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Diblock copolymers consisting exclusively of elastomeric segments with glass transition temperatures well below room temperature have not been studied extensively in the literature up to date. Despite their "soft nature", these types of diblock copolymers are capable of obtaining well-ordered topologies. This fact is attributed to their low dispersity indices (Đ) and relatively high Flory-Huggins interaction parameter, χ, between the chemically different involved blocks. Herein, we report the comprehensive examination with respect to the synthetic routes, the molecular and thermal characterization, along with the structure/properties relationship of two types of polydiene-b-polysiloxane elastomers. Namely, two different polydienic segments involving poly(butadiene) (PB 1,2 ) or poly(isoprene) (PI 1,4 ) were utilized as first segments, while poly(dimethylsiloxane) (PDMS) was used as the second block in all cases. The interesting results of the reported study render these systems as potential candidates for nanotechnology applications in soft electronics.

INTRODUCTION

For more than three decades, microphase separation in linear diblock copolymers has been thoroughly studied. [START_REF] Bates | Block Copolymer Thermodynamics: Theory and Experiment[END_REF][START_REF] Hajduk | The Gyroid: A New Equilibrium Morphology in Weakly Segregated Diblock Copolymers[END_REF][START_REF] Khandpur | Polyisoprene-Polystyrene Diblock Copolymer Phase Diagram near the Order-Disorder Transition[END_REF][START_REF] Matsen | Origins of Complex Self-Assembly in Block Copolymers[END_REF][START_REF] Matsen | Unifying Weak-and Strong-Segregation Block Copolymer Theories[END_REF][START_REF] Hodrokoukes | Microphase Separation in Normal and Inverse Tapered Block Copolymers of Polystyrene and Polyisoprene. 1. Phase State[END_REF] Nowadays, the main scientific discussion involves the self-assembly of diblock copolymers as well as its strong dependence on χN and φ values (where χ indicates the immiscibility between the blocks, N corresponds to the total degree of polymerization and φ to the volume fraction). [START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF][START_REF] Matsushita | Molecular Weight Dependence of Lamellar Domain Spacing of Diblock Copolymers in Bulk[END_REF][START_REF] Qiao | PVAm-PIP/PS Composite Membrane with High Performance for CO 2 /N 2 Separation[END_REF][START_REF] Beardsley | Calibration of the Flory-Huggins Interaction Parameter in Field-Theoretic Simulations[END_REF][START_REF] Willis | Simple and Accurate Calibration of the Flory-Huggins Interaction Parameter[END_REF] Due to their unique properties and their ability to spontaneously self-assemble, without employing any external stimuli (necessary for all other categories of materials) diblock copolymers have been used in a vast number of nanotechnology applications, [START_REF] Angelopoulou | Designing High χ Copolymer Materials for Nanotechnology Applications: A Systematic Bulk vs. Thin Films Approach[END_REF] such as thin films, [START_REF] Segalman | Patterning with Block Copolymer Thin Films[END_REF][START_REF] Hawker | Block Copolymer Lithography: Merging "Bottom-up" with "Top-down" Processes[END_REF][START_REF] Farrell | Chemical Interactions and Their Role in the Microphase Separation of Block Copolymer Thin Films[END_REF][START_REF] Hamley | Nanostructure Fabrication Using Block Copolymers[END_REF][START_REF] Koo | Directed Self-Assembly of Block Copolymers in the Extreme: Guiding Microdomains from the Small to the Large[END_REF][START_REF] Luo | Directed Block Copolymer Thin Film Self-Assembly: Emerging Trends in Nanopattern Fabrication[END_REF] nanolithography masks, [START_REF] Park | Enabling Nanotechnology with Self Assembled Block Copolymer Patterns[END_REF][START_REF] Jung | Orientation-Controlled Self-Assembled Nanolithography Using a Polystyrene -Polydimethylsiloxane Block Copolymer[END_REF][START_REF] Miller | Direct Printing of Polymer Microstructures on Flat and Spherical Surfaces Using a Letterpress Technique[END_REF][START_REF] Xia | Soft Lithography[END_REF][START_REF] Rogers | Recent Progress in Soft Lithography[END_REF][START_REF] Hasan | Promising Lithography Techniques for Next-Generation Logic Devices[END_REF][START_REF] Crossland | Freestanding Nanowire Arrays from Soft-Etch Block Copolymer Templates[END_REF] flexible nanostructures, [START_REF] Kim | Stretchable and Foldable Silicon Integrated Circuits[END_REF][START_REF] Cheng | Nanostructure Engineering by Templated Self-Assembly of Block Copolymers[END_REF] wearable technologies etc. [START_REF] Kim | Hybrid (PI-PDMS) Superhydrophobic Wearable Dry-Patching Flexible and Transparent Substrate[END_REF][START_REF] Moon | Wearable Polyimide-PDMS Electrodes for Intrabody Communication[END_REF] Numerous scientific groups have made extensive efforts to efficiently elaborate the origins of microphase separation on diblock copolymers and have utilized different strategies to obtain various morphologies. [START_REF] Matsen | Origins of Complex Self-Assembly in Block Copolymers[END_REF][START_REF] Bates | Block copolymersdesigner soft materials[END_REF] Up to date, four major equilibrium morpholo-gies have been obtained by the diblock copolymers such as spheres, cylinders, double gyroid and lamellae. [START_REF] Bates | Block Copolymer Thermodynamics: Theory and Experiment[END_REF][START_REF] Khandpur | Polyisoprene-Polystyrene Diblock Copolymer Phase Diagram near the Order-Disorder Transition[END_REF][START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF][START_REF] Angelopoulou | Designing High χ Copolymer Materials for Nanotechnology Applications: A Systematic Bulk vs. Thin Films Approach[END_REF] Other studies proved that at elevated temperatures near the ODT enabled additional non-equilibrium morphologies, namely hexagonally perforated layers and bicontinuous double diamond. [START_REF] Bates | Network phases in block copolymer melts[END_REF][START_REF] Tyler | Orthorhombic Fddd network in triblock and diblock copolymer melts[END_REF][START_REF] Takenaka | Orthorhombic Fddd network in diblock copolymer melts[END_REF][START_REF] Meuler | Ordered network mesostructures in block polymer materials[END_REF] The binary criteria for this observation included the temperature elevation and the precise synthesis of the diblock copolymers, taking into account that in the phase diagram narrow composition areas exist, where the aforementioned non-equilibrium morphologies are observed. In correlation with the microphase separation studies, the domain spacing (d) is proportional to the number average molecular weight as suggested by theoretical equations [START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF] and experiments. [START_REF] Bates | Block Copolymer Thermodynamics: Theory and Experiment[END_REF][START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF] Especially in alternating lamellae morphology, the domain spacing is close to the equilibrium state compared to other morphologies in which d is ruled by the non-equilibrium effect of morphology formation procedure, suggesting a direct dependence upon the number average molecular weight. To accurately address this observation, several diblock copolymer samples were synthesized, with diverse number average molecular weights and fixed volume fraction ratios (φ≈0.5). [START_REF] Matsushita | Molecular Weight Dependence of Lamellar Domain Spacing of Diblock Copolymers in Bulk[END_REF] A very interesting phenomenon when studying lamellar morphologies is the formation of tilt grain boundaries. [START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 1. Twist Boundary Characterization[END_REF][START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 2[END_REF][START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 3. Helicoid Section Twist Boundary Energy[END_REF] In the lamellae-forming PS-b-PB copolymers, different types of grain boundaries were observed (chevron, omega type etc.). [START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 4. Tilt Boundaries[END_REF] For symmetric low-angle tilt boundaries, the behavior of the specific system followed the chevron type morphology, whereas in symmetric higher-angle tilt boundaries the prominent defect was the omega type. [START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 4. Tilt Boundaries[END_REF] Despite the ground-breaking studies related to diblock copolymers and their structural properties there are certain segmental combinations less studied due to synthetic and/or processing restrictions. Such cases are analysed in this work. Specifically, two categories of diblock copolymers are documented where poly(butadiene) of high -1,2 microstructure (100% -1,2) or poly(isoprene) of high -1,4 microstructure (~90-92% -1,4) were used as first segments and then combined with poly(dimethylsiloxane) giving rise to PB 1,2 -b-PDMS or PI 1,4 -b-PDMS copolymers respectively. In all synthesized materials both segments are elastomeric due to the extremely low glass transition temperatures (T g s) of the involved blocks. The aim of our study was to combine soft poly(diene) and poly(siloxane) blocks which lead to chemical dissimilarities and to examine their microphase separation using different volume fraction values. As far as the aforementioned diblock copolymer sequences are concerned several studies have been conducted. [START_REF] Almdal | Disorder, and Composition Fluctuation Effects in Low Molar Mass Hydrocarbon-Poly(Dimethylsiloxane) Diblock Copolymers[END_REF][START_REF] Cavicchi | An Ordered Nanoporous Monolith from an Elastomeric Crosslinked Block Copolymer Precursor[END_REF][START_REF] Avgeropoulos | Synthesis of Model Nonlinear Block Copolymers of A ( BA ) 2 , A ( BA ) 3 , and ( AB ) 3 A ( BA ) 3 Type[END_REF][START_REF] Beyer | Morphology of Vergina Star 16-Arm Block Copolymers and Scaling Behavior of Interfacial Area with Graft Point Functionality[END_REF][START_REF] Avgeropoulos | Tricontinuous Double Gyroid Cubic Phase in Triblock Copolymers of the ABA Type[END_REF][START_REF] Ntetsikas | Characterization and Self-Assembly of Linear and Miktoarm Star Copolymers of Exclusively Immiscible Polydienes[END_REF] Hadjichristidis and Vallés groups reported the synthesis of a PB-b-PDMS copolymer through anionic polymerization, in order to modify the high -1,4 microstructure (~90-92% -1,4) PB segment to poly(ethylene) PE by homogeneous hydrogenation. [START_REF] Ciolino | Synthesis and Characterization of Model Diblock Copolymers of Poly(Dimethylsiloxane) with Poly(1,4-Butadiene) or Poly(Ethylene)[END_REF] The polymerization of butadiene was carried out exclusively in a non-polar solvent (benzene) leading to high -1,4 microstructure (~92%) and an approximately 8% of the total units consisted of -1,2 microstructure randomly located along the PB chain. Vallés group have also synthesized a PB 1,4 -b-PDMS copolymer, using a similar synthetic route, the only difference laid upon the non-polar solvent (cyclohexane) used for the polymerization of the first monomer. [START_REF] Ciolino | Synthesis and Physicochemical Characterization of a Well-Defined Poly(Butadiene 1,3)-Block-Poly(Dimethylsiloxane) Copolymer[END_REF] As indicated from 1 H NMR spectrum the PDMS comprised the minority component (φ PDMS =18%) and through the SAXS plot hexagonally close packed cylinders were evident. Ndoni et al. reported the synthesis of PB 1,2 -b-PDMS copolymers through sequential anionic polymerization under argon (Ar) instead of high vacuum techniques. [START_REF] Guo | Influence of 1,2-PB Matrix Cross-Linking on Structure and Properties of Selectively Etched 1,2-PB-b-PDMS Block Copolymers[END_REF][START_REF] Schulte | Nanoporous Materials from Stable and Metastable Structures of 1,2-PB-b-PDMS Block Copolymers[END_REF][START_REF] Li | Sodium Dodecyl Sulfate (SDS)-Loaded Nanoporous Polymer as Anti-Biofilm Surface Coating Material[END_REF] The whole polymerization process took place in a polar solvent (tetrahydrofuran) and low temperatures, therefore it was completed in significantly less time than the ones proposed by the two previous groups. The PB 1,2 was not exhibiting exclusively 100% -1,2 microstructure. Lamellar, hexagonally perforated lamellae and gyroid structures were observed for the various samples through SEM, TEM and SAXS studies. Another very interesting parameter for these materials is their capability of chemical etching, affording hollow networks. [START_REF] Avgeropoulos | Synthesis and Morphological Behavior of Silicon-Containing Triblock Copolymers for Nanostructure Applications[END_REF] As reported by the authors 51 these materials are ideal candidates for the formation of nanoporous membranes. The synthesis and properties of PI-b-PDMS copolymers has been documented as well. [START_REF] Almdal | Disorder, and Composition Fluctuation Effects in Low Molar Mass Hydrocarbon-Poly(Dimethylsiloxane) Diblock Copolymers[END_REF] As reported by Lodge group [START_REF] Cavicchi | An Ordered Nanoporous Monolith from an Elastomeric Crosslinked Block Copolymer Precursor[END_REF] and Ndoni group [START_REF] Hansen | Nanoporous Crosslinked Polyisoprene from Polyisoprene -Polydimethylsiloxane Block Copolymer[END_REF] independently the specific copolymer is suitable for the preparation of nanoporous materials. Both groups followed similar cross-linking reactions for the PI block and produced the final nanoporous materials through the chemical degradation of the PDMS block. The microphase separation, dielectric properties and block dynamics for the specific sequence were investigated by Richter and Colmenero groups. [START_REF] Willner | Polymer Dynamics under Soft Confinement in a Self-Assembled System[END_REF][START_REF] Lund | End-to-End Vector Dynamics of Nonentangled Polymers in Lamellar Block Copolymer Melts: The Role of Junction Point Motion[END_REF][START_REF] Alegria | Component Dynamics in Nanostructured PI-PDMS Diblock Copolymers with PI Segregated in Lamellas, Cylinders, and Spheres[END_REF] As documented by the authors, an increase in the volume fraction ratio of the PDMS enabled the formation of different morphologies. Equal volume fraction ratios even in very low number average molecular weights, gave rise to a lamellar morphology. In the case of low φ PI content (~17%) a cylindrical morphology was adopted while further decrease on the volume fraction (~12%) resulted in a spherical morphology. In our work, a novel synthetic strategy for the preparation of various PB 1,2 -b-PDMS (6 samples) and PI 1,4 -b-PDMS (5 samples) copolymers is reported. The implementation of anionic polymerization led to narrow dispersed copolymers with the desired molecular characteristics as indicated by Size Exclusion Chromatography (SEC), Membrane Osmometry or Vapor Pressure Osmometry (MO or VPO) and Proton Nuclear Magnetic Resonance Spectroscopy ( 1 H NMR) techniques. Their extremely low thermal transitions were verified through Differential Scanning Calorimetry (DSC). Important is to mention that the low T g of the involved segments (well-below room temperature) holds an interesting role in the morphological studies since the materials are in constant annealing when studied at ambient conditions. The ability to design copolymers with a wide range of molecular weights as well as volume fraction ratios were crucial parameters, in order to study and compare the self-assembly behavior of the two different sequences. The structure/properties relationship in bulk was elaborated through Transmission Electron Microscopy (TEM) as well as Small-Angle X-ray Scattering (SAXS) and various topologies were adopted. We also demonstrate the alterations of the obtained nanostructures in correlation with slight shifts along the very well-studied PS-b-PI phase diagram. EXPERIMENTAL PART Styrene (99%), 1,3-butadiene (99%), isoprene (99%) calcium hydride (CaH 2 ), 1,2-dipiperidinoethane [dipip (98%)], methanol and benzene (99.8%) were purchased from Sigma-Aldrich. Hexamethylcyclotrisiloxane (D 3 ) (98%), n-butyllithium, secbutyllithium and tetrahydrofuran (THF) (99.9%) were supplied from Acros Organics. Living anionic polymerization under high vacuum techniques, via sequential monomer addition was employed, due to the unique properties it provides such as molecular and compositional homogeneity of the final materials, a necessary condition in order to study the microphase separation of these systems. All the experiments were carried out in glass apparatuses, washed with n-BuLi and benzene to remove all the impurities from the reactor. The initiator dilution and the reagents purification procedures (monomers, solvents, and polar additive) according to the high standards of anionic polymerization are reported elsewhere. [START_REF] Avgeropoulos | Synthesis and Microphase Separation of Linear Triblock Terpolymers of Polystyrene, High 1,4-Polybutadiene, and High 3,4-Polyisoprene[END_REF] INSTRUMENTATION An integrated Agilent Technologies PL-GPC with a mobile phase of THF, equipped with an isocratic pump (1.0mL/min), three columns in series (PLgel 5mm Mixed-C, 3007.5 mm) placed in a column oven (30 o C) (LabAlliance), a refractive index (RI, Shodex RI-101) and an ultraviolet absorbance (UV, SpectraSystem UV1000) detectors, was utilized to define the number average molecular weights as well as the polydispersity indices of all the synthesized diblock copolymers. Calibration procedure was accomplished using eight PS standards ( : 4,300 to 3,000,000 g/mol). MO measurements were conducted in order to determine the number-average molecular weights ( ) of the synthesized diblock copolymers, utilizing a Gonotec Osmomat 090 in 35 o C in toluene. Vapor Pressure Osmometry (VPO), was used for only one homopolymer sample (PB 1,2 ) and the respective diblock copolymer with low molecular characteristics, utilizing Gonotec Osmomat 070 in 45 o C in toluene. [START_REF] Bates | Block Copolymer Thermodynamics: Theory and Experiment[END_REF] H NMR experiments were carried out in CDCl 3 at room temperature using a Bruker AVANCE II spectrometer operating at 400 MHz. The obtained data were analysed with UXNMR (Bruker) software.

Thermal analysis was achieved utilizing a Q20 TA instrument with a heating ramp of 10 o C/min under inert atmosphere. The temperature range between -140 and 40 o C was used for all measurements employing three consecutive cycles. During the first cycle all synthesized materials were heated to 40 o C in order to erase any thermal memory. On the second cycle, the samples were cooled to -140 o C and finally, on the last heating cycle all thermal characterization results were acquired and then analysed using Advantage v5.4.0 (TA instruments) software. TEM experiments were conducted in a JEOL JEM 2100-HR microscope with an acceleration voltage of 200keV. In all cases the diblock copolymers were cast from a dilute solution in toluene (5 wt %). The solution was then submitted to slow evaporation of the solvent (approximately 7 days). Since all the synthesized materials exhibit low glass transition temperatures a mild thermal annealing at 40 o C was employed for 3 days. Ultra-thin sections of the thermally annealed films (ca. 50-100 nm thick) were obtained at -140 o C (well-below the T g of PDMS) in a Leica EM UC7 ultracryomicrotome and afterwards, the sections were picked up on 600 mesh copper grids. SAXS results were acquired from a synchrotron beam source from the beam line BL23A of the National Synchrotron Radiations Research Center (NSRRC) and also a laboratory instrument with the help of a Xenocs Xeuss SAXS/WAXS system equipped with a GeniX3D copper micro-focus tube operating at 60kV and 0.59 mA. Samples were placed in an evacuated chamber and illuminated with monochromatic X-rays in transmission geometry. The scattered intensity was recorded using a Dectris Pilatus 300k detector located 2.2m downstream the sample position. A mirror and monochromatic to the energy of 10 keV by a germanium (111) double-crystal monochromator was used to vertically focus the incident X-ray beam. The wavelength of the X-ray beam was 1.24 Å. The beam stop was a round tantalum disk 4 mm in diameter. A MAR CCD X-ray detector (Rayonix L.L.C., Evanston, IL, USA) was used to collect the two-dimensional (2D) SAXS patterns.

Synthesis of the PB 1,2 -b-PDMS sequences:

To obtain poly(butadiene) of high -1,2 microstructure (PB 1,2 ) for all samples of the PB 1,2 -b-PDMS sequence, the following procedure was adopted and is reported for the first time in the literature. A small quantity of styrene (0.33 mmoles) was initially introduced to the reactor containing benzene (~120ml). Then the initiator (sec-BuLi, 0.11 mmoles) was added to prepare the living styryl-oligomeric chains (3 monomeric units) after a few minutes. To alter the polarity of the oligo-initiator, a highly polar modifier namely 1,2-dipiperidinoethane (dipip, 0.33 mmoles), was added to the solution. This reagent is necessary to perceive exclusively vinyl-structured poly(butadiene). [START_REF] Worsfold | Dipiperidylethane As a Complexing Agent in the Anionic Polymerization of Butadiene and Isoprene[END_REF][START_REF] Kza | The Anionic Polymerization of Butadiene in the Presence of Dipiperidinoethane[END_REF] Afterwards, 4g (0.074 moles) of purified 1,3-butadiene were distilled from an ampule and allowed to react for 24h at 8 °C, until complete conversion of the monomer. Subsequently, hexamethylcyclotrisiloxane (D 3 ) was added to the PB 1,2 -Li + living precursor and the ring-opening reaction was allowed to proceed overnight at room temperature under stirring. Tetrahydrofuran (THF~120ml) was finally added for 4h at room temperature, to achieve 50% conversion of the D 3 monomer and at -20°C -to avoid back beating and/or redistribution reactionsfor seven days to complete full conversion of D 3 to polydimethylsiloxane (PDMS). [START_REF] Li | Relationship between Crystallization of the PDMS Block and Morphology of Poly(Butadiene-b-dimethylsiloxane)[END_REF] All the synthesized materials were deactivated using purified and degassed methanol. The synthetic procedure for all the diblock copolymers of the PB 1,2 -b-PDMS type is observed in Figure S1 (Supporting Information).

Synthesis of the PI 1,4 -b-PDMS sequence:

The polymerization procedure of isoprene, is described in detail elsewhere. [START_REF] Avgeropoulos | Synthesis and Microphase Separation of Linear Triblock Terpolymers of Polystyrene, High 1,4-Polybutadiene, and High 3,4-Polyisoprene[END_REF] Isoprene was initially introduced through a break-seal to the nonpolar solvent (benzene 120ml and afterwards the initiator (sec-BuLi, 0.11 mmoles) was added. The complete conversion to PI 1,4 was achieved after 24h at room temperature. For the polymerization of the D 3 monomer, the procedure followed was similar to the one described for the PB 1,2 -b-PDMS sequence. The synthetic route for the diblock copolymer of the PI 1,4 -b-PDMS type is illustrated in Figure S2 (Supporting Information).

RESULTS AND DISCUSSION

Molecular Characterization: The molecular characterization was conducted for the initial homopolymer precursors as well as the final diblock copolymers via SEC, VPO and MO to calculate the number average molecular weights ( as well as the dispersity indices. To avoid any misinterpretation of the results due to the different hydrodynamic volumes of PB 1,2 , PI 1,4 and PDMS segments when compared to the PS standards used for the SEC calibration, MO or VPO was also utilized to calculate accurately the number average molecular weights of the synthesized copolymers and their homopolymer precursors. The SEC chromatographs with respect to the final diblock copolymers of the PB 1,2 -b-PDMS and PI 1,4 -b-PDMS types are presented in Figures S3 andS4 respectively (Supporting Information). The values for all copolymer samples varied from 7,000 to 100,000 g/mol (for the copolymer PB 1,2 -b-PDMS of 7,000 g/mol VPO measurements were used). As evident in the chromatographs (Figures S3-S4, Supporting Information) and in Table 1, all the synthesized materials exhibited high molecular and compositional homogeneity. The 1 H NMR spectra were of high interest, owing to the disclosure of both PB and PI microstructures (PB 1,2 ~100% and PI 1,4 ~90% in all cases) as well as the verification of the final copolymers composition ratio. The high PB 1,2 isomerism is well supported by the 1 H NMR spectra (Figure S5, Supporting Information), due to the complete absence of any characteristic chemical shifts at 5.30 ppm that correspond to the 2 olefinic protons, and therefore excluding the possibility of -1,4 microstructure existence. On the other hand, the three olefinic protons attributed to the ethyl-side group of the PB 1,2 microstructure are evident (2 protons at 4.95 and 1 proton at 5.60ppm). Regarding the PI segment, the 1,4 microstructure is evident (Figure S6, Supporting Information) in all samples, due to the intense peak at 5.00-5.20 ppm which is attributed to the olefinic proton of the main carbon chain. At 5.30 ppm there is a rather low peak which indicates the small percentage of PI 1,2 (~3%) and at 4.60-4.80 ppm also the low peaks can be detected, attributed to the low percentage of PI 3,4 microstructure (~7%). The obtained results, such as and Đ values of all segments of the diblock copolymers, as well as volume fraction ratios of PDMS for the final diblock copolymers, as calculated through SEC, MO/VPO and 1 H NMR are presented in Table 1. All the values presented in Table 1 were calculated through MO (or VPO for the two cases with symbol * ), Đ values utilizing SEC, φ values via 1 H NMR and finally, DSC measurements were conducted for the given T g s. The samples are abbreviated as x PB 1,2 -b-y PDMS and m PI 1,4 -b-n PDMS, where x, y, m and n correspond to the total number average molecular weight of each segment in kg/mol for clarification reasons. Thermal Characterization: DSC thermographs indicated distinct glass transition temperatures for most of the samples at values which are in accordance with the ones evident for the respective homopolymers. [START_REF] Makhiyanov | Glasstransition temperature and microstructure of polybutadienes[END_REF][START_REF] Widmaier | Glass Transition Temperature of Anionic Polyisoprene[END_REF][START_REF] Bosq | Melt and Glass Crystallization of PDMS and PDMS Silica Nanocomposites[END_REF] The experimental glass transition temperatures are also presented in Table 1. As expected for the PB 1,2 blocks the T g was evident at approximately 0°C and for the PDMS blocks at ≈ -120°C except for one case as shown in Figure S7 (Supporting Information). The values of the T g for the PB segments at this temperature indicates the high -1,2 microstructure of the blocks, which exhibit a substantial difference with the T g of the PB with high -1,4 microstructure (T g ≈-90 o C). Concerning the diblock copolymer with the lowest total number average molecular weight ( 3 PB 1,2 -b-4 PDMS) a single glass transition temperature occurred (T g ≈-39 o C). This fact may be attributed to the very low N value and consequently the χN product might be in the weak segregation limit. This sample did not also exhibit a melting temperature (T m ), due to the very low molecular weight of the PDMS block. In all other cases of the specific sequence melting temperatures were evident (from -34 to -40 o C) indicating the semi-crystalline nature of the PDMS segments. Different crystal sizes were realized due to the existence of either a broad or two distinctive peaks in the relative thermographs. ΔΗ values were calculated through the DSC thermographs and are given for the cases of semi-crystalline copolymers. As evident in Figure S8 (Supporting Information), the thermographs of all PI 1,4 -b-PDMS copolymers showcased two distinctive T g s at approximately -55 o C in the case of PI 1,4 and ≈-120°C for the PDMS block. The results confirm that most of the monomeric units have adopted the -1,4 microstructure for the PI block. According to previous studies related to the PI 1,4 when the isomerism was mainly cis-1,4, the T g approximated -70 o C whereas for higher trans-1,4 isomerism the T g was detected at higher values close to -60 o C. [START_REF] Widmaier | Glass Transition Temperature of Anionic Polyisoprene[END_REF] For the samples discussed in this study the coexistence of trans-1,4 microstructure and vinyl monomeric units (PI 1,2 & PI 3,4 ) led to elevated T g s (-60 to -52 o C). Also, the sequences containing PDMS segments with the higher exhibited melting temperatures (T m ) which are evident in the corresponding thermographs (Figure S8, Supporting Information). For the semi-crystalline sample cases ΔΗ values were also calculated through DSC. Morphological Characterization: The morphologies obtained for all copolymers were realized by TEM and SAXS experiments. Prior to the morphological characterization in bulk, all samples were cast in a slightly selective towards poly(dienes) solvent (toluene 5% w/v) followed by thermal annealing at 40 o C for 3 days to provide equilibrium morphologies. Afterwards, the samples were quenched into liquid nitrogen to preserve the structures and were ultra-cryomicrotomed. The TEM measurements were conducted in room temperature a fact which might had an impact to the obtained morphologies. Staining agents for the poly(diene) segments were not used for the specific study due to the adequate difference between the electron densities of the involved segments. In the TEM images the polydiene segments (PB 1,2 or PI 1,4 ) are depicted in light grey while the PDMS is depicted in dark grey color. The morphological characterization of these systems is of paramount importance, due to the elastomeric character of the involved segments. Relatively symmetric PB 1,2 -b-PDMS samples: For the 37 PB 1,2 -b- [START_REF] Moon | Wearable Polyimide-PDMS Electrodes for Intrabody Communication[END_REF] PDMS the volume fraction of PDMS was φ PDMS =0.44 as evident in Table 1. As a result, a lamellar morphology was adopted and indicated by both TEM image and SAXS plot in Figure 1. In the micrograph the light-coloured sheets correspond to the PB 1,2 and the dark ones to the PDMS segment due to the adequate difference in their electron densities. The domain spacing was calculated through TEM measurements and was coherent to that obtained from the primary reflection in the SAXS pattern. Based on Bragg's equation and according to the value of the first peak (first allowed reflection) the distance was found equal to 53nm. The SAXS plot peaks (1:2:3:4:5) correspond to the characteristic ratio of alternating lamellae structure. The fact that PB 1,2 constituted the majority segment is revealed in the relative TEM micrograph, where the width of the white lamellar sheet is larger. In addition, the high elasticity of the involved segments combined with the intermediate molecular weight induced the formation of fluctuations. As mentioned in the Introduction section, Thomas' group reported the formation of a variety of lamellar grain boundaries in PS-b-PB copolymers with symmetric volume fraction ratios when studied in bulk. In our work and specifically for sample [START_REF] Luo | Directed Block Copolymer Thin Film Self-Assembly: Emerging Trends in Nanopattern Fabrication[END_REF] PB 1,2 -b- [START_REF] Xia | Soft Lithography[END_REF] PDMS, the grain boundaries were also studied concluding to very interesting results that had not been reported in the literature for the specific copolymer sequence. Both high and low tilt grain boundaries were realized, during the morphological characterization through TEM images. This phenomenon offers the opportunity to clarify the morphological behaviour along the grain boundaries of exclusively elastomeric sequences. The obtained morphologies could be attributed to the low T g of the involved components and to the conformational asymmetry between the blocks. Furthermore, for the specific sample ( 18 PB 1,2 -b-22 PDMS) the volume fraction ratio of PDMS (which is the block with the lower T g ) is marginally higher (φ PDMS =0.55). Thus, the overall increased elasticity of the sequence leads to increased tilt grain boundaries. It should also be noted that for the specific sequence the value was almost half compared to the aforementioned sample which is also a contributing factor to the obtained tilt grain boundaries (Figure 2). A smaller degree of intramolecular loops and intermolecular interactions occur due to the smaller chain length for the specific sample compared to the previous case. Thus, the increase of the grain boundaries is observed when compared to sample [START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 2[END_REF] This leads to the formation of the Ω-type tilt formation across the unified grain boundary, as clearly observed in the top of the image. Concerning the Chevron-type grain boundary the increase in the width of the sheet at the centre of the boundary is evident, due to the out-of-equilibrium state of the macromolecular chains. For even wider angles at the grain boundaries, the lamellar sheets are forced to form the characteristic semi-cylindrical region at the centre of the boundary of the Ω-type structure as illustrated in Figure 2 (d). The gradual transition from periodic point reflections to circular reflections in the FFT images (a-d) also indicates the increasing number of grain boundaries for each TEM micrograph. The case of the multi-directional lamellar morphology is straightforward not only from the micrograph but also from the complete absence of spot reflections and the existence of a ring pattern at the FFT image. Concerning the SAXS plot the lamellar morphology is justified through the characteristic peak ratio at the relative q values of 1:2:3:4. The multiple reflections exhibited indicate a structure with long range and through the primary peak the domain spacing was calculated equal to 40nm.

Relatively asymmetric PB 1,2 -b-PDMS samples:

The TEM and SAXS studies for samples 65 PB 1,2 -b-35 PDMS and 49 PB 1,2 -b- [START_REF] Cheng | Nanostructure Engineering by Templated Self-Assembly of Block Copolymers[END_REF] PDMS demonstrated significant interest. In both cases cubic structures were adopted and specifically a double gyroid morphology was evident in the 65 PB 1,2 -b- [START_REF] Matsushita | Molecular Weight Dependence of Lamellar Domain Spacing of Diblock Copolymers in Bulk[END_REF] PDMS and a double diamond morphology in the 49 PB 1,2 -b-27 PDMS case respectively. This fact is attributed to the careful design of the copolymers with specific molecular characteristics that are located in the narrow window (between the gyroid and the lamellar morphology according to the phase diagram for diblock linear copolymers) where cubic phases may be formed in combination with the incompati-bility between the blocks. Note that, contrary to other copolymer systems, such as PS-b-PB or PS-b-PDMS, both PB 1,2 and PDMS are both flexible chains, as a result less thermodynamically demanding structures instead of 3D networks would have been favourable due to free energy constrains. In the first case, the volume fraction ratio between the blocks enabled the formation of the double gyroid morphology or a cubic structure of the Ia d symmetry. Specifically, a similar behavior to the one observed in the widely studied PS-b-PI sequence was observed when the volume fraction of PDMS was approximately equal to 0.35. The cubic network structure can be realized from both the TEM micrograph and the 1D SAXS plot in Figure 3. The high symmetry projection belonging to high symmetry 3-fold axis or [111] is evident in the TEM micrograph. Two phases are observed, where the dark phase constitutes the PDMS networks while the light phase (PB 1,2 ) is the matrix. The value of the primary permitted peak from the SAXS plot was used to calculate the domain spacing equal to 82nm. The observed peaks correspond to a ratio of ( :

) which is in accordance with the expected ratio for the specific cubic morphology. In the second case the 49 PB 1,2 -b- [START_REF] Cheng | Nanostructure Engineering by Templated Self-Assembly of Block Copolymers[END_REF] PDMS was designed with different molecular characteristics to explore the phase transition of the specific system. Specifically, the volume fraction of PDMS in this case was equal to 0.37, which is slightly increased compared to the previous sample. In this case the realization of the double diamond morphology through TEM images was not that evident due to the two-fold high symmetry axis or [110] projection (Fig- ure 4). Nevertheless, through SAXS measurements the double diamond structure was verified. The observed peaks at the characteristic q ratio of : : correspond to the OBDD structure or in general to a cubic structure of the Pn3m symmetry and the domain spacing was found equal to 57nm through the primary permitted peak. It should be noted that the specific morphology is considered metastable. To obtain double diamond morphology a narrow volume fraction window between 37-42% concerning the minority segment has been exploited with respect to the type of sequence as well as type of blocks. The specific morphology has been observed by employing selective solvents to one of the two blocks with respect to the different diblock copolymer system during solution casting. [START_REF] Avgeropoulos | Synthesis and Microphase Separation of Linear Triblock Terpolymers of Polystyrene, High 1,4-Polybutadiene, and High 3,4-Polyisoprene[END_REF] In our case the casting solvent was toluene which is selective towards PB 1,2 according to the solubility parameters. [START_REF] Freed | Advances in Polymer Science, Phase Behavior of Polymer Blends[END_REF] The study of this system in higher temperatures (in-situ SAXS) would be very interesting to verify the temperature range stability of the specific morphology. Finally, a sample with very low total number average molecular weight was synthesized. Specifically, 3 PB 1,2 -b-4 PDMS was prepared with a total number average molecular weight equal to 7,000g/mol. This sample was synthesized in the specific molecular characteristics, to realize whether the microphase separation would occur. Due to the only one thermal transition temperature (T g =-39 o C) evident by DSC measurements the microphase separation was not favourable in long range. Instead, a sole T g usually implies whether partial or even full miscibility between the constituents is evident. TEM measurements were also conducted in this case, leading to the evidence of alternating lamellar morphology (Figure 5). Figure 5. TEM micrograph and SAXS plot for the sample 3 PB 1,2b-4 PDMS exhibiting the lamellar morphology. The bright color sheets constitute the PB 1,2 regions and the dark lamellae the PDMS blocks. The absence of well-ordered areas is evident from TEM micrograph and SAXS plot where a single peak can be observed. SAXS plot indicates a single peak through which the domain spacing could be calculated (10.2nm), but the weak segregation was also verified. Even though, not well-ordered areas are obvious we can roughly realize a partial microphase separation. The morphological characterization further supports the DSC results. The very low molecular weight of the specific sample and the low T g corresponding to partial mixture of the involved segments, prohibit the formation of well-defined areas. Therefore, we believe that the specific molecular characteristics are probably approaching the inferior limit able to obtain long-range microphase separation. The study of this system in higher temperatures (insitu SAXS) would be very interesting to calculate the T ODT of this system and possibly calculate the χ eff for the specific sequence by SAXS measurements.

Asymmetric PB 1,2 -b-PDMS: A sample exhibiting high asymmetry between the elastomeric blocks was prepared to investigate its morphological properties. Specifically, for the 54 PB 1,2 -b-6 PDMS the volume fraction of PDMS was φ PDMS =0.10 as verified by the molecular characterization methods. The morphology obtained in exclusively elastomeric materials for extremely low molecular weight for one of the segments is very interesting. As expected from the volume fraction ratio a spherical morphology was obtained, obvious from both TEM and SAXS measurements in Figure 6. The peak ratio (

) and by taking into consideration the peak ratio maxima and the primary permitted peak the BCC morphology is confirmed with a domain spacing equal to d=40nm. The multiple peaks in the SAXS plot indicate the long range order of the specific sample. Symmetric and relatively symmetric PI 1,4 -b-PDMS: Two copolymers of the PI 1,4 -b-PDMS sequence were synthesized with close molecular characteristics for both segments as evident from Table 1. Specifically, the 23 PI 1,4 -b- [START_REF] Rogers | Recent Progress in Soft Lithography[END_REF] PDMS showcased a lamellar morphology as expected based on the molecular characteristics and both TEM and SAXS results are given in Figure 7. In the TEM micrograph the light grey color layers correspond to the PI 1,4 segments, whereas the dark grey to the PDMS. It should be noted that for all samples of the specific sequence staining was not necessary due to the adequate difference in the electron densities between the involved segments. Concerning the SAXS plot, the lamellar morphology is further verified due to the peak ratio at the relative q values of 1:2:3:4:5:6:7. The domain spacing for the specific sample was calculated equal to 54nm from the primary permitted peak. Owing to the Gaussian distribution and the number of the observed peaks, one can conclude that the specific sample exhibits long range order. Even though the TEM and SAXS measurements were conducted in room temperature and the T g for both blocks is well below ambient conditions, the results indicate strong segregation between the segments. To realize the margins between different morphologies in the phase diagram for the specific sequence, a sample with a volume fraction equal to 0.39 was synthesized. As reported for the PS-b-PDMS sequence the volume fraction value of the soft minority component where double gyroid morphologies occur is 0.40-0.41. [START_REF] Angelopoulou | Designing High χ Copolymer Materials for Nanotechnology Applications: A Systematic Bulk vs. Thin Films Approach[END_REF] That was the main idea for the synthesis of sample 30 PI 1,4b-19 PDMS. During the examination of multiple areas with TEM the majority of the results indicated alternating lamellae morphology (Figure 8). Nevertheless, for the investigation of the specific sample with SAXS, except for the usual peak ratio corresponding to the lamellar morphology (1:2:3:4:5:6:7:8), additional reflections emerged, namely which are indicative of the double gyroid morphology according to the literature. The characteristic domain spacing was calculated equal to 57nm from the primary permitted peak. A parameter that should also be taken into consideration is that the casting solvent (toluene) is selective towards the PI 1,4 segments leading to different evaporation rates during the casting procedure. We believe that the additional topology (DG) of the specific sample was not evident through TEM due to the smaller examination areas compared with the 1D SAXS results. Even though multiple films with the same preparation conditions were measured the vast majority of the sample exhibited the alternating lamellae morphology. Therefore the double morphological nature for the specific molecular characteristics is realized only through SAXS plot. Peaks marked in black values correspond to the double gyroid; while red describe the lamellar morphology. Toluene is expected to evaporate faster from the PDMS than from the PI 1,4 segments. Thus, a partial macromolecular entrapment probably takes place during the solvent evaporation. That fact in combination with the molecular asymmetry of the sequence led to these very interesting results. Although the experiments were conducted above the T g of both segments, we believe that further investigation in higher temperature is necessary through in-situ SAXS experiments. The morphological behaviour of this sequence close to the T ODT would also be of high interest. Notably, PI 1,4 and PDMS are highly flexible chains and the formation of network structures might not be expected further suggesting the high importance of the careful design concerning the molecular characteristics and the processing conditions during sample preparation.

Asymmetric PI 1,4 -b-PDMS: Three asymmetrical samples of the PI 1,4 -b-PDMS sequence were prepared to explore the selfassembly behavior at lower limits in the phase diagram. 9) through TEM and SAXS experiments. In the TEM micrographs, the light grey areas correspond to the PI 1,4 matrix, while the dark regions to the PDMS cylinders with hexagonal symmetry. These results are similar to the well-established PS-b-PI system for approximate volume fraction ratio. SAXS results for the specific sample exhibit a number of peaks (1: :2 : :4 ) which is indicative of the longrange order of the hexagonally close packed cylinders. The domain spacing was calculated equal to 52nm taking into consideration the primary permitted peak. By further lowering the volume fraction of PDMS for the second case of the asymmetric copolymer studies, an alternation of the obtained morphology was obvious. The sample 29 PI 1,4 -b-6 PDMS with the volume fraction of PDMS equal to 0.17 exhibited BCC spheres of PDMS in the PI 1,4 matrix. As evident from the TEM micrograph the dark spheres of PDMS extend in the bright PI 1,4 matrix (Figure 10). From the peak ratio observed on the SAXS plot ( ) the BCC spherical domains' structure is confirmed. The characteristic domain spacing was calculated equal to 48nm. The fill factor of each unit cell of the BCC morphology is 0.64 and this fact is attributed to the very low volume fraction of PDMS. The BCC topology has been observed for a wide range of diblock copolymer systems in relatively low volume fractions of the minority component. The two main competitive factors that would favour the formation of a specific spherical phase for any block copolymer system (for low fraction ratios φ Β ) are the interfacial energy and the loss of conformational entropy. The chemical nature of the copolymer system is of binary significance, concerning both the chemical intersegment dissimilarity and the stretching ability of the macromolecular chain. Also, the number average molecular weight is a crucial factor due to the ability of the minority segment chains to remain confined in a finite area. We argue that the design of diblock copolymers with low or very low T g for both blocks might provide access to non-trivial spherical morphologies. 65 Finally, for the case of 39 PΙ 1,4 -b-7 PDMS the spherical topology is realized from both the TEM micrograph and the SAXS plot (Figure 11). The volume fraction of PDMS in this case is 0.15; therefore the confined PDMS regions are identified in spherical patterns. The long range order was not verified through TEM measurements due to the very low volume fraction of the PDMS segments. The "soft nature" (Figure S8, Supporting Information) of both blocks is also a considered forbidden factor for the accomplishment of long-range order for such low molecular characteristics for one of the two blocks. 1D SAXS results demonstrate a smaller number of peaks compared to the previous cases, owing to the aforementioned inherent properties of the specific sample. The peak ratio is : : and by taking into consideration the peak ratio maxima and the primary permitted peak the FCC spherical domains' morphology is confirmed with a domain spacing equal to d=35nm. For this case the fill factor was slightly increased (0.74) when compared to the 29 PI 1,4 -b-6 PDMS case due to the decrease in the volume fraction of the PDMS. Furthermore, a non-stable diblock copolymer microphase separation due to the elevated temperature of the measurements compared to the T g s of both PI 1,4 and PDMS, is probably another reason for the divergence from the classical spherical morphology. The results are in accordance with a previous work conducted by Bates et. al. [START_REF] Bates | M Stability of the A15 phase in diblock copolymer melts[END_REF] The reduced length of PDMS chains probably enables the close packing of its segments leading to higher fill factor for the specific morphology. 

CONCLUSIONS

In this work, eleven diblock copolymers of the PB 1,2 -b-PDMS (6 samples) and PI 1,4 -b-PDMS (5 samples) sequences were synthesized using novel synthetic routes through anionic polymerization.

The high anionic polymerization standards (precise volume fraction ratios, high molecular and compositional homogeneity) were met as verified with GPC, MO/VPO and 1 H NMR characterization methods. Their "soft nature" was realized by DSC experiments which indicated the T g below room temperature for all the involved segments. Their morphological properties have been studied through TEM and SAXS experiments, exhibiting several structures with respect to the volume fraction ratio. The phase transition limits have been addressed analytically and also the morphological behavior of lamellar morphology along the grain boundaries has been thoroughly investigated. Also, this work involved network phases in pure elastomeric segmental combinations, which have not been addressed in wide extent in the literature up to date. The phase transitions owing to different relatively asymmetric volume fraction ratios have been elaborated through the meticulous synthetic procedures and the analytical morphological characterization methods. Especially, the transition from gyroid to diamond nanostructures for the "soft nature" copolymers has never been referred yet in the literature. Furthermore, the transition from BCC to FCC spherical domains for elastomeric copolymers has not been widely studied. We believe that the specific work enlightens this very interesting topic which has not been reported in the literature for these systems, exhibiting different well-ordered morphologies in a variety of total number average molecular weights and volume fraction ratios.
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 1 Figure 1. Bright field TEM image and SAXS profile corresponding to the diblock copolymer sequence 37 PB 1,2 -b-29 PDMS.As mentioned in the Introduction section, Thomas' group reported the formation of a variety of lamellar grain boundaries in PS-b-PB copolymers with symmetric volume fraction ratios when studied in bulk. In our work and specifically for sample[START_REF] Luo | Directed Block Copolymer Thin Film Self-Assembly: Emerging Trends in Nanopattern Fabrication[END_REF] PB 1,2 -b-[START_REF] Xia | Soft Lithography[END_REF] PDMS, the grain boundaries were also studied concluding to very interesting results that had not been reported in the literature for the specific copolymer sequence. Both high and low tilt grain boundaries were realized, during the morphological characterization through TEM images. This phenomenon offers the opportunity to clarify the morphological behaviour along the grain boundaries of exclusively elastomeric sequences. The obtained morphologies could be attributed to the low T g of the involved components and to the conformational asymmetry between the blocks. Furthermore, for the specific sample ( 18 PB 1,2 -b-22 PDMS) the volume fraction ratio of PDMS (which is the block with the lower T g ) is marginally higher (φ PDMS =0.55). Thus, the overall increased elasticity of the sequence leads to increased tilt grain boundaries. It should also be noted that for the specific sequence the value was almost half compared to the aforementioned sample which is also a contributing factor to the obtained tilt grain boundaries (Figure2). A smaller degree of intramolecular loops and intermolecular interactions occur due to the smaller chain length for the specific sample compared to the previous case. Thus, the increase of the grain boundaries is observed when compared to sample[START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 2[END_REF] PB 1,2 -b-29 PDMS. A TEM micrograph of an area with no grain boundaries is given in Figure 2 (a) where the lamellar morphology with straight black PDMS and white PB 1,2 sheets is observed. Due to the aligned lamellar sheets evident on the micrograph the FFT pattern appears in periodic spot reflections. In Figure 2 (b) the broken Chevron type is observed, corresponding to a discontinuity between the sheets at the grain boundary. In Figure 2 (c) two Chevron type boundaries are presented at the bottom of the image. The two Chevron type grains are combined as the angle between the lamellar sheets is further increased.

  Figure 1. Bright field TEM image and SAXS profile corresponding to the diblock copolymer sequence 37 PB 1,2 -b-29 PDMS.As mentioned in the Introduction section, Thomas' group reported the formation of a variety of lamellar grain boundaries in PS-b-PB copolymers with symmetric volume fraction ratios when studied in bulk. In our work and specifically for sample[START_REF] Luo | Directed Block Copolymer Thin Film Self-Assembly: Emerging Trends in Nanopattern Fabrication[END_REF] PB 1,2 -b-[START_REF] Xia | Soft Lithography[END_REF] PDMS, the grain boundaries were also studied concluding to very interesting results that had not been reported in the literature for the specific copolymer sequence. Both high and low tilt grain boundaries were realized, during the morphological characterization through TEM images. This phenomenon offers the opportunity to clarify the morphological behaviour along the grain boundaries of exclusively elastomeric sequences. The obtained morphologies could be attributed to the low T g of the involved components and to the conformational asymmetry between the blocks. Furthermore, for the specific sample ( 18 PB 1,2 -b-22 PDMS) the volume fraction ratio of PDMS (which is the block with the lower T g ) is marginally higher (φ PDMS =0.55). Thus, the overall increased elasticity of the sequence leads to increased tilt grain boundaries. It should also be noted that for the specific sequence the value was almost half compared to the aforementioned sample which is also a contributing factor to the obtained tilt grain boundaries (Figure2). A smaller degree of intramolecular loops and intermolecular interactions occur due to the smaller chain length for the specific sample compared to the previous case. Thus, the increase of the grain boundaries is observed when compared to sample[START_REF] Gido | Lamellar Diblock Copolymer Grain Boundary Morphology. 2[END_REF] PB 1,2 -b-29 PDMS. A TEM micrograph of an area with no grain boundaries is given in Figure 2 (a) where the lamellar morphology with straight black PDMS and white PB 1,2 sheets is observed. Due to the aligned lamellar sheets evident on the micrograph the FFT pattern appears in periodic spot reflections. In Figure 2 (b) the broken Chevron type is observed, corresponding to a discontinuity between the sheets at the grain boundary. In Figure 2 (c) two Chevron type boundaries are presented at the bottom of the image. The two Chevron type grains are combined as the angle between the lamellar sheets is further increased.
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 2 Figure 2. (a-d) TEM micrographs with the corresponding FFT patterns for the sample 18 PB 1,2 -b-[START_REF] Xia | Soft Lithography[END_REF] PDMS exhibiting the different morphologies at the grain boundaries. (e) SAXS plot for the sample[START_REF] Luo | Directed Block Copolymer Thin Film Self-Assembly: Emerging Trends in Nanopattern Fabrication[END_REF] PB 1,2 -b-[START_REF] Xia | Soft Lithography[END_REF] PDMS. This leads to the formation of the Ω-type tilt formation across the unified grain boundary, as clearly observed in the top of the image. Concerning the Chevron-type grain boundary the increase in the width of the sheet at the centre of the boundary is evident, due to the out-of-equilibrium state of the macromolecular chains. For even wider angles at the grain boundaries, the lamellar sheets are forced to form the characteristic semi-cylindrical region at the centre of the boundary of the Ω-type structure as illustrated in Figure2 (d). The gradual transition from periodic point reflections to circular reflections in the FFT images (a-d) also indicates the increasing number of grain boundaries for each TEM micrograph. The case of the multi-directional lamellar morphology is straightforward not only from the micrograph but also from the complete absence of spot reflections and the existence of a ring pattern at the FFT image. Concerning the SAXS plot the lamellar morphology is justified through the characteristic peak ratio at the relative q values of 1:2:3:4. The multiple reflections exhibited indicate a structure with long range and through the primary peak the domain spacing was calculated equal to 40nm. Relatively asymmetric PB 1,2 -b-PDMS samples: The TEM and SAXS studies for samples 65 PB 1,2 -b-35 PDMS and 49 PB 1,2 -b-[START_REF] Cheng | Nanostructure Engineering by Templated Self-Assembly of Block Copolymers[END_REF] PDMS demonstrated significant interest. In both cases cubic structures were adopted and specifically a double gyroid morphology was evident in the 65 PB 1,2 -b-[START_REF] Matsushita | Molecular Weight Dependence of Lamellar Domain Spacing of Diblock Copolymers in Bulk[END_REF] PDMS and a double diamond morphology in the 49 PB 1,2 -b-27 PDMS case respectively. This fact is attributed to the careful design of the copolymers with specific molecular characteristics that are located in the narrow window (between the gyroid and the lamellar morphology according to the phase diagram for diblock linear copolymers) where cubic phases may be formed in combination with the incompati-
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 3 Figure 3. TEM micrograph and SAXS plot for the sample 65 PB 1,2b-35 PDMS exhibiting the double gyroid morphology. The bright color matrix constitutes the PB 1,2 segments while the dark network represents the PDMS blocks.In the second case the 49 PB 1,2 -b-[START_REF] Cheng | Nanostructure Engineering by Templated Self-Assembly of Block Copolymers[END_REF] PDMS was designed with different molecular characteristics to explore the phase transition of the specific system. Specifically, the volume fraction of PDMS in this case was equal to 0.37, which is slightly increased compared to the previous sample. In this case the realization of the double diamond morphology through TEM images was not that evident due to the two-fold high symmetry axis or [110] projection (Figure4). Nevertheless, through SAXS measurements the double diamond structure was verified. The observed peaks at the characteristic q ratio of : : correspond to the OBDD structure or in general to a cubic structure of the Pn3m symmetry and the domain spacing was found equal to 57nm through the primary permitted peak. It should be noted that the specific morphology is considered metastable. To obtain double diamond morphology a narrow volume fraction window between 37-42% concerning the minority segment has been exploited with respect to the type of sequence as well as type of blocks. The specific morphology has been observed by employing selective solvents to one of the two blocks with respect to the different diblock copolymer system during solution casting.[START_REF] Avgeropoulos | Synthesis and Microphase Separation of Linear Triblock Terpolymers of Polystyrene, High 1,4-Polybutadiene, and High 3,4-Polyisoprene[END_REF] In our case the casting solvent was toluene which is selective towards PB 1,2 according to the solubility parameters.[START_REF] Freed | Advances in Polymer Science, Phase Behavior of Polymer Blends[END_REF] The study of this system in higher temperatures (in-situ SAXS) would be very interesting to verify the temperature range stability of the specific morphology.

Figure 4 .

 4 Figure 4. TEM micrograph and SAXS plot for the sample 49 PB 1,2b-27 PDMS exhibiting the double diamond morphology. The bright color matrix constitutes the PB 1,2 regions whilst the dark network represents the PDMS blocks.Finally, a sample with very low total number average molecular weight was synthesized. Specifically, 3 PB 1,2 -b-[START_REF] Matsen | Origins of Complex Self-Assembly in Block Copolymers[END_REF] PDMS was prepared with a total number average molecular weight equal to 7,000g/mol. This sample was synthesized in the specific molecular characteristics, to realize whether the microphase separation would occur. Due to the only one thermal transition temperature (T g =-39 o C) evident by DSC measurements the microphase separation was not favourable in long range. Instead, a sole T g usually implies whether partial or even full miscibility between the constituents is evident. TEM measurements were also conducted in this case, leading to the evidence of alternating lamellar morphology (Figure5).
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 6 Figure 6. TEM micrograph and SAXS plot for the sample 54 PB 1,2b-6 PDMS in which the BCC topology is evident. The bright colour matrix corresponds to the PB 1,2 and the dark represent the PDMS spheres.
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 7 Figure 7. TEM micrograph and SAXS plot for the sample 23 PI 1,4b-23 PDMS in which the lamellar morphology is easily realized. The bright color sheets constitute the PI 1,4 segments while the dark represent the PDMS blocks.To realize the margins between different morphologies in the phase diagram for the specific sequence, a sample with a volume fraction equal to 0.39 was synthesized. As reported for the PS-b-PDMS sequence the volume fraction value of the soft minority component where double gyroid morphologies occur is 0.40-0.41.[START_REF] Angelopoulou | Designing High χ Copolymer Materials for Nanotechnology Applications: A Systematic Bulk vs. Thin Films Approach[END_REF] That was the main idea for the synthesis of sample 30 PI 1,4b-[START_REF] Park | Enabling Nanotechnology with Self Assembled Block Copolymer Patterns[END_REF] PDMS. During the examination of multiple areas with TEM the majority of the results indicated alternating lamellae morphology (Figure8). Nevertheless, for the investigation of the specific sample with SAXS, except for the usual peak ratio corresponding to the lamellar morphology (1:2:3:4:5:6:7:8), additional reflections emerged, namely which are indicative of the double gyroid morphology according to the literature. The characteristic domain spacing was calculated equal to 57nm from the primary permitted peak. A parameter that should also be taken into consideration is that the casting solvent (toluene) is selective towards the PI 1,4 segments leading to different evaporation rates during the casting procedure.
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 8 Figure 8. TEM micrograph for the sample 30 PI 1,4 -b-[START_REF] Park | Enabling Nanotechnology with Self Assembled Block Copolymer Patterns[END_REF] PDMS in which the lamellar morphology is obvious. The bright color sheets correspond to the PI 1,4 segments whereas the dark represent the PDMS. We believe that the additional topology (DG) of the specific sample was not evident through TEM due to the smaller examination areas compared with the 1D SAXS results. Even though multiple films with the same preparation conditions were measured the vast majority of the sample exhibited the alternating lamellae morphology. Therefore the double morphological nature for the specific molecular characteristics is realized only through SAXS plot. Peaks marked in black values correspond to the double gyroid; while red describe the lamellar morphology. Toluene is expected to evaporate faster from the PDMS than from the PI 1,4 segments. Thus, a partial macromolecular entrapment probably takes place during the solvent evaporation. That fact in combination with the molecular asymmetry of the sequence led to these very interesting results. Although the experiments were conducted above the T g of both segments, we believe that further investigation in higher temperature is necessary through in-situ SAXS experiments. The morphological behaviour of this sequence close to the T ODT would also be of high interest. Notably, PI 1,4 and PDMS are highly flexible chains and the formation of network structures might not be expected further suggesting the high importance of the careful design concerning the molecular characteristics and the processing conditions during sample preparation.
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 9 Figure 9. TEM micrograph for the sample 40 PI 1,4 -b-10 PDMS in which the hexagonally close packed cylinders morphology was obtained. The bright color matrix corresponds to the PI 1,4 and the dark represent the PDMS cylinders. From the SAXS plot the specific morphology is further justified. The 40 PΙ 1,4 -b-10 PDMS with a volume fraction equal to φ PDMS =0.20microphase separated adopting a cylindrical morphology as evident (Figure9) through TEM and SAXS experiments. In the TEM micrographs, the light grey areas correspond to the PI 1,4 matrix, while the dark regions to the PDMS cylinders with hexagonal symmetry. These results are similar to the well-established PS-b-PI system for approximate volume fraction ratio. SAXS results for the specific sample exhibit a number of peaks (1: :2 : :4 ) which is indicative of the longrange order of the hexagonally close packed cylinders. The domain spacing was calculated equal to 52nm taking into consideration the primary permitted peak. By further lowering the volume fraction of PDMS for the second case of the asymmetric copolymer studies, an alternation of the obtained morphology was obvious. The sample 29 PI 1,4 -b-6 PDMS with the volume fraction of PDMS equal to 0.17 exhibited BCC spheres of PDMS in the PI 1,4 matrix. As evident from the TEM micrograph the dark spheres of PDMS extend in the bright PI 1,4 matrix (Figure10).
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 10 Figure 10. TEM micrograph for the sample 29 PI 1,4 -b-6 PDMS in which the spherical morphology is obtained. The bright color matrix corresponds to the PI 1,4 and the dark represent the PDMS spheres. From the SAXS plot the BCC morphology is justified and the number of peaks verifies the excellent long range orientation.From the peak ratio observed on the SAXS plot ( ) the BCC spherical domains' structure is confirmed. The characteristic domain spacing was calculated equal to 48nm. The fill factor of each unit cell of the BCC morphology is 0.64 and this fact is attributed to the
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 11 Figure 11. TEM micrograph for the sample 39 PI 1,4 -b-[START_REF] Leibler | Theory of Microphase Separation in Block Copolymers[END_REF] PDMS in which the FCC topology is evident. The bright color matrix corresponds to the PI 1,4 and the dark represent the PDMS spheres. The topology is verified from the SAXS plot. The long range order was not verified through TEM measurements due to the very low volume fraction of the PDMS segments. The "soft nature" (FigureS8, Supporting Information) of both blocks is also a considered forbidden factor for the accomplishment of long-range order for such low molecular characteristics for one of the two blocks. 1D SAXS results demonstrate a smaller number of peaks compared to the previous cases, owing to the aforementioned inherent properties of the specific sample. The peak ratio is : : and by taking into consideration the peak ratio maxima and the primary permitted peak the FCC spherical domains' morphology is confirmed with a domain spacing equal to d=35nm. For this case the fill factor was slightly increased (0.74) when compared to the 29 PI 1,4 -b-6 PDMS case due to the decrease in the volume fraction of the PDMS. Furthermore, a non-stable diblock copolymer microphase separation due to the elevated temperature of the measurements compared to the T g s of both PI 1,4 and PDMS, is probably another reason for the divergence from the classical spherical morphology. The results are in accordance with a previous work conducted by Bates et. al.[START_REF] Bates | M Stability of the A15 phase in diblock copolymer melts[END_REF] The reduced length of PDMS chains probably enables the close packing of its segments leading to higher fill factor for the specific morphology.

  

Table 1 . Molecular and thermal characterization results of the final diblock copolymers.

 1 

		PB/PI	( ) PDMS	( ) total			T gPB/PI	T gPDMS
	sample	(kg/mol)	(kg/mol)	(kg/mol)	Đ total	φ PDMS	( o C)	( o C)
	37 PB 1,2 -b-29 PDMS	37.0	29.0	66.0	1.05	0.44	-0.66	-123.00
	65 PB 1,2 -b-35 PDMS	65.0	35.0	100.0	1.07	0.35	-2.96	-127.02
	49 PB 1,2 -b-27 PDMS	49.0	27.0	76.0	1.08	0.37	2.39	-120.77
	54 PB 1,2 -b-6 PDMS	54.0	6.0	60.0	1.06	0.10	2.66	-119.74
	18 PB 1,2 -b-22 PDMS	18.0	22.0	40.0	1.04	0.55	1.89	-118.30
	3 PB 1,2 -b-4 PDMS	3.0 *	4.0	7.0 *	1.06	0.56		-39.56
	23 PI 1,4 -b-23 PDMS	23.0	23.0	46.0	1.06	0.50	-54.33	-127.53
	30 PI 1,4 -b-19 PDMS	30.0	19.0	49.0	1.05	0.39	-52.78	-120.08
	40 PI 1,4 -b-10 PDMS	40.0	10.0	50.0	1.06	0.20	-53.66	-123.33
	39 PI 1,4 -b-7 PDMS	39.0	7.0	46.0	1.06	0.15	-60.57	-129.74
	29 PI 1,4 -b-6 PDMS	29.0	6.0	35.0	1.05	0.17	-58.86	-129.25

Table 2 . Volume fraction of PDMS and the obtained mor- phology for all the studied diblock copolymers included in this work.

 2 LAM: lamellar, DG: double gyroid, OBDD: double diamond, HEX: hexagonally close packed cylinders, BCC: body center cubic spherical and FCC: face center cubic morphology. In Table2the volume fraction of each sample together with the identified morphology is given for clarification reasons.

	Sample	φ PDMS	Morphology
	37 PB 1,2 -b-29 PDMS	0.44	LAM
	65 PB 1,2 -b-35 PDMS	0.35	DG
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