing Conditions on the Mechanism of Chemically-Active Antifouling Coatings[END_REF] The coatings were dried at ambient temperature for at least 48 h before field immersion.

Varnishes were obtained from xylene-solutions of each purified polymer at a 40-50 wt.% solid content, applied with a bar-coater on sandblasted PVC substrates (25 x 50 x 3 mm), resulting in ca. 100 µm-dried thickness coatings. Solvent evaporation occurred at room temperature.

2.4.Characterization

H-NMR Spectroscopy

1 H-NMR measurements were carried out on a Brüker Advance 400 (400 MHz) spectrometer with deuterated chloroform (CDCl 3 ) as solvent at room temperature.

Molar mass characterization

The number-average molar mass (M n ) and molar-mass dispersity (Đ M ) of the polymers were determined by Triple Detection Size Exclusion Chromatography (TD-SEC). Analyses were performed on a Viscotek apparatus composed of a GPC Max (comprising a degasser, a pump and an autosampler) with TDA-302 (RI detector, right and low angle light scattering detector at 670 nm and viscometer), and UV detector. The following Viscotek columns were used: a HHR-H precolumn, a GMHHR-H and a GMHHR-L ViscoGel columns. THF was used as the eluent with a flow rate of 1.0 mL.min -1 at 30°C. Purified polymers were dissolved in THF at ca. 10 mg.mL -1 and filtered on a 0.2 µm PTFE filter. Molar masses were calculated using the value of the refractive index increment dn/dc calculated for each purified polymer using the OmniSec software. The theoretical molar mass M n th of the first block pMATM2 was calculated using Eq.1

where M MATM2 and M CTA are the molar masses of MATM2 and the RAFT agent respectively, and conv. refers to the monomer conversion. Then, the M n th of the diblock copolymers was calculated with Eq. 2 were M n,macro-CTA is the molar mass of the first block, and M eq is the equivalent molar mass of MMA and BMA.

(

(2)

Differential scanning calorimetry (DSC)

The glass transition temperatures (T g ) of the polymers were measured with a Q100 differential scanning calorimeter (TA Instruments). After an annealing step at 150°C, the samples were cooled down to -50°C at the maximum cooling rate of the instrument and then scanned at a heating rate of 20°C.min -1 from -50 to 150°C. The T g values were determined as the midpoint between the onset and the end of a step transition using the TA Instruments Universal Analysis 2000 software.

Contact angle and surface free energy measurements

The contact angles and surface free energies were obtained using a DIGIDROP apparatus from GBX Instrument equipped with a syringe and a flat-tipped needle. (

) 3 
The contact angles of the coatings were also monitored during static immersion test in artificial seawater. Periodically, the coatings were removed from the immersion bath, rinsed with deionized water and dried for 3 hours, before contact angle measurements.

Mass loss during immersion in artificial seawater

The mass loss of coatings was monitored gravimetrically during static immersion tests in artificial seawater at 20°C. Periodically, the panels were rinsed with deionized water, dried for 8h, and weighted. Water contact angle measurements were also performed. The mass loss (%) was calculated from Eq.4:

(

) 4 
where m t , m 0 and m PVC are the weight of the coated panel at time t, of the coated panel at time t=0 and of the initial non-coated PVC panel.

Scanning Electron Microscopy (SEM)

Cross-sectional SEM images were acquired with a scanning electron microscope (Supra 40VP, Zeiss) equipped with an energy-dispersive X-ray (EDX) detector (X max, 2 mm 2 , Oxford) under an accelerating voltage of 15 kV and a pressure of typically 5x10 -5 mbar (AsB detector). The EDX profiles of Zn (from zinc oxide), Ti (from titanium oxide), Ca (from calcium carbonate), Mg (from talc) and Cu (from dicopper oxide) were performed to follow the distribution of each element in the cross-section of the coating. DCOIT and Tralopyril could not be followed by EDX due to their low concentration in the coatings and the low proportion of potential followed elements (Br, Cl, S, F) in their structure (Figure S1). The leached layer thickness was calculated as the mean value of 8 thickness measurements on two different samples of the same coating.

The erosion was determined as the mean value of 2 measurements of (tk 0 -tk) on two different samples of the same coating, where tk 0 is the initial AF coating thickness under the protective layer, tk is the thickness of the AF coating in contact with seawater.

Marine Field Test

Field tests under static conditions were performed on a raft located in the Mediterranean Sea, in Toulon (France, 43°06'25''N-5°55'41''E) from August 2011 to January 2013. Duplicate coated PVC panels were immersed at 1 m-depth. Blank PVC panels were used to determine the type and density of macrofouling organisms settled on uncoated panels. A visual examination of the panels and pictures were performed after rinsing the surfaces with a light seawater jet to remove any silt or unattached forms which can interfere with observations. Inspections were carried out every month following an update of the NF T 34-552 standard [START_REF] Bressy | Efficacy Testing of Biocides and Biocidal Coatings[END_REF] which describes the practice for evaluating the degree of macrofouling settlement. AF coatings were classified using an efficacy factor N which is expressed as: N = I x S where I is the intensity of fouling (depending on the percentage of fouling coverage) and S is the severity of fouling (depending on the type of organism) (Table S2). The N value is an average value of duplicate panels. The AF performances of each coating were determined as the time during which the N factor attributed to a coating is lower or equal to 18. This limit value of the N factor was determined depending on the subjective 'clean'/'uncleaned' appearance of the coatings. This is an internal limit used in this study, as there is not any universal limit existing in the antifouling coatings community.

RESULTS AND DISCUSSION

3.1.Polymers synthesis

pMATM2-b-p(MMA-co-BMA) were obtained by sequential RAFT polymerization (Scheme 1). MATM2 was first polymerized in the presence of CPDB and then a mixture of MMA and BMA at equal molar ratio was added in the reaction media, leading to the extension of the chains of pMATM2, previous formed in situ, and further used as macro-CTA. High MATM2 conversion was obtained after 24 h, leading to pMATM2-CTA chains with low molar-mass dispersities (Table 1). MMA and BMA were copolymerized on the pMATM2-CTA chains with high conversions (conv.  93 %) after 48 h of reaction. Purified polymers were analyzed by TD-SEC to determine their dn/dc and consequently their absolute molar masses. Polymers with molar masses close to M n tg were obtained with low molar-mass dispersity (Đ M < 1.1), demonstrating the control of the polymerizations. An example of SEC chromatograms (RI signal) shows the peak related to the first pMATM2 block shifted toward lower elution times (higher molar masses), remaining narrow and monomodal for the corresponding diblock copolymer (Figure S2). This indicates the effective formation of the p(MMA-co-BMA) second block on the pMATM2 chains and the formation of diblock copolymers. The molar composition of the copolymers was assessed via 1 H-NMR spectroscopy from integrations of the three protons of the -OCH 3 group in MMA (3.6 ppm), the two protons of the -OCH 2 group in BMA (4.0 ppm), and the twenty-one protons of -SiCH 3 (0.4 to -0.1 ppm) in MATM2 monomer units.

The experimental compositions of the synthesized diblock copolymers were close to the theoretical values. Consequently, well-defined pMATM2-b-p(MMA-co-BMA) copolymers were synthesized by the RAFT process.

3.2.Glass transition temperature

The glass transition temperatures of the pMATM2-b-p(MMA-co-BMA) diblock copolymers were investigated by DSC analysis. The DSC results shown in Figure 1 revealed that two glass transitions T g,1 = 13-15°C and T g,2 = 41-60°C can be detected for the diblock copolymers. The two T g s are close to T g pMATM2 = 5°C, the T g of a pMATM2 homopolymer [START_REF] Lejars | Synthesis and Characterization of Diblock and Statistical Copolymers Based on Hydrolyzable Siloxy Silylester Methacrylate Monomers[END_REF] , and T g,2 th = 48°C, the theoretical T g of a p(MMA-co-BMA) statistical copolymer containing 50 mol.% of MMA. This latter was calculated using the Fox equation [START_REF] Fox | Influence of Diluent and of Copolymer Composition on the Glass Temperature of a Polymer System[END_REF] (Eq. 5) taking into account  i , the weight fraction of each monomer, and the T g values of a pMMA and a pBMA homopolymer at 100°C 27 and 20°C [START_REF]Polymer Handbook[END_REF] , respectively. For the diblock copolymer P05 and P10, only the T g of the second block can be detected, since the MATM2 content in the copolymer is lower than the sensitivity threshold of the DSC apparatus.

(5) The presence of two distinct glass transitions at temperatures close to the temperature of each block proves that there is a phase separation between the pMATM2 and the p(MMA-co-BMA) blocks. A certain degree of miscibility may exist between the two blocks since the T g of the pMATM2 block became slightly higher than the T g of its homopolymer and the T g of the second block slightly lower, as the MATM2 content in the copolymer increased.

3.3.Coatings application

The presence of BMA in the p(MMA-co-BMA) second block enables to reduce the corresponding glass transition temperature compared to a simple pMMA second block [START_REF] Lejars | Synthesis and Characterization of Diblock and Statistical Copolymers Based on Hydrolyzable Siloxy Silylester Methacrylate Monomers[END_REF] , resulting in better film forming properties for pMATM2-b-p(MMA-co-BMA) coatings compared to pMATM2-b-pMMA (as illustrated in Table S3).

The incorporation of biocides and other fillers did not impact the integrity of the films, as all the coatings showed good film forming properties with no cracking after the application and drying steps.

3.4.Contact angle and surface free energy measurements

Contact angle measurements were carried out to characterize the hydrophobicity and the surface free energy (SFE) values of the coatings before immersion. The expected properties were a high water contact angle  w ≥ 100°and a low SFE of 22 mJ.m -2 like PDMS elastomer-based FRCs due to the presence of a small siloxane chain on the MATM2 monomer units. The static contact angle values of water ( w ), glycerol ( gly ), and diiodomethane ( CH2I2 ) as well as the SFE values calculated using the Owens Wendt method 33 are shown in Table S4.

All varnishes (binders only) and formulated coatings were hydrophobic with high water contact angles between 93 and 102° (Figure S3), and SFE values between 21 and 30 mJ.m -2 . The dispersive component of the SFE was predominant compared to the polar component (Figure 2).

For the varnishes, the proportion of MATM2 in the copolymers strongly influenced the polar component of SFE as it decreased when the proportion of MATM2 increased. This trend was also observed with the coatings formulated with Cu 2 O + DCOIT rather than those formulated with Tralopyril + DCOIT or no biocides, highlighting the impact of the fillers and biocides on the binder organization at the coating surface. Upon immersion in artificial seawater, the static water contact angles quickly decreased then stabilized after 5 to 10 days, staying relatively constant during the immersion, except for P30 as varnish and formulated with Cu 2 O + DCOIT, where the water contact angle slowly re-increased between 10 and 30 days of immersion (Figure 3). The  w values at the plateau were comprised between 20 and 50° depending on the MATM2 content within the copolymers. Globally, the higher the MATM2 content in the copolymers is, the lower the  w values at the plateau are. This assumption is particularly notable for varnishes and for coatings formulated without biocides.

Thus, the incorporation of biocides seems to affect the behavior of the coatings during immersion. A surface rearrangement would consist in the migration of the MATM2 moieties, which bring a short PDMS chain, through the bulk of the coating, and an enrichment of the coating/air interface with less hydrophobic moieties like alkyl esters, in order to minimize the interfacial energy. This kind of rearrangement at the surface, thermodynamically induced, has already been observed for silicone-based FRCs [START_REF] Bullock | Surface Science of a Filled Polydimethylsiloxane-Based Alkoxysilane-Cured Elastomer: RTV11[END_REF][START_REF] Estarlich | The Surface Properties of Some Silicone and Fluorosilicone Coating Materials Immersed in Seawater[END_REF][START_REF] Nevell | The Surface Properties of Silicone Elastomers Exposed to Seawater[END_REF][START_REF] Pike | Water-Induced Surface Rearrangements of Poly(Dimethylsiloxane-urea-urethane) Segmented Block Copolymers[END_REF] or fluorinated FRCs [START_REF] Estarlich | The Surface Properties of Some Silicone and Fluorosilicone Coating Materials Immersed in Seawater[END_REF][START_REF] Pullin | Surface Energy Characteristics and Marine Antifouling Performance of Poly(1H,1H,2H,2H-Perfluorodecanoyl Diitaconate) Film Structures[END_REF][START_REF] Schmidt | Contact Angle Hysteresis, Adhesion, and Marine Biofouling[END_REF] with a decrease of their SFE upon immersion. Similarly, in the case of MATM2-based copolymers, if the MATM2 moieties migrate in the bulk, the surface would be composed of MMA or MMA/BMA segments.

However, the water contact angles of pMMA and pBMA are respectively ca.70° and ca.90°4 3 , thus much higher than the  w values observed for the pMATM2-b-p(MMA-co-BMA) coatings upon immersion. Thus, the decrease of the  w values is rather attributed to the hydrolysis of the MATM2 moieties at the surface. Upon immersion, the coatings were rapidly hydrolyzed and the surface became rich in sodium carboxylate COO -Na + groups [START_REF] Bressy | Trialkylsilyl Methacrylate)s: A Family of Hydrolysable Polymers with Tuneable Erosion Profiles[END_REF][START_REF] Yebra | Antifouling Technology: Past, Present and Future Steps towards Efficient and Environmentally Friendly Antifouling Coatings[END_REF] , leading to a much more hydrophilic surface and a decrease of the  w values.

3.5.Mass loss upon immersion

Measurements of mass loss during static immersion in artificial seawater were carried out on varnishes and formulated coatings (Figure 4). This experiment enables to characterize the erosion behavior of the coatings. In this case, erosion is thus defined as any phenomenon leading to a mass loss during immersion, due to the dissolution of the binder and/or the dissolution of fillers.

While varnishes showed a slight mass gain during immersion (0-5%), once formulated in paints, the coatings exhibited a mass loss during immersion, proportional to the MATM2 content in the diblock copolymer binder. In fact, the mass gain of varnishes can be associated with water uptake during immersion, possibly resulting from either the Fick diffusion (without interaction between water molecules and chemical groups), or the absorption of water by interaction with the polymer. [START_REF] Verdu | Action de l'eau Sur Les Plastiques[END_REF] The level of absorbed water at saturation depends on the proportion of hydrophilic moieties able to interact with water molecules. The MATM2 monomer units are known for their capacity of hydrolysis in water, forming -COO -Na + groups at the surface of the varnish. [START_REF] Lejars | Synthesis and Characterization of Diblock and Statistical Copolymers Based on Hydrolyzable Siloxy Silylester Methacrylate Monomers[END_REF] Thus, the hydrophilic surface formed can easily absorb water molecules and swell. The diblock copolymers as binder only appeared to be non-erodible in static immersion in artificial seawater.

Nevertheless, an erosion phenomenon can simultaneously occur with a swelling phenomenon without being measured by a mass loss if it occurs in lesser extent than the swelling resulting from water absorption. Concerning the formulated coatings, the higher the MATM2 content in the copolymer binder is, the higher the mass loss in immersion is. The coating containing Cu 2 O + DCOIT showed a higher mass loss behavior than the other formulations which could be attributed to the dissolution of heavy Cu 2 O compared to the other biocides and fillers. The coatings formulated with P20 exhibited an interesting erosion behavior, similar to the SPC reference coating, especially for the coatings formulated with Tralopyril + DCOIT and Cu 2 O + DCOIT.

3.6.Leached layer thickness and thickness loss of coatings after static field immersion

SEM observations were carried out on the formulated coatings immersed during 7 months in the Mediterranean Sea. SEM pictures of the cross-section of the coatings enable to detect the presence of a leached layer (LL) and to determine if there was any thickness loss of the coating during the static immersion period. A leached layer corresponds to the absence of soluble fillers at the surface of the coating due to their dissolution by the diffusion of water within the film. It is evaluated as the coating thickness comprises between the dissolving fillers front and the eroded polymer front (Figure S4). For commercial SPCs, the leached layer is constant over the immersion time and relatively narrow, ca. 20 µm. [START_REF] Marceaux | Effects of Accelerated Ageing Conditions on the Mechanism of Chemically-Active Antifouling Coatings[END_REF][START_REF] Yebra | Antifouling Technology: Past, Present and Future Steps towards Efficient and Environmentally Friendly Antifouling Coatings[END_REF][START_REF] Bressy | Tin-Free Self-Polishing Marine Antifouling Coatings[END_REF] The thickness loss was determined by measuring the total thickness of the coating in contact with seawater (tk) and comparing this value to the initial thickness of the coating under the protective layer (tk 0 ).

To determine the presence of a leached layer, the elements Zn, Ti, Ca, Mg and Cu, coming from the fillers ZnO, TiO 2 , CaCO 3 , talc, and the Cu 2 O biocide respectively, were detected using EDX profile analyses on the coating cross-sections. Figure 5 shows an example of the SEM pictures and EDX profiles obtained for P30-based coatings, and the SPC reference after 7 months of immersion in the Mediterranean Sea. For a better visibility, only Zn, Ti, Ca, and Cu elements are displayed on the EDX profiles. These EDX profiles illustrate the abundance of the selected elements in one particular cross-section line of each coating but do not represent a finite concentration throughout the coating. SEM pictures of 2 sections from 2 different samples of each coating were used to determine the mean leached layer thickness.

The SEM pictures and the EDX line profiles of all prepared coatings show a sharp reduction in Zn abundance at the right-hand edge, which was in contact with the seawater. In addition, a leached layer was clearly observed for Cu (LL Cu ) in Cu 2 O-based coatings with a similar thickness as the Zn leached layer (LL Zn ). This behavior was highlighted for all pMATM2-bp(MMA-co-BMA) coatings containing Cu 2 O + DCOIT as biocides. For all the coatings, no leached layer could be observed for CaCO 3 and TiO 2 due to their low solubility in water. The LL thicknesses were also estimated after 14 months of immersion for the Cu 2 O + DCOIT coatings and the SPC reference as they were still efficient against macrofouling (Table S5). The coatings with Tralopyril + DCOIT or no biocides were not studied after 14 months of immersion as they were fully covered by macrofouling organisms which limit the diffusion of water and soluble fillers/biocides and make not relevant the LL measurements.

As shown in Figure 7, the LL Zn/Cu of the Cu 2 O + DCOIT coatings increased from 13±3 to 37±6 µm when the MATM2 unit content increased in the polymer binder. This was attributed to a better diffusion of water inside the coating, owing to the hydrolysis of the MATM2 units when the coatings were exposed to seawater. It is noteworthy that the LL Zn/Cu of the P20 coating was similar to the LL Cu obtained for the SPC reference which could hopefully lead to good and durable AF performances. The coatings erosion (tk 0 -tk) was also estimated using the SEM pictures of the immersed coatings after 7 and 14 months (Figure S5). As for the LL determination, the erosion was measured after 14 months of immersion, only for the Cu 2 O + DCOIT coatings and the SPC reference. The erosion can be defined as a superficial film removal caused by the progressive and controlled degradation of the paint. [START_REF] Faÿ | Antifouling Activity of Marine Paints: Study of Erosion[END_REF] AF self-polishing coatings are expected to display a surface erosion where the surface is renewed regularly and keeps active during all the lifetime of the coating, contrary to AF soluble coatings which display bulk erosion where the degradation occurs in the entire film thickness resulting in a reduced durability.

Almost no erosion was observed for the prepared coatings after 7 months of static immersion in the Mediterranean Sea. After 14 months, for the Cu 2 O + DCOIT coatings, there is a tendency through an increase of the erosion with the increase of the MATM2 unit content in the polymer binders. The commercial SPC reference show an erosion of 23±8 µm at 7 months but no erosion (2±10 µm) for the samples measured after 14 months, which highlights the heterogeneity of the erosion behavior upon different samples during the field static immersion, even for commercial AF self-polishing coatings.

This low erosion phenomenon could be explained by the fact that the self-polishing behavior is generally observed after dynamic periods during which hydrodynamic forces enable the removal of the brittle leached layer. [START_REF] Marceaux | Effects of Accelerated Ageing Conditions on the Mechanism of Chemically-Active Antifouling Coatings[END_REF] It also confirms that the mass loss observed in Figure 5 does rely mainly on the dissolution of fillers and binders rather than a thickness loss.

3.7.Antifouling activity

The antifouling activity of the coatings was evaluated by field tests. The coatings were immersed on a static raft in the Mediterranean Sea. The development of macrofouling organisms was assessed by monthly visual inspections. Figure 8 shows pictures of the coatings after 7 months of immersion. Without antifouling coating protection, the blank PVC substrate was rapidly colonized by macrofoulers such as barnacles, encrusting bryozoans, spirorbid worms, algae, etc. After 7 months, the coatings with no biocides were also fully covered by macrofoulers with a similar biodiversity as the blank PVC substrates. The AF efficacy of the Tralopyril + DCOIT based coatings increased with increasing the MATM2 content in the polymer binder. The coating based on the P30 binder was the most efficient with few settled macroorganisms and without any encrusting bryozoans, tubeworms or spirorbis (as shown in Figure S6). All the coatings containing Cu 2 O + DCOIT, whatever the polymer binder, showed a very good AF activity, similar to the SPC reference with very low percentages of their surface colonized by macrofoulers, the surface of the coatings being mainly covered by biofilm. particles into Cu 2+ ions, known for their green-blue color (Figure 8 and Table S5).

The AF performances reached 10 months for the coatings containing 2% Tralopyril + 2% DCOIT. Thus, this type of coatings prepared with very low amounts of biocides could be used for pleasure-boating, drastically reducing the amounts of biocides release in ports and marinas compared to the commonly used AF coatings. Table S5 shows that the polymer binder affects the overall AF efficiency. A lower AF efficiency was obtained for P05 in comparison to P20 or P30. These results demonstrate that both the biocides and the mol.% of MATM2 units affect the AF performances. The coatings with 20% Cu 2 O + 2% DCOIT exhibited the longest AF performances up to 16 months for P30-based coatings. These were remarkably good performances as they contained much less Cu 2 O than the commercial coatings. Finally, the AF performances of coatings with no biocide was unfortunately quite short, only up to 3 months.

This could be attributed to the fact that the initially hydrophobic coatings became rapidly hydrophilic upon immersion (as previously discussed). Moreover, as they do not release 29 biocides, their AF efficacy was only based on the potential renewing of their surface upon immersion through an erosion phenomenon, which was not achieved during this pure static field immersion. ASSOCIATED CONTENT Supporting Information. Composition of the paint formulations (Table S1), chemical structure of DCOIT and Tralopyril biocides (Figure S1), Intensity and Severity factors (Table S2), typical TD-SEC chromatogram (Figure S2), film forming properties of varnishes (Table S3), contact angles and components of the surface free energy (Table S4), static water contact angles of the coatings (Figure S3), SEM picture of the cross-section of a SPC coating immersed in seawater (Figure S4), pictures of coatings after 14 months of field immersion (Table S5), thickness loss (Figure S5), macrofouling colonization (Figure S6) and evolution of the N factor during field immersion (Figure S7). The Supporting Information (PDF) is available free of charge on the ACS Publications website at…..
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  1 µL-droplets of deionized water, glyrecol and diidomethane were deposited on the coated panels. The surface tension components of each liquid, provided by the DIGIDROP software, were as follows: deionized water ( L = 72.8 mN.m -1 ,  L d = 21.8 mN.m -1 ,  L p = 51.0 mN.m -1 ), glycerol ( L = 64.0 mN.m -1 ,  L d = 34.0 mN.m -1 ,  L p = 30.0 mN.m -1 ) and diiodomethane ( L = 50.8 mN.m -1 ,  L d = 48.5 mN.m -1 ,  L p = 2.3 mN.m -1 ). The reported contact angles were an average of five individual measurements on different regions of the same coating. The surface free energies were calculated by the Owens-Wendt method 33 , considering the surface free energy of the coating  S as the sum of a dispersive component  S d and a polar component  S p (Eq. 3).
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 1 Figure 1. DSC heating traces of pMATM2-b-p(MMA-co-BMA) diblock copolymers (a) P05, (b)

Figure 2 .

 2 Figure 2. Dispersive (a) and polar (b) components of the surface free energies of the coatings

Figure 3 .

 3 Figure 3. Evolution of water contact angles during immersion in artificial seawater, for coatings
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 4 Figure 4. Evolution of coating mass upon static immersion in artificial seawater for coatings
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 56 Figure 5. SEM cross-section picture associated with EDX analyses for the coatings based on the
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 6 Figure 6. Leached layer thickness determined by SEM, of the coatings based on P05, P10, P20

Figure 7 .

 7 Figure 7. Leached layer thickness LL Zn/Cu , determined by SEM, of the coatings based on P05,

Figure 8 .

 8 Figure 8. Development of macrofouling observed on coatings after 7 months of static immersion

Figure 9 .

 9 Figure 9. Antifouling performances of the PMATM2-based coatings containing

  2-Cyanoprop-2-yl dithiobenzoate (CPDB, 97%, Strem Chemicals) and methanol (technical, Acros) were used without further purification. 4,5-dichloro-2-n-octyl-4-isothiazole-3-one (DCOIT) was supplied by Rohm and Haas as a solution in xylene at 30 wt.%, called Sea-nine TM 211 used without further purification. Tralopyril (Econea ® , Janssen PMP), dicopper oxide (Cu 2 O, Kolorian), disperbyk 180 (Byk Chemie), aerosol 200 (Evonik Industries), rutile titanium dioxide (TiO 2 , Kronos), calcium carbonate (CaCO 3 , Solvay), talc (Mg 3 Si 4 O 10 (OH)
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Table 1 .

 1 ). As an example, run P20 in Table1was performed by adding was added to the reaction mixture. The concentrations were determined so that the solid content at the end of the polymerizations was 40 wt.%. The polymerizations were conducted until no evolution of the monomers conversion. The polymers were precipitated into methanol, filtered and dried under vacuum for 48 h at room temperature. Results of the synthesis of pMATM2-b-p(MMA-co-BMA) diblock copolymers,

	MATM2 (16.1 g, 53 mmol), CPDB (464 mg, 2.1 mmol) and AIBN (69 mg, 0.4 mmol) in
	distilled xylene into a 250 mL round bottom flask equipped with a magnetic stir bar. The
	reaction mixture was degassed through bubbling with argon, sealed, and then placed for 24 h, in
	an oil bath previously heated at 70°C. When the polymerization was achieved, a solution of
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