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Highlights

 Diblock copolymers of 2,3,4,5,6-pentafluorostyrene (PFS) and butyl acrylate (BuA) synthesized by nitroxide mediated polymerization (NMP) with a large range of molar compositions and molecular weights.

 Nano-phase separation in thin films due to the high immiscibility of both polymeric blocks.

 Versatile self-assembly from out-of-the-plane PPFS to PBuA cylinders crossing through lamellar morphology.

 Functionalization of the PPFS block by para fluorine-thiol soft organo-catalysed substitution.

 Screening the nano-phase separation by matching the solubility parameters of the modified PFS and BuA monomer units.

Introduction

Fluorinated polymers are well known for their thermal, chemical, and physical stability.

For that reason, they can be used for sensors and cable insulation, membranes, packaging, sealing materials or chemical resistant components. [START_REF] Cardoso | Fluorinated polymers as smart materials for advanced biomedical applications[END_REF] Among them, the most famous polymers are poly(vinylidene fluoride) (PVDF), poly(tetrafluoroethylene) (PTFE), or poly(vinyl fluoride) (PVF). Moreover, fluorinated polymers belong to the category of low surface energy materials, due to their relatively low attraction to other molecules. Therefore, their interfacial energy is low, leading to easy segregation. [START_REF] Iyengar | Surface segregation studies of fluorine-containing diblock copolymers[END_REF] All those properties make them suitable candidates over the synthesis for the self-assembly of block copolymers (BCPs). BCPs have gained interest throughout the years for the development of materials with novel properties. Indeed, BCPs with immiscible blocks, can microphase separate to form ordered structures. The parameters dictating the phase separation are the volume fraction Φ of both blocks in the BCP and the N segregation product, where  is the Flory-Huggins parameter (AB) which represents the degree of incompatibility between both blocks and N represents the total degree of polymerization. Depending on the combination of both parameters, different morphologies can be targeted from the self-assembly of BCPs. [START_REF] Mai | Self-assembly of block copolymers[END_REF] Properties of such final materials are a combination of the intrinsic properties of the individual polymers forming the blocks at the nanometer scale as well as at the macrometer scale. Thus, there is an interest in having custommade BCPs for diverse applications such as: drug delivery and release, [START_REF] Rösler | Advanced drug delivery devices via selfassembly of amphiphilic block copolymers[END_REF][START_REF] Agrahari | Advances and applications of block-copolymer-based nanoformulations[END_REF] biomaterials, [START_REF] Lendlein | Shape-Memory Polymers[END_REF] lithography for data storage, [START_REF] Puglisi | Towards Ordered Silicon Nanostructures through Self-Assembling Mechanisms and Processes[END_REF] or thermoplastic materials. [START_REF] Lu | All Acrylic-based Thermoplastic Elastomers with High Upper Service Temperature and Superior Mechanical Properties[END_REF] Multiple techniques exist to synthesize BCPs, one of them is multi step living polymerization such as ionic (IP) or controlled radical polymerizations (CRP). [START_REF] Mai | Self-assembly of block copolymers[END_REF] These polymerization techniques allow for the synthesis of polymers with controlled degree of polymerization and narrow dispersity. Compared to the living ionic polymerization, CRP does not require strict synthetic conditions and a wide variety of functional monomers can be polymerized, which makes it an easier method for the design of BCPs. Within CRP, different techniques were developed for almost a quarter of century. [START_REF] Benoit | Controlled/Living Free-Radical Polymerization of Styrene and n-Butyl Acrylate in the Presence of a Novel Asymmetric Nitroxyl Radical[END_REF][START_REF] Chiefari | Living Free-Radical Polymerization by Reversible Addition -Fragmentation Chain Transfer : The RAFT Process[END_REF][START_REF] Matyjaszewski | Atom Transfer Radical Polymerization (ATRP): Current status and Future Perspectives[END_REF] The most used are: nitroxide-mediated polymerization (NMP) [START_REF] Nicolas | Nitroxidemediated polymerization[END_REF], atom transfer radical polymerization (ATRP) [START_REF] Matyjaszewski | Atom Transfer Radical Polymerization[END_REF] and reversible addition-fragmentation chain transfer (RAFT) [START_REF] Moad | Living Radical Polymerization by the RAFT Process[END_REF] radical polymerization.

They are differentiated by the reversible termination reaction controlling of the chain growth.

The NMP technique, uses an alkoxyamine compound that divides into a radical (initiator) and a nitroxide counter-radical (controlling agent) upon heat. It can react reversibly with the propagating species to put them in a dormant state, creating a macro-initiator that can be used to initiate the polymerization of another monomer to make BCPs. In ATRP, the initiator carries a transferable halogen, and a transition metal catalyst and some additives are needed to carry out the reaction. The technique uses a reversible redox process catalysed by the metal/ligand catalyst complex. There is a need for the removal of the catalyst after reaction. Finally, the RAFT process uses a transfer agent that is specific to the type of monomer to perform the reversibility of the mechanism, in addition to a classic radical initiator. NMP was the chosen technique for the experiments as it is easy to implement with only one compound that gives both an initiator and a controlling agent. Furthermore, there is no need of the removal of the reagent after the reaction and the alkoxyamine could be used for a variety of monomers.

We report here on the efficient synthesis of poly(pentafluorostyrene)-block-poly(butyl acrylate) PPFS-b-PBuA block copolymers (Scheme 1). Scheme 1. Synthetic route of the PPFS-b-PBuA block copolymers and their 1-hexanethiol modified homologues.

We firstly discuss the synthesis of PPFS/PBuA by NMP using the BlocBuilder ® initiator as an efficient controlled radical polymerization. Controlled radical polymerization of BCPs using poly(pentafluorostyrene) have already been reported in the literature, but mainly by ATRP. [START_REF] Bucholz | Ultra-low-κ materials derived from poly(D,L-lactideb-pentafluorostyrene) diblock copolymers[END_REF][START_REF] Jankova | Ion conducting solid polymer electrolytes based on polypentafluorostyrene-b-polyether-b-polypentafluorostyrene prepared by atom transfer radical polymerization[END_REF][START_REF] Li | Semifluorinated Aromatic Side-Group Polystyrene-Based Block Copolymers: Bulk Structure and Surface Orientation Studies[END_REF][START_REF] Chen | Synthesis and Morphology of Semifluorinated Polymeric Ionic Liquids[END_REF][START_REF] Powell | Complex Amphiphilic Hyperbranched Fluoropolymers by Atom Transfer Radical Self-Condensing Vinyl (Co)polymerization[END_REF][START_REF] Borkar | New Highly Fluorinated Styrene-Based Materials with Low Surface Energy Prepared by ATRP[END_REF] Few examples can also be found describing NMP [START_REF] Yin | Nitroxide-mediated polymerization of pentafluorostyrene initiated by PS-DEPN through the surface of APTMS modified fumed silica: Towards functional nanohybrids[END_REF][START_REF] Becer | Clicking Pentafluorostyrene Copolymers: Synthesis, Nanoprecipitation, and Glycosylation[END_REF][START_REF] Ott | Post-modification of poly(pentafluorostyrene): a versatile "click" method to create well-defined multifunctional graft copolymers[END_REF] or RAFT [START_REF] Gudipati | Synthesis of Poly(glycidyl methacrylate)-block-Poly(pentafluorostyrene) by RAFT: Precursor to Novel Amphiphilic Poly(glyceryl methacrylate)-block-Poly(pentafluorostyrene)[END_REF] polymerizations methods. Additionally, PPFS can be easily modified due to the accessibility of the fluorine in para-position of the phenylene group, allowing for countless possibilities for polymer functionalization by nucleophilic substitution. Over the year's attractive post-modification techniques such as click-chemistry have been used for the ease they provide to functionalize polymers. Click-chemistry for para fluorine substitutions with azide [START_REF] Noy | Azide-para-Fluoro Substitution on Polymers: Multipurpose Precursors for Efficient Sequential Postpolymerization Modification[END_REF] and thiol [START_REF] Dumas | Wettability adjustment of PVDF surfaces by combining radiation-induced grafting of (2,3,4,5,6)-pentafluorostyrene and subsequent chemoselective "click-type" reaction[END_REF][START_REF] Yin | Controlled perfluorination of poly(2,3,4,5,6-pentafluorostyrene) (PPFS) and PPFS-functionalized fumed silica by thiol-para-fluoro coupling: Towards the design of self-cleaning (nano)composite films[END_REF][START_REF] Riedel | Synthesis, post-modification and self-assembled thin films of pentafluorostyrene containing block copolymers[END_REF] have already been proposed for PPFS. In the second part of this manuscript, the successful para fluoro-thiol modification of the BCPs was performed with 1hexanethiol (HT) to explore the impact of the alkyl chain on both the glass temperature transition Tg and the self-assembly properties of the derivatives BCP. Indeed, the para-addition of 1-hexanethiol gives some mobility to the polymer chains. Thus, a brittle to flexible transition is determined by DSC and macroscopically. Additionally, the self-assembly of the BCPs before and after modification with 1-hexanethiol was studied by AFM and SAXS.

Experimental section

Materials

Pentafluorostyrene (99%, Sigma-Aldrich), butyl acrylate (99%, Sigma-Aldrich), BlocBuilder® (Provided by Arkema), free-SG1 (83%, Provided by Arkema), dimethylformamide (DMF, anhydrous, 99.8%, Sigma-Aldrich), 1-hexanethiol (95%, Sigma-Aldrich), 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 99%, Sigma, Aldrich), technical methanol (VWR), and THF (VWR), were used without further purification.

PPFS homopolymers and their Block copolymers homologues

Homopolymerization of PFS.

The NMP of PFS was performed in bulk following a typical NMP procedure. Pentafluorostyrene (41.2 mmol), BlocBuilder ® (0.10 mmol) and some free-SG1 (0.01 mmol) were added to a 25mL round bottom flask equipped with rubber seals and a magnetic stirring bar. The mixture was placed into an ice bath and bubbled with nitrogen for 15 minutes and subsequently placed into an oil bath that was pre-heated at 115°C. The mixture was left to stir for 5h at 115°C. The polymer was recovered by precipitation of the reaction mixture into methanol, after cooling down to room temperature. The precipitation was followed by filtration and drying of the polymer under vacuum oven at 60°C overnight. Purification of the polymer was performed by dissolution in THF and subsequent precipitation in methanol. The purification step was repeated twice, PPFS was obtained (conversion: 60%).

Chain extension of PPFS with BuA to yield PPFS-b-PBuA

The previously synthesized PPFS were used as a macro-initiator for the chain extension procedure with butyl acrylate (BuA) monomer. To do so, in a 25mL round bottom flask was equipped with rubber seals and a magnetic stirring bar, the macro-NMP PPFS initiator (0.078 mmol) and some free-SG1 (0.0078 mmol) were dissolved into DMF (1.5 mL). Followed by the addition of BuA (35.7 mmol) in the mixture. Different ([BuA]/[PPFS]) ratios were calculated and used to target different self-assembly morphologies. The mixture was degassed with nitrogen at room temperature for 15 minutes before putting the flask in an oil bath pre-heated at 115°C. The mixture was left to stir at 115°C for 9h. For the other BCP compositions, the monomers ratios and time of reaction were varied depending on the targeted monomer conversion. The BCP was recovered by precipitation of the mixture into methanol, after cooling down to room temperature. The precipitation was followed by filtration and drying of the polymer under vacuum oven at 60°C overnight (conversion: 28%).

Para-thiol modification of the diblock copolymers

In an adequate round bottom flask, the block copolymer BCP3 (0.44 g, 0.74 mmol, 1 eq) was dissolved into DMF (5 mL). DBU (0.117 g, 0.78 mmol, 1.05 eq) was added to the mixture followed by the addition of 1-hexanethiol (0.092 g, 0.82 mmol, 1.1 eq). The mixture was left to stir at room temperature overnight to reach full modification. The reacted solution was precipitated into methanol twice to remove residual chemicals and dried under vacuum at 30°C overnight. 19 F NMR NMR spectra were recorded on a Bruker DPX-400 spectrometer using deuterated solvents obtained from Sigma-Aldrich (CDCl3). The spectra were recorded at room temperature.

Characterization Methods

1 H NMR, DOSY NMR &

Size Exclusion Chromatography (SEC)

The molar mass of the polymers was determined by Size Exclusion Chromatography.

The materials were dissolved in THF at a concentration of 3 g/L, Toluene was used as a flow marker. Prior to injection, the samples were filtered through 0.45 µm nylon filter. The analysis was performed at 30°C at a flow rate of 1ml/min. The set up consisted of a pump (LC-20A, Shimadzu), an autosampler (Sil-20AHT), a differential refractometer (Optilab Rex, Wyatt), and three columns in series (Styragel HR2, HR4 and HR6 with pore sizes ranging from 102 to 106 Å).

Differential Scanning Calorimetry (DSC)

Between 1 to 10 mg of polymer was placed into aluminium capsules that were closed hermetically. The capsule was then placed into the DSC device (DSC Q100 from TA instruments) that was set to heating and cooling rates of 20°C/min under nitrogen atmosphere at a flow of 50 mL/min. The characterization was performed at the temperature range of -80°C to 180°C.

Atomic force microscopy (AFM) & self-assembly process

AFM was performed on a Multimode 8 Atomic Force Microscope (Bruker) and recorded in PeakForce QNMmode. The solutions were obtained by dissolution of the polymers in a mixture of [Toluene : Propylene Glycol Methyl Ether Acetate (PGMEA)] [75 : 25], (2 wt%). The polymer films were obtained by spin-coating of a diluted polymer solution onto a silicon wafer at 2 krpm for 60 s. The sample was first characterised by AFM directly after spin-coating and drying and then after annealing at 140°C for 30 minutes and subsequent quenching at room temperature.

Small-angle X-ray scattering (SAXS)

SAXS experiments were performed with a high-resolution X-ray spectrometer Xeuss 2.0 from Xenox. The spectrometer operates with a radiation wavelength of λ= 1.54 Å (Copper Kα radiation). Scattering patterns were collected using a PILATUS 300K Dectris detector with a sample-to-detector distance of 1637 mm. The collected data were analysed using Primus software. The film preparation for the SAXS experiment was done in a similar way as for the AFM characterization. The polymers were dissolved in a mixture of [Toluene : PGMEA] [75 : 25], (2wt%) and drop casted on a Kapton film. The films were annealed at 140°C for 30 minutes before analysis.

Results and discussion

Block copolymer synthesis

Poly(pentafluorostyrene-b-butyl acrylate) (PPFS-b-PBuA) block copolymers were synthesized by NMP controlled radical polymerization. The reaction was carried out by first synthetizing PPFS that was further used as a macro-initiator for the chain extension with BuA. PPFS homopolymers were characterized by 1 H NMR, SEC, and DSC. The backbone of PPFS are found to be located between 1.7 and 3 ppm (Figure SI 1). PPFS macro-initiators with molar masses ranging from 12 500 to 24 000 g/mol were obtained and their dispersity values D remained under 1.1 (Table 1). The glass transition temperature (Tg) of the PPFS homopolymer was determined to be around 100°C (Figure SI 2).

Acrylates were chosen for the BCP because they present properties such as flexibility, transparency, and toughness. [29] Moreover, poly(butyl acrylate) (PBuA) chemical atomic composition is different from poly(pentafluorostyrene)'s (PPFS), a suitable property to generate a nano-phase separation by self-assembly. Indeed, for a phase separation to occur, the two blocks in the BCP must be non-miscible, property driven by their solubility parameters δ. The Hansen solubility parameters of the homopolymers PPFS and PBuA were calculated using HSPiP software and were of 16.1 Mpa 1/2 and 17.3 Mpa 1/2 , respectively. Other systems of phase separation with a difference of solubility parameters have already been described in the literature. [START_REF] Marcasuzaa | When a pH-triggered nanopatterned shape transition drives the wettability of a hierarchically self-organized film: A bio-inspired effect of "sea Anemone[END_REF][START_REF] Marcasuzaa | Reactive nanopatterns in triple structured bio-inspired honeycomb films as a clickable platform[END_REF] As an example, the PS/PBuA (δPS = 18.4 Mpa 1/2 ) system is able to phase separate with a similar difference between solubility parameters than PPFS/PBuA system. [START_REF] Escalé | When block copolymer selfassembly in hierarchically ordered honeycomb films depicts the breath figure process[END_REF] As described previously, the morphologies of the nano-phase separation are dictated by the volume fraction Φ of one block. So, BCPs having different targeted molar ratios were synthesized to design different morphologies. To vary those molar ratios, different experimental parameters can be used as the conversion of the monomers through reaction time and monomer to macro-initiator ratio (Table 1). The molar compositions were calculated by 1 SEC characterizations corroborate the good control over the polymerization (Figure 2 A). An increase in molar mass from homopolymers PPFS to PPFS-b-PBuA BCPs is attributed to the chain extension (Figure 2). Dispersity values D between 1.09 and 1.88 are reported in Table 1. A dispersity value enhancement is noticed when the molar compositions of PBuA increases, with the apparition of a shoulder in the corresponding chromatograms corresponding to the highest molar mass of the macro-initiator PPFS (Figure 2 

Block copolymers self-assembly

As previously mentioned, when BCPs are immiscible, they present the intrinsic properties of both isolated blocks. Thus, two glass transition temperatures Tg, at -50°C and 96°C, are noticeable on the BCP DSC thermogram for a PPFS/PBuA molar composition of 50/50 (PPFS0.50-b-PBuA0.50)34K (here, the subscript 34K represents the molar mass of the copolymer obtained by SEC, the same notation was used for all the copolymers throughout the manuscript) (Figure 2 B). For the compositions with lower amount of PPFS, a different thermal pattern is observed with just the PBuA thermal transition. Indeed, the heat capacity ΔCp of PBuA is 3.8 times higher than the one of PPFS with values of -5.7 and -1.5 W/(kg.°C), respectively (Figure SI 5). BCPs self-assembly allows to design well-structured materials, when composed of immiscible blocks. BCP systems will aim to minimize the interaction between blocks to reach a thermodynamic equilibrium. That microphase separation is induced by the stretching of the BCP chains with the desire of lowering interfacial energy in the BCP. The domains' structure is dictated by the volume fraction Φ of one block into the BCP. Depending on that volume fraction, the chains will stretch differently leading to different morphologies. [START_REF] Matsen | Unifying Weak-and Strong-Segregation Block copolymer Theories[END_REF][START_REF] Leibler | Theory of Microphase Separation in Block copolymers[END_REF] Typically, for the phase separation, the minor phase in volume will disperse in a matrix of the major one. Due to the strong interaction of the covalent bond linking the blocks, the phase separation can only occur at the macromolecular scale, meaning at the nanometre scale and not at the macroscopic one. [START_REF] Mai | Self-assembly of block copolymers[END_REF] Moreover, domains size can be tuned by varying chains length N through the control of the molar mass.

Such nano-structured material based on the self-assembly behaviour of PPFS-b-PBuA

BCPs can be observed at the scale length by Atomic Force Microscopy (AFM). To do so, solutions of each BCPs were prepared following the experimental section procedure. The solutions were then spin coated on silicon wafers. A thermal annealing of the films was done at 140°C to reach the thermodynamic equilibrium (40° higher than the Tg of PPFS). Each sample was observed before and after annealing. The AFM results on thin films were correlated with bulk study by Small Angle X-rays Scattering SAXS. Indeed, the SAXS experiment will complement the information provided by AFM measurements and give detailed insight on the arrangement of the microstructures in the bulk (films of few hundred microns thick) and their domains size. If periodic structural structuration occurs, the SAXS pattern will reveal the presence of specific maxima of scattering intensities at different scattering vectors (q). The ratio between a given q and the maxima value of q in intensity (q*) will provide information about the spacing between nanodomains, and the type of structuration in the material. [START_REF] Zhang | Morphological Characterization and Analysis of Ion-Containing Polymers Using Small Angle X-ray Scattering Morphological Characterization and Analysis of Ion-Containing Polymers Using Small Angle X-ray Scattering[END_REF] Taking (PPFS0.50-b-PBuA0.50)34K (BCP3) as an example, the molar composition of each block is 0.5, leading to a volume fraction Φ of 0.60 and 0.40 for PPFS and PBuA, respectively (ρPFS = 1.4 g/mL; ρBuA = 1.08 g/mL). According to the theoretical BCP phase diagram, [START_REF] Matsen | Unifying Weak-and Strong-Segregation Block copolymer Theories[END_REF] the equilibrium morphology expected at this volume fraction is to be determined by lamellas (LAM), which was experimentally observed by AFM and SAXS (Figure 3) with an average spacing between nanodomains of 35 nm. The calculation of the spacing is provided in the supporting information (Equation SI 4). Similarly, for the other compositions the samples were annealed before AFM observation following the procedure described in the experimental section of this article. The volume fraction of each block was determined and the BCPs were observed by AFM and SAXS. Different morphologies were observed with distance between nanodomains ranging from 30 to 45 nm (Table 1). The results are shown in Figure 4, where are presented for each composition the AFM images and corresponding SAXS results. As it was expected from the self-assembly theory, composition (PPFS0.90-b-PBuA0.10)17K (BCP6) gave no self-assembly both by AFM and SAXS, and the remaining BCPs were proven to self-assemble both by AFM and SAXS, giving a hexagonal closed-packed cylinders HCC structuration. BCPs synthetized from macro-initiators: f (PPFS1) (Mn = 12 500 g/mol, Mw = 13 400 g/mol, D = 1.07), g (PPFS2) (Mn = 14 100 g/mol, Mw = 15 200 g/mol, D = 1.07), h (PPFS3) (Mn = 15 300 g/mol, Mw = 16 100 g/mol, D = 1.05), i (PPFS4) (Mn = 24 000 g/mol, Mw = 26 400 g/mol, D = 1.1). 

Driven self-assembly of block copolymers

The morphology of the BCPs can be modified by addition of a defined amount of homopolymer in the blend. The idea is to mimic the presence of dead PPFS chains which could be present in the final block copolymers and then perturb the self-assembly pattern. In order to check the impact of residual macro-nitiator, 10 wt% of PPFS1 homopolymer of a molar mass nanodomains of PPFS in PBuA matrix (Figure 5 A -BCP4'). The first explanation could be that the nanodomains of the initial composition (Figure 5 A -BCP4) were mainly parallel to the surface of the film, i.e. in-plane, and they became perpendicular to it after addition of PPFS,

i.e. out-of-the plane. The second explanation could be a metastable state of the copolymer, called HPL (Hexagonally Perforated Lamellae). Such structuration corresponds to lamellas of the minor PBuA polymer being covered by hexagonal arrangement of perforations. [START_REF] Listak | Effect of Symmetry of Molecular Weight Distribution in Block Copolymers on Formation of "Metastable" Morphologies[END_REF] This structure can be the result of the presence of chains of different length, i.e. dispersity value D of 1.36 plus free homopolymer PPFS. [START_REF] Listak | Effect of Symmetry of Molecular Weight Distribution in Block Copolymers on Formation of "Metastable" Morphologies[END_REF][START_REF] Matsen | Unifying Weak-and Strong-Segregation Block copolymer Theories[END_REF] Nevertheless, the pitch distance of 45 nm remained the same after addition of PPFS. Here, we demonstrated a way to drive the morphologies of PPFS-b-PBuA BCPs by adding a defined amount of homopolymer. The AFM images of the modified BCP do not show a contrasted image after modification. This can be explained by the new solubility parameter of the 1-hexanethiol modified PPFS (17.4 Mpa 1/2 ), which is close to the one of PBuA (17.3 Mpa 1/2 ). This proximity of the solubility parameters strongly decreased the segregation ability along with similar thermal behaviours, i.e. both in an elastomeric state with Tg values below room temperature.

Here, the modification with 1-hexanethiol did not preserve the nano-segregation of the initial self-assembled block copolymer (Figure 8). This observation was confirmed by the SAXS experiment. Indeed, no other than the initial scattering vector q * at 0.017 Å -1 were observed, characteristic of a liquid order. 

Conclusion

In the present study, the synthesis and self-assembly behaviour of PPFS-b-PBuA block copolymers were studied. The synthesis of the BCPs was performed by NMP controlled radical polymerization from PPFS macroinitiator by the chain extension with butyl acrylate BuA. BCPs of PPFS with molar fraction ranging from 0.16 to 0.90 were synthesized. The molar masses of the PPFS-b-PBuA BCPs were determined by SEC between 17 000 and 40 000 g/mol with dispersity values Đ between 1.07 and 1.88. The chromatograms showed an increase in molar mass due to the chain extension from the macro-initiator to the BCPs and a single diffusion coefficient by DOSY NMR.

Two glass transition temperatures Tg were observed by DSC for the block copolymers.

The self-assembly behaviour of the PPFS-b-PBuA was brought to light by AFM observation on thin films correlated to SAXS analysis in bulk. Indeed, depending on the volume fraction of each block, the morphologies obtained were tuned from HCC to LAM. The size of the nanodomains was between 30 and 45 nm. Moreover, morphologies could also be varied by addition of 10% of PPFS homopolymer to the BCP blend.

Finally, the BCPs were modified by para fluorine-thiol modification using 1hexanethiol. The full modification of the PPFS block was determined by 19 F NMR and a change in thermal properties of the BCP was noticeable after modification with 1-hexanethiol.

The para fluorine-thiol modification can be finally considered as an easy mild and efficient organo-catalyzed method for the tailoring of functional block polymers microstructure in relationship with their physical or chemical properties due to the variety of available thiol functional side chains. Moreover, this method's added feature represents an important way to pave the development of nano-structured materials for different applications fields, as energy, especially. Indeed, by controlling the solubility parameter of the modified PPFS block and then maintaining it different enough of the second block one, the degree nano-segregation can be tuned.
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 1 H NMR after purification of the BCPs. A typical 1 H NMR spectrum of PPFS-b-PBuA copolymer, with chemical shifts of the backbone protons of the copolymer (-CH and -CH2) located between 1.8 and 2.9 ppm is represented in Figure Protons of PBuA side chains, are located at 4 ppm (-OCH2) and between 0.9 and 1.8 ppm for -CH3 and -CH2 ones. The final composition of each block in the BCP can then be determined by dividing the integral value of protons corresponding to one of the blocks with the integral value of the protons corresponding to the other block. An example of calculation is given in the supporting information to illustrate the procedure with PPFS0.50-b-PBuA0.50 (Figure1, Equation SI 1).

Figure 1 .

 1 Figure 1. Schematic structure and 1 H NMR spectrum (300 MHz, room temperature, CDCl3) of

  A, FigureSI 4). Such behaviour could be attributed to non-reversible termination reactions which would lead to dead chains when the polymerization of the first block is pushed towards high conversion (here 85% for the PPFS macro-initiator).

Figure 2 .

 2 Figure 2. (A) SEC traces of poly(pentafluorostyrene) macro-initiator (PPFS3) (Mn = 15 300

Figure 3 .

 3 Figure 3. (A) Peak Force mode AFM height images of PPFS0.50-b-PBuA0.50 (BCP3) film before

a

  Determined by SEC by equivalent PS, b Determined by 1 H NMR (300 MHz, room temperature, CDCl3), c DSC, d SAXS & e AFM.

Figure 4 .

 4 Figure 4. (A) SAXS graph of the different block copolymers after annealing at 140°C for 3h.

  of 12 500 g/mol with D of 1.07 (DPn = 65) was added to BCP1 and BCP4, respectively (PPFS0.16-b-PBuA0.84)31K and (PPFS0.54-b-PBuA0.46)37K. By doing so, the overall molar composition of PPFS is increased, leading to an enrichment of the PPFS phase, giving respectively PPFS0.24-b-PBuA0.76 (BCP1') and PPFS0.59-b-PBuA0.41 (BCP4'). Hence a shift from the lower to higher volume fraction in PPFS in the BCP phase diagram is expected. On top of modifying the composition of the PPFS block, adding some homopolymer of PPFS in the blend has an influence on the self-assembly and nano-pattern of the material. In the case of BCP1 (PPFS0.16-b-PBuA0.84)31K, enriching the PPFS phase provided a better phase separation with well-defined nanodomains. Moreover, the SAXS analysis reveals a cubic structuration and a pitch distance decreasing from 45 to 38 nm. For BCP4 (PPFS0.54-b-PBuA0.46)37K, two hypotheses could explain the contrast observed on the AFM images after addition of PPFS homopolymer (Figure5A & B -BCP4 to BCP4'). Indeed, nanodomains of PBuA in a PPFS matrix are expected by AFM. However, this new composition displays the opposite result, i.e.

Figure 5 .

 5 Figure 5. (A) AFM of the original and tuned BCPs annealed at 140°C for 4 h. Tunability of the

Figure 6 .

 6 Figure 6. (A) Polymer structure before and after modification, (B) 19 F NMR spectra of BCP3

Figure 8 .

 8 Figure 8. (A) Peak Force mode AFM height images and corresponding SAXS characterizations

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Summary table of block copolymer synthesis and characterizations.*With x = molar % of PPFS and y = molar % of PBuA.
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SAXS data of the copolymers described in this work

The supporting information of this article provides additional information on the synthesis and characterizations of the polymers. Here are presented the methodology for the calculations of polymer compositions, theoretical molar masses, distance between nanodomains for the SAXS analysis.  SAXS peaks attribution:

The attribution of the peaks was made using the Primus software an following the distance distribution placement of the peaks. Indeed, some peaks that were not as intense on the original graph were visible using this functionality of the software.

 Distance between nanodomains (SAXS):

Depending on the spacing between scattering vectors (q) and the structure of the material, the distance between nanodomains is calculated using different formulas. The choice of one over the other depends on the type of periodic structure and the number of dimensions involved. Indeed, for a one-dimensional periodic structure such as the lamellar (LAM) structure, equation (1) will be used; For a two-dimensional structure such as hexagonally closed-packed cylinders (HCC), equation (2) will be used and finally; equation ( 3