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 Inﬂuence of Solvent on the Structure of an Amphiphilic Block Copolymer in Solution and in Formation of an Integral Asymmetric Membrane Maryam Radjabian,† Clarissa Abetz,† Birgit Fischer,‡ Andreas Meyer,‡ and Volker Abetz*,†,‡ †
 
 Helmholtz-Zentrum Geesthacht, Institute of Polymer Research, Max-Planck-Strasse 1, 21502 Geesthacht, Germany Institute of Physical Chemistry, University of Hamburg, Martin-Luther-King-Platz 6, 20146 Hamburg, Germany
 
 ‡
 
 ABSTRACT: Nanoporous membranes with tailored size pores and multifunctionality derived from self-assembled block copolymers attract growing interest in ultraﬁltration. The inﬂuence of the structure of block copolymer in the membrane casting solution on the formation of integral asymmetric isoporous block copolymer membranes using the nonsolvent induced phase separation process (NIPS) has been one of the long-standing questions in this research area. In this work we studied the principal role of the solvent on the micellization and self-assembly of asymmetric polystyrene-block-poly(4-vinylpyridine) (PS-bP4VP) diblock copolymers by using a combination of dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS). Our results indicate a signiﬁcant eﬀect of the solvent selectivity on the optimal casting concentration and solution structure. In addition, morphological characterization of the resulting membranes demonstrates considerable inﬂuence of the solvent system on the ordering and uniformity of the pores and pore characteristics in the separation layer as well as porous substructure of the ﬁnal membranes. KEYWORDS: block copolymer, self-assembly, solvent selectivity, solution structure, isoporous membrane
 
 ■
 
 INTRODUCTION Block copolymers, a notable class of soft matter for macromolecular self-assembly, have the ability to microphase separate into a variety of nanoscopic structures. The size, shape, and arrangement of desired nanostructures are well-tunable through a variety of controlled polymerization techniques which enable synthesis of tailor-made block copolymers with precise control over the molecular architecture, block chemistry and composition, overall molecular weight, and polydispersity.1−8The ability to engineer nanostructures makes block copolymers most promising candidates for various applications like nanoporous membranes for ultraﬁltration and nanolithography.3,9−16 The well-known immersion precipitation process or nonsolvent induced phase separation (NIPS) is the most important facile technique to fabricate integral asymmetric membranes which consist of a thin skin on a highly porous substructure.17−19 A more recently developed method combines the self-assembly of block copolymers with nonsolvent induced phase separation (SNIPS).20 In this approach, which also can be successfully applied for hollow ﬁber spinning21 and spraying,22 and also can be applied for block copolymer blend solutions,23 it is assumed that the evaporation-induced self-assembly directs the formation of a well-deﬁned nanostructure on the top layer of the solution-cast ﬁlm, whereas the porous substructure is controlled via the immersion precipitation. It is essential to understand the structure formation of such membranes in order to better © 2017 American Chemical Society
 
 control the complex formation process leading to these nonequilibrium structures. Therefore, it is important to investigate the structures in the casting solutions used for membrane preparation. Self-assembly of block copolymers in a selective solvent is a well-known method to produce nanoscale particles with welldeﬁned geometry, size, and functionality.24,25 Polystyrene-blockpoly(4-vinylpyridine) (PS-b-P4VP) diblock copolymers belong to the class of nonionic amphiphilic block copolymers.26 With strong repulsive interactions between its two blocks, it is the most studied block copolymer in terms of fabrication of isoporous integral asymmetric membranes in diﬀerent geometries so far.21,22,27−34 The self-assembly behavior of PS-bP4VP diblock copolymers has been widely investigated in various solvent systems. Among the most common solvents used in preparation of isoporous membranes, tetrahydrofuran (THF) and 1,4-dioxane (DOX) are thermodynamically good solvents for the PS block and poor solvents for the P4VP block.26,35−38 Micellization was observed in these selective solvents due to the low solubility (insolubility) of the P4VP block (except for low molecular weight P4VP in THF). However, partial or slight swelling of P4VP chains in THF due Special Issue: Block Copolymers for Nanotechnology Applications Received: November 26, 2016 Accepted: February 2, 2017 Published: February 15, 2017 31224
 
 DOI: 10.1021/acsami.6b15199 ACS Appl. Mater. Interfaces 2017, 9, 31224−31234
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 copolymers as well as its controlling role on the ordering and uniformity of the pore structure and pore characteristics of the selective layer and porous substructure of the membranes fabricated via the SNIPS. Micellization and self-assembly of the PS-b-P4VP diblock copolymers in diﬀerent solvent systems were investigated by using DLS and SAXS. The resulting integral asymmetric isoporous membranes were characterized by SEM and TEM.
 
 to the less unfavorable interactions leads to moderately softer micellar cores compared to DOX.37 Diﬀerent challenging concepts were established concerning the micellar structure of PS-b-P4VP in N,N-dimethylformamide (DMF) which is nearly a theta solvent for the PS block and relatively good solvent for the P4VP block and binary mixtures of DMF/THF which are common solvent mixtures for preparation of isoporous membranes.20,31,39 The measured size by dynamic light scattering (DLS) was comparatively close to the single polymer chain in a good solvent40 while the formation of crew-cut micelles (PS-core) was presumed because of the solubility parameters and transmission electron microscopy (TEM) analysis.27,34,41,42 Formation of spherical micelles in DMF with highly swollen P4VP cores was veriﬁed through the investigation of cryo-scanning electron microscopy (cryo-SEM) and cryo-TEM combined with small-angle neutron scattering (SANS) results.43 Diﬀerent hypotheses have been established about the structure formation of block copolymer in the casting solution.43−50 One of the main questions is whether or not the block copolymer forms a self-assembled structure in the solution prior to casting and whether the ordered structure in the solution resembles the surface structure and pore geometry of the ﬁnal isoporous membrane.12,51 For a cylinder forming PS-b-P4VP diblock copolymer, a hexagonal order of the micellar assembly was detected by small-angle X-ray scattering (SAXS) in the casting solutions similar to the hexagonally ordered one-dimensional cylindrical pores in the top surface of the ﬁnal membrane.44−46 In contrast, a diﬀerent mechanism of structure formation was established for polyisoprene-blockpolystyrene-block-poly(4-vinylpyridine) (PI-b-PS-b-P4VP) triblock terpolymer membranes.50 The SAXS proﬁles indicated body-centered cubic (BCC) micellar structures in the solutions slightly above the concentration of the casting solution while the SEM analyses showed square lattices of three-dimensional pore networks in the top selective layer of membranes11,47 which is not as easily blocked compared to one-dimensional cylindrical pores.50 Structural evolution from disordered to ordered structures including a transition from BCC to simple cubic (SC) lattices was observed by in situ grazing incidence small-angle X-ray scattering (GISAXS) upon short evaporation times (
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