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INTRODUCTION:

Block copolymers (BCPs) can self-assemble into various morphologies including spheres, cylinders, gyroid and lamellae. [START_REF] Cummins | Enabling Future Nanomanufacturing through Block Copolymer Self-Assembly: A Review[END_REF] Such periodic structures with nanometric periodicity can subsequently be used in diverse applications including ultrafiltration membranes, 2 batteries 3 , and photonics [START_REF] Yao | Polymer-Based Photonic Crystals[END_REF][START_REF] Alvarez-Fernandez | Block Copolymer Directed Metamaterials and Metasurfaces for Novel Optical Devices[END_REF] . Additionally, the microphase separation of BCP in thin films has also been investigated for the generation of etch masks for next-generation semiconductor patterning. [START_REF] Cummins | Engineering Block Copolymer Materials for Patterning Ultra-Low Dimensions[END_REF][START_REF] Morris | Directed Self-Assembly of Block Copolymers for Nanocircuitry Fabrication[END_REF] Their unique ability to form discrete structures offers a bottom-up complementary methodology to alleviate photolithography issues including cost, throughput and size limitations. The minimum possible pitch size (L0) is linked to the overall BCP degree of polymerization (N) and the Flory-Huggins interaction parameter (χ), while the morphology is governed by the volume fraction (f) of each block. In the case of symmetric di-BCP architectures, lamellar structures are obtained which can be subsequently used to form line-space patterns in a thin film configuration. Lamellar structures have been the focus of intensive research activities for advanced pattern transfer lithography in electronics manufacturing. [START_REF] Black | Polymer Self Assembly in Semiconductor Microelectronics[END_REF][START_REF] Bates | Block Copolymer Lithography[END_REF] Nevertheless, cylindrical BCP systems for the definition of line-space features have recently received a renewed interest as interface effects can be more easily controlled. [START_REF] Brassat | Understanding Film Thickness-Dependent Block Copolymer Self-Assembly by Controlled Polymer Dewetting on Prepatterned Surfaces[END_REF][START_REF] Cheng | Morphology, Directed Self-Assembly and Pattern Transfer from a High Molecular Weight Polystyrene-Block-Poly(Dimethylsiloxane) Block Copolymer Film[END_REF] To further reduce BCP periodicity, high χ -low N systems have been targeted through precise macromolecular engineering of BCP systems, [START_REF] Cummins | Engineering Block Copolymer Materials for Patterning Ultra-Low Dimensions[END_REF] with a straightforward strategy consisting in the formation of BCP architecture with highly dissimilar chemical blocks. However, the high dissimilarity in block chemistry leads to large surface energy differences between the BCP domains and is, therefore, an issue for thinfilm processing, e.g. surface dewetting and controlled orientation of the BCP structures.

Moreover, monomers with such contrasting chemistry do not always share the same polymerization pathway. For example, nitroxide mediated polymerization (NMP) of (meth)acrylates monomers, a commonly studied block, [START_REF] Pang | Directed Self-Assembly of Styrene-Methyl Acrylate Block Copolymers with Sub-7 Nm Features via Thermal Annealing[END_REF][START_REF] Zhang | Reduction of (Meth)Acrylate-Based Block Copolymers Provides Access to Self-Assembled Materials with Ultrasmall Domains[END_REF] is still very challenging. [START_REF] Grubbs | Nitroxide-Mediated Radical Polymerization: Limitations and Versatility[END_REF] Likewise, reversible addition-fragmentation chain-transfer polymerization (RAFT) agents have to be chosen wisely to give the desired BCP architecture. [START_REF] Moad | Radical Addition-Fragmentation Chemistry in Polymer Synthesis[END_REF] A pertinent example is poly(styrene)block-poly(lactic acid) (PS-b-PLA) which first requires the synthesis of a hydroxy-terminated polystyrene in order to initiate the ring opening polymerization (ROP) of lactide. [START_REF] Zalusky | Ordered Nanoporous Polymers from Polystyrene-Polylactide Block Copolymers[END_REF] A plethora of different monomers have been explored for nanolithography [START_REF] Sinturel | High χ-Low N Block Polymers: How Far Can We Go?[END_REF] in order to bypass the limited resolution of PS-b-PMMA inherent to its low χ value (χ = 0.03 at 150°C). [START_REF] Russell | Temperature Dependence of the Interaction Parameter of Polystyrene and Poly(Methyl Methacrylate)[END_REF] In particular, the use of post-polymerization chemical modifications of PS-b-PMMA systems has led to a higher segregation strength. For example, partial hydrogenation of PS-b-PMMA was used to produce poly(cyclohexylethylene)-b-poly(methyl methacrylate) yielding feature sizes as small as 7.5 nm. [START_REF] Kennemur | Sub-5 Nm Domains in Ordered Poly(Cyclohexylethylene)-Block -Poly(Methyl Methacrylate) Block Polymers for Lithography[END_REF] More recently, Zhang et al. [START_REF] Zhang | Reduction of (Meth)Acrylate-Based Block Copolymers Provides Access to Self-Assembled Materials with Ultrasmall Domains[END_REF] reduced the PMMA block in PS-b-PMMA to form an analogue to poly(vinyl alcohol), i.e. poly(hydroxyisobutylene). This hydroxycontaining BCP showed a χ value ten times higher than PS-b-PMMA. Another prominent strategy to increase a χ value focused on the incorporation of oxygen atoms in one block with PS-b-PEO as a representative example. [START_REF] Park | Macroscopic 10-Terabit-per-Square-Inch Arrays from Block Copolymers with Lateral Order[END_REF][START_REF] Kim | Salt Complexation in Block Copolymer Thin Films[END_REF][START_REF] Young | Salt Doping in PEO-Containing Block Copolymers: Counterion and Concentration Effects[END_REF] Gopalan and co-workers [START_REF] Sweat | Phase Behavior of Poly(4-Hydroxystyrene-Block-Styrene) Synthesized by Living Anionic Polymerization of an Acetal Protected Monomer[END_REF] have focused their efforts on the use of poly(4-hydroxystyrene) (P4HS) based BCPs. Their work on P4HS-b-PS led to a lamellar microdomain size of 11.8 nm when associated with styrene and produced cylindrical domain sizes of 11.5 nm with poly(tert-butylstyrene). Polymerization of the tetrahydropyranyloxy-protected precursors was first processed, and then its acid-catalyzed deprotection led to the desired hydroxy-styrene. Following this work and stating that adding additional oxygen atoms to the BCP architecture should lead to higher hydrophilic properties, Kwak et al. [START_REF] Kwak | Fabrication of Sub-3 Nm Feature Size Based on Block Copolymer Self-Assembly for Next-Generation Nanolithography[END_REF] introduced a catechol-containing polystyrene i.e., namely poly(3,4dihydroxystyrene) (PDHS). PDHS was made by deprotection of poly(dimethoxystyrene) using BBr3 as a Lewis acid. Temperature-dependent SAXS measurements on PDHS-b-PS demonstrated an interestingly high χ value of 0.7 at 170°C. On the other hand, the incorporation of silicon atoms often leads to an accentuated hydrophobic behavior while robust etch masks can be developed given the propensity of silicon-containing blocks to form SiOx. As a consequence, poly(dimethylsiloxane) (PDMS) is one of the most studied Si-containing blocks for BCP nano-manufacturing. [START_REF] Jung | Orientation-Controlled Self-Assembled Nanolithography Using a Polystyrene-Polydimethylsiloxane Block Copolymer[END_REF][START_REF] Luo | Poly(Dimethylsiloxane-b -Methyl Methacrylate): A Promising Candidate for Sub-10 Nm Patterning[END_REF][START_REF] Li | Gyroid Nanoporous Membranes with Tunable Permeability[END_REF][START_REF] Zhang | Copolymer Synthesis of Poly(L-Lactide-b-DMS-L-Lactide) via the Ring Opening Polymerization of L-Lactide in the Presence of α,ω-Hydroxylpropyl-Terminated PDMS Macroinitiator[END_REF][START_REF] Pitet | Well-Organized Dense Arrays of Nanodomains in Thin Films of Poly(Dimethylsiloxane)-b -Poly(Lactide) Diblock Copolymers[END_REF][START_REF] Van Genabeek | Synthesis and Self-Assembly of Discrete Dimethylsiloxane-Lactic Acid Diblock Co-Oligomers: The Dononacontamer and Its Shorter Homologues[END_REF] For example Ross and coworkers [START_REF] Jeong | Highly Tunable Self-Assembled Nanostructures from a Poly(2-Vinylpyridine-b -Dimethylsiloxane) Block Copolymer[END_REF] assembled a P2VP-b-PDMS copolymer showing a 6 nm line width with low defectivity and highlighting as well the ability to form a SiOx hard mask using a CF4 reactive ion etching (RIE). Gopalan and co-workers reported the use of a poly(3-hydroxystyrene)-b-PDMS in order to obtain both a high χ value and etch contrast. Accordingly, they reported a χ value of 0.39 at 150°C which enabled the formation of a well-ordered 7.5 nm pitch lamellar structure and an etch selectivity of 15:1 facing oxygen RIE. Durand et al. worked with silylated styrene derivatives and demonstrated the formation of SiOx hard mask using poly(4trimethylsilylstyrene) PTMSS. [START_REF] Durand | Design of High-χ Block Copolymers for Lithography[END_REF] While the fully hydrophobic PTMSS-b-PS showed a moderate interaction parameter of 0.047 at 150°C, the substitution of the PS block by the more hydrophilic poly(4-methoxystyrene) block led to a higher χ value of 0.14 at 150°C. This work reports the controlled synthesis of a novel BCP set consisting of PDHS-b-PTMSS. PDHS has demonstrated important hydrophilic properties and can yield a high interaction parameter when linked to a hydrophobic block thus leading to self-assembly at low N. In order to access catechol styrene repeating unit, poly(diacetoxystyrene) (PDAS) was chosen as a precursor for its ease to lose the protecting diacetoxy moieties in mild acid-catalyzed conditions. Interestingly, 3,4-diacetoxystyene monomer could be prepared from a bio-based precursor, caffeic acid. The polymerization was conducted using NMP which is less sensitive than anionic polymerization and more versatile in the monomer sequence. Furthermore, NMP exhibits a good efficiency for styrene-based monomers polymerization and without any byproducts. A good control (controlled Mn and narrow molecular weight distribution) and a high conversion of styrenic monomers were observed using N-tert-butyl-1-diethylphosphono-2,2dimethylpropyl nitroxide (SG1 alkoxyamine) controller. SAXS analysis in bulk demonstrated the ability of this system to resolve lamellar and cylindrical morphologies with a pitch as small as 8 nm. Self-assembled structures with feature sizes as small as 6 nm were also observed in thin-film configuration using solvent vapors as annealing treatment. This work also highlights the potential of this BCP system to generate ordered double oxide patterns using the strong affinity of catechol moieties with metal ions and the propensity of the silylated styrene derivatives to form SiOx through RIE.

EXPERIMENTAL:

Materials. Deuterated solvent and NMR tubes were purchased from Eurisotop. N-tert-butyl-1diethylphosphono-2,2-dimethylpropyl nitroxide, (SG1 alkoxyamine) was kindly provided by Arkema. Caffeic acid was purchased from TCI and 3,4-diacetoxystyrene was synthesized as reported elsewhere (see Supporting Information section 2 and Figure S1-2 for details). [START_REF] Takeshima | Scalable Synthesis of Bio-Based Functional Styrene: Protected Vinyl Catechol from Caffeic Acid and Controlled Radical and Anionic Polymerizations Thereof[END_REF] Trimethyl silylstyrene was synthesized from bromostyrene following the procedure reported by Lee et al. [START_REF] Lee | Mechanism-Based Enhancement of Scope and Enantioselectivity for Reactions Involving a Copper-Substituted Stereogenic Carbon Centre[END_REF] Solvents used for solvent vapor annealing were purchased from Sigma Aldrich and were used as received. All other chemicals and solvents were supplied from Fisher Scientific and used without further purification.

Synthesis of poly(3,4-diacetoxystyrene) (PDAS-SG1):

In a flame dried Schlenk, 1 g of 3,4diacetoxystyrene was mixed with 76.6 mg of SG1-blocbuilder and 0.4 ml of DMF. The Schlenk was allowed to stir for 10 min to obtain a homogeneous mixture. Three freeze-pump-thaw cycles were then performed to remove all oxygen traces. The polymerization was then started by putting the argon-filled Schlenk in a 120 °C preheated oil bath. After 3 hours, the vessel was put in liquid nitrogen to stop the polymerization and the viscous mixture was diluted with THF before precipitation in cyclohexane, using 100 ml for each gram of monomer. The density of PDAS at 25°C was estimated using a pycnometer at 1.2 g.cm -3 .

Synthesis of poly(3,4-diacetoxystyrene)-b-poly(4-trimethylsilylstyrene):

In a flame dried Schlenk, 0.5 g of PDAS-SG1, 2 g of TMSS and 4 ml of DMF were added. Then 33 µL (0.05 eq) of 1M SG1 nitroxide radical solution in DMF was added. After complete dissolution, the Schlenk was placed at 120 °C for 2 hours. The crude mixture was diluted in THF before precipitation in ≈ 100 ml of water/methanol [70/30], the obtained white powder was then filtered with a fritted glass. The purification through precipitation was repeated twice to remove all traces of residual monomer, using the minimum amount of THF to re-dissolve the polymer.

The obtained white powder was finally dried in a vacuum oven at 60 °C for 24 hours.

Hydrolysis of PTMSS-b-PDAS: PDAS block was deprotected in acidic conditions by

dissolving the BCP in THF (2 ml/g). Then 0.2 ml/g of HCl in water (10M) was added and left stirring at 50 °C for 15 hours. The polymer was then precipitated in water and filtered. The obtained reddish powder was dried under vacuum.

Thin-film self-assembly: Silicon substrates, with a native silicon dioxide layer (≈ 2 nm), were diced into 1 x 1 cm 2 pieces and ultra-sonicated in n-butyl acetate for 10 minutes. Prior to deposition, substrates were blown dry with N2. 1 wt. % PDHS-b-PTMSS solutions in nbutylacetate were deposited upon the wafers at 3000 rpm for 30 seconds. The BCP layers after spin-coating were uniform (root mean square roughness ≈ 0.6 nm) as demonstrated by largesized AFM height images shown in Figure S8. The BCP films were subsequently exposed to a 1:1 THF-toluene mixture of solvent vapors in 50 cm3 glass jars for an optimized time of 20 minutes to promote self-assembly at room temperature. These static SVA conditions yielded stable BCP layers with respect to dewetting as demonstrated by the large-sized AFM height images provided in Figure S9. Homopolymer thin film surface energies were characterized by goniometry using a Kruss drop shape analyzer DSA100 in sessile drop mode.

Nuclear magnetic resonance (NMR): NMR spectra were all recorded at ambient temperature using a liquid-state 400 MHz NMR spectrometer (Bruker AVANCE I) with a 5 mm BBFO probe in the appropriate deuterated solvent. Data are reported in chemical shift (ppm), multiplicity (s, singlet; d, doublet; t, triplet; dd, double doublet; q, quartet); the signals are referenced to the residual solvent THF-d6 (δ = 1.72, 3.58 ppm 1 H, 39.520 ppm 13 C); CDCl3 (δ = 7.26 ppm 1 H, 77.160 ppm 13 C).

Size exclusion chromatography (SEC): SEC measurements were performed with a Viscotek

TDAmax system from Malvern Instruments that consists of an integrated solvent and sample delivery module (GPCmax) and a Tetra Detector Array (TDA). THF was used as the mobile phase at a flow rate of 0.8 mL/min and TCB as a flow rate marker. All polymers were injected at a concentration of 5 mg/mL (100 μL of solution) after filtration through a 0.45 μm pore-size membrane. The separation was carried out on two Agilent columns [2 × PLgel 5 μm Mixed C (300 × 7.5 mm)] and a guard column (PL gel 5 μm). Columns and detectors were maintained at 30 °C. Relative molecular weights and dispersity were determined thanks to a conventional calibration obtained with polystyrene narrow standards.

Small-angle X-ray scattering (SAXS).

Room temperature SAXS experiments were performed at the Centre de Recherche Paul Pascal (CRPP) at Université de Bordeaux using a highresolution X-ray spectrometer Xeuss 2.0 from Xenoxs operating with a radiation wavelength of λ = 1.54 Å. 2D scattering patterns were collected using a PILATUS 300K Dectris detector with a sample-to-detector distance of 1635 mm. The beam center position and the angular range were calibrated using a silver behenate standard sample. The SAXS patterns were radially averaged around the direct beam position using the Xenocs XSACT software. Temperaturedependent SAXS experiments were carried out using a Ganesha 300XL (SAXSLAB) at the EPSRC CNIE research facility service in London (UK) by employing a high brilliance microfocus Cu-source (λ = 1.54 Å). SAXS patterns were recorded using a Pilatus 300 K solidstate photon-counting detector with a 2 mm beam stop, with a sample-to-detector distance of 950 mm. The beam center and the sample-to-detector distance were calibrated by using the position of diffraction peaks from a standard silver behenate powder. The SAXS patterns were radially averaged around the direct beam position by using the SAXSGUI software.

Thin-film characterization methods. BCP surfaces were characterized using a Dimension

FastScan AFM (Bruker) in tapping mode. Silicon cantilevers (Fastscan-A) with a typical tip radius of ≈ 5 nm were used. The resonance frequency of the cantilevers was ≈ 1.4 kHz. A JEOL 7800-E Prime scanning electron microscope (SEM) was used at low voltage acceleration (1 kV) in the super high-resolution gentle beam (GBSH) mode to characterize the oxide nanostructures.

RESULTS AND DISCUSSION:

PDHS-b-PTMSS design, synthesis and characterization. Several PDHS-b-PTMSS BCPs were synthesized to access lamellar and cylindrical morphologies for the definition of linespace features in thin-film configuration (Scheme 1 and Table 1). This particular block sequence was considered as previous reports have demonstrated that a PDHS block associated with a hydrophobic block (i.e. PS) shows one of the highest χ value parameters in literature. [START_REF] Sinturel | High χ-Low N Block Polymers: How Far Can We Go?[END_REF] The design of the presented BCP system involves the replacement of the PS block with its silicon-containing derivative, i.e. PTMSS. The latter leverages the generation of a SiOx network when subject to oxidant irradiation or plasma etching, thus presenting hard mask properties for potential pattern transfer to an underlying substrate. Such materials are of interest for nanolithography and future semiconductor patterning nodes. [START_REF] Legrain | Straightforward Integration Flow of a Silicon-Containing Block Copolymer for Line-Space Patterning[END_REF][START_REF] Chevalier | Lithographically Defined Cross-Linkable Top Coats for Nanomanufacturing with High-χ Block Copolymers[END_REF] Since dihydroxy derivatives act as radical traps during NMP, the strategy used to form PDHS involved a protected precursor. The use of poly(3,4-dimethoxystyrene) as a PDHS precursor is already described in association with demethylating agent BBr3, a strong and highly reactive Lewis acid. [START_REF] Kwak | Fabrication of Sub-3 Nm Feature Size Based on Block Copolymer Self-Assembly for Next-Generation Nanolithography[END_REF] However, in addition to being incompatible with any ether groups-bearing solvents such as THF, BBr3 might lead to specific -BBr2 / -Si(Me)3 exchange, [START_REF] Jäkle | Acidic Organoboron Polymers[END_REF] impeding the use of this deprotection method with a poly(4-trimethylsilylstyrene) block. For these reasons, poly(3,4-diacetoxystyrene) was chosen as a PDHS precursor. The TMSS monomer was synthesized from bromostyrene as already reported by Lee et al. through a lithium bromine exchange and addition of chlorotrimethylsilane. [START_REF] Lee | Mechanism-Based Enhancement of Scope and Enantioselectivity for Reactions Involving a Copper-Substituted Stereogenic Carbon Centre[END_REF] Polymerizations were carried out by NMP using Blocbuilder SG1 acting both as an initiator and controller. This NMP agent avoids using further radical sources and allows one to reach high conversion (> 70%) with styrenic derivatives while producing polymers with a low dispersity.

The addition order was determined as the PDAS macroinitiator showed better reinitiation in respect of PTMSS, and was, thus, polymerized first. The high polarity of PDAS also allowed easy precipitation in non-polar organic solvents. A kinetic study was performed to verify the living nature of the polymerization. Aliquots were collected at different reaction times and analyzed by [START_REF] Cummins | Enabling Future Nanomanufacturing through Block Copolymer Self-Assembly: A Review[END_REF] ) and PDHS (1.14 g/cm 3 ) were taken from Cushen et al. [START_REF] Cushen | Ordering Poly(Trimethylsilyl Styrene-Block -D , L -Lactide) Block Copolymers in Thin Films by Solvent Annealing Using a Mixture of Domain-Selective Solvents[END_REF] and Kwak et al. [START_REF] Kwak | Fabrication of Sub-3 Nm Feature Size Based on Block Copolymer Self-Assembly for Next-Generation Nanolithography[END_REF] , respectively. PDAS density (1.2 g/cm 3 ) was measured according to Archimedes' principle. d Overall degree of polymerization recalculated from NMR data for a reference volume of 118 Å 3 using the aforementioned room temperature densities. e Morphology and d-spacing (L0) deduced from bulk SAXS analysis using L0 = 2π/q* for LAM and L0 = 4π/√3q* for CYL (LAM: lamellar morphology, CYL: Hexagonally packed cylinders). 2), and around 1.5 for the hydroxy-containing PDHS-b-PTMSS BCPs (see Figure S5). Since a quantitative deprotection was observed by [START_REF] Cummins | Enabling Future Nanomanufacturing through Block Copolymer Self-Assembly: A Review[END_REF] H NMR (further confirmed by FTIR analysis following the C=O stretching band around 1730 cm -1 as shown in Figure S6), the increase of dispersity after deprotection is attributed to interactions between the columns and the numerous hydroxy groups in the BCP structure leaving a tail in the SEC signals. DSC measurements further confirmed the deprotection of the acetoxy units. Typical PDAS-b-PTMSS heating trace (Figure S7) exhibited two glass transitions at 100 °C and 120 °C for the PDAS and PTMSS blocks, respectively. After deprotection, the glass transition temperature (Tg) of PDAS shifts from 100 °C to 170 °C corresponding to the Tg of PDHS as observed by Nakamura et al. on hydroxy-substituted polystyrene. [START_REF] Nakamura | Effect of Substituent Groups on Hydrogen Bonding of Polyhydroxystyrene Derivatives[END_REF] The macromolecular characteristics of the BCPs are summarized in Table 1 (see Table S1 for the macromolecular characteristics of PDAS-b-

PTMSS intermediates).

Bulk microphase separation. PDHS-b-PTMSS BCPs were further analyzed by SAXS to study their microphase separation in the bulk state. All samples were cast from THF and dried under vacuum for 24 hours. PTMSS BCPs to form segregated structures in the bulk with d-spacing as low as 8 nm (see Table 1). PDHS-b-PTMSS1, PDHS-b-PTMSS2, PDHS-b-PTMSS4, PDHS-b-PTMSS5, PDHS-b-PTMSS8 and PDHS-b-PTMSS9 showed a series of peaks at scattering wavevectors indexed as q/q* = 1:2:3:4 which is consistent with a lamellar mesostructure. In addition, PDHSb-PTMSS3, PDHS-b-PTMSS6 and PDHS-b-PTMSS7 displayed cylindrical morphologies as confirmed by the q/q* sequence of their respective peaks at 1:√3:√4:√7:√9. The d-spacing was calculated using L0 = 2π/q* for lamellar structure and L0 = 4π/√3q* as the cylinder-cylinder distance for the hexagonal morphology. The Flory-Huggins parameter was subsequently estimated through Leibler's mean-field theory using temperature resolved SAXS. [START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF] The absolute SAXS intensities were plotted against the scattering vector for the disordered PDHS-b-PTMSS10 sample (Mn = 2.1 kg/mol) at temperatures ranging from 160 to 200 °C. A mean-field expression for the segment-segment interaction parameter corrected from the effects of dispersity and segmental volume asymmetry has been extracted from the scattering profile (see Supporting Information Section 3 and Table S2 for details). The resulting temperature-dependent Flory-Huggins is displayed in Figure 4 and a value of 0.56 at 140 °C was calculated. This value is in the same order of magnitude than other silicon-containing BCPs such as PTMSS-b-PLA (0.41 at 140 °C) [START_REF] Cushen | Thin Film Self-Assembly of Poly(Trimethylsilylstyrene-b-d, l-Lactide) with Sub-10 Nm Domains[END_REF] or PDMS-b-PHS (0.39 at 140 °C) [START_REF] Azuma | Self-Assembly of an Ultrahigh-χ Block Copolymer with Versatile Etch Selectivity[END_REF] . 

PDHS-b-PTMSS self-assembly in thin films

To highlight the use of the newly designed PDHS-b-PTMSS BCPs, we investigated their ability to form thin film patterns. PDHS-b-PTMSS BCPs were spin-coated on silicon wafer substrates resulting in film thicknesses of ≈ 15-30 nm. Solvent vapor annealing (SVA) was used to promote self-assembly as previously reported in literature for hydroxystyrene-containing BCPs. [START_REF] Paik | Reversible Morphology Control in Block Copolymer Films via Solvent Vapor Processing: An In Situ GISAXS Study[END_REF][START_REF] Bosworth | Control of Self-Assembly OfLithographically Patternable BlockCopolymer Films[END_REF][START_REF] Jarnagin | PS-b-PHOST as a High χ Block Copolymers for Directed Self Assembly: Optimization of Underlayer and Solvent Anneal Processes[END_REF] The use of SVA is also driven by the high Tg of the PDHS block (≈ 160-180 °C) which limits the chain mobility needed to achieve phase separation via thermal annealing.

Moreover, it is known that hydroxystyrene derivatives can cross-link at elevated temperatures and could thus be a problematic treatment method. 48 ). The SVA method using a mixture of solvent was chosen in order to limit an asymmetric swelling of the BCP domains which could modify the effective volume fraction due to the large difference in solubility parameters between PDHS (δPDHS = 24.2 MPa 1/2 ) and PTMSS (δPTMSS = 16.6 MPa1/2) [START_REF] Cushen | Ordering Poly(Trimethylsilyl Styrene-Block -D , L -Lactide) Block Copolymers in Thin Films by Solvent Annealing Using a Mixture of Domain-Selective Solvents[END_REF] (see Supporting Information Section 4 and Table S3 for details on the solubility parameter calculation). Additionally, solvent vapors can effectively alter the interfacial energy at the BCP film interfaces leading to a controlled orientation of BCP structures despite vastly different surface energies of the blocks (in our case, γ = 66 mN/m for PDHS and γ = 34 mN/m for PTMSS). [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF] After exposure to the solvent vapors, all the samples produced line/space patterns which are related to the formation of out-of-plane lamellae or inplane cylinders. The d-spacing were evaluated using FFT from the AFM images at 28. As a perspective, we also want to emphasize the possibility for this BCP system to be used as a templated nanocomposite (see Figure 6a). The PDHS phase, due to its dense hydrogen-bond providing groups can specifically be infiltrated by metal salts. [START_REF] Isakova | Controlled RAFT Polymerization and Zinc Binding Performance of Catechol-Inspired Homopolymers[END_REF][START_REF] Ghoshal | Fabrication of Ordered, Large Scale, Horizontally-Aligned Si Nanowire Arrays Based on an in Situ Hard Mask Block Copolymer Approach[END_REF][START_REF] Ghoshal | Solvent Mediated Inclusion of Metal Oxide into Block Copolymer Nanopatterns: Mechanism of Oxide Formation under UV-Ozone Treatment[END_REF][START_REF] Cummins | Strategies for Inorganic Incorporation Using Neat Block Copolymer Thin Films for Etch Mask Function and Nanotechnological Application[END_REF] Thus, we opted to infiltrate the PDHS phase with copper nitrate (CuNO3)2 followed by subsequent oxidation using UV/O3 irradiation. The aim was to oxidize the copper infiltrated media into copper oxide while the PTMSS domains were transformed into SiOx. Preliminary results of the proposed SiOx-CuO nanocomposite structure are presented in Figure 6 b,c (see Supporting Information Section 6 for details). Although the dual network is difficult to fully characterize using top-view imaging techniques such as AFM or SEM, we noticed that the line/space structure is preserved at each step of such treatment (see Figure S10). Additionally, XPS analysis performed on such template nanocomposite demonstrated the presence of CuO in the infiltrated BCP film with respect to an UV/O3 exposed PDHS-b-PTMSS film (see Figure S11). Even if further investigation is needed to confirm the proper distribution of the CuO and SiOx domains, such results highlight the potential of BCP systems enabling a dual selective conversion of the BCP domains.

CONCLUSION

Specific styrene-based monomers were synthesized, polymerized and used to design a novel BCP set for the definition of nanometric features as small as 8 nm. Sequential NMP polymerization followed by the deprotection of the diacetoxy derivative in mild conditions yields to a library of well-defined PDHS-b-PTMMS BCPs with average molecular weights ranging from 2.1 to 44.5 kg/mol. The morphological behavior of these systems was deciphered using SAXS and demonstrated the ability of this system to form sub-10 nm structures.

Additionally, the interaction parameter calculated through temperature resolved SAXS showed a high value of 0.56 at 140°C enabling the use of this system for the definition of high-resolution patterns in thin films. Finally, the vastly different chemical nature of the blocks was shown to drive the formation of template nanocomposite through a dual selective conversion of the BCP domains in oxide derivatives.

SUPPORTING INFORMATION

Polymer synthesis and characterization details; SI sections 1 and 2, Figure S1-S4. Detailed polymer characterizations; Table S1. Normalized GPC traces for all BCPs and precursors; 
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 1 Scheme 1. Synthetic scheme for the preparation of PDAS-b-PTMSS BCPs via NMP
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 1 Figure 1. (a) 1 H NMR signals recorded for PDAS12 and PDAS-b-PTMSS6 in CDCl3 and for
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 1 Figure 1 (a) shows the 1 H NMR spectra of the typical PDAS homopolymer (top spectrum, red),
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 2 displays the SAXS patterns obtained at 25 °C for each PDHSb-PTMSS. The obtained sequence of scattering peaks demonstrates the ability of the PDHS-b-
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 2 Figure 2. Representative SAXS profiles acquired at 25 °C of all PDHS-b-PTMSS BCPs
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 3413 Figure 3 displays the scaling relationship between the BCP d-spacing versus the total degree of polymerization of respective lamellar-forming BCPs based on a 118 Å 3 reference volume. The experimental results show a power law of L0 ∝ N 0.68±0.03 which is consistent with the strong segregation theory prediction i.e., L0 ~ N 2/3 . 41
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 4 Figure 4. (a) Temperature-resolved SAXS intensity profiles of PDHS-b-PTMSS10 fitted using
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 5 Figure 5. AFM phase images of the self-assembled PDHS-b-PTMSS films on silicon surfaces.

Figure 5 a 5 MPa 1 / 2

 5512 Figure 5 a-d displays the AFM phase images of selected PDHS-b-PTMSS thin films after 20minutes SVA with a 1:1 mixture of toluene (δToluene = 18.3 MPa 1/2 ) and THF (δTHF = 19.5 MPa 1/2 ). The SVA method using a mixture of solvent was chosen in order to limit an

  2 nm for PDHS-b-PTMSS4, 19.1 nm for PDHS-b-PTMSS5, 14.7 nm for PDHS-b-PTMSS6, and 11.8 nm for PDHS-b-PTMSS7. We tentatively assigned the line-space pattern produced by PDHSb-PTMSS4 to an out-of-plane lamellar structure taking into account the bulk structure resolved by SAXS and the type of self-assembly defects. In particular, edge dislocations and disclinations are clearly apparent on the AFM image[START_REF] Kim | Defect Structure in Thin Films of a Lamellar Block Copolymer Self-Assembled on Neutral Homogeneous and Chemically Nanopatterned Surfaces[END_REF] and no evidence of characteristic defects related to an in-plane cylindrical structure is apparent (i.e. clusters of out-of-plane perforations related to out-of-plane cylinders or T-junctions at grain boundaries).[START_REF] Horvat | Specific Features of Defect Structure and Dynamics in the Cylinder Phase of Block Copolymers[END_REF] It is more difficult to draw definitive conclusions for PDHS-b-PTMSS5 due to lower quality self-assembly that traps many types of defects, even if a lamellar assembly in the bulk was demonstrated by SAXS. For PDHS-b-PTMSS6 and PDHS-b-PTMSS7, the formation of in-plane cylinders is coherent with the BCP composition and the SAXS data.

Figure 6 .

 6 Figure 6. (a) Schematic process for the formation of a dual oxide network with a first

Figure S5 .

 S5 Figure S5. FTIR spectra of PDAS, PDAS-b-PTMSS and PDHS-b-PTMSS; Figure S6. DSC

Table 1 .

 1 Characteristics of PDHS-b-PTMSS BCPs. Volume fraction obtained from 1 H NMR by comparing the signals of the acetoxy

	BCP	𝑀𝑀 � n (NMR) a kg/mol	𝑀𝑀n (SEC) b kg/mol	Đ b f PDHS c	118𝐴𝐴 3 d 𝑁𝑁 𝑡𝑡𝑡𝑡𝑡𝑡	Morphology e	e (nm) L 0
	PDHS-b-PTMSS1	44.5	21	1.6 0.38	609	LAM	50
	PDHS-b-PTMSS2	34.2	11.9	1.8 0.50	459	LAM	38.2
	PDHS-b-PTMSS3	15.1	10.4	1.7 0.66	184	CYL	36.5
	PDHS-b-PTMSS4	16.6	9.4	1.7 0.38	221	LAM	25.1
	PDHS-b-PTMSS5	8.1	7.2	1.3 0.45	110	LAM	13.6
	PDHS-b-PTMSS6	5.2	4.8	1.6 0.32	72	CYL	14.3
	PDHS-b-PTMSS7	4	4	1.4 0.25	57	CYL	11.5
	PDHS-b-PTMSS8	3.6	2.5	1.4 0.57	46	LAM	8.5
	PDHS-b-PTMSS9	3.4	4.8	1.2 0.52	45	LAM	8
	PDHS-b-PTMSS10	2.1	2.3	1.3 0.50	29	DIS	-
	C(=O)CH3 protons (PDAS) with the trimethylsilyl -Si(CH3)3 protons (PTMSS). The density of
	PTMSS (0.96 g/cm 3						

a Molecular weight calculated with 1 H NMR by integration of the >N-CH(tBu)-proton of the SG1 end-chain group at 3.2 ppm. b Molecular weight and dispersity (Đ) measured by SEC using PS standards. c
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