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The creation of nanostructured materials with a triply periodic minimal surface (TPMS), defined as a zero mean curvature surface having periodicity in three dimensional space, is an emerging solution to optimize transport (i.e., the ion-conductivity and hydraulic permeability) through the next-generation of electrolyte and ultrafiltration (UF) membranes.

Here, we used an amphiphilic ABC-type block copolymer (BCP) (namely, polystyrene-blockpoly(2-vinylpyridine)-block-poly(ethylene oxide) (PS-b-P2VP-b-PEO)) to generate symmetric thick films (8 µm) composed entirely of a TPMS-based structure, consisting of a PS matrix with a double gyroid (DG) minimal surface and hydrophilic stimuli-responsive (P2VP/PEO) nanochannels. To produce the core/shell DG-structured monoliths, we used a process combining the non-solvent induced phase separation (NIPS) process with a solvent vapor annealing (SVA) treatment. From such symmetric ABC-type BCP thick films generated by NIPS-SVA, a mean hydraulic permeability as high as 514 L h -1 m -2 bar -1 was measured. This mean value revealed to be nearly equal to that of asymmetric PS-b-P2VP-b-PEO membranes manufactured by NIPS, which have a substructure with an implicit irregular and random distribution of the internal pore structure and a skin layer with P2VP/PEO nanopores arranged into a hexagonal array.

Introduction

Improving transport in mechanically robust nanoporous membranes by creating effective pathways is very important for improving the heat dissipation [START_REF] El Sachat | Nanoscale Mapping of Thermal and Mechanical Properties of Bare and Metal-Covered Self-Assembled Block Copolymer Thin Films[END_REF] as well as the ionic conduction in fuel cells [START_REF] Kobayashi | Gyroid structured aqua-sheets with sub-nanometer thickness enabling 3D fast proton relay conduction[END_REF] and batteries [START_REF] Morris | Harnessing the Power of Plastics: Nanostructured Polymer Systems in Lithium-Ion Batteries[END_REF][START_REF] Shi | Nanostructured Conductive Polymers for Advanced Energy Storage[END_REF][START_REF] Yan | Gyroid and Other Ordered Morphologies in Single-Ion Conducting Polymers and Their Impact on Ion Conductivity[END_REF] or optimizing the figure of merit of separation-based materials for valuable ultrafiltration (UF) applications. [START_REF] Abetz | Isoporous Block Copolymer Membranes[END_REF][START_REF] Nunes | Block Copolymer Membranes for Aqueous Solution Applications[END_REF][START_REF] Zhang | Nanoporous Membranes Generated from Self-Assembled Block Polymer Precursors: Quo Vadis ?[END_REF][START_REF] Hampu | Next-generation ultrafiltration membranes enabled by block polymers[END_REF] However, controlling the orientation of porous nanochannels at the scale of membrane thickness (i.e., several micrometers) remains a major challenge to avoid the formation of undesirable dead ends that limit the transport properties.

An attractive way to optimize transport within the membrane without compromising its overall mechanical properties is to use porous materials with a triply periodic minimal surface (TPMS). [START_REF] Feng | Triply periodic minimal surface (TPMS) porous structures: from multi-scale design, precise additive manufacturing to multidisciplinary applications[END_REF] By definition, TPMS is a minimal surface with zero mean curvature that extends periodically in all three directions. These properties provide an excellent solution for the fabrication of advanced nanoporous membranes with controllable critical parameters (e.g., the connectivity of pathways and tortuosity) since TPMS-based structures can be precisely expressed by mathematical functions. [START_REF] Luo | Macroscopic transport properties of Gyroid structures based on pore-scale studies: permeability, diffusivity and thermal conductivity[END_REF] Among the different TPMS geometries, the doublegyroid (DG) is an intriguing bicontinuous phase that has recently gained interest in improving both ion transport in energy conversion and storage devices [START_REF] Crossland | A Bicontinuous Double Gyroid Hybrid Solar Cell[END_REF][START_REF] Choudhury | Nanoporous Cathodes for High-Energy Li-S Batteries from Gyroid Block Copolymer Templates[END_REF][START_REF] Werner | Block Copolymer Derived 3-D Interpenetrating Multifunctional Gyroidal Nanohybrids for Electrical Energy Storage[END_REF] and water transport through UF membranes. [START_REF] Park | Giant Gyroid and Templates from High-Molecular-Weight Block Copolymer Self-assembly[END_REF] The DG structure is formed by two mutually interwoven network channels, arranged in a cubic lattice with Ia3 ̅ d symmetry, where each channel is inherently interconnected in three dimensions via three-way junctions and the very smooth gyroid minimal surface separating the two networks ensures an excellent mechanical robustness of the material.

One of the most promising approaches to produce nanoporous materials with a DG structure is to use block copolymers (BCPs) as templates since BCPs are able to self-assemble into unique co-continuous nanostructures such as the cubic DG (space group 230) and double diamond (space group 224) phases and the orthorhombic Fddd (space group 70) morphology. [START_REF] Meuler | Ordered Network Mesostructures in Block Polymer Materials[END_REF][START_REF] Aissou | Periodic Bicontinuous Structures Formed on the Top Surface of Asymmetric Triblock Terpolymer Thick Films[END_REF] Following this strategy, water transport in several nanoporous materials derived from the self-assembly of BCPs into a DG structure has been examined in the literature. [START_REF] Park | Giant Gyroid and Templates from High-Molecular-Weight Block Copolymer Self-assembly[END_REF][START_REF] Li | Ultrafiltration by Gyroid Nanoporous Polymer Membranes[END_REF][START_REF] Li | Gyroid Nanoporous Membranes with Tunable Permeability[END_REF] However, a selective removal of the minor block has been systematically used to create the bicontinuous porosity within UF membranes, thereby leading to hydrophobic materials that can have a limited permeability and can be more easily subject to fouling if a post-modification treatment is not applied. [START_REF] Li | Ultrafiltration by Gyroid Nanoporous Polymer Membranes[END_REF] To overcome this issue, we herein propose to use an amphiphilic ABC-type BCP (namely, polystyrene-block-poly(2-vinyl pyridine)-block-poly(ethylene oxide) (PS-b-P2VP-b-PEO)) to generate permeable core/shell DG-structured monoliths with hydrophilic stimuli-responsive (P2VP/PEO) nanochannels. To achieve a reproducible DG structure, the PS-b-P2VP-b-PEO (S:V:EO  65:21:13, 69.5 kg.mol -1 ) films were blended with 30 wt. % of PS-b-PEO (S:EO  70:30, 39 kg.mol -1 ) chains while the DG-structured monoliths were generated by combining the non-solvent induced phase separation (NIPS) process with a solvent vapor annealing (SVA) treatment. Following this method, the NIPS-based terpolymer thick films, consisting of an asymmetric and highly porous sponge-like substructure topped by a dense thin layer with nanopores arranged in a hexagonal array, were exposed to a chloroform vapor to produce a well-developed DG structure within the entire film thickness. The mean hydraulic permeability value (514 L h -1 m -2 bar -1 ) of symmetric DG-structured materials, which was favorably interpreted using the Hagen-Poiseuille law, was also compared with the mean value (690 L h -1 m -2 bar -1 ) of their asymmetric homologues (i.e., of the same material) generated by the conventional NIPS method to evaluate the transport efficiency within the TPMS-based structure.

Results

The cross-sectional SEM views presented in Figure 1a terpolymer solution in a di-solvent mixture of 1,4-dioxane/tetrahydrofuran (DOX/THF: 80/20 by weight). The di-solvent mixture was subsequently evaporated for 60s at room temperature (RT) to form a dense air surface layer (see Fig. 1b). The blended PS-b-P2VP-b-PEO membrane was then immersed into a heptane bath at RT for 5 min to create a sponge-like substructure (see inset). Note that a dense bottom layer is also formed at the opposite interface of the PS-b-P2VPb-PEO/PS-b-PEO thick film (see Fig. 1c). Fortunately, this undesirable dense bottom layer did not affect the water permeability capabilities of the terpolymer membrane (i.e., permeability remains high, see the water flux results discussed hereafter). To know more about the morphology generated on the membrane top surface during the NIPS process that is not at the equilibrium, the atomic force microscopy (AFM) technique was The corresponding Delaunay triangulation shows that this trivial 2D array has a high density of defects ( = 0.3) such as dislocations and disclinations that delimit small grains (see Fig. 2b).

In addition, a mean pore diameter of 16.4 nm with a large standard deviation ( = 4.6 nm) was also measured (see Fig. S1b). These results confirm that stabilizing a long-range ordered nanostructure by using a NIPS process remains a major challenge. shows that a double-gyroid (DG) structure, exhibiting a typical double-wave pattern formed within large grains, is produced on the film top surface after the SVA treatment (5h, CHCl3).

Interestingly, the high magnification AFM topographic image focused on a single grain orientation reveals this 3D nanostructure is well-developed since the characteristic spots of the double wave pattern, consisting of small-and large-amplitude oscillations and corresponding to the (211) crystallographic plane of the DG structure, are clearly visible on its associated bidimensional fast Fourier transform (2D-FFT) (see Fig. 3b-c). Moreover, the low magnification (7 x 7 µm) AFM topographic image presented in Figure S2 suggests that a preferential orientation parallel to the air surface of the (211) crystallographic plane occurs which is fully supported by the grazing incidence small-angle X-ray scattering (GISAXS) data (see Fig. S3). Indeed, the GISAXS pattern corresponding to a solvent-annealed (5h, CHCl3) PS-b-P2VP-b-PEO/PS-b-PEO thick film well matches with the (121) and (220) Bragg diffraction spots as reported by the Ree group, [START_REF] Marques | Self-Assembly in Casting Solutions of Block Copolymer Membranes[END_REF][START_REF] Lee | Structural Analysis of Block Copolymer Thin Films with Grazing Incidence Small-Angle X-Ray Scattering[END_REF] confirming that a preferential {121} orientation occurs within the entire film thickness of the terpolymer material. From this GISAXS pattern, the unit cell of the DG structure (aG) was determined to be 75.8 nm, based on the diffracted (202 ̅ ) peak at 𝑞 𝑦,(202 ̅ ) ∼ 0.234 nm -1 (aG = (2π × 2√2)/ 𝑞 𝑦,(202 ̅ ) ), while the period of the (121) plane was estimated to be 30.9 nm. 4a-c). It is worth noting that the densification process occurring during the SVA treatment greatly reduces the thickness of blended terpolymer monoliths since a thickness of 8 µm was measured from SEM images. This behavior has been also observed in previous studies. [START_REF] Aissou | Periodic Bicontinuous Structures Formed on the Top Surface of Asymmetric Triblock Terpolymer Thick Films[END_REF][START_REF] Aissou | Bicontinuous Network Nanostructure with Tunable Thickness Formed on Asymmetric Triblock Terpolymer Thick Films[END_REF][START_REF] Aissou | Asymmetric Solvent-Annealed Triblock Terpolymer Thick Films Topped by a Hexagonal Perforated Lamellar Nanostructure[END_REF] Interestingly, the SEM image in Figure 4d shows that the DG structure on the bottom surface is not clearly visible compared to the well-developed double wave pattern produced on the top surface (see inset). To elucidate the formation of the DG structure during the SVA treatment, an early stage of annealing under a chloroform vapor was captured. The AFM topographic view presented in Figure S4a shows that the solvent-annealed (45min, CHCl3) PS-b-P2VP-b-PEO/PS-b-PEO thick film produced on the top surface has a long range ordered nanostructure exhibiting a 31 nm period wavy line pattern. This pattern differs both from the hexagonal phase generated by NIPS and the double wave pattern observed after a longer SVA duration. In addition, it can be seen from the top view SEM images that the blended triblock terpolymer thick film generated by NIPS-SVA (45min, CHCl3) consists of a sponge-like substructure topped by a sub-100nm thick layer with a "wavy line and dot" pattern (see Fig. S4b-c). The GISAXS data indicate this morphology generated by NIPS-SVA (45min, CHCl3) presents similarities with the DG structure, as the intensity cut along the horizontal qy direction, taken around the Yoneda band, displays peaks that overlap the gyroid diffraction peaks at qy = 0.113, 0.154, 0.177, 0.202, and 0.234 nm -1 (see Fig. S5). However, the wavy line and dot morphology, presenting epitaxial relations with the (211) DG plane (notably the same period), shows lower peak intensities than that arising from the well-developed 3D structure manufactured by NIPS-SVA (5h, CHCl3). This phenomenon is probably due to the fact that the solvent-annealed (45min, CHCl3) PS-b-P2VP-b-PEO/PS-b-PEO film has an asymmetric architecture with a thick sponge-like substructure (> 10 µm), which undoubtedly increases the background noise during the GISAXS measurement. The presence of a sponge-like substructure occupying most of the terpolymer film thickness could also affect the formation of the double pattern since it has been demonstrated that the small and large amplitude oscillations of the (211) DG plane are welldeveloped only when the layer thickness is well above the size of aG. [START_REF] Aissou | Templated Sub-100-nm-Thick Double-Gyroid Structure from Si-Containing Block Copolymer Thin Films[END_REF] In other words, a metastable wavy line and dot phase similar to the one produced in this work was already stabilized when the film thickness was lower (or in the same range) than the unit cell dimension.

Importantly, this metastable phase was also observed theoretically during the cylinder-to-DG transition using the self-consistent field theory (SCFT), which implies that the order-order transition between the hexagonal cylinder and DG structures proceeds epitaxially by a nucleation and growth mechanism. [START_REF] Matsen | Cylinder ↔ Gyroid Epitaxial Transitions in Complex Polymeric Liquids[END_REF] As the flow rate of water through symmetric membranes composed entirely of a welldefined DG structure has rarely been reported due to the complexity of manufacturing a such porous phase, the results obtained in this study are compared with those predicted using the conventional the Hagen-Poiseuille (H-P) fluid flow theory defined as follows:

𝐽 = 𝑁 𝜋 𝑑 4 ∆𝑃 128 × 𝜇 × 𝜏 × 𝐿
where J is the flux, N is the areal density of pores, d is the pore diameter, P is the transmembrane pressure,  is the viscosity of water (1  10 -3 Pa.s at 20°C),  is the pore tortuosity ( = 1.371 -0.250 × (1 - 𝑃𝑆 ) + 0.086 × (1 - 𝑃𝑆 ) 2 = 1.295 for the gyroid structure) [START_REF] Luo | Macroscopic transport properties of Gyroid structures based on pore-scale studies: permeability, diffusivity and thermal conductivity[END_REF] , and L is the nanochannel length (approximated here by the film thickness  8 µm).

If we assume that the blended terpolymer monolith has a PS volume fraction,  𝑃𝑆 , of 0.66, a pore radius, Rpore, of 17.7 nm (2𝜋𝑅 𝑝𝑜𝑟𝑒 2 / 𝑎 𝐺 2 =(1 - 𝑃𝑆 )), and thus an areal density, N, of 3.46  10 14 pores/m² (N𝜋𝑅 𝑝𝑜𝑟𝑒 2 = (1 - 𝑃𝑆 )) can be determined by approximating the DG morphology to two tortuous and unconnected porous nanochannels per unit cell (see Fig. 5a).

Using these parameter values, a theoretical permeability, J/ΔP, of 463 L m -2 h -1 bar -1 can be calculated, which agrees quite well with the mean water permeance value (514 L h -1 m -2 bar -1 ) measured from three different solvent-annealed (5h, CHCl3) terpolymer films deposited on porous (0.1 µm) hydrophilic PVDF supports (see Fig. 5b). Note that the mean water permeance value corresponds to the slope of the linear fits based on the Darcy's law, and the value of the coefficient of determination, R², close to unity (R²  0.99) indicates that the DG-structured monoliths exhibit excellent stability to material failure even at 2 bar (water conditions: pH = 7 and T = 20°C). Conversely, the mean water permeance value (690 L h -1 m -2 bar -1 , R²  0.99) of the asymmetric terpolymer films produced by NIPS deviates strongly from the theoretical value calculated using the H-P law, indicating that the sponge-like substructure contributes strongly to the permeability (in this study of 84%). [START_REF] Dorin | Designing Block Copolymer Architectures for Targeted Membrane Performance[END_REF] Indeed, an asymmetric membrane architecture comprising an ideal sponge-like substructure with no resistance to water transport and a 100 nm thick top surface with porous domains packed in a 40 nm period hexagonal lattice (N = 6.56  10 14 pores/m²) would reach a theoretical value of 4192 L m -2 h -1 bar -1 . In contrast to asymmetric terpolymer membranes generated by NIPS, the results show that the permeability value of the DG-structured monoliths is predictable. Moreover, this average value is also almost the same as the value measured from NIPS-based membranes since the error bars overlap. To extend the comparison, we recently studied the permeability of blended PS-b-P2VPb-PEO symmetric membranes composed entirely of a hexagonal perforated lamellar (HPL) phase. [START_REF] Aissou | Asymmetric Solvent-Annealed Triblock Terpolymer Thick Films Topped by a Hexagonal Perforated Lamellar Nanostructure[END_REF] These 9 µm thick PS-b-P2VP-b-PEO monoliths blended with 20 wt. % of short PS chains showed a water permeance of 30 L h -1 m -2 bar -1 , which is an order of magnitude lower than the mean value obtained for the DG-structured monoliths studied in this work. This result confirms that the HPL phase having PS perforations is not an optimized 3D-morphology to generate monoliths with efficiently interconnected porous nanochannels that are able to limit the tortuosity of the porous structure and obviate the need for domain alignment as the morphological excellence of the DG structure.

Conclusion

In summary, symmetric terpolymer monoliths composed entirely of a well-developed DG nanostructure were fabricated using a NIPS-SVA method. A mean average hydraulic permeance of 514 L h -1 m -2 bar -1 was measured for these DG-structured monoliths, showing a linear variation between J and the pressure difference. By approximating the DG morphology to two tortuous and unconnected porous nanochannels per unit cell, we found that the mean hydraulic permeability value of such symmetric terpolymer monoliths agrees well with the theoretical value calculated using the Hagen-Poiseuille law. This permeability value was found to be an order of magnitude higher than that measured from analogous PS-b-P2VP-b-PEO membranes composed entirely of a perforated hexagonal lamellar phase (HPL). Lastly, the use of PEO-based BCP chains to create bicontinuous porosity in UF membranes is highly desirable to produce nanopores with improved fouling resistance properties. 

Experimental

GISAXS characterizations:

GISAXS experiments were performed on the Dutch-Belgian Beamline (DUBBLE) at the European Synchrotron Radiation Facility (ESRF) station BM26B in Grenoble. [START_REF] Portale | Polymer research and synchrotron radiation perspectives[END_REF] A monochromatic beam of 12 keV was set using a Si (111) double crystal monochromator. The sample (typical size of 150 mm 2 ) was shone with the X-ray beam with an incidence angle of 0.2º, that was above the critical angle of the polymer, ensuring full penetration of the X-ray beam in the material and hence, analyzing the full volume of the sample. [START_REF] Saito | Depth-Resolved Structure Analysis of Cylindrical Microdomain in Block Copolymer Thin Film by Grazing-Incidence Small-Angle X-ray Scattering Utilizing Low-Energy X-rays[END_REF] The 2D scattering patterns were collected with a PILATUS3 S 1M detector. The scattering vector and the sample to detector distance were calibrated using silver behenate as standard, obtaining a sample-to-detector distance of 7500 mm. [START_REF] Aissou | Asymmetric Solvent-Annealed Triblock Terpolymer Thick Films Topped by a Hexagonal Perforated Lamellar Nanostructure[END_REF] at pressures between 0.5 and 2 bar. The mass of water passing through the stacked materials (permeate) was recorded using a connected balance at regular time intervals for 10 min. Water temperature was maintained at 20°C during the measurements while the error bars were calculated from 3 different samples. In order to avoid a non-linear behavior of the water flux with the increase in pressure drop, a transmembrane pressure of 2.5 bar was systematically applied during 10 min on each terpolymer film prior measurements to determine their permeability performance.

  show a 14.5 µm thick PS-b-P2VPb-PEO/PS-b-PEO film blended with 30 wt. % of PS-b-PEO chains, which adopts an asymmetric architecture after the NIPS treatment. To generate this asymmetric and highly porous architecture, a square-shaped PS-b-P2VP-b-PEO/PS-b-PEO film was first drawn onto a (3 x 3 cm) silicon substrate by using a tape casting technique with 250µm gap from a 18 % wt.

Figure 1 :

 1 Figure 1: Cross-sectional SEM views of a PS-b-P2VP-b-PEO/PS-b-PEO thick film generated by NIPS showing (a) the entire material with a thickness of 14.5 µm and the presence of a graded sponge-like substructure with small and large pores near the (b) top and (c) bottom layer, respectively. Inset: magnified SEM image of the microporous (sponge-like) substructure formed within the asymmetric terpolymer thick film. Scale bars: 500 nm.

  used. The representative (4 x 4 µm) AFM topographic view indicates that the top surface of PSb-P2VP-b-PEO/PS-b-PEO thick films generated by NIPS is quite rough (see Fig. S1a) while the magnified AFM topographic image presented in Figure 2a shows the porous P2VP/PEO (black) nanodomains are arranged into a 2D hexagonal structure with a period of 40.1 nm.
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Figure 2 :

 2 Figure 2: (a) AFM topographic image and (b) its associated Delaunay showing the top surface of a NIPS-made PS-b-P2VP-b-PEO/PS-b-PEO thick film. The dark (P2VP/PEO) pores are arranged into a short-range ordered hexagonal array with a period of 40.1 nm. In the Delaunay triangulation, the small dots are six-fold coordinated pores, while the black and white big dots, indicating defect sites, are five-and seven-fold coordinated (P2VP/PEO) domains, respectively. The colormap shows the orientations of small grains (-30°-30°). Scale bars: 250 nm.

Figure 3 :

 3 Figure 3: (a) Topographic AFM image of a NIPS-SVA made (5h, CHCl3) PS-b-P2VP-b-PEO/PS-b-PEO thick film showing large grains formed by the DG structure on the material top surface. (b) Magnified AFM topographic view and (c) its 2D-FFT revealing the double wave pattern is well developed within its grain as the 2D-FFT exhibits sharp spots. Scale bars: 250 nm.

  To gain insight into the DG structure formed inside the PS-b-P2VP-b-PEO/PS-b-PEO thick film generated by NIPS-SVA, cross-sectional SEM images showing different regions of the terpolymer material were acquired. The cross-sectional images shown in Figure 4 indicate that the solvent-annealed (5h, CHCl3) PS-b-P2VP-b-PEO/PS-b-PEO thick film has lost its asymmetric architecture as well as its high porosity generated by NIPS (see Fig. 1). Indeed, the blended terpolymer material strongly densified during the SVA treatment to form a symmetric film entirely composed of the DG structure as shown on the cross-sectional SEM views taken close to the top and bottom surfaces and in the middle of the blended PS-b-P2VP-b-PEO monolith (see Fig.

Figure 4 :

 4 Figure 4: Cross-sectional SEM views of a PS-b-P2VP-b-PEO/PS-b-PEO monolith generated by NIPS-SVA (5h, CHCl3) showing the DG structure in the vicinity of the (a) top, (b) middle and (c) bottom film regions. (d) Top view SEM image revealing the nanoporous morphology formed on the bottom surface. Inset: top view SEM image showing the double wave pattern produced on the membrane top surface and the DG structure formed within the blended terpolymer film. Scale bars: 500 nm.

Figure 5 :

 5 Figure 5: (a) (left) Schematic representation of the DG unit cell (a cube with sides equal to aG) showing only the (red and blue) inter-material dividing surfaces (IMDSs) separating the two interpenetrating three-dimensional continuous networks from the matrix. (right) To apply the H-P law, each network made of interconnected tubes was simplified to a tortuous nanochannel having a circular cross-section. (b) Water fluxes, J, of the NIPS made PS-b-P2VP-b-PEO/PSb-PEO materials exposed to a CHCl3 vapor for different times: (red dots) 0 min and (blue dots) 5h. The error bars are the standard deviations of the mean relative flux values calculated for 3 different samples.

Material: 1 , 4 -

 14 Dioxane (DOX, 99.5 %), tetrahydrofuran (THF, 99%), chloroform (CHCl3, 99%), poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS, 2.8% wt. in water) and PVDF membranes (Durapore, 0.1 µm and 47 mm) were purchased from Sigma Aldrich. Silicon substrates were provided from Silicon Materials (Si-Mat). The PS-b-P2VP-b-PEO (S:V:EO  65:21:13, 69.5 kg.mol -1 ) and PS-b-PEO (S:EO  70:30, 39 kg.mol -1 ) BCP chains, used in this work, were purchased from Polymer Source inc (Canada).Asymmetric PS-b-P2VP-b-PEO/PS-b-PEO thick films generated by NIPS:Asymmetric PS-b-P2VP-b-PEO films were manufactured by NIPS as follows: A 18% wt.terpolymer solution in a di-solvent mixture (DOX/THF: 80/20 by weight) was first prepared and heated for 30 minutes at 70°C in order to achieve the dissolution of the terpolymer. The terpolymer solution was cooled down at RT before any uses. To produce the PS-b-P2VP-b-PEO/PS-b-PEO films, 120 µL of the terpolymer solution was dropped onto (3 x 3 cm) silicon substrates and was sprayed homogeneously by using a tape casting technique with a 250µm blade. To fabricate asymmetric PS-b-P2VP-b-PEO/PS-b-PEO films topped by a 2D hexagonal nanoporous structure, the previously casted solution was kept in the room during 60s at RT to allow the solvents to evaporate, and then the terpolymer materials were immersed into a (non solvent) heptane bath at RT for 5 min to produce a sponge-like substructure.DG-structured PS-b-P2VP-b-PEO/PS-b-PEO monoliths generated by SVA:To achieve monoliths entirely composed of a DG structure, the terpolymer films manufactured by NIPS were exposed to a CHCl3 vapor for 5h in order to promote the mobility of BCP chains until reaching the formation of the DG structure. Here, a continuous flow system was used to control the CHCl3 vapor pressure (32 sccm CHCl3 + 8 sccm N2) in the SVA chamber as described previously.[START_REF] Gotrik | Morphology Control in Block Copolymer Films Using Mixed Solvent Vapors[END_REF] Note that the temperature of the CHCl3 tank was kept at 20°C during the SVA process. AFM and SEM imaging: Atomic force microscopy (AFM Nano-Observer, CSInstruments) was used in tapping mode to characterize the surface morphology of PS-b-P2VP-b-PEO/PS-b-PEO films. Silicon cantilevers (PPP-NCH, Nanosensors) with a typical tip radius of 5 nm were used. The resonance frequency of cantilevers was 235 kHz. Scanning electron microscopy (SEM, Hitachi S-4800) was used at an accelerating voltage of 5 kV to acquire top view and cross-section images of both asymmetric thick films and monoliths.

  Water flux performances: To perform the water flux tests, the blended PS-b-P2VP-b-PEO/PS-b-PEO films generated by NIPS-SVA (0h and 5h) were deposited on a sacrificial (water soluble) 100 nm thick PEDOT:PSS layer in order to facilitate the removal of the terpolymer layer from the substrate. For that purpose, silicon pieces were treated by an oxygen plasma in a home-made chamber (plasma conditions: 45 W, 75 mTorr O2, 10 min) prior the deposition of the sacrificial PEDOT:PSS layer (spin-coat conditions: speed = 1000 rpm, acceleration = 500 rpm.s -1 , time = 90s). The water permeability of the different PS-b-P2VP-b-PEO/PS-b-PEO films was measured in a 10 mL filtration cell (Amicon 8010 stirred cell) connected to a water reservoir and a compressed air line. The measurements were performed on 2.5 cm diameter PS-b-P2VP-b-PEO/PS-b-PEO material discs supported by a high permeable hydrophilic PVDF material
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