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ABSTRACT 

Self-assembled Block Copolymer Membranes with  

Bioinspired Artificial Channels 

Burhannudin Sutisna 

 

Nature is an excellent design that inspires scientists to develop smart systems. In the 

realm of separation technology, biological membranes have been an ideal model for 

synthetic membranes due to their ultrahigh permeability, sharp selectivity, and stimuli-

response. In this research, fabrications of bioinspired membranes from block copolymers 

were studied. Membranes with isoporous morphology were mainly prepared using self-

assembly and non-solvent induced phase separation (SNIPS).  

An effective method that can dramatically shorten the path for designing new isoporous 

membranes from block copolymers via SNIPS was first proposed by predetermining a 

trend line computed from the solvent properties, interactions and copolymer block sizes 

of previously-obtained successful systems. Application of the method to new copolymer 

systems and fundamental studies on the block copolymer self-assembly were performed. 

Furthermore, the manufacture of bioinspired membranes was explored using (1) 

poly(styrene-b-4-hydroxystyrene-b-styrene) (PS-b-PHS-b-PS), (2) poly(styrene-b-

butadiene-b-styrene) (PS-b-PB-b-PS) and (3) poly(styrene-b-γ-benzyl-L-glutamate) (PS-

b-PBLG) copolymers via SNIPS. The structure formation was investigated using small-

angle X-ray scattering (SAXS) and time-resolved grazing-Incidence SAXS. The PS-b-

PHS-b-PS membranes showed preferential transport for proteins, presumably due to the 

hydrogen bond interactions within the channels, electrostatic attraction, and suitable pore 
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dimension. Well-defined nanochannels with pore sizes of around 4 nm based on PS-b-

PB-b-PS copolymers could serve as an excellent platform to fabricate bioinspired 

channels due to the modifiable butadiene blocks. Photolytic addition of thioglycolic acid 

was demonstrated without sacrificing the self-assembled morphology, which led to a 

five-fold increase in water permeance compared to that of the unmodified. Membranes 

with a unique feather-like structure and a lamellar morphology for dialysis and 

nanofiltration applications were obtained from PS-b-PBLG copolymers, which exhibited 

a hierarchical self-assembled morphology with confined α-helical polypeptide domains. 

Our results suggest that bioinspired nanochannels can be designed via block copolymer 

self-assembly using classical methods of membrane preparation. Investigation of the 

membrane formation mechanism leads us to a better understanding of the design 

strategies for the development of self-assembled nanochannels from block copolymers. In 

further outlook, our research could give a contribution to the discovery of future 

generation materials for water purification and desalination, as well as biological 

separation.  
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Chapter 1: Introduction 

 

1.1. Background 

Biological membranes have been recognized as an ideal model for high-performance 

synthetic membranes. They can have ultra-high permeability, sharp selectivity, ionic 

recognition and stimuli-response [1, 2]. This ideality arises as a result of the fascinating 

physiochemical design of the biological membranes, which includes finely-tuned pore 

dimensions, well-defined chemical functionalization, and precise 

hydrophilic/hydrophobic balances. The ingenuity of biological membranes has inspired 

researchers to develop biomimetic membranes that have shown potentials in various 

applications, such as drug delivery, biosensors, protein separation and water purification 

[1-4]. One of the components of biological membranes that have been studied for 

biomimetic purposes is the natural water-channel – aquaporin. This transmembrane 

protein has a well-defined pore size of about 2.8 Å, a hydrophobic channel with H-bond 

forming sites and positively-charged residues for proton repulsion [5]. These properties 

result in an exceptionally high rate of water transport up to three billion water molecules 

per second per aquaporin channel while rejecting salts and other solutes [6]. 

Various approaches have been explored to develop biomimetic membranes, aiming at 

improving water permeability and selectivity of the state-of-the-art polyamide reverse 

osmosis membranes. These approaches include the incorporation of natural aquaporin 

into the polymeric matrix [7, 8] and fabrication of artificial water channels, using 
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molecular self-assembly [9-15]. However, the main hurdles for the commercial 

application of the aquaporin-based membranes are their stability and feasibility of 

production on a large scale [16]. The preparation of artificial channels from the self-

assembly of synthetic organic molecules is an excellent pathway to develop entirely 

artificial bio-inspired channels and overcome the problems of the aquaporin-based 

membranes. However, this approach is still in the early stage, and there are still 

substantial challenges for its implementation in large-scale real separation processes. A 

combination of radically new material design and advanced fabrication techniques is 

needed to develop fully-synthetic biomimetic membranes that can be applied for water 

purification and/or other niche applications. 

Advances in polymer chemistry have enabled the synthesis of macromolecules with 

different molecular architectures and functionalization [17]. One of them is the synthesis 

of block copolymers that can self-assemble into different nanostructures and offer 

substantial advantages in various applications, such as drug delivery, nanolithography, 

rubber technology and water purification [18]. Various diblock and triblock terpolymers 

have been investigated to produce vesicular biomimetic membranes for biomedical 

applications with the incorporation of natural membrane proteins into polymeric vesicular 

membranes [3]. Greater attention has been devoted to the fabrication of ultra-to-

nanofiltration membranes fully based on synthetic block copolymers. Well-ordered 

cylindrical pores are usually aimed, leading to high permeability and sharp selectivity, 

which would be ideal for various applications, such as hemodialysis, water filtration, and 

protein separation [19]. By exploiting block copolymer self-assembly, one can synthesize 

isoporous ultrafiltration membranes with a high pore density and sharp pore size 
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distribution using different approaches. In 2007 Peinemann and co-workers [20] reported 

for the first time the combination of self-assembly and non-solvent induced phase 

separation (SNIPS) for membrane preparation. This method has given a new perspective 

for the preparation of isoporous membranes from block copolymers. It offers a 

remarkable advantage compared to previously introduced methods since no etching, or 

selective dissolution is required [21, 22], and pores are formed merely by self-assembly 

in solution. Various polystyrene-based copolymers have been explored using SNIPS 

method, which include poly(styrene-b-4-vinylpyridine) [20, 23, 24], poly(styrene-b-2-

vinylpyridine) [25], poly(styrene-b-ethylene oxide) [26], and poly(isoprene-b-styrene-b-

4-vinylpyridine) [27], resulting in ultrafiltration membranes with well-ordered and 

uniform pore sizes of mostly 20-30 nm. In addition, the membrane pore sizes can be 

tailored by tuning the polymer molecular weights [28], complexation with organic 

molecules [29] and depositing gold nanoparticles [30]. The attempts mentioned above 

have shown that block copolymers have a tremendous potential for the fabrication of 

membranes with well-defined nanostructures. 

Accordingly, exploiting block copolymers as building blocks for synthesizing artificial 

biomimetic membranes can be a very prospective and promising idea, as well as a 

breakthrough in the field. Yu et al. [31] extended the idea to porous particles. They 

synthesized microspheres with monodispersed nanopores, using self-assembly of a 

diblock copolymer PS-b-PAA for separation properties that mimic biological systems.  

The fabricated microspheres were reported to be pH-responsive and exhibit gating 

mechanisms for drug delivery and protein separation.  
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While the concept has been demonstrated using a selected number of copolymers, the use 

of newly synthesized block copolymer, designed to mimic biological channels is a new 

approach with immense perspective. By exploiting the self-assembly of block 

copolymers in bulk or selective solvents, combined with a proper chemical 

functionalization and suitable membrane preparation method, the properties of bio-

channels can be at least partially mimicked in fully synthetic membranes with excellent 

mechanical stability and scalable fabrication method.  

In this research, we studied the preparation of artificial membranes with bioinspired 

nanopores based on block copolymers. Our first contribution was to propose a method to 

promote the formation of isoporous membranes from a variety of new solvent/copolymer 

systems, which have not been previously investigated. This method was demonstrated in 

Chapter 2 and used as a starting tool for the investigations reported in the next chapters. 

Fundamentals of the block copolymer self-assembly were also studied using a 

combination of electron microscopies, small-angle X-ray scattering and rheological 

analyses as presented in Chapter 3. Furthermore, the manufacture of bioinspired channels 

was explored using (1) poly(styrene-b-4-hydroxystyrene-b-styrene) (PS-b-PHS-b-PS), (2) 

poly(styrene-b-butadiene-b-styrene) (PS-b-PB-b-PS) and (3) poly(styrene-b-γ-benzyl-L-

glutamate) (PS-b-PBLG) copolymers as discussed in Chapter 4, 5, and 6, respectively. 

The isoporous PS-b-PHS-b-PS membranes presented in Chapter 4 were fabricated with 

the help of hydrogen-bond complexes and showed preferential transport for proteins, 

presumably due to the hydrogen bond interactions within the channels, electrostatic 

attraction, and suitable pore dimension. In Chapter 5, the preparation of functionalized 

nanochannels based on PS-b-PB-b-PS copolymers is discussed. The channels had a 
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uniform pore size of around 4 nm and could serve as an excellent platform to fabricate 

chemically-tuned channels due to the presence of modifiable butadiene blocks. We 

demonstrated the modification by promoting the photolytic addition of thioglycolic acid 

without sacrificing the morphology, which led to a five-fold increase in water permeance 

compared to that of the unmodified, and a high rejection of negatively-charged dyes. 

Finally, in Chapter 6, membranes with a unique feather-like structure and a lamellar 

morphology were obtained from PS-b-PBLG copolymers. The membranes were 

hydrolyzed using a newly proposed acid vapor annealing, which preserved the α-helical 

conformation of the polypeptide after hydrolysis, creating membranes with a hierarchical 

self-assembled morphology.   

  

1.2. Biological Channels 

Materials transport across biological membranes plays a significant role in living cells to 

perform various biological processes. The transport mechanism involves highly selective 

channels made of proteins that span across the lipid bilayer. The significance of these 

channels can be seen in various biological systems, such as blood filtration in kidneys 

and water-nutrient circulation in the mammalian eye lens. In this sub-chapter, two main 

classes of natural channels that have been used as inspirations to design artificial 

channels are discussed, which include: (1) water channels and (2) ion channels.  
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1.2.1. Water Channels 

The natural water channels, aquaporins, are integrated chains of proteins that form three-

dimensional structures acting as natural water channels in living cells [5]. The discovery 

of aquaporins was made in 1992 by a hematologist, Peter Agre, who was then awarded a 

Nobel Prize in Chemistry in 2003 [32, 33].  

 

Figure 1.1. (a) Structure of an aquaporin (AQP1) spanning from extracellular to 

intracellular (cytoplasm) sections with N-terminus (blue) and C-terminus (red). Six α-

helices surround the two half-helices (cyan and orange) that meet in the center of the 

aqueous channel illustrated by the white arrow through the protein. (b) Water transport 

mechanism through aquaporin. Reprinted and adapted with permission from [34]. 

Copyright 2002 American Society for Clinical Investigation. 

According to its chemical structure, an aquaporin is 28-kDa transmembrane protein that 

is composed of six interconnected α-helices spanning from the extracellular to 

intracellular (cytoplasmic) part of the cell, where the C-terminus and N-terminus are 
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located at the cytoplasmic side (Figure 1.1a) [35, 36]. It has an hour-glass shape, where 

the center of the channel is a meeting point of two half-helices with signature motif 

asparagine-proline-alanine (NPA), which are parts of the inter-helix linkages. In living 

cells, aquaporins form tetramers and are embedded in the lipid bilayer that separates 

cytoplasm and the extracellular environment of the cells.  

Water transport mechanism through the aquaporin is mainly influenced by the two half-

helices that meet at the center of the pore. Three different mechanisms govern the water 

to pass through the channel with an extremely high rate (Figure 1.1b): 

1) Size exclusion by a 2.8 Å pore, which is enough only for water, as the channel 

narrows at about 8 Å above its midpoint formed by histidine (H180) and arginine 

(R195) residues. 

2) Electrostatic repulsion of protons caused by a fixed positive charge of an arginine 

residue, which allows a single file of water flows without H-bond interaction 

between the water molecules. 

3) Water dipole reorientation which results from the H-bond interaction with 

asparagine residues (N192 and N76) of the two half-helices that meet at the center 

of the channel, preventing proton conduction through the channel. 

Hydrophobicity of the channel is also another critical parameter of the water transport 

through the channel, which altogether with the mechanisms mentioned above result in 

ultra-high water permeability of 3 x 10
9
 water molecules per subunit per second [35]. 
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1.2.2. Ion Channels 

Biological ion-channels are integral membrane proteins with intricate architecture and 

well-defined chemical functionality. Ion channels have a systematic transport mechanism 

that allows only specific ions to pass through. This mechanism mainly involves 

selectivity, gating, and rectification of the ions [2].  

 

Figure 1.2. (a) KcsA K
+
 channel structure constructed by four identical protein subunits 

(the protein closest to the observer was removed) with the selectivity filter (yellow 

ribbon) binding K
+
 ions (green spheres) at four different spots and an additional binding 

spot in the central cavity of the membrane (bottom green sphere); (b) Representation of 

the selectivity-filter binding sites at close-up view. Reprinted and adapted with 

permission from [37]. Copyright 2001 Springer Nature. (c) Closing and opening 

mechanism of the voltage-gated K
+
 channel. Reprinted and adapted with permission from 

[38]. Copyright 2004 Springer Nature. 
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Potassium channels, for example, are biological channels constructed by four identical 

proteins forming a cone-shaped structure (Figure 1.2) with a central cavity of 10 Å [39]. 

The channels have a selectivity filter that can recognize the type of ions and a gating 

mechanism that can open and close according to environmental stimuli to regulate the ion 

flow. Under physiological conditions, around 10
8
 potassium ions diffuse through the 

channel per second [37]. The following mechanisms influence the ultrafast and selective 

transport of K
+
 ions: 

1) The selectivity filter, which is the heart of the channel and determines the channel 

type, selects the ions that can pass through the channels through four potential 

binding sites. These binding sites comprise carbonyl oxygen atoms from the four 

protein subunits of the channels. The selectivity filter allows a K
+
 ion to dehydrate 

and bind with eight oxygen atoms from the protein [37].    

2) Stimuli-responsive gating mechanism provides flow control over the ion channel 

by opening and closing the channel based on environmental stimuli. Membrane 

voltage is one of the stimuli that can trigger the channel to open and close. It 

induces the movement of charged amino acids of the protein channel, resulting in 

the channel opening and closing [38].  

3) Ionic rectification preferentially directs the ion flow through the channel. The 

inward rectifier K
+
 channel, for example, allows higher ion flux inward the cell 

than that of outward the cell. This property is influenced by the capability of the 

channel to interact with cytoplasmic Mg
+
 and polyamines, which prevents the 

outward flow of the ions [40]. 

 



39 
 

1.3. Artificial Channels 

Supramolecular nanostructures based on the self-assembly of synthetic organic molecules 

have been explored to mimic biological channels in the form of artificial water channels 

[9, 10] and artificial ion channels [41]. The channel performances in transporting ions, 

water, and/or protons were mainly characterized as embedded systems in planar or 

vesicular bilayers. In general, simpler compounds compared to complex natural channels 

are used to create synthetic channels, which could exhibit similar transport properties. 

The investigation of artificial channels could also provide a better understanding of the 

transport mechanisms in biological channels. The target applications of artificial channels 

are biological separation, drug delivery, gas separation, water purification, and 

biosensing.  

Artificial water channels have been fabricated by synthesizing architectures and 

functionalities that allow a selective water transport while being impermeable to ions 

and/or protons. The self-assembly of dendritic dipeptides by enhanced peripheral π-

stacking reported by Percec et al., [12, 42] led to the formation of helical pores with 14.5 

Å inner pore diameter, that could transport water and protons, but exclude ions across 

lipid bilayers due to the hydrophobicity of the channel. Barboiu et al., [13] later reported 

imidazole (I) quartet channels (2.6 Å diameter) from the self-assembly of 

alkylureidoimidazoles, stabilized by inner water-wires through H-bond interactions with 

the imidazole channel. Hydrophobic interactions of the urea tails influenced the channel 

formation. When incorporated into bilayers, water and proton were reported to transport 

through the I-quartet channels, while ions were excluded due to steric effects. 
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Another example of artificial water channels was based on hydrazide-appended 

pillar[5]arene derivatives demonstrated by Hou and coworkers [14, 43]. Tubular channels 

with a diameter of ~6.5Å were formed via H-bond that could transport water and/or 

protons across lipid vesicles. Alternating hydrophobic/hydrophilic domains along the 

channels could disrupt proton conduction through the channel, making it selectively 

permeable for water. Peptide-appended pillar[5]arene water channel was then reported by 

Kumar et al. [7] and demonstrated to have a higher water permeability compared to its 

predecessor. The channels could self-assemble into 2D arrays in lipid bilayers, implying 

the possibility of practical separation processes. In addition to the self-assembled 

supramolecular architectures, carbon nanotubes [44-50] and graphene-based [51, 52] 

materials have also been recognized to have a great potential in mimicking the transport 

properties of natural water channels due to their preferential and ultrafast transport of 

water. The channel diameter, hydrophobicity, and smoothness could allow a single-file 

water transport similar to aquaporins. 

While the artificial water channels are still in the early stage, the studies on artificial ion 

channels have been started since the last three decades [1, 41]. One of the early examples 

of artificial ion channels was crown ether coupled with amphiphilic chains forming a 

hydrophilic channel that spans through a bilayer for cation transport [53]. More examples 

of artificial ion channels were created by other macrocycles (e.g., cyclodextrins [54], 

calixarenes [55], porphyrins [56]), cyclic peptide  [57], and π-stacks (G-quadruplex ion 

channel formed by π-π stacking of cyclic tetramers based on guanosine derivatives) [58]. 

Metal-organic framework (MOF) based channels could be formed via hydrogen bonding 

favoring specific ion transport through bilayer membranes [59]. A more advanced 
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example of artificial ion channels was reported using DNA origami that could mimic 

natural ion channels and serve as biosensing materials [60]. The channel can also be 

incorporated into solid-state nanopores as a planar membrane [61]. 

  

1.4. Block Copolymer Self-Assembly 

Block copolymers are macromolecules in which two or more chemically distinct 

polymers are covalently bonded. The configuration of the polymer blocks can be tailored 

to various kinds of architectures, such as linear, graft, tri-arm star, or multi-arms (Figure 

1.3).  

 

Figure 1.3. Various architectures of block copolymers 

The synthesis of block copolymers can be done via living anionic polymerization [62], 

where identical monomers are polymerized into one living chain, followed by the 

addition of another type of monomers forming another polymer block that is covalently 

bonded to the previously-formed one. It is also possible to synthesize block copolymers 
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using a combination of living anionic polymerization with other advanced processes, 

such as metal-catalyzed ring opening and reversible addition-fragmentation chain-transfer 

controlled radical polymerization [18, 63].  

Due to the incompatibility of the blocks, they can self-assemble into various equilibrium 

structures (in 10-nm scale), such as spherical, cylindrical, gyroid and lamellar structures 

[64, 65]. Their self-assembly can also be further induced by dissolving them in selective 

solvents, resulting in spherical, vesicular, cylindrical, tubular and Janus nanoparticles 

[66]. The formation of such nanostructures, both in solid bulk state and in solution, can 

be significantly useful for a wide range of applications, from the fabrication of functional 

materials with combined properties, such as thermoplastic elastomers [67], to formation 

of nanostructured membranes for drug delivery, water treatment, biomolecules separation 

and blood filtration [19, 68-70].  

 

1.4.1. Thermodynamics of block copolymer self-assembly 

Thermodynamically, the chemically-distinct polymer chains in block copolymers are 

likely to segregate due to the unfavorable free energy of mixing, but the covalent bond 

that strongly binds the blocks compensates the repulsion force, and the chains are then 

extended into stable configurations forming periodic microphase structure [64]. In the 

case of diblock copolymers, the driving force of the microphase separation is represented 

by the "Flory–Huggins interaction parameter", 𝜒𝐴𝐵, which represents the energy 

difference in the attraction between like molecules and that of unlike molecules. [63, 71-

74], expressed in equation (1.1).  
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𝜒𝐴𝐵 =  
𝑍

𝑘𝐵𝑇
 [휀𝐴𝐵 − (1/2)(휀𝐴𝐴 + 휀𝐵𝐵)] (1.1) 

where 𝑍 is the number of nearest-neighbor monomers, 𝑘𝐵 is Boltzmann constant, 𝑇 is 

temperature and 휀 is the interaction energy between the monomers. Since the 𝜒𝐴𝐵 term 

has a positive contribution to the free energy of mixing, a high positive value of 𝜒𝐴𝐵 

means repulsive interaction between A and B, whereas a small or negative value of 𝜒𝐴𝐵 

represents a free-energy favorable to mixing. The Flory–Huggins interaction parameter 

between two polymers (A and B), 𝜒𝐴𝐵, can also be estimated using solubility parameters 

data as in equation (1.2) [74, 75]: 

𝜒𝐴𝐵 =  
𝑉0

𝑅𝑇
(𝛿𝐴 − 𝛿𝐵) 2 (1.2) 

where 𝑉0 is the geometric mean of the block A and B molar volumes, 𝑅 is gas constant, 𝑇 

is temperature, 𝛿𝐴 and 𝛿𝐵 are solubility parameters of polymer A and B, respectively. 

Equation (1.2) indicates that polymers with solubility parameters close to each other will 

tend to mix (less favorable to microphase separate), while high repulsion or demixing 

between the polymers will tend to occur for the polymers with a high difference in their 

solubility parameters.  

Hildebrand and Scott defined the solubility parameters as the square root of the cohesive 

energy density as described in equation (1.3) [76], where 𝐸 is the energy of vaporization 

and 𝑉 is the molar volume of the component.  

𝛿 =  (𝐸/𝑉) 1/2 (1.3) 
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In more detail, the solubility parameters can be divided into three components that 

involve dispersion (𝛿𝐷), polarity (𝛿𝑃) and hydrogen bonding (𝛿𝐻) terms, known as 

Hansen solubility parameters, as described in equation (1.4) [77, 78].  

𝛿 2 = 𝛿𝐷 2 +  𝛿𝑃
2 +  𝛿𝐻 2 (1.4) 

 

1.4.2. Phase diagram of the block copolymer equilibrium structure 

A theory, called 'self-consistent mean-field theory' (SCMFT) developed by Eugene 

Helfand and his coworkers in the mid-1970s [79-82], describes the free energy of 

different diblock and triblock morphologies as a function of copolymer chain properties 

such as molecular weight, composition, monomer sizes, and interaction energy of the 

monomer. The theory was able to predict domain sizes of lamellar, spherical, and 

cylindrical microdomains by minimizing the corresponding free energy. 



45 
 

 

Figure 1.4. Phase diagram of diblock copolymer predicted by self-consistent mean-field 

theory shows the influence of block copolymer composition (f) and segregation strength 

(𝝌𝑵) on the equilibrium morphology of the diblock. The upper image is based on [64]. 

The lower image is reprinted (adapted) with permission from [83]. Copyright 1994 

American Physical Society. 

Matsen and Schick [83] applied the  SCMFT theory to identify phase diagram of diblock 

copolymer morphology varying from spheres in cubical assembly (C) to hexagonal 

cylinders (H), gyroid (G), and lamellar (L) as a function of block composition (f) and the 

segregation strength (χN). By increasing the number of blocks to three (ABC) or more, as 

well as by varying the molecular architectures (linear or branched) and block sequences 
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(BAC or ACB), a larger number of different self-assembled microphase structures can be 

identified. 

 

1.4.3. Self-assembly of block copolymers in solution 

In addition to the structured melt equilibrium state, block copolymers also self-assemble 

into different nano-arrangements in solution, depending on the affinity between the 

distinct blocks in selective solvents [65, 66]. Such block copolymers have amphiphilic 

properties, which imply that one of the blocks is more hydro/solvophilic, while the other 

one is more hydro/solvophobic. As a consequence, they suffer microphase separation 

either in aqueous media or organic solvent, forming various nanostructures from micelles 

or vesicles to tubular micelles (Figure 1.5). These structures comprise the insoluble block 

as the core of the particles and the soluble block as the shell/corona.  

Similar concepts used for the bulk self-assembly of block copolymers can be applied to 

the self-assembly of block copolymers in a selective solvent. In this case, the self-

assembly has to take into account the interaction between the polymers and the solvent. 

The calculation of Flory–Huggins interaction parameter between the polymer and the 

solvent can be estimated using Hansen solubility parameters as in equation (1.5) [84]: 

𝜒𝑠𝑖 =  
𝑉𝑚𝑠

𝑅𝑇
[(𝛿𝐷𝑠 − 𝛿𝐷𝑖) 

2 +  0.25(𝛿𝑃𝑠 − 𝛿𝑃𝑖) 
2 +  0.25(𝛿𝐻𝑠 − 𝛿𝐻𝑖) 

2] (1.5) 
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where 𝑉𝑚𝑠 is the molar volume of the solvent, 𝑅 is gas constant, 𝑇 is temperature and  𝛿𝐷, 

𝛿𝑃 and 𝛿𝐻 are a dispersion, polarity and hydrogen bonding solubility parameters, 

respectively, of the solvent (s) and polymer (i).  

 

 

Figure 1.5. Schematic representation of block copolymer nanostructures formed in a 

selective solvent: a) direct micelles, b) vesicles, c) inverse micelles, d) lamellar structures 

and e) cylindrical or tubular micelles. 

Micellization of the block copolymers occurs if the temperature and the concentration of 

the system reach the critical micelle temperature (CMT) and critical micelle 

concentration (CMC), respectively. In general, micelles can be formed using two 

different approaches. In the first approach, block copolymers are dissolved in a common 

(nonselective) solvent, followed by manipulation of certain solution parameters (e.g., 

temperature) or the use of a co-solvent. It may be necessary to add a selective solvent into 

the previously prepared solution subsequently. The process is then followed by removal 

of the common solvent via dialysis. The second approach to prepare micelles is to 

introduce the dry copolymer powder into a selective solvent.  
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Various theories have been developed to describe block-copolymer micelle formation in 

solution. The Scaling Theory developed by de Gennes explain the formation of crew-cut 

micelles by correlating the polymer properties, such as the size of the block and 

interfacial tension, with the aggregation number and the micelle radius [85, 86]. In the 

Self-Consistent Mean Field Theory developed by Noolandi and Hong, the equilibrium 

structure of spherical micelles of diblock copolymer in solution can be predicted by 

minimizing the free energy and estimating the interfacial tension between the soluble and 

the insoluble block for a particular block copolymer concentration, interaction parameter, 

molecular weight and chemical composition [87].  

Another theory developed by Israelachvili and coworkers described the micelle structure 

using geometrical considerations [88]. The theory was initially developed for small 

amphiphilic molecules (i.e., surfactants), which are analogous to block copolymers. The 

forces influencing the micelle formation of amphiphilic molecules involve (1) the 

interfacial attraction between the hydrophobic moieties and (2) the repulsion between the 

hydrophilic molecules at the corona due to electrostatic or steric hindrance. These forces 

influence the interfacial area per molecule (𝑎o) between the hydrophobic and hydrophilic 

groups. Higher attraction between the hydrophobic will decrease the 𝑎o, while higher 

repulsive forces at the corona will enlarge the 𝑎o.  

Depending on the dimension of the hydrophilic and hydrophobic blocks, the competition 

between the attraction and repulsion forces results in various micelle morphology. The 

geometry of the amphiphilic molecules is described by Israelachvili and coworkers using 

three parameters: the interfacial area 𝑎o, the volume 𝑣 and the maximum length 𝑙c of the 
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hydrophobic block. These parameters are correlated into packing parameter 𝑝 described 

in equation (1.6)  [88]. The value of the packing parameter determine the final structure 

of the micelle from spherical micelles (𝑝< 1/3) to star-like or inverted micelles (𝑝 > 1) as 

depicted in Figure 1.6b.  

𝑝 =  
𝑣

𝑎o𝑙c
 (1.6) 

 

Figure 1.6. Packing parameters for various micelle morphologies, based on [88] 

 

1.5. Synthetic Membranes 

1.5.1. Membrane definition and classification 

Membranes are semipermeable thin barriers or films that selectively transport molecules 

or particles under a specific driving force [89, 90]. Synthetic membranes can be made of 

polymers, inorganic or the combination of both, and used in various ranges of separation, 
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including microfiltration, ultrafiltration, nanofiltration, reverse osmosis and gas 

separation as described in Figure 1.7. 

 

Figure 1.7. Application range of membrane filtration processes 

According to their cross-sectional structures, membranes can be classified as symmetric, 

asymmetric, and composite membranes (Figure 1.8). Symmetric membranes consist of 

uniform structures through their cross sections, which can be uniformly porous or 

nonporous. On the other hand, asymmetric and composite membranes have cross-

sectional structures with a gradient of porosity, comprising a denser structure or smaller 

pores on the top followed by sublayers with larger pores.  

 

Figure 1.8. Schematic representation of membrane cross-sectional structures 
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The formation of the structures mentioned above is influenced by the materials and 

preparation methods. Symmetric membranes with cylindrical pores can be formed by 

track-etching polycarbonate membranes [91] or anodization of aluminum films [19]. 

Meanwhile, dense symmetric membranes can be formed by solution casting at a 

controlled slow evaporation rate. Asymmetric membranes are typical structures produced 

by a phase inversion method, in which a separating layer with dense or porous structures 

is formed on the top of the microporous layer. The most commonly used phase inversion 

method in the industry is the “non-solvent induced phase separation”, which is discussed 

in more detail in the following section. Composite membranes are comprised of different 

materials between the top separating-layer and the sublayer, giving more degree of 

freedom to optimize each layer. They can be formed by coating a dense layer on the top 

of porous support using various methods, such as dip coating, plasma polymerization, 

interfacial polymerization and in-situ polymerization [91].  

 

1.5.2. Non-solvent induced phase separation method  

The non-solvent induced phase separation (NIPS) method, or “phase inversion”, is one of 

the most used ways for the formation of asymmetric membranes. In NIPS, a solution 

(polymer or other materials in a solvent) is cast onto a support with a certain thickness 

(typically 100-200 μm) and immersed in a non-solvent bath after partial evaporation of 

the solvent (Figure 1.9). In the non-solvent bath, phase separation occurs, following a 

solvent-nonsolvent exchange.  The polymer-concentrated phase forms the solid 

membrane, while the polymer-lean phase gives rise to the pores. To induce the 
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precipitation, the solvent used has to be miscible with the non-solvent. Water is 

commonly used as non-solvent when a polar solvent is used in the casting solution, while 

alcohols can be used for solutions with non-polar solvents. 

 

Figure 1.9. Illustration of non-solvent induced phase separation method 

The solvent evaporation step leads to a polymer concentration increase at the top layer of 

the cast film.  This is an important step to control the porosity of the top selective layer. 

The concentration gradient along the membrane cross-section, formed during this step, 

leads to the formation of asymmetric structures in the final membranes. During the 

immersion in a non-solvent bath, the solvent-nonsolvent exchange and the precipitation 

rate of the polymer influence the type of structures formed. The demixing process is a 

complex mechanism that is thermodynamically governed by the profile of the solution 

composition as the solvent-exchange proceeds, as well as the temperature.  

In general, the free enthalpy of mixing of a binary system is given as in equation (1.6) 

[71-74, 91].  

𝛥𝐺𝑚 =  𝑅𝑇(𝑛1𝑙𝑛𝛷1 + 𝑛2𝑙𝑛𝛷2 + 𝑛1𝛷2𝜒) (1.6) 

where R is gas constant, T is temperature, n is a number of moles, 𝛷 is volume fraction 

and χ is the Flory–Huggins interaction parameter.  
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Demixing will occur when the coexistence of two equilibrium phases is energetically 

more favor (lower Gm) than having one homogeneous solution. Figure 1.10a shows a 

schematic representation of a binary phase diagram (polymer-solvent composition as a 

function of temperature). The curve delimitating the two phases from homogeneous 

conditions is called binodal. The spinodal curve divides the two phase's region into 

metastable and unstable regions. Under metastable conditions, a homogeneous solution is 

not the thermodynamically most stable state, but phase separation will only be initiated if 

nucleation of a phase leading to even lower energy would be induced. This type of 

demixing is called nucleation and growth. Non-interconnected cavities in a polymer 

matrix or latex type of structures are then formed, depending on the initial polymer 

concentration. Such arrangements are usually not desirable for membrane applications. 

On the other hand, if the system is rapidly brought from a homogeneous to a two-phase 

condition, the solution immediately becomes thermodynamically unstable and subjected 

to a spontaneous demixing, by spinodal decomposition. In this case membranes with 

interconnected pores are obtained.   

For a ternary mixture, to which non-solvent is added, a ternary phase diagram, as 

depicted in Figure 1.10b, is the most representative. The equilibrium compositions along 

the binodal curves are connected by tie lines which represent the stable forms of the two 

demixed phases during the phase inversion process. During immersion precipitation, the 

solvent-nonsolvent exchange drives the system to the unstable or metastable regions.  In 

analogy to what was described for binary phase diagrams, phase separation can occur by 

spinodal decomposition or nucleation and growth. As the demixing proceeds, the 

polymer concentrated phase might reach a gelation condition, and the membrane 
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morphology is consolidated. The predominated mechanism and extent of demixing 

before gelation will determine the final morphology and the pore interconnectivity. 

 

Figure 1.10. Schematic representation of (a) a binary (polymer-solvent) phase diagram, 

temperature-composition dependence, and (b) a ternary phase diagram, polymer-solvent-

nonsolvent compositions. 

 

1.5.3. Block copolymer membranes: combining self-assembly and NIPS   

A decade ago, it was demonstrated that the NIPS method could be combined with the 

self-assembly of block copolymers to obtain isoporous membranes. This has been first 

shown using poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) copolymers [20, 23, 92]. The 

fabricated membranes had hexagonally ordered pores with a sharp pore size distribution 

and a high pore density. The method, better known as SNIPS (self-assembly and non-

solvent induced phase separation), involved the block copolymer dissolution in a 

Φ1 Φ2

a b
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selective solvent mixture, allowing the block copolymer to form micelles and self-

assemble into a highly ordered structure. The solution was cast on a glass plate, followed 

by solvent evaporation and precipitation in water. Using a proper combination of block 

copolymer composition, solvent composition, evaporation time, and polymer 

concentration, isoporous ultrafiltration membranes with pore sizes of around 20-30 nm 

and well-ordered structure were produced as presented in Figure 1.11.   

 

Figure 1.11. SEM images of (a) cross-section and (b) surface of PS-b-P4VP membranes 

prepared by SNIPS, and (c) TEM image of the membrane cross-section. Reprinted 

(adapted) with permission from [92]. Copyright 2011 American Chemical Society. 

The PS-b-P4VP membranes were pH-responsive and exhibited a high water flux of 890 L 

m
-2

 h
-1

 bar
-1

 [23]. Due to the uniformity and tunability of the pores, the membranes were 

also able to separate proteins with similar size, and are therefore of great potential for 

bioscience, biotechnology, and biomedical applications [93]. The membranes have also 

been modified by incorporating gold and silver nanoparticles that complexed with the 

pyridine groups, resulting in membranes with catalytic activity [94] and antifouling 

properties [95], respectively. 
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Other types of block copolymers have been used to prepare isoporous membranes via 

SNIPS, including poly(styrene-b-2-vinylpyridine) [25], poly(styrene-b-ethylene oxide) 

[26], poly(isoprene-b-styrene-b-4-vinylpyridine) [27, 28], poly(styrene-b-2-

vinylpyridine-b-ethylene oxide) [96] and poly(isoprene-b-styrene-b-N,N-

dimethylacrylamide) [97]. While most membranes were prepared with polystyrene-base 

blocks, polysulfone-based triblock terpolymers have been synthesized and used to 

prepare membranes via SNIPS [98]. A combination of SNIPS and complexation induced 

phase separation was then introduced for the first time using poly(acrylic acid-b-sulfone-

b-acrylic acid) copolymers, resulting in membranes with preferential water channels and 

a high salt rejection [99] (Figure 1.12). 

 

Figure 1.12. Self-assembly and chelation assisted non-solvent induced phase separation 

(SCNIPS) from poly(acrylic acid-b-sulfone-b-acrylic acid) resulting in densely packed 

micellar structures complexed with metal ions. Reproduced from [99]. Copyright 2017 

The Royal Society of Chemistry. 
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The chemical functionality of the membranes can be tuned to obtain the desired 

separation properties, by choosing the right block copolymers chemical composition. 

Membranes with photo-responsive behavior could be prepared using block copolymers 

with anthracene moieties incorporated in one of the blocks [100]. Membranes prepared 

via SNIPS using triblock terpolymers with double bonds could be modified via click 

reactions, utilizing an inkjet printing method [101] leading to a charge-mosaic structure. 

Furthermore, many attempts have been made to tailor the membrane pore sizes, such as 

by tuning the polymer molecular weights [28], adding small organic molecules [29, 102] 

and depositing gold nanoparticles [30]. An approach to shift from ultrafiltration to 

nanofiltration region without compromising the water flux have also been made by using 

blends of block copolymers [103]. 

The structure formation of the membranes have been recently reviewed [104], which 

consists of systematic development of three different layers: (1) ordered surface layer, 

mainly formed by block copolymer self-assembly and surface effects; (2) ordered top 

layer formed due to block copolymer self-assembly in solution, as well as gelation and 

structure 'freezing' during phase inversion process; and (3) disordered macroporous 

sublayer formed by spinodal demixing during the precipitation process.  

The self-assembly in solution plays a vital role in the membrane formation. This has been 

investigated using small-angle X-ray scattering (SAXS) techniques, advanced (cryo) 

electron microscopies and computational modeling, revealing the influence of 

thermodynamics and kinetic parameters, such as polymer concentration, block copolymer 

composition and evaporation time [105-108]. The SAXS characterization conducted in 
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synchrotron facilities is a robust method to probe the structure formation in block 

copolymer self-assembled membranes, due to its non-destructive characteristics, ability 

to provide real-time information of the nanostructures, and a high intensity of X-ray 

produced by the synchrotron source. More detailed information on SAXS is discussed in 

sub-Chapter 1.6. 

 

1.6. Small-Angle X-Ray Scattering (SAXS) and Grazing-Incidence 

SAXS 

1.6.1. The general theory of X-ray scattering 

X-rays are electromagnetic radiation with a wavelength ranging from 0.01 to 10 nm 

[109], a scale suitable for nanostructures characterization. X-rays got their "X" name for 

their unknown quantity when discovered by a German physicist, Wilhelm Röntgen in 

1895. Röntgen was then awarded the first Nobel Prize in Physics. Since then, X-rays 

have been widely used for many applications, such as medical imaging, radiotherapy, 

airport security, crystallography, and spectroscopy.  

When X-rays irradiate a sample, they primarily interact with electrons in different ways. 

In most cases, the sample is thin enough to let most of the X-rays transmitted through the 

sample, while some portion of the X-rays is absorbed or scattered by the electrons, 

depending on the atomic number of the sample and the X-ray energy used. The 

information gained from the X-ray absorption can be used for spectroscopy analysis to 

obtain elemental compositions of the sample. While from scattering, structural and/or 
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chemical information of the sample can be obtained, depending on whether the scattering 

is elastic or inelastic. If the scattering is elastic, the energy of the scattered photon is 

equal to the incident beam, while in inelastic scattering, part of the photon energy is 

absorbed and therefore it can provide chemical composition or phase contrast of the 

sample being used in medical imaging, for example. Elastic X-rays scattering may 

contain information about the sample structure (morphology). At a large scattering angle, 

information about atomic structures of a crystalline sample can be obtained. This 

technique is known as X-ray diffraction or wide-angle X-ray scattering (WAXS). On the 

other hand, at small scattering angles, larger structural scales can be probed using a 

technique known as small-angle X-ray scattering (SAXS).  

The correlation between the scattering angle and the domain spacing can be explained by 

the well-known Bragg's law of diffraction as described in equation (1.7) and illustrated in 

Figure 1.13a [110]. The equation implies that to interfere constructively, the pathway 

difference (2𝑑 sin 𝜃) between two waves, that impinge and are scattered, has to be a 

multiple of the wavelength λ. 

 

Figure 1.13. Illustration of (a) Bragg's law of diffraction and (b) scattering vector 𝑞  
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2𝑑 sin 𝜃 = 𝑛𝜆  (1.7) 

where d is the distance between the parallel planes, 𝜃 is Bragg angle (half of the 

scattering angle 2𝜃), n is an integer and 𝜆 is the beam wavelength. 

The scattering vector 𝑞  is defined as the difference between the wave vectors of the 

scattered (𝑘𝑓
⃗⃗⃗⃗ ) and incident beam (𝑘𝑖

⃗⃗  ⃗) as illustrated in Figure 1.13b. The scattering vector 

𝑞  and its quantity can be expressed as in equation (1.8) and (1.9), respectively [111].  

𝑞 =  𝑘𝑓
⃗⃗⃗⃗ − 𝑘𝑖

⃗⃗  ⃗ (1.8) 

𝑞 =  |𝑞 | = 2|�⃗� | sin 𝜃 =
4𝜋

𝜆
sin 𝜃 

(1.9) 

As X-rays are scattered by electrons, the amplitude of the scattered X-Rays, 𝐴(𝑞) is the 

Fourier transform of the electron density distribution of the irradiated volume. 

Accordingly, the scattering intensity 𝐼(𝑞) is the absolute square of the amplitude as given 

in equation (1.10) [112].  

𝐼(𝑞) =  |𝐴(𝑞)|2 = |∫ 𝜌(𝑟)𝑒−𝑖𝑞𝑟

𝑉

𝑑𝑟|

2

 (1.10) 

where 𝜌(𝑟) is the electron density distribution and V is the volume of the radiated 

sample. The integration is performed in radial coordinates (𝑟). 

The characteristic distance between the lattice planes can be obtained from the position of 

the first scattering peak (𝑞) expressed in equation (1.11), which is derived from equation 

(1.7) and (1.9).  
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𝑑 =  
𝜆

2 sin 𝜃
=

2𝜋

𝑞
 (1.11) 

 

1.6.2. Small-angle X-ray scattering 

As mentioned above, small-angle X-ray scattering (SAXS) is one of the X-ray scattering 

techniques, which supply information about materials nanostructures, by measuring the 

elastic scattering of X-rays at low angles [113]. Only samples with inhomogeneity, i.e., 

electron density difference between the particles/domain and the matrix, can produce 

scattering at small angles, and can then reveal parameters, such as nanostructure sizes and 

shapes, averaged distances between repeating domains and many others. The scale of the 

nanostructures that can be probed by SAXS is typically in the range of 1 to 100 nm, 

depending on the scattering angle that can be recorded. SAXS is widely used in various 

applications, such as proteins, emulsion, oil, nanoporous materials, pharmaceutical 

substances, membranes, and polymers. 

 

Figure 1.14. Illustration of SAXS measurement 
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The SAXS instrumentation consists of a monochromatic beam source that can be 

obtained from a lab-scale X-ray source or synchrotron radiation (Figure 1.14). The X-

rays produced from synchrotron radiation have brightness up to three orders of 

magnitudes higher than that of lab-scale X-rays. By having high intensity of X-rays, the 

SAXS measurements in synchrotron facilities can be done in a matter of minutes for each 

run, while the lab X-rays requires hours or even a day to obtain meaningful scattering 

pattern at small angles. Having a higher resolution is also another advantage of using the 

synchrotron facility, which gives the opportunity to resolve more precise structural 

information of the sample.   

The incident beam comes from the source and irradiates the sample placed perpendicular 

to the incoming beam direction (Figure 1.14). After hitting the sample, the scattered and 

transmitted beams travel to a detector placed behind the sample. The distance between 

the sample and detector in SAXS is typically in the order of meters. The intensity of the 

scattered beam is recorded as a 2D scattering pattern and further processed as a plot of 

intensity versus scattering vector q. Meanwhile, the transmitted beam with an intensity 

much higher than the scattered beam is blocked (absorbed) by a beam stop placed before 

the detector, to protect the detector from the destruction by the high intensity, as well as 

to help the user to observe the scattering patterns at small angles.  

As mentioned above, the scattering intensity is proportional to the absolute square of the 

Fourier transform of electron density. For scattering by multiple (monodisperse) objects 

with a spatial arrangement, the scattering intensity can be determined by the product of 

form factor 𝑃(𝑞) and structure factor 𝑆(𝑞).  
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𝐼(𝑞) = 𝑃(𝑞)𝑆(𝑞) (1.12) 

The form factor is more observable in dilute systems since there is less interaction 

between the particles and less long-range order than that in concentrated ones. For the 

dilute systems, the plot of scattering intensity versus the scattering vector q can describe 

the shapes and sizes of the particles, such as spheres, cylinders, ellipsoid, and lamellae, 

using various mathematical approaches. Meanwhile, the structure factor contains 

information about the arrangement of the repeating domains or particles in semi-dilute or 

concentrated regimes. When dealing with periodic systems, such as self-assembled block 

copolymers, the scattering pattern of an ordered system shows Bragg reflections 

characteristic to different types of arrangements, similar to crystallography. Table 1.1 

presents the ratios of the scattering peaks (q) for various structures with respect to the 

first order Bragg peak (q*). The average spacing between the repeating domains can be 

calculated from q* using equation (1.11). 

Table 1.1 Positions of Bragg reflection peaks for various ordered structures [114] 

Structure Ratio q/q* 

Lam 1 2 3 4 5 6 … 

Hex 1 √3 √4 √7 √9 √12 … 

BCC 1 √2 √3 √4 √5 √6 … 

FCC 1 √4/3 √8/3 √11/3 √12/3 √16/3 … 

Gyr 1 √4/3 √7/3 √8/3 √10/3 √11/3 … 

 

1.6.3. Grazing-Incidence Small-Angle X-Ray Scattering (GISAXS) 

GISAXS is a small-angle scattering technique similar to SAXS that probes 

nanostructures of surfaces, interfaces or thin films [115, 116]. It combines the principles 
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of three different techniques: (1) Diffuse X-Ray Reflectivity and (2) Grazing-Incidence 

Diffraction (GID) which uses reflection geometries in probing morphologies of surfaces 

and thin films, as well as (3) Small-Angle X-Ray Scattering (SAXS) which measures 

scattering at low angles to probe length scales of typically 3-50 nm [117]. GISAXS is a 

versatile technique for a wide range of applications related to surfaces and thin films, 

such as nanolithography, membranes, battery, fuel cells, solar cells, semiconductor 

nanostructures, and adhesives. It was first introduced by Joanna Levine and Jerry Cohen 

in 1989 who investigated the growth of nanostructured gold thin films on a glass surface 

[118, 119]. GISAXS was then emerging as a powerful technique to characterize 

nanoparticle growth on surfaces, as well as morphologies of nanostructured thin films. 

The first application of GISAXS on polymeric films was performed by P. Müller-

Buschbaum and co-workers [120, 121].  Compared to conventional surface and 

nanostructure characterization methods, such as atomic force microscopy (AFM) and 

TEM, GISAXS provides more accurate and statistical information of the larger surface 

area and therefore avoids local effects [122]. AFM and TEM are however required to 

complement and support the precise interpretation of GISAXS data. 

Figure 1.15 illustrates the scattering geometry of GISAXS. A monochromatic X-ray 

beam with a fixed wavelength λ and wave vector ki corresponding to a wave number k0 = 

(2π)/λ is directed onto the sample surface positioned on the x-y plane, where x is the 

coordinate parallel to the incident beam direction. The incoming beam impinges on the 

sample surface with an incident angle αi. The beam is then reflected and scattered with an 

exit angle αf and an out-of-plane angle ψ with respect to the scattering plane (x-z plane). 

A 2D detector is placed behind the sample with a distance of an order of meters to record 
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the scattering intensity at low angles. At αf = αi, a specular peak resulted from the total 

external reflection is produced, which is then blocked by a heavy-metal beam stop to 

avoid detector saturation. Meanwhile, at αf =αc (critical angle of the sample) another 

scattering feature called Yoneda peak is observed [123]. The shape and position of 

Yoneda peak on the 2D scattering pattern is useful for data interpretation. Depending on 

the type of structures probed, the scattering pattern can also involve Bragg rods (or half 

circular Bragg peaks) in qy and qz direction, which tells spatial correlation in lateral and 

perpendicular directions of the sample surface, respectively.  

 

Figure 1.15. Illustration of GISAXS geometry. The sample is positioned at the x-y plane 

with azimuthal orientation ω. The incident beam irradiates the sample at an incident angle 

αi and is scattered at an exit angle αf and out-of-plane angle ψ. The two-dimensional 

detector shows scattering pattern with a specular peak (S) and Yoneda peak (Y).  
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Similar to SAXS, the scattering vector 𝑞  is defined as 𝑘𝑓
⃗⃗⃗⃗ − 𝑘𝑖

⃗⃗  ⃗, which can be elaborated 

into three components for GISAXS geometry as follows: 

𝑞𝑥 = 𝑘0[cos(𝜓) cos(𝛼𝑓) − cos(𝛼𝑖)] (1.13) 

𝑞𝑦 = 𝑘0[sin(𝜓) cos(𝛼𝑓)] (1.14) 

𝑞𝑧 = 𝑘0[sin(𝛼𝑖) + sin(𝛼𝑓)] (1.15) 

GISAXS samples are typically thin films or nanoparticles deposited on a substrate (e.g., 

silicon wafers). To obtain scattering from the deposited sample, one has to have the 

incident angle lower than the critical angle of the substrate to enable total reflection and 

avoid scattering from the internal structures of the substrate. As the sample usually has a 

lower refractive index than the substrate, the critical angle of the film material is lower 

than that of the substrate. The incident angle can be chosen lower than the material 

critical angle to have scattering more surface-sensitive. By increasing the incident angle 

higher than the materials critical angle, while still being lower than that of the substrate, 

the X-rays can penetrate more through the films, and the scattering can probe information 

of the structures beneath the surface or buried interfaces.  

Scattering theory in GISAXS is well explained by the Distorted Wave Born 

Approximation (DWBA) [124-126], which takes into account multiple reflections and 

refraction effects that interfere to produce the final scattering pattern measured on the 

detector. It contains complex mathematical expressions of the scattering events and can 

be used to reproduce and analyze GISAXS patterns using software, such as IsGISAXS.  
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Analogous to SAXS, the scattering intensity I(q) probed by GISAXS can be described as 

an interplay between the form factor and the interference (structure) factor as in equation 

(1.12). The form factor is the Fourier Transform (FT) of the object shape, while the 

interference function is the FT of the object-position pair correlation function, which 

describes the nanostructure spatial arrangement on the surface. The interference factor 

can be analyzed from out-of-plane cuts along qy, plotting the scattering intensity I(qy) at a 

constant qz where the Yoneda peak is observed. The results can be further processed for 

fitting using SAXS-analysis software (e.g., Scatter). For analysis of the nanostructure 

perpendicular to the surface, another approach called detector scan is performed, by 

analyzing vertical cuts along qz at qy = 0, obtaining I(qz). For long-range ordered 

nanostructures, typical Bragg peaks similar to SAXS of periodic systems can be 

observed, and the averaged spacing of the repeating domains can be calculated as in 

equation (1.11). Interpretation of the form factor is more complicated as analysis of the 

full scattering pattern is required within the full DWBA framework. Proper mathematical 

modeling has to be performed, which involves the use of software to obtain accurate 

information about the object shape, dimension and size distribution. Supporting data from 

AFM and TEM are also desirable to choose the modeling assumptions correctly.  

Applications of GISAXS in the field of block copolymers have been emerging in the last 

two decades [122, 127-130]. The experiments were mainly conducted at dedicated 

GISAXS beamlines in synchrotron facilities. The use of synchrotron source for polymeric 

samples is highly desirable since the polymers weakly scatter as compared to hard 

(inorganic) samples [122]. In-situ experiments were also performed to provide real-time 

structure evolution of the block copolymers under various annealing conditions. The 
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works have been mainly focused on the understanding of thermodynamics and kinetic 

parameters on the block copolymer self-assembly, which include the block copolymer 

composition, surface interactions and annealing conditions, as well as to investigate 

optimum conditions to fabricate the desired ordered structures for various applications.  

One of the early works on block copolymer characterization by GISAXS was performed 

by Smilgies et al. [127] using the in-situ characterization of poly(styrene-b-butadiene) 

films under solvent vapor annealing. Buschbaum [122] conducted a detailed investigation 

of the structures of poly(styrene-b-isoprene) (PS-b-PI) thin films to reveal lateral and 

perpendicular nanostructures of the films, as well as the surface roughness. The data 

interpretation involved out-of-plane scans, detector scans, and off-detector scans, which 

included analyses on resonance diffuse-scattering over the horizontal cuts (detector 

scans) and off-detector scans. Park et al. [128] investigated the phase transition of PS-b-

PI thin films from the hexagonally perforated layer (HPL) to the gyroid phase under 

thermal annealing.  The experimental GISAXS data was compared with software-

generated scattering pattern to reveal the orientation of the HPL structure. An in-situ 

GISAXS measurement was demonstrated using poly(styrene-b-2-vinylpyridine) films 

which revealed the significance of swelling ratio and solvent removal rate in the ordering 

of the block copolymers [129]. More recently, development of microbeam GISAXS and 

fast detectors enables the investigation of a more-focused area of poly(styrene-b-methyl 

methacrylate) films exposed to sub-millisecond laser spike annealing [131]. Time-

resolved GISAXS was also used to probe the structure evolution of block copolymer 

films during blade casting, revealing the influence of solvent evaporation on the 

membrane formation via non-solvent induced phase separation (SNIPS) [107, 132].  
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1.7. Objectives and Contributions 

This research aims to study the fabrication of nanostructured polymeric membranes with 

well-defined and chemically-tuned nanochannels having bioinspired properties using the 

self-assembly of block copolymers and non-solvent induced phase separation method.     

Outcomes of this research cover the following aspects: 

1) Understanding of the self-assembly of block copolymers both in solution and in a 

solid bulk state correlated with the nanostructured membranes formation; 

2) Strategies to fabricate flat-sheet membranes with well-defined channels from 

various block copolymers using non-solvent induced phase separation method; 

3) Proof of concept of the artificial bioinspired membranes, as the future generation 

of membranes for water purification and biological separation; 

4) Pioneering the use of block copolymers to develop fully-synthetic bioinspired 

channels that can be applied for real aqueous separation; 

5) Recommendations for the future development of artificial membranes with 

bioinspired nanochannels from block copolymers. 
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2.1. Introduction 

The ability of block copolymers to self-assemble has enabled application in many fields, 

such as drug delivery [1-3], catalysis[4, 5] and electronics [6]. Guided by thermodynamic 

interactions and entropic constraints, a rich variety of morphologies can be obtained in 

the melt and solutions of diblock and triblock copolymers [7-13].   The equilibrium 

morphology in the melt, achieved after long periods of annealing, can be predicted by 

considering the Flory–Huggins interactions between blocks, the molecular weight and the 

block ratio following excellent theoretical work in the field and applying, for instance, 

self-consistent field simulations [14-16]. The morphology in solution is strongly 

influenced by the interfacial energy between blocks, block-solvent interactions, block 

copolymer architectures, the polymerization degree of each block and copolymer 

concentration. Solid work has been reported particularly in diluted systems, adapting the 

concept of packing factors used initially for low molecular weight surfactants in solution 

to predict the morphology, which might be in the form of spherical micelles, wormlike 

rods and vesicles [17, 18].   

In the high concentration range, the self-consistent field has been used to understand the 

changes in morphology promoted by solvent annealing [19]. The semi-diluted 

concentration range has been less investigated and might be even more complex. In 

addition to the factors influencing the geometry of single assemblies in diluted solutions, 

in this concentration range, the micelles themselves might strongly interact with each 

other and self-organize in quasi-crystalline structures, either hexagonal, body-center 

cubic (bcc) or face-center cubic (fcc) arrangements [20-22]. A high concentration 
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promotes inter-micelle entanglement with additional elastic considerations. The core 

rigidity and the friction between segments of different micelle coronas can influence the 

adopted morphology and promote the existence of metastable structures. Fast solvent 

evaporation, solvent-non-solvent exchange and in situ polymerization can kinetically trap 

morphologies far from equilibrium [23-26]. These strategies are being used to stabilize 

morphologies, which might be more convenient for specific applications than equilibrium 

ones.   

An important example is the development of membranes for selective separation.  

Membranes cast from block copolymer solutions have a remarkable advantage over 

commercial homopolymer membranes prepared by phase inversion. By combining self-

assembly and non-solvent induced phase separation, membranes can be manufactured 

with narrow pore size distribution and exceptionally high porosity [27-29].  The pore 

formation is highly sensitive to the solvent composition and reflects the self-assembly in 

the bulk of the casting solution. Membranes based on polystyrene-b-poly(4-vinyl 

pyridine) (PS-b-P4VP) [27, 30], poly(isoprene-b-styrene-b-4-vinyl pyridine) (PI-b-PS-b-

P4VP) [29] and polystyrene-b-poly(ethylene oxide) (PS-b-PEO) [31, 32]  have been 

demonstrated and optimized to achieve long-range pore order.  

We have used dissipative particle dynamics to understand the effect of solvent 

composition, concentration and molecular weight on copolymer self-assembly in the 

semi-dilute regime, close to conditions used for membrane preparation. [33, 34] The 

synthesis of copolymers with different molecular architectures and functionalization 

could extend the application of self-assembly and non-solvent induced phase separation 



84 
 

membranes with exactly tuned porosity and functional properties. However, each time a 

new molecular weight combination or a new copolymer is explored for membrane 

fabrication, strenuous optimization is required. A practical method is needed to simplify 

the selection of the best solution composition for a membrane starting from a new 

copolymer.  

We have been investigating the correlation between the different parameters, looking for 

practical semi-empirical procedures to drastically shorten the path of membrane 

manufacture. We propose here a simple semi-empirical selection method, which 

identifies a trend line or master curve for block copolymer membrane manufacture. The 

curve calculation takes into consideration block volume ratios and the different 

interactions between blocks and solvent mixtures. We demonstrated the method by first 

comparing data published for previously reported copolymer systems.  We synthesized 

then a new triblock copolymer and optimized the morphology, by using the proposed 

method.  We followed the membrane formation by SAXS, time-resolved GISAXS 

experiments and electron microscopy, demonstrating the efficiency of the method.  We 

believe the proposed approach will substantially facilitate new developments in the field.     

 

2.2. Experimental 

2.2.1. Materials 

Poly(styrene-b-ethylene oxide) copolymers, PS195k-b-PEO45k (PDI = 1.18), were 

purchased from Polymer Source, Inc., Canada. Tetrahydrofuran (THF), 1,4-dioxane 
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(DOX), N,N-dimethylformamide (DMF), and pyridine (Pyr) were supplied by Sigma-

Aldrich and used as received. MilliQ water was used as a non-solvent bath.  

For the synthesis of PS80.5k-b-P2VP64.4k-b-PEO16.1k, the following chemicals were used 

after purification. THF (Sigma Aldrich, 99.9%) was refluxed over sodium, stirred in the 

presence of CaH2 overnight and distilled over a Na/K alloy. sec-Butyllithium (Sigma-

Aldrich, 1.4 M in cyclohexane) was diluted to the appropriate concentration in purified 

hexane, in a specific glass apparatus under high vacuum. Styrene (Sigma Aldrich, 99%) 

was purified by distillation over CaH2 and dibutyl-magnesium (Sigma-Aldrich, 1 M 

solution in heptane) and stored in pre-calibrated ampoules. 2-Vinylpyridine (Sigma 

Aldrich, 97%) was distilled twice over CaH2 and once over sodium mirror, stirred in the 

presence of trimethyl-aluminum (Sigma-Aldrich, 97%) at 0 °C and used directly for the 

polymerization. Ethylene oxide (Sigma-Aldrich, 99.5%) was purified by consecutive 

distillations over CaH2 and n-BuLi at 0 °C, prior distillation to the polymerization reactor. 

The phosphazene superbase, 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-

bis[tris(dimethylamino)-phosphoranylidenamino]-2λ
5
,4λ

5
-catena-di(phosphazene) (P4-

tBu)  (Sigma-Aldrich, 0.8 M in hexane), was diluted in purified hexane and stored at pre-

calibrated ampoules. Acetic acid (terminating agent) was stored under high vacuum and 

used as received.  

2.2.2. Triblock terpolymer synthesis and chemical characterization 

The linear triblock terpolymer PS80.5k-b-P2VP64.4k-b-PEO16.1k [PS: polystyrene; P2VP: 

poly(2-vinylpyridine); PEO: poly(ethylene oxide)] was synthesized via sequential anionic 

polymerization high vacuum techniques [35]. The synthesis (Scheme 1) by sequential 
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addition of the monomers according to their reactivity involves the anionic 

polymerization of styrene (5g, -78 °C, THF) with 0.062 mmol of sec-butyllithium as an 

initiator. After completion of the polymerization of the first block (one hour), an aliquot 

was taken for size exclusion chromatography (SEC) analysis, followed by transfer 

through distillation of the appropriate amount of 2-VP (4 g) under vigorous stirring at -78 

°C. After 1h, another aliquot was taken for SEC analysis. Finally, 0.056 mmol of P4-tBu 

superbase was added, followed by distillation of 1 g EO and the polymerization solution 

left under stirring at 50 °C [36-39].
 
After seven days, the polymerization was quenched 

by acetic acid, and the polymer precipitated in cold hexane. The final product was dried 

in a vacuum oven for 48h at 40 °C (colorless powder).  

 

 

Scheme 1. Synthesis of the linear PS-b-P2VP-b-PEO terpolymer 
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The number-average molecular weight (Mn) and polydispersity index (PDI) of the PS, the 

diblock copolymer PS-b-P2VP and the final triblock terpolymer PS-b-P2VP-b-PEO were 

determined using an SEC, equipped with an isocratic pump (Spectra System P1000), 

three columns in series (PLgel 5 μm Mixed-C, 300 x 7.5 mm), and a refractive index (RI, 

Shodex RI-101) detector in THF with a flow rate of 1 mL min
-1

 at 45 °C in order to 

prevent crystallization of the PEO block. Polystyrene standards (Mp: 4300 to 3 000 000 g 

mol
-1

) were used for the calibration of the instrument. The chemical nature of the 

different blocks and the composition of the terpolymer were determined by using a 

Brücker AV-500 
1
H-NMR spectrometer

 
in CDCl3 (Acros 99.6 %) in the presence of 

tetramethylsilane (TMS) as an internal standard.  It should be noted that the molecular 

weights determined by the SEC calibrated with PS standards are apparent. Nevertheless, 

in this case, since PS and P2VP have similar hydrodynamic characteristics (a key 

parameter in SEC), its molecular weight is very close to the real one. 

2.2.3. Membrane preparation 

Block copolymers were dissolved in a mixture of solvents with a polymer concentration 

of 18-25 wt%. The solution was cast on a glass plate using a casting knife with a 200 μm 

air gap. The solvent was then allowed to evaporate for 10-20 s before precipitation in 

water at room temperature. The resulting membrane was dried under atmospheric 

conditions.  

2.2.4. Field Emission Scanning Electron Microscopy (FESEM) 

FESEM micrographs of the membranes were obtained by using an FEI Quanta 200 or a 

Novanano microscope at an accelerating voltage of 5 kV and working distances of 5-7 
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mm. The samples were mounted on an aluminum stub using aluminum tape and sputter 

coated with 3 nm Pt before imaging.  

2.2.5. Transmission Electron Microscopy (TEM) 

TEM of the membrane cross-sections and determination of the micelle morphology of the 

copolymers in diluted solutions was performed using an FEI Tecnai 12 microscope 

operating at 120 kV. Membranes were first stained with ruthenium tetroxide (RuO4) for 

better contrast in TEM. The stained membranes were embedded in epoxy resin and cured 

at 60 °C for 24 h. Ultrathin sections of the membranes with a thickness of 80 nm were 

prepared using ultramicrotome (Leica EM UC6) with a diamond knife and placed on a 

copper grid before imaging. For micelle characterization, block copolymers were 

dissolved in a mixture of solvents with a polymer concentration of 1 g L
-1

 followed by 

stirring overnight. The solution was dropped onto a carbon-coated copper grid, and the 

solvent was immediately blotted using a filter paper followed by drying at room 

temperature for about 5 min.  

2.2.6. Dynamic Light Scattering (DLS) 

DLS measurements were performed using a Malvern Zetasizer with a 173° backscatter 

measurement angle and a glass cuvette with a square aperture.  The samples were 

prepared by dissolving the copolymers in solvents with a polymer concentration of about 

1 g L
-1

 followed by stirring overnight. The solutions were filtered through a 0.2 μm 

syringe filter before measurements.  
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2.2.7. Small-Angle X-ray Scattering (SAXS) 

SAXS of the copolymer solutions were measured at the SAXS1 beamline of the Brazilian 

Synchrotron Facility (LNLS) with the fixed energy of 8.0 keV and X-ray wavelength of 

1.55 Å. The solution was injected into a vacuum cell with mica windows using a syringe. 

The detector used was a PILATUS 300k with a pixel size of (172 μm)
2
, and the sample-

to-detector distance was 3.057 m. For each measurement, 30 s exposure time and beam 

area of 1 mm
2
 were used. Data were obtained as the average of azimuthal integrated 

scattering patterns after normalization to the incident beam intensity and subtraction of 

the background. 

2.2.8. Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) 

In situ GISAXS experiments of the film casting were performed at the beamline D1 of 

the Cornell High Energy Synchrotron Source (CHESS) as described previously [40]. An 

in situ doctor blading system [41] installed at the beamline was used with a controlled 

coating gap of 200 μm and a casting speed of 1500 μm s
-1

. The beam energy of 10.6 keV 

and an X-ray wavelength of 1.162 Å were used with an incident angle of 0.13°. The 

copolymer solution was initially transferred with the use of a pipette onto a glass 

substrate positioned on the sample goniometer. A sample-to-detector distance of 1.82 m 

was used throughout the experiments. The automatic casting system allowed the blade to 

pass through the cast solution and form a film with 200 μm thickness. The GISAXS 

measurements of the film were started immediately after the blade reached its final 

position. The 2D scattering patterns were acquired every 3.3 s, which was composed of 

0.3 s exposure time and a 3 s detector read-out time. The X-ray detector used was 
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MedOptics CCD camera of (1024)
2
 pixels with a pixel size of (46.9 μm)

2
. Integrations of 

the horizontal cuts of the 2D patterns were performed using the Fit2D software. A set of 

scattering peaks can be attributed to a certain order after normalizing with the value of 

the first peak (q*). The corresponding domain spacing (d-spacing) was calculated as 

2π/q*. 

 

2.3. Results and Discussion 

We propose a simple method to guide the solvent selection for membranes manufacture 

by self-assembly and non-solvent induced phase separation (SNIPS).  The method is 

expected to substantially shorten the manufacture process of isoporous membranes when 

new copolymers are explored.  The method is demonstrated by using PS-b-PEO diblock 

copolymers and a newly synthesized PS-b-P2VP-b-PEO triblock copolymer. The 

motivation for exploring the ternary block copolymers is the following. Compared to PS-

b-PEO membranes, PS-b-P2VP-b-PEO membranes could exhibit pH-responsiveness due 

to the presence of a pyridine block as demonstrated previously [42]. Meanwhile, 

compared to PS-b-P2VP membranes, the addition of PEO could potentially increase the 

membrane resistance to fouling and biocompatibility due to the hydrophilicity of PEO 

[43, 44]. 
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2.3.1. PS-b-P2VP-b-PEO copolymer synthesis and characterization 

Figures 2.1-2.2 and Table 2.1 show the characterization of the synthesized triblock 

copolymer.  This includes the SEC traces (Figure 2.1) and the molecular characterization 

(Table 2.1) results for different intermediary and final copolymerization products (PS, 

PS-b-P2VP, and PS-b-P2VP-b-PEO) and the 
1
H-NMR spectrum of the linear triblock 

terpolymer PS-b-P2VP-b-PEO (Figure 2.2). The triblock copolymer structure is very well 

defined and is considered as a model polymeric material for this work.  

 

 

Figure 2.1. SE chromatographs of the (A) PS homopolymer, (B) PS-b-P2VP diblock 

copolymer and (C) final PS-b-P2VP-b-PEO terpolymer. 
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Table 2.1. Molecular characteristics of polystyrene (PS), PS-b-P2VP diblock copolymer 

and  PS-b-P2VP-b-PEO triblock copolymer 

Samples a 
(g mol

-1
)

 PDI
a 

f(PS) 
b 
%(w/w)

 
f(P2VP)

b 
%(w/w)

 
f(PEO)

b 
%(w/w)

 

PS 80.500 1.03 - - - 

PS-b-P2VP 145.500 1.04 0.55 0.45 - 

PS-b-P2VP-b-PEO 161.500 1.04 0.49 0.40 0.11 

a
 SEC in THF at 45

0
C, 

b
 
1
H-NMR at CDCl3 

 

Figure 2.2. 
1
H-NMR spectrum of the linear triblock terpolymer PS-b-P2VP-b-PEO. 

 

2.3.2. Trend line for isoporous membrane preparation 

The proposed method for solvent selection to guide the self-assembly and lead to 

effective membrane manufacture is based on the values of segregation strengths 

estimated from the Flory–Huggins interaction parameters (𝜒) multiplied by the degree of 

polymerization (𝑁).  We analyzed 𝜒 and 𝑁 values for different copolymer systems, for 

which isoporous membranes have been previously reported. A trend line was plotted with 

nM
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a suitable ratio of parameters and used for further solvent selection for new systems. The 

method is explained in detail in this section. 

Table 2.2 summarizes diblock copolymers and solvent mixtures, which led to ordered 

isoporous membranes in previous reports. Three segregation strengths were calculated for 

the polymer-solvent systems in Table 2.2: 

1) the solvent mixture and the less soluble block (A): 𝜒𝑠𝐴𝑁𝐴 

2) the solvent mixture and the most soluble block (B): 𝜒𝑠𝐵𝑁𝐵 

3) less soluble block and the most soluble block (B): 𝜒𝐴𝐵𝑁 

where 𝜒𝑠𝑖 is the Flory–Huggins interaction parameter between the solvent mixture and 

the polymer blocks 𝑖; 𝑁𝑖 is the degree of polymerization of polymer block 𝑖, and 𝑁 is the 

total degree of polymerization (𝑁 = 𝑁𝐴 + 𝑁𝐵). 

Table 2.2. Polymer-solvent systems leading to isoporous membranes in previous reports 

ID Copolymer Solvent
a
 Solvent ratio (wt%) 𝑽𝑨 𝑽𝑩⁄  𝝌𝒔𝑨𝑵𝑨 𝝌𝒔𝑩𝑵𝑩 𝝌𝑨𝑩𝑵b

 

P1 PS175k-b-P4VP65k [45] THF/DOX/DMF 1/1/1 2.8 779 141 804 

P2 PS188k-b-P4VP64k [46] Ac/DOX/DMF 20/51/29 3.1 831 144 845 

P3 PS182.4k-b-P4VP57.6k [47] THF/DOX/DMF 1/1/1 3.3 812 125 805 

P4 PS138k-b-P4VP41k [48] THF/DOX/DMF 1/1/1 3.6 614 89 600 

P5 PS162.4k-b-P4VP28.7k [30] THF/DMF 30/70 6.0 1313 82 641 

P6 PS138k-b-PEO18k [31] THF/DMAc/Sulf 48/29/23 8.2 839 158 139 

a 
THF = tetrahydrofuran; Ac = acetone; DOX = 1,4-dioxane; DMF = N,N-dimethylformamide; 

DMAc = N,N-dimethyl acetamide;  Sulf = sulfolane  

b 
Flory–Huggins interaction parameters, 𝜒𝐴𝐵, of PS-b-P4VP and PS-b-PEO were 0.35 and 0.08, 

respectively [49, 50]. 
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The Flory–Huggins interaction parameters between the solvent mixture and the polymer 

blocks (𝜒𝑠𝑖) were calculated using Equation (2.1): 

𝜒𝑠𝑖 =  
𝑉𝐴𝑠𝑖

𝑅𝑇
 (2.1) 

where 𝑉 is the molar volume of the solvent mixture (volume-weighted average); 𝐴𝑠𝑖 is 

the difference between the Hansen solubility parameters (HSP) for the solvent (𝑠) and the 

polymer (𝑖); 𝑅 is the gas constant (8.314 J mol
-1

 K
-1

); and 𝑇 is the temperature (K). The 

𝐴𝑠𝑖 term was calculated using Equation (2.2), in which the dispersion (𝛿𝐷), polar (𝛿𝑃), 

and hydrogen bond (𝛿𝐻) terms of the solvent mixtures were calculated as the volume-

weighted average of the Hansen parameters of each component. 

𝐴𝑠𝑖 = (𝛿𝐷𝑠 − 𝛿𝐷𝑖) 
2 +  0.25(𝛿𝑃𝑠 − 𝛿𝑃𝑖) 

2 +  0.25(𝛿𝐻𝑠 − 𝛿𝐻𝑖) 
2 (2.2) 

Table 2.2 shows the calculated segregation strengths for the previously reported polymer-

solvent systems. The copolymers (P1-P6) are listed in the increasing order of 𝑉𝐴 𝑉𝐵⁄ , 

which are the molar volume ratio of the less soluble block (A) to the most soluble block 

(B). The 𝜒𝑠𝐴𝑁𝐴 values are higher than 𝜒𝑠𝐵𝑁𝐵 in all of the mixtures, implying that the A 

blocks (i.e., PS) should form the micelle core, while the B blocks (P4VP or PEO) form 

the corona due to their better compatibility with the solvent mixtures.   

The segregation strengths vary with the copolymer and influence the form and 

deformability of micelles in solution. The micelles assembly affects the final membrane 

morphology.  Previous observations indicate that the micelle arrangement in the casting 

solution bulk can directly reflect the pore order on the membrane surface [27]. The 

rigidity can affect the micelle arrangement in solution [51]. Furthermore, additives, which 
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increase the micelle rigidity, or reduce their deformability, lead to more ordered pore 

morphology [52]. Motivation in this paper is to find a general parameter or set of 

parameters to predict which solvent combination would lead to effective segregation into 

spherical micelles and coronas with low deformability.  A strong amphiphilic character 

favors aggregation into micelles. Core segments with low interaction with the solvent 

should have a positive effect on the ordered pore formation.  But this is only a first 

requirement.  The corona characteristics are at least as important. Favorable corona 

interactions with the solvent are a key requirement for the micelle formation. However, 

the right combination of block length and corona-solvent interaction seems to be 

necessary to achieve ordered pore morphology.  Long corona segments with too strong 

interaction with the solvent mixture might lead to excessively deformable assemblies and 

less order.   

We propose here to use the segregation strength, the dimensionless parameter  �̅�  to 

choose the most convenient solvent composition. Its calculation should follow Equation 

(2.3):  

�̅� =  
(𝜒𝑠𝐴𝑁𝐴 − 𝜒𝑠𝐵𝑁𝐵)

𝜒𝐴𝐵𝑁
 (2.3) 

Remarkably, the �̅� values for the polymer-solvent mixtures listed in Table 2.2 could be 

fitted very well into a third-order polynomial trend line (with an R-square 0.9999), when 

plotted against 𝑉𝐴 𝑉𝐵⁄  (Figure 2.3):  

�̅�  = 0.02 (𝑉𝐴 𝑉𝐵⁄ )
3
 + 0.12 (𝑉𝐴 𝑉𝐵⁄ )

2
 + 0.35 (𝑉𝐴 𝑉𝐵⁄ ) + 0.37   (2.4) 

 



96 
 

The �̅� values increase with 𝑉𝐴 𝑉𝐵⁄  for the polymer-solvent systems that led to isoporous 

membranes. 

As far as the thermodynamic meaning of �̅� is concerned, it could be correlated to the 

difference (∆𝑔) between the free energy per unit volume for the ordered micelle state and 

that of the random state, described by Noolandi and Hong [53]. The contribution of the 

interaction energies to ∆𝑔 can be estimated as  ∆𝑔𝑖𝑛𝑡 from Equation (2.5): 

∆𝑔𝑖𝑛𝑡 = −𝜒𝐴𝐵𝑓𝐴𝑓𝐵(𝜑𝐶
0) 2 +  𝜒𝐴𝑆𝑓𝐴𝜑𝐶

0𝜑𝑆
0𝐹2

𝑆/𝐺2
𝑣 −  𝜒𝐴𝑆𝑓𝐴𝜑𝐶

0𝜑𝑆
0

+ 𝜒𝐵𝑆𝑓𝐵𝜑𝐶
0𝜑𝑆

0𝐹1
𝑆/𝐺1

𝑣 − 𝜒𝐵𝑆𝑓𝐵𝜑𝐶
0𝜑𝑆

0 

(2.5) 

where 𝑓𝐴 and 𝑓𝐵 are direct functions of the degree of polymerization of blocks A and B, 

respectively; 𝜑𝐶
0 and 𝜑𝑆

0 are the overall volume fractions of the copolymer and the 

solvent, respectively (𝜑𝑆
0 = 1 − 𝜑𝐶

0) in the solution; 𝐹1
𝑆 and 𝐹2

𝑆 are the fractions of 

solvent (by volume) in the corona and core, respectively; 𝐺1
𝑣
and 𝐺2

𝑣
 are the ratios 

between the total volume occupied by the  corona or core, respectively, and the total 

micelle volume (core + corona).  In addition to ∆𝑔𝑖𝑛𝑡 entropic terms related to stretching 

or compression of chains in the micelle and interfacial aspect contributions should be 

added for a complete account of ∆𝑔. Yuan et al. used self-consistent field theory to 

estimate the energy involved in the micellization of block copolymers [54].  

The term �̅�, used in this work, is a simplified and semi-empirical ratio, estimated only 

from solubility parameters and the polymerization degree. This information is easily 

available for the copolymers and solvents and should be used as a fast indicator of the 

most suitable cast solution composition.   
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Plotting �̅� against 𝑉𝐴 𝑉𝐵⁄  for different successful ordered systems gives a polynomial 

trend line as shown in Figure 2.3. For the final ordered membrane morphology, the �̅� 

values should be as close as possible to the line.  

 

Figure 2.3. Dimensionless parameter �̅� versus 𝑉𝐴 𝑉𝐵⁄  for various polymer-solvent 

systems (P1-P6, filled data points), previously confirmed as leading to isoporous 

membrane; trend line fitted from the data points; unfilled data points corresponding to 

unordered systems.  
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Figure 2.3 shows the �̅� values for single solvents. In general, the solvents leading 

to �̅� values above the trend line (e.g. DMF, �̅� = 2.4 for PS138k-b-P4VP41k, and DMAc, �̅� = 

8.2 for PS138k-b-PEO18k) were good solvents for the most soluble blocks (P4VP or PEO), 

which form the corona. This favors micelle formation, but is not a sufficient condition for 

an ordered membrane morphology. On the other hand, the solvents with �̅� below the 

trend line (i.e. THF,, �̅� = 0.5, and DOX, �̅� = 0.5 for PS138k-b-P4VP41k) were good 

solvents for both blocks. The χsBNB and χsBNA values are closer for systems below the 

trend line (e.g. for PS138k-b-P4VP41k, THF, χsBNB = 108, χsANA = 428) than above the 

trend line (e.g. for PS138k-b-P4VP41k, DMF, χsBNB = 193, χsBNA = 1658). THF is less 

favorable for micelle formation in this case. A combination of solvents above and below 

the trend line might lead to an optimal composition, favoring well-formed micelles with 

low deformability.  

The effect of solvent selectivity on block copolymer self-assembly in solution has been 

extensively demonstrated by the group of Eisenberg [55-58].  They controlled the 

selectivity of water-DMF or water-dioxane systems for copolymer blocks, by adjusting 

the amount of water in the solution to form various micelle morphologies, such as 

spheres, rods, and vesicles. Lodge et al. [59] have also investigated the effect of solvent 

selectivity by adjusting the ratio of various dialkyl phthalates to control the formation of 

micelle morphologies of an asymmetric PS-b-PI copolymer from spheres to cylinders to 

vesicles. As the solvent selectivity increased, the solvent-core block interactions 

decreased, and the interfacial tension increased, which resulted in various aggregate 

morphologies [59]. Similarly, the solvents can be adjusted to fit the trend line in Figure 

2.3.  



99 
 

The trend line was estimated disregarding the effect of solvent evaporation during the 

membrane preparation.  

 

2.3.3. Trend line method applied to an unexplored diblock copolymer   

The trend line in Figure 2.3 was used to estimate the best solvent mixtures for the 

preparation of isoporous membranes from an unexplored copolymer, PS195k-b-PEO45k 

(𝑉𝐴 𝑉𝐵⁄  = 4.7). From the third-order polynomial equation in Equation (2.4), the estimated 

�̅� for PS195k-b-PEO45k was 1.42.  

�̅� calculations were done for the copolymer in various mono solvents as summarized in 

Table 2.3. Almost all the water-miscible solvents, including THF, DOX, and DMF, have 

�̅� above the value calculated from the trend line while pyridine (Pyr) was the only water-

miscible solvent that has �̅� lower than the trend line. We then chose a ternary mixture of 

THF/DOX/Pyr as the solvent mixture for the preparation of isoporous membranes from 

PS195k-b-PEO45k. Table 2.3 shows Hansen solubility parameters for copolymer blocks and 

components of the solvent mixture, including their dispersion, polarity, and hydrogen 

bond contributions [60]. THF and DOX are better solvents for PEO compared to 

pyridine, mainly due to their close dispersion and hydrogen bond terms, while pyridine is 

a more compatible solvent for PS. The calculated Flory–Huggins interaction parameters 

between the polymer blocks and the solvents are presented in Figure 2.4. The interaction 

parameters for PEO/THF and PEO/DOX are lower than that of PS/THF and PS/DOX, 

whereas that for PEO/Pyr is higher than for PS/Pyr.  
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Table 2.3. �̅� of various solvents for the copolymer PS195k-b-PEO45k (�̅�trend line = 1.42) and 

the Hansen solubility parameters for selected solvents and copolymer blocks [60] 

Block or solvent �̅� 𝜹𝑫 (MPa
0.5

) 𝜹𝑷  (MPa
0.5

) 𝜹𝑯  (MPa
0.5

) 
𝜹 =  √𝜹𝑫

𝟐 + 𝜹𝑷
𝟐 + 𝜹𝑯

𝟐
 

Polystyrene  18.5 4.5 2.9 19.3 

Poly(ethylene oxide)  17.3 3.0 9.4 19.9 

Acetone 2.9     

Acetonitrile 4.2     

DOX 3.3 17.5 1.8 9.0 19.8 

DMAc 5.6     

DMF 6.0     

Pyridine -0.2 19.0 8.8 5.9 21.8 

Sulfolane 8.4     

THF 2.2 16.8 5.7 8.0 19.5 

 

 

Figure 2.4. Flory–Huggins interaction parameters between the copolymer blocks (PS-b-

PEO) and selected solvents. 

0.0

0.2

0.4
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Pyr DOX
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To closely fit the trend line, we then optimized the weight ratio of THF/DOX/Pyr to 

42/25/33, giving a �̅� value of 1.32. By using this fixed solvent composition, PS195k-b-

PEO45k membranes were prepared by casting and immersion in water with different 

polymer concentrations and evaporation times. 

 

Figure 2.5. FESEM images of PS195k-b-PEO45k membrane surfaces prepared from 

different solutions: (a, b) 19 wt% copolymer in (a) 42/25/33 THF/DOX/Pyr with 10s 

evaporation and (b) in 1/1 THF/DOX with 10 s evaporation; (c, d) 20 wt% copolymer in 

(c) 1/1 THF/Pyr, with 5s evaporation and in (d) 58/42 DOX/Pyr, with 5s evaporation. 

 

 

Figure 2.6. (a) FESEM and (b) TEM images of PS195k-b-PEO45k membrane cross sections 

(stained with RuO4 prior to TEM imaging). 
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Ordered isoporous membranes were obtained from 19 wt% PS195k-b-PEO45k solutions in 

42/25/33 THF/DOX/Pyr with evaporation time of 10 s. The FESEM images of the 

membrane surfaces (Figure 2.5) and cross sections (Figure 2.6) showed that the 

membranes had a uniform pore diameter of about 63 nm on the top of a macroporous 

substructure. In contrast, at a lower polymer concentration of 18 wt%, disordered 

structures were obtained. The copolymers in THF/DOX binary solvent mixtures had �̅� 

values far above the trend line leading to a non-uniform porous surface. These results 

show that the trend line can be helpful to find an effective solvent mixture for a certain 

block copolymer, from which isoporous membranes can be prepared after optimizing the 

polymer concentration and evaporation time experimentally.   

Membranes with uniform pore sizes were also obtained when binary solvent mixtures 

were used. THF/Pyr and DOX/Pyr were estimated to produce isoporous membranes since 

every single solvent leads to �̅� values above and below the trend line. The �̅�  values for 

the binary mixtures were 0.82 for 1/1 THF/Pyr and 1.25 for 1/1 DOX/Pyr. Uniform 

membranes could be obtained with a larger copolymer concentration (20 wt% with 5 s) as 

shown in Figure 2.5.  

The predictions using the trend line in Figure 2.3 were reinforced by TEM investigation 

using diluted PS195k-b-PEO45k solutions in each solvent or solvent mixture. The Images 

are shown in Figure 2.7.  Micelles prepared from solvent mixtures, which led to ordered 

isoporous membranes were perfectly spherical and well defined. In contrast, micelles 

prepared from THF/DOX led to an irregularly interconnected structure. These results 

show that the micelle morphology in dilute solution observed by TEM can serve as 
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screening and indication of suitable solvent mixtures for ordered final membrane 

morphology.  The micelle deformation and aggregation into larger structures hinder the 

formation of regular pores in the final membrane.  One needs to be aware that this is just 

an indication.  In the semi-dilute regime, morphological changes might take place and 

affect the final structure.  

Table 2.4 shows the average hydrodynamic radii (Z-average) measured by dynamic light 

scattering (DLS) for the dilute solutions of PS195k-b-PEO45k copolymers (0.1 wt%) in 

various solvent mixtures, which follow the trend line of Figure 2.3. The DLS 

measurements showed that the copolymer formed monodispersed micelles (PDI < 0.25) 

with Z-average between 24-35 nm. As can be seen in Table 2.4, the Z-average decreased 

proportionally to the decrease in the average pore sizes of the membranes produced from 

the corresponding solvent mixtures. This correlation supports the contribution of the 

micelle morphology in solution to the final membrane structure. 

 

Figure 2.7. TEM images of PS195k-b-PEO45k micelles prepared from dilute solutions of 

the copolymers in (a) 42/25/33 THF/DOX/Pyr, (b) 1/1 THF/Pyr, (c) 58/42 DOX/Pyr, and 

(d) 1/1 THF/DOX. Scale bars are 200 nm. 
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Table 2.4. DLS results for PS195k-b-PEO45k solutions in various solvent mixtures and the 

average pore diameter of the corresponding membranes 

Solvent mixture Z-average (nm)
a
  PdI

a
 Membrane pore size

b
 (nm) 

42/25/33 THF/DOX/Pyr  35.0 0.22 63 ± 7 

1/1 THF/Pyr  28.7 0.21 55 ± 6 

58/42 DOX/Pyr 24.3 0.13 45 ± 7 

a
 from DLS; 

b
 average diameter estimated from FESEM images 

 

2.3.4. Trend line method applied to a new triblock copolymer 

The poly(styrene-b-2-vinyl pyridine-b-ethylene oxide) copolymer synthesized with a total 

molecular weight of 161 kg mol
-1

 (PS80.5k-b-P2VP64.4k-b-PEO16.1k) was explored for 

membrane preparation. Self-assembly, in this case, was expected to have a composite 

structure of P2VP and PEO as the corona and PS as the core. Accordingly, the solvent 

composition was chosen to be more selective for P2VP/PEO as the more soluble blocks, 

while being less soluble for PS.  

Analogous to the optimization of PS195k-b-PEO45k membranes, the selection of the 

solvents for PS80.5k-b-P2VP64.4k-b-PEO16.1k was conducted by estimating the segregation 

strength which would better fit the trend line in Figure 2.3. For the calculation of the 

Flory–Huggins interaction parameters between the polymer and the solvents, the 

solubility parameters of the more soluble block (B) were calculated using the volume-

weighted average of P2VP and PEO. The Flory–Huggins interaction parameter between 
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the most soluble block (A) and the less soluble block (B), 𝜒𝐴𝐵, was estimated using the 

volume-weighted average between the interaction parameter of PS-P2VP and PS-PEO, 

which were 0.18 [61] and 0.08 [50], respectively. According to the isoporous trend line, 

the required �̅� for PS80.5k-b-P2VP64.4k-b-PEO16.1k (𝑉𝐴 𝑉𝐵⁄  = 1.06) was 0.63.  

A mixture of THF/DOX/DMF (51/30/19) was selected as the effective solvent mixture 

for the membrane preparation. The dimensionless parameters �̅� for  the single solvents 

were.0.22 for THF, -031 for DOX, 2.36 for DMF.   In the solvent mixture of 

THF/DOX/DMF, the high value of �̅� from DMF was counterbalanced by THF and DOX, 

which had �̅� lower than the trend line. By adjusting the composition of THF/DOX/DMF 

to 51/30/19 weight ratio, the �̅� of the mixture could be well fitted to the trend line.  

Figure 2.8 shows TEM image of the PS80.5k-b-P2VP64.4k-b-PEO16.1k micelles formed 

using 51/30/19 THF/DOX/DMF. Well-defined spherical micelles were obtained, similar 

to the diblock copolymer in Figure 2.7a. Membranes were then fabricated using the same 

solvent composition with different polymer concentrations and evaporation times. 25 

wt% copolymer and evaporation time of 10 s led to isoporous PS80.5k-b-P2VP64.4k-b-

PEO16.1k membranes. A FESEM image of the surface is seen in Figure 2.8, with 

hexagonally ordered pores of average diameter 29 ± 2 nm. DLS measurements 

confirmed a narrow micelle size distribution with Z-average of about 20 nm (PdI = 0.05). 

FESEM and TEM micrographs of the membrane cross-sections are shown in Figure 2.9.  

Ordered cylindrical pores are seen in the top layer of about 200 nm.   
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Figure 2.8. (a) TEM image of PS80.5k-b-P2VP64.4k-b-PEO16.1k micelles in 51/30/19 

THF/DOX/DMF and (b) FESEM image of a membrane surface prepared using a 25 wt% 

copolymer solution in the same solvent mixture with 10 s evaporation. 

 

 

Figure 2.9. (a) FESEM and (b) TEM images of PS80.5k-b-P2VP64.4k-b-PEO16.1k membrane 

cross sections.  For TEM, the membrane was stained with RuO4. 
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2.3.5. Time-resolved pore formation experiments 

In situ GISAXS were performed to study the evolution of the film morphology as the 

solution was cast and the solvent evaporated. Two-dimensional GISAXS patterns and 

scattering curves for the films cast from 25 wt% PS80.5k-b-P2VP64.4k-b-PEO16.1k in 

51/30/19 THF/DOX/DMF are presented in Figure 2.10a and b, respectively.  

 

Figure 2.10. (a) GISAXS patterns for films cast from 25 wt% PS80.5k-b-P2VP64.4k-b-

PEO16.1k in 51/30/19 THF/DOX/DMF at varying evaporation times; (b) Scattering peaks 

of the GISAXS horizontal cuts; (c) calculated d-spacing for films cast from 25 wt% 

PS80.5k-b-P2VP64.4k-b-PEO16.1k in 51/30/19 THF/DOX/DMF at varying evaporation times. 

Scattering curves at t > 0 s were shifted for clarity. (d) SAXS curves of PS80.5k-b-

P2VP64.4k-b-PEO16.1k in 51/30/19 THF/DOX/DMF at increasing polymer concentration. 
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Order evolves as evaporation proceeds. From the scattering curve in Figure 2.10b, a peak 

around 0.12 nm
-1

 was detected for the evaporation time of 10 s, which corresponded to a 

d-spacing of 53 nm. The calculated d-spacing is similar to the distances between the pore 

centers measured from the membrane FESEM micrograph (53 ± 2 nm). The arrows in 

the scattering curve for 10 s evaporation are attributed to the first three terms of the 

characteristic ratio of hexagonal structures (1, √3, and √4) [62]. The q values close to 

this ratio could be detected from the scattering curve for the evaporation time of 10 s after 

fitting with Gaussian functions.   

The ring at the evaporation time of 10 s smeared out as the evaporation proceeded, but 

then another ring with a high intensity was observed for higher evaporation times. This 

ring disappeared as the film completely dried at 600 s. From the scattering curves of 60 s 

to 300 s in Figure 2.10b, this high-intensity ring corresponded to the scattering peaks 

around 0.07 nm
-1

, which is attributed to a d-spacing of around 90 nm. Fig. 10c shows that 

the d-spacing increased as the evaporation proceeded until it reached a relatively constant 

value after 120 s. This result possibly indicated the formation of bigger aggregates as the 

polymer concentration increased in the film. As the most volatile solvents (THF and 

DOX) evaporated, the film was richer in the least volatile solvent (DMF), which was a 

more selective solvent for P2VP/PEO blocks. The PS blocks, therefore, tended to 

aggregate while trying to minimize interactions with the solvent. The scattering curves 

from 90 s to 300 s also showed shoulders at a characteristic ratio of √5, which is one of 

the characteristic ratios of body-centered cubic (BCC) structures [62]. It indicated that a 

completely different structure from that of 10 s evaporation time was formed. Overall, the 

observed GISAXS patterns exhibited a similar trend to the evolution of the membrane 
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structures produced at increasing evaporation times. At an optimum polymer 

concentration and solvent mixture, regular pores were formed at a certain time after 

casting, and the ordered structures disappeared as the evaporation time increases [31]. 

Fig. 10d shows SAXS patterns of the bulk of the polymer solution with various 

concentrations. For polymer concentrations lower than 25 wt%, no particular order could 

be observed. A broad peak around 0.15 nm
-1

 developed for polymer concentration 

identical to the casting solution, and higher. The peaks at these concentrations correlated 

to a d-spacing of 18-19 nm, which was close to the hydrodynamic radii of the micelles of 

about 20 nm, as detected by the DLS measurement of the dilute solution. A sharper peak 

around 0.14 nm
-1

 can be seen for the polymer concentration of 30 wt%. This peak 

corresponded to a d-spacing of around 27 nm, which was close to the average pore 

diameter of the PS80.5k-b-P2VP64.4k-b-PEO16.1k membranes of 29 ± 2 nm. At this higher 

concentration, the bulk state was closer to that on the film surface as the solvent 

evaporated and created a more concentrated layer at the top of the film. A shoulder 

around the characteristic ratio of √3, which was one of the hexagonal order 

characteristics, also started to appear at 30 wt% polymer concentration. 

The d-spacing values obtained from SAXS measurements were lower than that of 

observed from GISAXS. This result is consistent with our previous findings for PS-b-

P4VP copolymer [40]. At semi-dilute concentrations, micellar entities are close to each 

other, and, therefore, the SAXS measurement reflects the inter-micellar distances in the 

solution bulk. The GISAXS measurement, on the other hand, characterizes more surface 

effects and the first bulk sub-layers.  
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2.4. Conclusions 

A simple method to select the best solvent compositions for manufacturing isoporous 

block copolymer was proposed. The method is based (i) on a guiding trend line 

calculated from the segregation strength analysis of the polymer-solvent mixtures, using 

Flory–Huggins interaction parameters and Hansen solubility parameter data, supported 

by (ii) TEM imaging micelles in dilute solutions. The proposed theoretical method was 

validated by effectively using it to prepare isoporous membranes from a diblock and 

triblock copolymers not tested before: PS195k-b-PEO45k and PS80.5k-b-P2VP64.4k-b-

PEO16.1k. Various solvent mixtures containing THF, DOX, and pyridine were identified 

as potentially useful solvents for the manufacture of isoporous membranes. 

THF/DOX/DMF was used as an effective solvent to fabricate PS80.5k-b-P2VP64.4k-b-

PEO16.1k isoporous membranes with long-range order. The proposed method based on a 

trend line can be extended to other copolymer systems and is expected to shorten the 

development time when new copolymers are tested. Identifying the most suitable solvent 

mixture for a block copolymer is the first and most essential step in the successful 

manufacture of isoporous membranes. In addition to solvent composition, polymer 

concentration and molecular weight are relevant parameters, which influence the order 

and pore sizes.  

Time-resolved GISAXS experiments were conducted to follow the pore formation by 

casting PS80.5k-b-P2VP64.4k-b-PEO16.1k solutions, which were partially evaporated before 

immersion in water.  d-spacing values of 53 nm were measured, which are close to the 

interpore distance in the final membranes. 
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Chapter 3: Self-assembly of Polystyrene-b-poly(2-vinylpyridine)-b-

poly(ethylene oxide) Triblock Terpolymers  

   

This chapter was published as: 

Musteata, V., Sutisna, B., Polymeropoulos, G., Avgeropoulos, A., Meneau, F., 

Peinemann, K.V., Hadjichristidis, N. and Nunes, S.P., 2017. Self-assembly of 

Polystyrene-b-poly (2-vinylpyridine)-b-poly (ethylene oxide) Triblock 

Terpolymers. European Polymer Journal.  

 

The author's contribution in this work was on the optimization of solvent mixtures for the 

block copolymer self-assembly and membrane preparation using the segregation strength 

trend line. The author also contributed to the preparation and characterizations of block 

copolymer self-assembly and phase inversion membranes. The non-commercially 

available block copolymers investigated here were synthesized by Dr. George 

Polymeropolous at Prof. Nikolaos Hadjichristidis's lab.  
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3.1. Introduction 

The self-assembly of block copolymers has attracted considerable attention for many 

decades. It leads to ordered structures [1], useful for the preparation of nanostructured 

template [2] and structured materials for selective separation [3], drug delivery [4, 5], 

catalysis [6],  electronics [7], photovoltaic cells [8], energy storage [9] or fuel cells [10]. 

When dissolved in selective solvents block copolymers can aggregate into a different 

shape of micelles with a core formed by the insoluble block and a corona formed by the 

solvent-swollen soluble block [11-14]. Depending on the solvent concentration, block-

block, block-solvent interactions and the asymmetry of block copolymers, a variety of 

morphologies can be obtained, such as spheres, cylinders, vesicles or lamellae and even 

more complex continuous network structures or hierarchical assemblies [11, 15]. 

A large number of block copolymer membranes and films for many applications have 

been based mainly on polystyrene-b-poly(4-vinyl pyridine) (PS-b-P4VP) [15-17], and 

polystyrene-b-poly(ethylene oxide) (PS-b-PEO) [18, 19] diblock copolymers. The 

incorporation of a third block, e.g., polyisoprene-b-polystyrene-b-poly(4-vinyl pyridine) 

(PI-b-PS-b-P4VP) [20], can provide additional tuning of the morphology and the 

terpolymer properties. The composition of polystyrene-b-poly(2-vinylpyridine)-b-

poly(ethylene oxide), PS-b-P2VP-b-PEO, makes this polymer a good candidate for 

different applications that require self-assembly systems. The rigid PS has been long used 

as the hydrophobic segment for self-assembling systems, providing the needed structural 

integrity. The hydrophilic PEO block is biocompatible, has low protein adsorption and 

low cell adhesion, making it a good candidate for membranes or medical applications 
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[21]. PEO has good complexing ability with transition metal cations, resistance to 

oxidation, reduction, and decomposition, making PEO-based block copolymers good 

candidates towards the synthesis of inorganic nanoparticles [22]. P2VP-based polymeric 

materials are of particular interest. They strongly interact with inorganic precursors to 

form mesoporous metal oxides [23], in the form of inorganic hollow nanoparticles [24, 

25], nanotubes, or other shapes [26], after the polymer degradation by calcination or 

plasma treatment [27]. PS-b-P2VP-b-PEO terpolymers (87, 12, 1 and 78, 14, 8 kg mol
-1

 

respective block molecular weight) have been tested for membrane fabrication [28], but 

the self-assembly of PS-b-P2VP-b-PEO in solution was only previously investigated by 

other groups in aqueous media [29, 30]. The micelles obtained in aqueous solutions were 

successfully used as sacrificial templates to fabricate inorganic nanoparticles [30] and to 

synthesize bimetallic nanoparticles [31], due to the ability of PVP and PEO to coordinate 

with different metallic precursors. Core-shell-corona PS-b-P2VP-b-PEO micelles have 

been used as a pore-directing agent for the synthesis of mesoporous platinum 

nanospheres with tunable pore size and superior electrocatalytic activity [32]. The 

structure and size distribution of the produced inorganic particles depend on the 

morphologies and regularity of the micellar shapes used as templates. For applications, 

such as nanoporous membranes or templates, oriented cylindrical or spherical 

morphologies are required [5, 33]. Therefore, the ability to tune the parameters that 

govern the self-assembly of triblock terpolymers is of critical importance for applications 

in templating, isoporous membrane fabrication, or drug delivery. 

The preparation of membranes using a new polymeric material often requires extensive 

optimization, starting by choosing the best solvent mixture. We recently proposed a semi-
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empirical method to facilitate this optimization [34]. We have demonstrated the 

importance of micelle assembly in the formation of isoporous membranes [3, 16] and 

have also early explored SAXS as a powerful tool to guide the ordered membrane 

formation for PS-b-P4VP and PS-b-PEO [35-37]. 

In this paper, we synthesized a series of PS-b-P2VP-b-PEO terpolymers with different 

molecular weights and block ratios. We systematically investigated the equilibrium 

morphologies in bulk, dilute and semi-dilute solutions, by using two different solvent 

mixtures, and correlate them with the non-equilibrium morphology induced by 

immersion in a non-solvent, which leads to the formation of porous membranes.     

 

3.2. Experimental 

3.2.1. Materials 

The following solvents were supplied by Sigma-Aldrich and used as received: 

tetrahydrofuran (THF), 1,4-dioxane (DOX), N,N-dimethyl formamide (DMF), N,N-

dimethyl acetamide (DMAc), tetramethylene sulfone (Sulf). Four linear polystyrene-b-

poly(2-vinylpyridine)-b-poly(ethylene oxide) (PS-b-P2VP-b-PEO) triblock terpolymers 

with different compositions, 15.7k-b-10.9k-b-5.4k, 16k-b-11.4k-b-10.6k, 25.6k-b-40.2k-

b-7.3k and 80.5k-b-64.4k-b-16.1k were synthesized as described below. The PS75k-b-

P2VP21k-b-PEO16.5k terpolymer was purchased from Polymer Source, Canada.  

 

 



121 
 

3.2.2. Linear triblock terpolymer synthesis 

The linear triblock terpolymers PS-b-P2VP-b-PEO were synthesized by sequential 

anionic polymerization and high vacuum techniques (the pressure was around 10-5 

mmHg) [38, 39]. Tetrahydrofuran (Sigma Aldrich, 99.9%) was refluxed over sodium, 

stirred in the presence of CaH2 overnight and distilled over Na/K alloy. sec-Butyllithium 

(Sigma-Aldrich, 1.4 M in cyclohexane) was diluted to the appropriate concentration in 

purified hexane. Styrene (Sigma-Aldrich, 99%) was purified by distillation over CaH2 

and dibutyl-magnesium (Sigma-Aldrich, 1 M solution in heptane) and stored in pre-

calibrated ampoules. 2-Vinylpyridine (Sigma Aldrich, 97%) was distilled twice over 

CaH2 and once over sodium mirror, stirred in the presence of trimethyl-aluminum 

(Sigma-Aldrich, 97%) at 0
 
°C and used directly for the polymerization. Ethylene oxide 

(Sigma-Aldrich, 99.5%) was purified by consecutive distillations over CaH2 and n-Buli at 

0 °C, before transferring it to the polymerization reactor. The phosphazene superbase, 1-

tert-Butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)-

phosphoranylidenamino]-2λ
5
,4λcatenadi (phosphazene) (P4-tBu) (Sigma-Aldrich, 0.8 M 

in hexane) and the acetic acid (terminating agent) were stored under high vacuum and 

used as received. 

A typical experiment for the synthesis of the PS-b-P2VP-b-PEO (Figure 3.1) involves the 

anionic polymerization of styrene at -78 °C using sec-butyllithium as an initiator. After 

one hour, an aliquot was taken for SEC analysis, followed by transfer through distillation 

of the appropriate amount of 2-VP under vigorous stirring at -78 °C. After 1 h, another 

aliquot was taken for SEC analysis. Finally, P4-tBu super base was added, followed by 
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distillation of EO and the polymerization solution left under stirring at 50 °C [40-43].
 

After five days, the polymerization was quenched by acetic acid, and the polymer 

precipitated in cool hexane. The final product was dried in a vacuum oven for 48 h at 40 

°C to give a colorless powder.  

The number-average molecular weight (Mn) and polydispersity index (Ð) of the 

intermediate and the final triblock terpolymers were determined by size exclusion 

chromatography (SEC), equipped with an isocratic pump (Spectra System P1000), three 

columns in series (PLgel 5 μm Mixed-C, 300 x 7.5 mm) and a refractive index (RI, 

Shodex RI-101) detector in THF, with a flow rate of 1 mL min
-1

. Polystyrene standards 

(Mp: 4.300 to 3.000.000 g mol
-1

) were used for the calibration of the instrument. The 

chemical composition of the terpolymers was determined using a Brücker AV-500 
1
H-

NMR spectrometer
 
in CDCl3.  

3.2.3. Dense film preparation 

For the investigation of bulk equilibrium morphology, 5 wt% polymer solutions were 

prepared by dissolving the terpolymers in chloroform, a common non-selective solvent 

for all three blocks. The solution was cast on a Teflon plate and allowed to evaporate 

slowly for four days and subsequently annealed in a vacuum oven for five days at 130 
o
C, 

well above the glass transition temperature of PS (~100 °C) and P2VP (~95 °C). The 

resulted films with thicknesses in the range of 0.3–0.8 mm were quenched in liquid 

nitrogen to freeze the equilibrium morphology, and then kept at room temperature for 

TEM and SAXS experiments. 
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3.2.4. Membrane preparation 

For casting the membranes, 20, 25 or 28 wt% solutions of PS-b-P2VP-b-PEO 

terpolymers were prepared by dissolving an appropriate amount of the polymers mainly 

in two ternary solvent mixtures: THF/DOX/DMF and THF/DMAc/Sulf, at compositions 

given in Table 3.1. After stirring overnight, the polymer solution was cast on a glass 

plate, using a doctor blade with a 200 μm gap. The solvent was evaporated for 10–20 s, 

then the film was immersed in a deionized water bath, in which the phase inversion 

occurred. The resulted membranes were dried at ambient conditions. 

3.2.5. Small-Angle X-ray Scattering (SAXS) 

SAXS experiments for the polymer in bulk and solution were performed at the SAXS1 

beamline of the Brazilian Synchrotron Facility (LNLS), which works at a fixed energy of 

8.0 keV. The bulk morphology of the dense terpolymer film was analyzed, using a film 

sample holder. For the solution characterization, the sample was injected with a syringe 

in a vacuum cell formed between two mica windows. The X-ray wavelength was 0.155 

nm, and the sample to detector distance was 3.057 m. The detector used was a Pilatus 

300k with a pixel size of (172 μm)
2
. The beam area on the sample was 1 mm

2
. The 

measurements were performed with 20 frames, each with 30 s exposure time. Plots of 

intensity versus scattering vector (q) were obtained, by calculating the average of the 

radially integrated 2D patterns, after normalization to the intensity of the primary beam 

and subtraction of background. 
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3.2.6. Transmission Electron Microscopy (TEM) 

TEM images were obtained using an FEI Tecnai 12 microscope, operating at 120 kV. For 

the bulk morphology, PS-b-P2VP-b-PEO dense thick films were annealed and quenched 

as described above and embedded in an epoxy resin, followed by curing at 60 °C for 24 

h. Ultrathin sections with 60 nm thickness were cut with Leica EM UC6 ultra-microtome, 

using a diamond knife. The thin slices were placed on a copper grid and further exposed 

for two hours to iodine.   

For micelle characterization, the samples were prepared by directly dropping a 1 mg mL
-1

 

solution onto a carbon-coated copper grid, and the solvent was blotted by a filter paper. 

After drying, they were stained by depositing a drop of 0.1 wt % phosphotungstic acid 

aqueous solution onto the grid with the sample.  

3.2.7. Scanning Electron Microscopy (SEM) 

SEM images of the membranes surfaces were obtained in an FEI Nova Nano microscope 

with a 5 kV accelerating voltage and 3 mm working distances. The membranes were 

mounted on an aluminum stub using aluminum tape and sputter-coated with iridium (3 

nm thickness) before imaging. 

3.2.8. Cryo-Field Emission Scanning Microscopy (Cryo-FESEM) 

Cryo-microscopy was performed on a Nova Nano 630 FEI microscope, equipped with 

liquid nitrogen cryogenic system. The sample temperature was -115 °C.  A voltage of 5 

kV and a 5 mm working distance were applied. For the sample preparation, a solution 

drop was placed on the sample holder, frozen in liquid nitrogen and fractured at -170 °C 
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inside the preparation chamber. The fracture surface was sublimed at -90 °C to eliminate 

any condensed ice and coated with platinum inside the cryogenic chamber. 

3.2.9. Dynamic Light Scattering (DLS) 

DLS measurements were carried out using a Malvern instrument equipped with a laser 

operating at 680 nm. The sample solutions were loaded in glass cuvettes, and the 

measurements were performed at a 173° backscattering angle at 25 °C. Based on Stokes-

Einstein equation, the hydrodynamic diameter (volume average), Dh, and the 

polydispersity index (PDI) were calculated. PDI values vary from 0 to 1, with 0 

represents a monodisperse particle distribution. The reported values are the average of 

three measurements with 12–15 runs. The dilute (1 mg mL
-1

) PS-b-P2VP-b-PEO 

solutions were prepared, by dissolving the copolymer in ternary solvent mixtures, 

followed by overnight stirring. 

3.2.10. Rheology 

The solution rheology was investigated on an AR 1500ex rheometer with a plate and 

cone fixture, 20 mm diameter and 1° cone angle. To avoid sample drying during the 

experiments, we wetted a filter paper with the solvent and a metal cover was placed 

around the measuring cell. Strain measurements were performed at 25 °C and 1 Hz 

frequency. Frequency sweep measurements were performed with a fixed oscillation strain 

of 1 %, which lies within the linear viscoelastic regime. 
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3.3. Results and Discussion 

3.3.1. Copolymer synthesis 

Well-defined PS-b-P2VP-b-PEO.triblock ternary copolymers were synthesized as model 

polymeric materials.  The SEC traces and the molecular characteristics of all samples are 

given in Figure 3.1 and Table 3.1, respectively.  

 

Figure 3.1. (a) General reactions for the synthesis of the triblock terpolymers PS-b-P2VP-

b-PEO; (b) SEC traces of the final triblock terpolymers; (c) 
1
H-NMR spectrum of sample 

PS16k-b-P2VP11.4k-b-PEO10.6k. 
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Table 3.1. Molecular characteristics of polystyrene (PS), poly(2-vinylpyridine) (P2VP) 

and poly(ethylene-oxide) (PEO) blocks. 

Polymer 

Mn
PS

 

[g/mol]
a
 

Mn
P2VP

 

[g/mol]
a
 

Mn
PEO

 

[g/mol]
a
 

Ð 

f(PS) 

%(w/w)
b 

f(P2VP) 

%(w/w)
b 

PS15.7k-b-P2VP10.9k-b-PEO5.4k 15700 10900 5400 1.1 0.48 0.33 

PS16k-b-P2VP11.4k-b-PEO10.6k 16000 11400 10600 1.09 0.40 0.31 

PS25.6k-b-P2VP40.2k-b-PEO7.3k 25600 40200 7300 1.05 0.37 0.54 

PS80.5k-b-P2VP64.4k-b-PEO16.1k 80500 64400 16100 1.03 0.49 0.40 

a 
Size exclusion chromatography in THF at 45 

o
C using polystyrene standards. 

b
 Mass fraction was calculated via 

1
H-NMR spectroscopy in CDCl3 at 25 

o
C. 

 

3.3.2.  Equilibrium (bulk) morphology 

The bulk morphology of diblock copolymers primarily depends on the composition, 

expressed as the relative volume fractions of the two blocks, and the interaction between 

the blocks, expressed as the segregation strength χN, where χ is the Flory–Huggins 

interaction parameter and N is the degree of polymerization. In general, for χN > 10, 

ordered nanostructures with different morphologies are observed, depending on the 

composition [1, 44]. For triblock terpolymers the number of relevant parameters is larger: 

three interaction parameters (χAB, χBC, and χAC) instead of one, the total degree of 

polymerization (N), two independent volume fractions (ΦA and ΦB, with ΦC = 1 – ΦA – 

ΦB), two junction points instead of one,
 
and two conformational asymmetry parameters 

between each pair of the linked blocks [45]. Furthermore, the sequence of the blocks 
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plays a significant role as well, since it alters the adopted morphology, due to changes in 

the interaction parameter sequence. More than 20 stable or metastable nanostructures 

have been previously reported as the bulk morphology for linear ABC terpolymers, 

including some of them similar to diblocks (spheres, cylinders, gyroid, and lamellae) [46-

48], mixed geometries, spheres in cylinders, cylinders in lamellae [49, 50], rings on rods 

[51], or more complex knitting pattern structure [52]. Thirty morphologies have been 

theoretically predicted [45]. 

Flory–Huggins  interaction parameters between the blocks were calculated from equation 

(3.1) [53]:
 
 

𝜒𝐴𝐵 = 
𝑉0

𝑅𝑇
(𝛿𝐴 − 𝛿𝐵)2                                  (3.1) 

where χAB is the polymer-polymer interaction parameter and does not include the 

entropic contributions, V0 is the geometric average of the molar volumes of polymer, δ  

is the solubility parameters for A and B blocks. Solubility parameters for each terpolymer 

block are δPS  = 19.26 MPa
1/2

, δP2VP  = 23.27 MPa
1/2 

and δPEO = 19.92 MPa
1/2

, 

calculated as 𝛿 = √𝛿𝑃
2 + 𝛿𝐷

2 + 𝛿𝐻
2
, where δP, δD, δH are the polar, dispersive and 

hydrogen bond contributions [54]. By using equation (3.1), which only takes into 

consideration the enthalpic contribution, we obtained χPS-P2VP = 0.649, χP2VP-PEO = 0.272 

and χPS-PEO = 0.011 for T = 20 °C. In this case, when PS and PEO terminal blocks have 

the lowest incompatibility and PS and P2VP should avoid each other the most, it is 

possible that the P2VP segments segregate and interfaces between PS and PEO phases 

are formed, reducing the overall interfacial tension of the system, as commonly met for 
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frustrated terpolymers [55]. Due to the short length of the PEO block, a low segregation 

strengths χN is obtained between PS and PEO (Table A.1.1). Literature data for polymers 

with a similar composition and different geometry (specifically, 3 arm star terpolymers) 

reported the formation of two-phase separated systems, with PEO and PS chains forming 

a single phase, when the average molecular weight of PEO is very low (3000 g mol
-1

) 

[56]. For higher volume fraction of PEO block (ΦPEO= 0.45), they reported a three-phase 

structure formed by PS block surrounded by P2VP embedded in PEO matrix. The bulk 

morphology of the annealed samples was investigated by SAXS and TEM. TEM shows a 

clear segregation with dark phases most probably corresponding to P2VP stained by 

iodine, and bright phases rich in PS. From χN data in Table A.1.1 and previous literature 

[56] observation with analogous copolymers, we could not exclude that PEO blocks 

would be partially included in the PS-rich phase.   

Figure 3.2 summarizes the SAXS results for samples with different molecular weights 

and block compositions and the corresponding equilibrium morphology. A primary 

correlation peak at scattering vector q = q* is observed for all the samples, indicating the 

formation of strong segregated systems with a periodic structure. In addition, the 

scattering profiles contain higher order correlation peaks, which are characteristic of 

long-range ordered systems. Their positions were obtained by fitting the data with a sum 

of three or more Lorenz functions using Igor Pro 6.37 software [57]. The scattering 

profiles obtained by radial integration of the 2D scattering patterns, together with the 

fitting curves, are presented in Figure A.1.1 of Appendices. The scattering profile is 

given by the product of the structure factor, directly related to structure regularity, and the 

form factor, which is proportional to the square of the electron density difference. The 
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contrast is given by the contrast in the electron density, and therefore, even a very 

ordered structure could yield low scattering if the different phases have similar electron 

density. Furthermore, the contrast depends on the X-ray energy used [58]. In the 

investigated systems, the electron density of PS and PEO (0.34 e*Å
-3 

and 0.37 e*Å
-3

, 

respectively) [58] and of PS and P2VP are similar, resulting in relatively low contrast in 

x-ray experiments [59].  

 

Figure 3.2. SAXS patterns of thermal (130 
ᵒ
C) annealed PS-b-P2VP-b-PEO films. The 

curves were vertically shifted for better visualization. q* represents the position of the 

first scattering peak. TEM of the corresponding samples stained with iodine with marked 

periodic distance; order identified by SAXS and the period distance between the centers 

of two scatterers, D. 
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In this case, the complementing TEM information is important and is also shown in 

Figure 3.2. The scattering profile for the polymer with the lowest molecular weight 

(PS15.7k-b-P2VP10.9k-b-PEO5.4k) has only a primary peak and a wide shoulder located 

close to √3q* which could indicate a hexagonally ordered system or a 3-fold projection 

of 3D cubic assembly. The corresponding TEM image indicates the formation of 

spherical (bright) PS phases, which are distributed in a continuous darker phase (stained 

by iodine) constituted by P2VP block.  Cylindrical morphologies were not detected by 

TEM for this sample. Based on these observations, we propose that hexagonal closed 

packed spheres (HCP) morphology predominate for PS15.7k-b-P2VP10.9k-b-PEO5.4k. We 

could not clearly differentiate the phase composition from the TEM imaging alone, but 

the estimated segregation strengths between the three blocks (given in Table A.1.1 of 

Appendices) indicate the possibility of a mixed PS-PEO phase.  

TEM images of PS16k-b-P2VP11.4k-b-PEO10.6k and PS25.6k-b-P2VP40.2k-b-PEO7.3k samples 

both capture perpendicular and lateral view of the lying cylinders which are arranged on a 

hexagonal lattice (HEX), with the core formed by the PS phase (bright, non-stained by 

iodine). This fully agrees with the SAXS results. The relative position of the SAXS 

peaks, q/q*, is located at 1, √3, 2, √7 and √12, with the peak at q/q*= √3 overlapped by 

a small peak at q/q*= 2. This confirms the HEX cylindrical arrangement for both 

terpolymers. However, the definition of the higher order peaks is not enough to 

completely exclude a mixed cylindrical/lamellar phase.  If a mixed PS and PEO phase 

occurs in the case of short PEO segments, this could favor cylindrical and lamellar 

morphology for PS16k-b-P2VP11.4k-b-PEO10.6k and PS25.6k-b-P2VP40.2k-b-PEO7.3k, 
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respectively. The periodic distance representing the distance between the cylinder centers 

is larger for PS25.6k-b-P2VP40.2k-b-PEO7.3k, due to the larger PS and P2VP blocks.  

PS75k-b-P2VP21k-b-PEO16.5k, the only copolymer not synthesized in our lab, resulted in 

the formation of lamellar morphology as clearly evidenced by TEM in Figure 3.2. The 

main SAXS peak is followed by the second and third peaks located at 2q* and 3q*, 

respectively, clearly characterizing a lamellar order (LAM). 

PS80.5k-b-P2VP64.4k-b-PEO16.1k has an exceptionally ordered hexagonal morphology, as 

seen in TEM images, with an inverted structure, when compared to PS16k-b-P2VP11.4k-b-

PEO10.6k and PS25.6k-b-P2VP40.2k-b-PEO7.3k. As for the lowest molecular weight 

copolymer, the existence of PS and PEO blocks in a single phase could explain the 

observed morphology. In this case, the P2VP block would form the cylinders, and PS and 

PEO the matrix. Images obtained in different planes and presented in Figure A.1.2 of 

Appendices (in addition to Figure 3.2) show the cross-sectional and lateral view of the 

cylinders and demonstrate that the structure corresponds to hexagonally packed P2VP-

rich cylinders (dark iodine-stained cores) in the PS matrix. SAXS peaks at q/q*: 1, √3, 2 

are characteristic of hexagonal arrangements and confirm the TEM observation. At a 

higher scattering vector, the SAXS profile has a broad weak shoulder that can arise from 

the superposition of higher-order reflections expected for a hexagonal morphology 

indicated by arrows. The distances between the centers of two scatterers, D, reported in 

Figure 3.2, were evaluated for different morphologies, from the position of the first 

scattering peak, using the following equations [60]:  
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𝐷 = √6𝜋/𝑞∗ (HCP, BCC)                (3.2) 

𝐷 = 4𝜋/√3𝑞∗ (HEX)                 (3.3) 

𝐷 = 2𝜋/𝑞∗ (LAM)                 (3.4) 

 

3.3.3. Dilute solutions 

The membrane manufacture is in most cases based on a solution process. The 

morphology of block copolymers in solution is much more complex than those observed 

in equilibrium bulk systems. It highly depends on the solvent interaction to different 

blocks and the polymer concentration. Investigating the self-assembly in solution is 

highly relevant to guide the identification of the best solvent mixture/copolymer 

compositions for the ordered porous membrane formation. We investigated the self-

assembly in solution in dilute and semi-diluted regimes. To induce the self-assembly in 

solution, we chose solvent mixtures according to a recently reported method [34], that 

accounts for the dependence of the reduced segregation strength, �̅�, on the ratio of the 

volume fraction of the blocks, ΦA/ΦB, where: 

�̅� = (𝜒𝑠𝐴𝑁𝐴 −  𝜒𝑠𝐵𝑁𝐵)/𝜒𝐴𝐵𝑁                      (3.5) 

The 𝜒𝑠𝐴𝑁𝐴 is the Flory–Huggins interaction parameter between the solvent mixture and 

the less soluble block (A), 𝜒𝑠𝐵𝑁𝐵 is the Flory–Huggins interaction parameter between the 

solvent mixture and the most soluble block (B), Ni is the degree of polymerization of 

polymer block I, and N is the total polymerization degree. The less soluble block (A) is 
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the PS block, the solubility parameter of the most soluble block (B) was calculated using 

the volume-weighted average of P2VP and PEO blocks and 𝜒𝐴𝐵 was estimated using the 

volume-weighted average between the interaction parameters of PS-P2VP and PS-PEO, 

as described in ref. [34]. The volume fraction ΦB was calculated as the sum of the volume 

fractions of P2VP and PEO. 

The �̅� 𝑣𝑠 𝛷𝐴/𝛷𝐵  trend line shown in Figure A.1.3 (Appendices) can be 

thermodynamically correlated to the difference of the free energy between the ordered 

and the random states of the copolymer system [61]. Optimum compositions of 

THF/DMF/DOX and THF/DMAc/Sulf solvent mixtures were estimated to better fit the 

trend line in Figure A.1.3 (Appendices), using parameters listed in Table A.1.2 

(Appendices). Overall, the solvent mixtures are better for P2VP and PEO blocks than for 

PS blocks, as indicated by the lower Flory–Huggins solvent–polymer interaction 

parameters (𝜒s,i) for P2VP and PEO compared to PS. 

First, the micelle formation in diluted solutions (1 mg mL
-1

) was investigated by TEM 

and DLS. The DLS measured values of hydrodynamic diameter (Dh) and the micelle size 

polydispersity index (PDI) are summarized in Table A.1.2. The most anticipated micelle 

structure for a linear ABC terpolymer in selective solvents for one of the two end-blocks 

and the middle block is a core/inner corona/outer corona [62]. However, micelles with 

one block forming the core and the other two incompatible blocks forming the corona can 

also be obtained, since solubilization of the two more incompatible blocks can happen in 

a common solvent [63]. Figure 3.3 shows the TEM images of micelles formed in dilute 

solutions, after the selective staining of the P2VP and PEO with phosphotungstic acid. 
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Phosphotungstic acid preferentially stains P2VP and PEO. The staining of PEO occurs 

through the terminal hydroxyl groups. All micelles in Figure 3.3 have a bright core, 

corresponding to the less soluble PS and a dark corona, richer in P2VP and PEO. 

Particularly in the case of PS80.5k-b-P2VP64.4k-b-PEO16.1k, the corona thickness is much 

smaller than the core radius, forming what is frequently called crew-cut micelles. The 

core size increases with the size of the PS block in the terpolymer. For PS16k-b-P2VP11.4k-

b-PEO10.6k and PS25.6k-b-P2VP40.2k-b-PEO7.3k the corona is more diffuse and the corona 

thickness relative to the core radius is larger than that of PS80.5k-b-P2VP64.4k-b-PEO16.1k.   

 

Figure 3.3. TEM images of PS-b-P2VP-b-PEO micelles obtained from dilute solutions in 

THF/DOX/DMF, stained by phosphotungstic acid; micelles size dependence on the total 

molecular weight, using THF/DOX/DMF and THF/DMAc/Sulf as solvents.  

Figure 3.3 (bottom) represents the micelle diameters obtained from the TEM images, as a 

function of the terpolymer molecular weight.  The values are an average of 20 micelles. 
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The micelle size is correlated with the total molecular weight of the polymer, with small 

deviations from linearity. Moreover, the core diameter correlates with the molecular 

weight of the PS block. The values obtained for hydrodynamic diameter in solution 

measured by DLS are smaller than the micelle diameter estimated by TEM. Differences 

may arise from the sample preparation for TEM. In addition, due to the solvent 

selectivity, P2VP-b-PEO corona blocks could adopt extended conformation, and the light 

scattering in DLS experiments might be mainly due to PS blocks. For example, a strong 

dependence of the hydrodynamic diameter on the polymer conformation was previously 

reported for PS-b-P2VP-b-PEO in aqueous solution [64]. In that case, an extended 

conformation of P2VP segments was observed at pH < 5, due to the protonation of the 

P2VP, while at higher pH the tighter conformation induced a decrease of the 

hydrodynamic diameter with up to 45% for the PS14k-b-P2VP12k-b-PEO35k micelles. A 

similar effect was evidenced for P2VP-b-PEO copolymers, but no correlation was found 

between the micellar and molecular characteristics of the copolymer [65]. 

  

3.3.4. Semi-dilute solutions 

The morphology and order in solution are highly dependent on the terpolymer 

concentration. Therefore, the micellar morphology in dilute solution, shown in Figure 

3.3, can substantially change as the semi-dilute polymer concentration regime is reached. 

SAXS was used to characterize the morphology of semi-dilute solutions of all PS-b-

P2VP-b-PEO terpolymers in two solvent mixtures: THF/DOX/DMF and 

THF/DMAc/Sulf. The results are shown in Figure 3.4 and Table 3.2. For the clarity of 
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representation, the scattering curves in Figure 3.4 for increasing concentration have been 

vertically shifted (intensity with arbitrary unities).  

 

Figure 3.4. SAXS patterns for different concentrations of terpolymers solutions in 

THF/DOX/DMF: (a) PS15.7k-b-P2VP10.9k-b-PEO5.4k, (c) PS75k-b-P2VP21k-b-PEO16.5k, (d) 

PS80.5k-b-P2VP64.4k-b-PEO16.1k, (g) PS25.6k-b-P2VP40.2k-b-PEO7.3k, (h) PS16k-b-P2VP11.4k-

b-PEO10.6k; (b), (f) rheological characterization of 32 wt% PS-b-P2VP-b-PEO solutions 

in THF/DOX/DMF: (full symbols) storage (G’) and (open symbols) loss (G”) moduli as 

a function of applied strain; (e) cryo SEM of a 32 wt% PS80.5k-b-P2VP64.4k-b-PEO16.1k 

solution in THF/DOX/DMF. 
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Table 3.2. SAXS results for PS-b-P2VP-b-PEO terpolymer solutions. 

Polymer Solvent 
Conc. 

(wt%) 

d 

(nm) 
q/q* Order 

D 

(nm) 

PS15.7k-b-P2VP10.9k-b-PEO5.4k THF/DOX/DMF     DIS  

PS16k-b-P2VP11.4k-b-PEO10.6k  THF/DOX/DMF 38 50 1:1.7:2:2.7:3 HEX 43 

THF/DMAc/Sulf 30 44 1:1.4:1.7:2.1 SC/BCC 44 

PS25.6k-b-P2VP40.2k-b-PEO7.3k  

  

  

THF/DOX/DMF 35 51 1:1.6:2.6    

THF/DOX/DMF 38 51 1:1.7:2.7 HEX 45 

THF/DMAc/Sulf 32 49 1:1.7:2.1:2.7:3 HEX 42 

THF/DMAc/Sulf 35 50 1:1.7:2:2.6:3:3.5 HEX 43 

PS75k-b-P2VP21k-b-PEO16.5k  

 

THF/DOX/DMF 35 65 1:2:3:4:5 LAM 65 

THF/DMAc/Sulf 35 82 1:1.6:1.8:2.8:4.2:6.9 aggregat

es 

 

PS80.5k-b-P2VP64.4k-b-

PEO16.1k  

  

THF/DOX/DMF 35 50 1:1.7:2:2.6 HEX 44 

THF/DOX/DMF 38 51 1:1.7:2:2.6:3:3.5 HEX 39 

THF/DMAc/Sulf 35 54 1:1.7:2:2.7:3:3.5 HEX 47 

HEX = hexagonal; SC = simple cubic; LAM = lamellar; d = Bragg spacing 

(perpendicular distance between the adjacent diffraction planes); Center-to-center 

distances were calculated as D=2π/q* for SC and LAM structure and as  𝐷 = 4𝜋/√3𝑞∗ 

for HEX order [60]. 

For PS15.7k-b-P2VP10.9k-b-PEO5.4k even at concentrations as high as 35 wt%, only a broad 

shoulder was observed, which indicates a disordered (DIS) system. For the other 

copolymers, by increasing the concentration in solution, the scattering profiles first have 

a broad correlation peak, indicating a lack of long-range order, but by increasing the 

concentration, the solutions evolve into long-range ordered systems, confirmed by the 

narrowing of the peaks and the appearance of higher order reflections. Table 3.2 shows 

the sequence of the obtained Bragg reflections, the corresponding morphology or order, 

and the d-spacing values. The d-spacing, also referred to Bragg or interplanar spacing, is 
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estimated by d=2π/q*, where q* is the position of the first reflection. The parameter d 

corresponds to the repeating distance in the bulk of the sample, projected in a plane. For 

simple cubic (SC) and lamellar (LAM) orders, d=D, with D being the center-to-center 

distances between alternating phases. For hexagonally packed cylinders (HEX),  𝐷 =

4𝜋/√3𝑞∗ [60]. 

For PS16k-b-P2VP11.4k-b-PEO10.6k two different orders were found to correspond to the 

investigated solvent mixtures.  For solutions in THF/DMF/DOX, the peak positions are 

close to the first five reflections of hexagonally packed cylinders (HEX): 1, √3, √4, √7, 

√9, with the weak third and fifth observed peaks, while for THF/DMAc/Sulf the 

morphology is cubic. For this second solvent, the peak positions at 1, √2, √3 and √4 are 

characteristic of a simple cubic (SC) structure, but we also consider the possibility of 

having a body-centered cubic structure (BCC), with the higher order reflections 

characteristic to BCC arrangement being missing, because of the reduced contrast. 

Compared to the THF/DOX/DMF solvent mixture, THF/DMAc/Sulf has higher values of 

Flory–Huggins interaction parameter (Table A.1.2 of Appendices) and a lower solubility 

for PS and PEO segments, which represent 72% of the polymer volume. This influences 

the self-assembly in dilute solutions, forming smaller micelles and different packing 

order in the semi-dilute regime (Table 3.2). Hexagonal 2D order was obtained for PS25.6k-

b-P2VP40.2k-b-PEO7.3k in both solvents, with q/q* values indicating a cylinder 

morphology. The SAXS patterns for the 35 wt% PS75k-b-P2VP21k-b-PEO16.5k solution in 

THF/DOX/DMF have peaks at q/q* = 1, 2, 3, 4, 5, consistent with the lamellar structure. 

For THF/DMAc/Sulf with the same concentration, multiple broad peaks were obtained, 
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including a broad peak at a lower q, which indicates a lower order or a heterogeneous 

system. A long-range hexagonal order was obtained for 35 wt% PS80.5k-b-P2VP64.4k-b-

PEO16.1k solutions in both solvents. By increasing the PS80.5k-b-P2VP64.4k-b-PEO16.1k 

concentration from 35 to 38 wt% in THF/DOX/DMF and THF/DMAc/Sulf, the 

morphology remained hexagonal with a slight decrease of the distance between the 

cylinders, from 45 to 39 nm, indicating a tighter packing.  

For systems in the semi-dilute regime, cryo-SEM is the best imaging method to 

complement the SAXS data.  Figure 3.4 shows the cryo-SEM image of a 32 wt% PS80.5k-

b-P2VP64.4k-b-PEO16.1k solution in THF/DOX/DMF.  Cylindrical structures are seen, 

confirming the SAXS measurement. Similar to what has been previously observed for 

PS-b-P4VP solutions [36], the cryo-SEM indicates that the cylinders might be formed as 

spherical micelles partially merged in an array. 

 

3.3.5. Rheology of semi-dilute solutions 

The self-assembly with different morphologies is reflected in the solution rheological 

behavior, which is shown in Figure 3.4 and Figure 3.5, in the form of storage and loss 

moduli response as a function of increasing applied strain. Figure 3.6 shows the moduli 

dependence on the angular frequency for 1% applied stress. Structural change and 

ordering under shear have been previously reported for other systems [66]. 
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                                          (a)                                                        (b) 

Figure 3.5. Storage (G’,full symbols) and loss moduli (G”, open symbols) as a function 

of increasing strain for PS16k-b-P2VP11.4k-b-PEO10.6k solutions with different 

concentrations in (a) THF/DOX/DMF and (b) THF/DMAc/Sulf.     

 

Figure 3.6. Frequency sweep for 32 wt% PS-b-P2VP-b-PEO copolymer solutions in 

THF/DOX/DMF. Storage modulus G’ is represented by filled symbols and loss modulus 

G” with open symbols. 
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Table 3.3 summarizes the rheological parameters selected from the strain amplitude 

(Figure 3.4) and the frequency sweep measurements (Figure 3.6) for 32 wt% copolymer 

solutions in THF/DOX/DMF. At 1 Hz frequency, PS15.7k-b-P2VP10.9k-b-PEO5.4k and 

PS75k-b-P2VP21k-b-PEO16.5k solutions, which were classified respectively as disordered 

and lamellar by SAXS, had a predominant viscous response for the entire range of strain 

(Figure 3.4). The behaviors of PS16k-b-P2VP11.4k-b-PEO10.6k, PS25.6k-b-P2VP40.2k-b-

PEO7.3k, and PS80.5k-b-P2VP64.4k-b-PEO16.1k solutions are characteristic of elastic systems 

at low strain, followed by a predominant viscous character at the higher strain. These 

systems were characterized as having hexagonal order by SAXS analysis and are also 

very similar in regard to their values of storage and loss modulus as well as the crossover 

frequency. 

Table 3.3. Rheology parameters for 32 wt% PS-b-P2VP-b-PEO solutions in 

THF/DOX/DMF. 

Copolymer 

G' (Pa) 

at 1% strain
a
 

G" (Pa) 

at 1% strain
a
 

Strain (%) 

at G’=G”
a
 

Slope of 

log G vs. log ω 

(Pa s)
b
 

for G’ for G” 

PS15.7k-b-P2VP10.9k-b-PEO5.4k 0.8 15 

 

0.75 ± 0.10 0.98 ± 0.03 

PS16k-b-P2VP11.4k-b-PEO10.6k 382 112 14 0.16 ± 0.05 0.28 ± 0.02 

PS25.6k-b-P2VP40.2k-b-PEO7.3k 470 129 15 0.13 ± 0.01 0.09 ± 0.02 

PS75k-b-P2VP21k-b-PEO16.5k 27 33 

 

0.33 ± 0.02 0.65 ± 0.07 

PS80.5k-b-P2VP64.4k-b-PEO16.1k 475 230 16 0.15 ± 0.02 0.14 ± 0.05 

a 
Values determined from strain measurements. 

b 
Values obtained from frequency sweep measurements. 
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Those systems with cylindrical hexagonal order have a clear transition from elastic to 

viscous behavior at 14–16% strain.  At low strain, the coronas of different cylinders have 

a strong interaction with each other, leading to a stable long-range ordered self-assembled 

network. As strain increases, the cylinders align with the applied shearing and at 14–16 % 

strain, the interaction is overcome by the tendency of flowing in a liquid-like behavior.  

This behavior obviously depends on the solvent quality and copolymer concentration, 

since the degree of entanglement changes. Above the critical entanglement concentration, 

a higher Flory–Huggins parameter would lead to stronger corona-corona interaction, 

stabilizing the network. A lower χ would lead to plasticization of the corona-corona 

segment contacts and promote a viscous flow at lower strain or frequency values.  

Figure 3.5 shows this behavior for PS16k-b-P2VP11.4k-b-PEO10.6k solutions with increasing 

concentration. At low concentrations, viscous flow is dominant in the whole investigated 

strain amplitude range. At low strain and concentrations 30 wt% or higher in both 

investigated solvent mixtures, a solid-like viscoelastic behavior prevails, with the storage 

modulus G’ higher than loss modulus, G”. The viscoelastic response is linear, indicating 

that the sample is undisturbed by the applied oscillatory stress. By the further increase of 

strain amplitude, the moduli decrease as a result of increased deformation. At higher 

strain, the system acquires a dominant viscous character, with G”> G’. When the 

concentration increases, a higher strain is required to promote the flow transition into the 

viscous regime, as indicated by the shifting of the cross-over strain values (G’= G”) to 

higher values. These solutions present a small strain overshoot (a small increase of G” 

before flowing), which has been previously observed and explained for other block 

copolymer solutions with close-packed micelle arrays [67, 68]. With increasing strain, the 
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complex structure resists against deformation up to a certain strain, beyond which it is 

broken into clusters. When the microstructure breaks, there is a dissipation of energy 

reflected by the initial increase of loss modulus at the intermediate strain. After this, 

micelle clusters or agglomerates align and flow in the field direction.
 

THF/DMAc/Sulf is a worse solvent for PEO blocks than THF/DOX/DMF (higher χsO 

value in Table A.1.2). PEO blocks are expected to constitute the external part of the 

corona. Stronger corona-corona interaction and polymer-polymer segment friction above 

the critical entanglement concentration are expected if the solvent is bad.  This reduces 

the mobility and increases the copolymer assembly stability. The resistance to flow is 

larger, with the elastic-viscous transition taking place at higher strain or angular 

frequency.  This is seen in Figure 3.5. An additional difference was observed between the 

two solvents. The solutions in THF/DMAc/Sulf have a two-step modulus vs. strain 

flowing curve, which may be correlated with the different ordered structures observed by 

SAXS. In THF/DOX/DMF, the copolymer self-assembles into hexagonally arranged 

cylindrical structures. The cylinders easily flow aligned to the applied force. In 

THF/DMAc/Sulf, the applied strain will firstly induce a rearrangement of the cubic 

interacting micellar structure. 

For ordered block copolymer systems, morphology can be correlated with the frequency 

dependence of modulus. Empirical scaling laws have been previously identified for block 

copolymer melts with different orders
 
and then applied also for polymer solutions [69]. 

Thus, block copolymer storage moduli as a function of angular for different orders scales 

at low frequency as:  
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lamellar
  

  G’~ G” ~ ω
n
, with n = 1/2     (3.6) 

cylindrical
   

G’ ~ ω
n
, with  n = 1/6 – 1/3    (3.7) 

cubic
 

    G’ ~ ω
n
, with n = 0      (3.8) 

and for the systems with liquid-like behavior, as G’ ~ ω
2
, G” ~ ω

1
 [70]. 

For the solution with 32 wt% PS16k-b-P2VP11.4k-b-PEO10.6k in THF/DOX/DMF 

represented in Figure 3.6, we obtained at low-frequency G’~ ω
n
, with n= 0.16 and G”~ 

ω
n
, with n= 0.28 and for 30 wt% PS16k-b-P2VP11.4k-b-PEO10.6k in THF/DMAc/Sulf, G’~ 

ω
n
, with n= 0.05. The n values given in Table 3.3, estimated from the slope of G’ and G” 

as a function of angular frequency at low frequency, are similar to the expected values for 

the corresponding morphology detected by SAXS and shown in Figure 3.4. Thus, a value 

close to 1 was obtained for PS15.7k-b-P2VP10.9k-b-PEO5.4k, 0.17 < n < 0.33 for PS16k-b-

P2VP11.4k-b-PEO10.6k, PS25.6k-b-P2VP40.2k-b-PEO7.3k and PS80.5k-b-P2VP64.4k-b-PEO16.1k 

and finally close to n = 0.5 for PS75k-b-P2VP21k-b-PEO16.5k solutions in THF/DOX/DMF. 

Solutions with similar compositions were respectively identified as disordered, hexagonal 

and lamellar by SAXS in Figure 3.4 and Table 3.2. 

 

3.3.6. Non-equilibrium morphology 

In this section, we compare the morphology of porous asymmetric films prepared from 

the different PS-b-P2VP-b-PEO terpolymers investigated in this work.  20–28 wt% 

solutions in THF/DOX/DMF and THF/DMAc/Sulf were cast on a glass plate and 

immersed in water, after short evaporation (10–20 s). As discussed for other polymer 
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systems, a kinetically trapped structure is then obtained, which highly depends on the 

order previously achieved in solution. The surfaces of these films prepared from different 

terpolymers are shown in Figure 3.7.  Clearly, only the PS80.5k-b-P2VP64.4k-b-PEO16.1k 

terpolymer led to an isoporous surface morphology, potentially suitable for membrane 

application. Regular pores could be obtained for this terpolymer composition in 

THF/DMAc/Sulf and THF/DOX/DMF, whose semi-dilute solutions were characterized 

by SAXS as having a hexagonal arrangement. They have a high storage modulus at low 

strain, which promotes high assembly stability. This stability guarantees an undisturbed 

order during immersion in water. A fast solvent-non-solvent exchange causes an abrupt 

increase of the polymer-polymer segments friction, trapping the morphology into a solid 

structure. The polymer-lean regions give rise to the pores.  

The PS75k-b-P2VP21k-b-PEO16.5k solutions were characterized as having lamellar structure 

by SAXS leading also to a lamellar surface structure in Figure 3.7. PS15.7k-b-P2VP10.9k-b-

PEO5.4k systems characterized as disordered led to a surface without a particular order. 

PS16k-b-P2VP11.4k-b-PEO10.6k and PS25.6k-b-P2VP40.2k-b-PEO7.3k, although with hexagonal 

arrangements in solution, detected by SAXS, do not form regularly porous films. 

Probably the highly hydrophilic P2VP and PEO blocks, which are in large ratios in these 

copolymers, favor deformation and micelle merging when immersed in water.  As can be 

seen in Figure 3.3, the P2VP-PEO coronas are more diffuse, swollen and probably more 

deformable than in the case of good membrane-forming PS80.5k-b-P2VP64.4k-b-PEO16.1k. 

The latter micelles have well-defined contours.  

 



147 
 

 

Figure 3.7. SEM images of porous membrane surface prepared by casting 20-28 wt% 

solutions in THF/DMAc/Sulf or THF/DOX/DMF, followed by short evaporation (10-20 

sec) and immersion in water. 

 

3.4. Conclusions 

PS-b-P2VP-b-PEO terpolymers with five different molecular weight and composition 

were synthesized via high vacuum techniques and investigated. The equilibrium 

morphology of annealed samples varied from spherical, hexagonal cylinders to lamellae, 

as confirmed by TEM.  The correlation between copolymer block sizes and ratios, their 

morphology in bulk and solution and the morphology of membranes prepared therefrom 
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were investigated. Two solvent mixtures were investigated: THF/DMF/DOX and 

THF/DMAc/Sulf. Micelles were observed in dilute solutions by TEM with the diameter 

increasing with PS block length. The order in semi-dilute solutions was characterized by 

SAXS, indicating that hexagonal arrangement was present in solutions of three different 

terpolymers. Additionally, lamellar, cubic and disordered arrangements were detected for 

the other copolymer compositions. The solution rheology could be well correlated with 

the order observed by SAXS, the block-solvent thermodynamic interactions, the 

copolymer concentration, the flow resistance and the assembly stability.  From the 

evaluated copolymers only PS80.5k-b-P2VP64.4k-b-PEO16.1k led to the preparation of 

regular isoporous morphology suitable for membrane application.  
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Chapter 4: Artificial Membranes with Selective Nanochannels for 

Protein Transport   

   

This chapter was published as: 

Sutisna, B., Polymeropoulos, G., Mygiakis, E., Musteata, V., Peinemann, K.V., Smilgies,                                         

D.M., Hadjichristidis, N. and Nunes, S.P., 2016. Artificial membranes with selective 

nanochannels for protein transport. Polymer Chemistry, 7(40), pp.6189-6201. 

 

The author's contribution in this work was on the chemical modification of the block 

copolymer, investigation of the block copolymer self-assembly, fabrication of the self-

assembled membranes, and examination of the membrane performance. The 

poly(styrene-b-tertbutoxy styrene-b-styrene) copolymer investigated here was 

synthesized by Dr. George Polymeropolous at Prof. Nikolaos Hadjichristidis's lab.  
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4.1. Introduction 

The preparation of artificial membranes with chemically tailored pores as bioinspired 

channels for protein separation has fascinated research groups worldwide [1-9]. The 

expectation is to be able to synthesize analogs to natural protein channels incorporated in 

polymer films with high stability and scaling-up feasibility. Previous research studies 

have reported on synthesized artificial water channels [1, 2] using dendritic dipeptides [3, 

4], imidazole quartet [5], and pillar[5]arene molecules [6, 7]. These smart approaches 

mimicked water and/or proton transport through biological channels, which are mainly 

influenced by the combination of hydrogen bonds as well as narrow pore sizes formed by 

the self-assembly of the molecules. Extending the idea to scalable membranes is not an 

easy task.  A simplified method based on block copolymers is introduced in this work. 

Membrane preparation via the phase inversion method introduced by Loeb and 

Sourirajan [10] has unlocked the fabrication of synthetic membranes with advanced 

functionality due to its simplicity and flexibility. A particular case was later proposed for 

the preparation of isoporous membranes with high porosity and sharp selectivity from 

block copolymers, using self-assembly and non-solvent induced phase separation method 

[11, 12]. In our group, we have investigated poly(styrene-b-4-vinylpyridine) [12-15], 

poly(styrene-b-ethylene oxide) [16], poly(styrene-b-acrylic acid) [17, 18] and 

polysulfone-based copolymers [19] to fabricate self-assembled nanopores, and we 

revealed the structure formation mechanism using small-angle X-ray scattering and 

advanced electron microscopy techniques [20-22]. The method has also been explored by 

other groups [23, 24] with strong potential for designing membranes with well-defined 
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nanostructures and chemically-tailored pores.  Here we explore the possibility of using an 

analogous strategy to synthesize artificial preferential channels.   

Here we use polystyrene (A) based copolymer with poly(4-hydroxystyrene) block (B) in 

an ABA architecture, as a model to design preferential nanochannels for protein transport 

via self-assembly. Poly(4-hydroxystyrene) (PHS) is known to exhibit strong hydrogen 

bonds with polymers containing hydroxyl, carbonyl, ether, and other compatible groups 

[25-27]. Matsushita and co-workers demonstrated the formation of complex micro-phase 

separated structures of copolymer blends, such as three-phases hierarchical structures, 

due to the hydrogen bonding formation of PHS blocks with poly(2-vinylpyridine) [28-

30]. The preparation of a supramolecular ion gel due to hydrogen bonding interactions 

involving PHS was also investigated [31]. In addition, fabrication of nanoporous films 

from PHS-based diblock copolymer was demonstrated by the Ober group, by cleaving a 

sacrificial block, using UV irradiation, while preserving the photo-resistant cross-linked 

PHS [32-34]. Nevertheless, the membrane formation from PHS-based copolymers, 

exploring the hydrogen bonding capability of the PHS for preferential channels, has not 

been investigated by any group. 
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4.2. Materials and Methods 

4.2.1. Materials 

Hydrochloric acid (HCl) (37%), 1,4-dioxane (DOX), pyridine (Pyr), imidazole, as well as 

polyethylene glycol (PEG), deuterated chloroform (CDCl3, 99.6%), bovine serum 

albumin (BSA), cytochrome c and lysozyme were purchased from Sigma-Aldrich. For 

the copolymer synthesis, tetrahydrofuran (THF) (99.9%), sec-butyllithium (1.4 M 

solution in cyclohexane), styrene (99%), 4-tert-butoxystyrene (99%), and dibutyl-

magnesium (1 M solution in heptane) were also supplied by Sigma-Aldrich.  

4.2.2. Synthesis of poly(styrene-b-tertbutoxy styrene-b-styrene) triblock copolymer 

The linear triblock copolymer poly(styrene-b-tertbutoxy styrene-b-styrene) (PS-b-

PTBOS-b-PS), was synthesized by sequential anionic polymerization using high vacuum 

techniques [35]. THF was refluxed over sodium, stirred in the presence of CaH2 and 

distilled over a Na/K alloy. sec-Butyllithium was diluted to an appropriate concentration 

with purified hexane in a home-made glass apparatus under high vacuum. Styrene and 4-

tert-butoxystyrene were purified by distillation subsequently over CaH2 and dibutyl-

magnesium (1 M solution in heptane) and stored in pre-calibrated ampoules. 

The synthetic procedure (Figure 4.1) involves first the anionic polymerization of styrene 

(4 g, -78 
0
C) in THF with 0.1 mmol of sec-butyllithium [36, 37]. After one hour, an 

aliquot was taken for SEC analysis, followed by the distillation into the glass reactor of 4 

g tert-butoxystyrene under vigorous stirring at -78 
0
C. One hour later, another aliquot was 

taken for SEC analysis followed by addition of 4 g of styrene at -78 
0
C. Finally, after one 



160 
 

more hour the polymerization was quenched with methanol, and the polymer precipitated 

in cold hexane. The final product was dried in a vacuum oven for 24 h at 40 
°
C, to give a 

colorless powder.  

 

Figure 4.1. Synthetic procedure for the preparation of the linear triblock copolymer PS-b-

PTBOS-b-PS. 

The number average molecular weight (Mn) and the polydispersity index (PDI) were 

determined via size exclusion chromatography (SEC) equipped with an isocratic pump, 

Styragel HR2 and HR4 columns in series (300 x 8 mm), and a refractive index detector 

and THF was used as the eluent at a flow rate of 1 mL min
-1

 at 30 
°
C. The calibration was 

performed using polystyrene standards (Mp: 370 to 4 220 000 g mol+).
 1

H-NMR 

spectroscopy characterization was carried out using CDCl3 on a Brücker AV-500 

spectrometer.  
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The SEC traces along with the molecular characteristics of PS, PS-b-PTBOS and PS-b-

PTBOS-b-PS are given in Figure 4.2 and in Table 4.1, respectively, while in Figure 4.3 is 

depicted the 
1
H-NMR spectrum of the linear triblock copolymer. 

 

Figure 4.2. Size exclusion chromatographs of the homopolymer (PS), the diblock 

copolymer (PS-b-PTBOS) and the triblock copolymer (PS-b-PTBOS-b-PS).  

 

Table 4.1. Molecular characteristics of the polystyrene (PS) block, the PS-b-PTBOS 

diblock copolymer, and the PS-b-PTBOS-b-PS triblock copolymer. 

 

Samples 

nM a 

(g/mol) 

PDI 
a 

f(PS) 
b 

%(w/w) 

f(PTBOS) 
b 

%(w/w) 

PS 40.000 1.06 - - 

PS-b-PTBOS 80.000 1.04 0.52 0.48 

PS-b-PTBOS-b-PS 120.000 1.10 0.69 0.31 

a
 SEC in THF at 30 

°
C, 

b
 
1
H-NMR in  CDCl3  
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Figure 4.3. 
1
H-NMR spectrum of the linear triblock copolymer PS-b-PTBOS-b-PS before 

(bottom) and after (top) hydrolysis. 

From the above results, it is clear that the synthesized PS-b-PTBOS-b-PS triblock 

copolymer is well-defined with high homogeneity in molecular weight and composition. 

 

4.2.3. PS-b-PTBOS-b-PS hydrolysis 

PS40k-b-PTBOS40k-b-PS40k terpolymer was hydrolyzed to PS40k-b-PHS27.3k-b-PS40k in 5 

wt% solutions in dioxane, under a nitrogen atmosphere at 60 
o
C using a 5-fold excess of 

hydrochloric acid (HCl) over the tert-butoxy groups. After 24 h of hydrolysis, the 
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polymer was precipitated and washed in a large amount of water for at least three times 

until the pH was neutral. The polymer was then washed with methanol and dried in 

vacuum at 60 
o
C overnight. The hydrolyzed terpolymer was analyzed by 

1
H NMR 

(Brucker AV-400) and Fourier Transform InfraRed (FTIR) spectroscopy (Thermo 

Nicolet iS10). 

4.2.4. Membrane fabrication 

An 11 - 18 wt% PS-b-PHS-b-PS terpolymer was dissolved in dioxane. Imidazole and 

pyridine were used as additives in some of the solutions. After stirring overnight, the 

solution was sonicated for at least 15 minutes and left unstirred for one hour to remove 

bubbles further. The polymer solution was then cast using a doctor blade with a 200 μm 

gap. After the solvent was evaporated for 5-20 s, the film was plunged into a water bath, 

in which the phase inversion occurred and the membrane was formed. 

4.2.5. Small-Angle X-ray Scattering (SAXS) and Grazing-Incidence SAXS (GISAXS) 

SAXS measurements were performed at the SAXS1 beamline of the Brazilian 

synchrotron facility (LNLS), which has fixed energy of 8.0 keV and an X-ray wavelength 

of 1.55 Å. A PILATUS detector with 172 μm
2
 pixel size was used, and the sample-to-

detector distance was 3.057 m. Each measurement was obtained with 20 frames, 30 s 

exposure time and a beam area of 1 mm
2
. Profiles of intensity versus scattering vector (q) 

were obtained as the average of the azimuthally integrated 2D scattering patterns.  They 

were corrected by taking in account the primary beam intensity, and the background 

scattering was subtracted. 
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GISAXS experiments were performed at the beamline D1 of the Cornell High Energy 

Synchrotron Source (CHESS) with a beam energy of 10.6 keV and an X-ray wavelength 

of 1.162 Å. In this case, two kinds of samples were observed: (1) dry spin-coated thin 

films and (2) in situ cast solutions of the terpolymer in a mixture of solvents.  For the 

time-resolved GISAXS, an in situ doctor blading system [38] was used to cast films with 

a thickness of 200 μm using a casting speed of 1500 μm s
-1

 as the beam was immediately 

exposed to the film surface with an incident angle of 0.13°. An appropriate amount of the 

copolymer solution was first dropped using a pipette onto a glass substrate, fixed on the 

sample goniometer with a sample-to-detector distance of 1.82 m. The GISAXS 

measurements were triggered immediately after the film was cast, using an automatic 

system. The 2D scattering patterns were acquired every 10 s, with a 1.5 s exposure time. 

A MedOptics CCD camera (1024)
2
 pixels with a pixel size of (46.9 μm)

2 
was used as the 

X-ray detector. The scattered intensities for horizontal projections of the 2D patterns 

were obtained using Igor Pro 6.37 software [39].  The positions of the peaks were 

obtained with the same software by fitting the data with a sum of Lorenz functions. The 

characteristic domain spacing (d-spacing) was calculated as 2π/q*, where q* corresponds 

to the maximum of the first Bragg reflection.   

4.2.6. Scanning Electron Microscopy (SEM) 

SEM images of the membranes were obtained using FEI Novanano microscope with a 5 

kV accelerating voltage and 3 mm working distances. The wet membranes were frozen at 

-20 °C and freeze-dried. The membranes were mounted on an aluminum stub using 
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aluminum tape and sputter coated with iridium (3 nm thickness) before imaging. The 

imaged membrane pore sizes were analyzed using ImageJ software.   

4.2.7. Transmission Electron Microscopy (TEM) 

TEM images of PS40k-b-PHS27.3k-b-PS40k dense films, membranes, and micelles from 

diluted solutions were obtained using a Tecnai 12 (FEI company) microscope, operating 

at 120 kV. The dense film was cast on a Teflon plate from a 5 wt% polymer solution.  

The solvent was slowly evaporated for four days at room temperature, followed by 

annealing at 120 
o
C for 5 days. Once annealed, the film was quenched in liquid nitrogen 

and kept at room temperature.  

The PS40k-b-PHS27.3k-b-PS40k membranes and dense films were first stained with 

ruthenium tetroxide (RuO4) for 2 hours before embedding in epoxy resin and cured at 60 

°C for 24 h. Ultrathin sections (80 nm thick) of the embedded films/membranes were cut 

with a diamond knife in an ultramicrotome (Leica EM UC6). The thin slices were placed 

on a copper grid and further stained with RuO4 for another 2 hours before imaging by 

TEM. 

For micelles characterization, 0.5 to 5 mg mL
-1

 PS40k-b-PHS27.3k-b-PS40k was dissolved in 

dioxane and stirred overnight. An appropriate amount of imidazole and pyridine was 

added to the solution. A drop of the solution was placed onto a carbon-coated copper 

grid, and the solvent was then blotted by a filter paper, placed underneath the copper grid. 

The solvent was completely evaporated at room temperature before TEM imaging. 
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4.2.8. Atomic Force Microscopy (AFM) 

AFM images of the PS40k-b-PHS27.3k-b-PS40k thin films were obtained using Agilent 5500 

AFM in the tapping mode, controlled by PicoView 1.8 software. The thin films were 

prepared using 5 wt% PS40k-b-PHS27.3k-b-PS40k solution in dioxane, and spin coated on a 

silicon wafer with a rotation speed of 1600 rpm for 60 s. For the AFM measurement, 

silicon cantilevers with a resonance frequency of 76-263 kHz and force constant of 1.2-

29 Nm
-1

 were used, and the acquired images were post-processed using Gwyddion 

software.  

4.2.9. Dynamic Light Scattering (DLS) 

DLS measurements were carried out using Malvern Zetasizer for the analysis of the 

terpolymer micelles' hydrodynamic radii in dilute solution, as well as the membrane 

surface zeta potential. For the size measurements, the sample was loaded using a glass 

cuvette. A backscattering measurement angle of 173° was used, repeating the 

measurement three times for each sample, with 12-15 runs per measurement. The dilute 

PS40k-b-PHS27.3k-b-PS40k solution was prepared by dissolving 0.5 mg mL
-1

 copolymer in 

dioxane and stirred overnight. The solutions were passed through a 0.2 μm syringe filter, 

before loading. 

The apparent PS40k-b-PHS27.3k-b-PS40k membrane zeta potential was measured using 

electrophoresis and electro-osmosis techniques, as described elsewhere [40]. Standard 

polystyrene latex, as well as other commercial materials,  were used as tracer particles 

[40]. The solution pH was adjusted using 1 M HCl and 1 M NaOH. The membrane zeta 

potential was evaluated by measuring the tracer particles' zeta potentials at different 
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distances from the membrane surface. A linear change with distance is observed, and the 

value at a distance equal to zero is extrapolated. 

4.2.10. Rheology 

The solution rheology was investigated at 25 °C on a AR 1500ex rheometer, using a cone 

and plate measurement system with 20 mm diameter and 1° cone angle. The range of 

shear rates for the viscosity measurements was 0.1 – 1000 s
-1

 and the oscillation strain for 

frequency sweep measurements was fixed at 10%. The samples' compositions were 

similar to the cast solutions used for membrane preparation.   

4.2.11. Membrane filtration test 

Membrane performance tests were performed at 2 bar using a dead-end Amicon cell for 

ultrafiltration with an effective membrane area of 4.1 cm
2
. Non-woven polyester supports 

were placed underneath the PS40k-b-PHS27.3k-b-PS40k membranes to ensure their 

mechanical stability during filtration. Milli-Q water was used as feed for water 

permeance measurement. The water flux was measured at different pressures, varying 

from 0.5 to 3 bar. The water flux (𝑄) and permeance (𝐽𝑤) were calculated using equation 

(4.1) and (4.2) as follows. 

𝑄 =  
𝑉

𝐴. 𝑡
          (4.1)                                           𝐽𝑤 =

𝑄

∆𝑃
        (4.2) 

where 𝑉 is the amount of water collected during the filtration time (𝑡), 𝐴 is the effective 

membrane area, and ∆𝑃 is the transmembrane pressure. The molecular weight cut-off 

(MWCO) was measured by filtering an aqueous solution of 1 g L
-1

 polyethylene glycol 



168 
 

(PEG) with different molecular weights (35 kg mol
-1

, 10 kg mol
-1

, 6 kg mol
-1

, 3 kg mol
-1

, 

and 0.6 kg mol
-1

).  The PEG compositions in the feed (𝑐𝑓) and permeate (𝑐𝑝) were 

measured using gel permeation chromatography (Agilent 1200) with two columns in 

series and a refractive index detector. Rejections (𝑅) were calculated using equation (4.3) 

and the MWCO was determined as the minimum molecular weight with 90% rejection. 

𝑅 = (1 −
𝑐𝑝

𝑐𝑓
)𝑥 100%                    (4.3) 

Bovine serum albumin (BSA) and lysozyme (Lys) rejections were tested using 1 mg mL
-1

 

solution of BSA and Lys separately in phosphate buffered saline (PBS) solution at 

physiological pH of 7.4. Protein concentrations in the feed and permeate were measured 

using NanoDrop
TM

 2000/2000c spectrophotometer (Thermo Fisher Scientific). 

 

4.3. Results and Discussion 

4.3.1. Polymer Synthesis and hydrolysis 

The completion of the PS40k-b-PTBOS40k-b-PS40k hydrolysis to PS40k-b-PHS27.3k-b-PS40k 

was confirmed by the disappearance of the tert-butoxy groups and appearance of phenol 

groups in the 
1
H NMR spectrum (Figure 4.3). The hydrolysis yield was nearly 100%. A 

broad O–H band appears in FTIR (not shown here) between 3500–3200 cm
−1

, 

corresponding to the phenolic groups in the hydrolyzed polymer.  
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4.3.2. Morphology of dense films 

The morphology of the self-assembled terpolymers was analyzed in the bulk of annealed 

thick films and as-cast thin films. SAXS analysis (Figure 4.4a) of the PS40k-b-PHS27.3k-b-

PS40k thick films cast from dioxane and thermal annealed at 120 
o
C showed peaks at q = 

0.13, 0.25, 0.38, 0.49, 0.63, 0.76, 0.88 nm
-1

. The ratio of the peak position is 1 : 2 : 3 : 4 : 

5 : 6 : 7, which corresponds to lamellar morphology [41]. The d-spacing calculated from 

the first peak was 49.9 nm, which is close to the distances between the centers (41 ± 1 

nm) of the repeating micro-domains measured in the TEM image (Figure 4.4b).  

  

 

Figure 4.4. a) SAXS curve and b) TEM image of PS40k-b-PHS27.3k-b-PS40k annealed film, 

stained with RuO4; c) GISAXS curves of the horizontal projection planes and the 2D-

pattern (inset) and d) AFM image of thin films spin-coated on Si wafers from dioxane. 
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The TEM image of the annealed film showed a three-phases lamellar structure formed by 

the polystyrene (PS) and poly(4-hydroxystyrene) (PHS) blocks. Both PS and PHS were 

stained by ruthenium, but since the hydroxyl groups are more reactive [42], the PHS 

domains are darker than the PS ones. Three different alternating domain lengths are seen, 

i.e., thin dark lines formed by PHS, separating narrow from wider gray lamellae of PS. 

Under the equilibrium state, both enthalpy and entropic parameters influence the 

terpolymer self-assembly. The hydrolyzed terpolymer (PS40k-b-PHS23.7k-b-PS40k) has a 

middle block shorter than that of PS blocks due to the disappearance of tert-butyl groups 

from its precursor (PS40k-b-PTBOS40k-b-PS40k). Polymer-polymer interaction and block 

lengths ratio are the parameters guiding for the formation of the lamellar structure in the 

bulk of annealed dense films, which practically corresponds to the equilibrium 

morphology. The main differences in solubility parameter between the PS and PHS 

blocks result from polarity and capacity of hydrogen bond formation. The Flory–Huggins  

interaction parameter is 𝜒𝑃𝑆/𝑃𝐻𝑆 = 0.124 [43] . The morphology of symmetric ABA 

triblock copolymers has been examined by the self-consistent field theory [44, 45]. The 

factors affecting the morphology are similar for ABA triblock and AB diblock 

copolymers in many aspects, but there are additional considerations. The middle block 

can assume conformations as bridges or loops. Looped middle blocks themselves can 

adopt a preferential hairpin or train conformation, with the latter meaning segments in 

very close proximity to the interphase.  Hydroxyl–hydroxyl hydrogen bonding between 

the PHS blocks might also affect the formation of lamellar channel-like domains in a 

train conformation, explaining the dark lines in the TEM image in Figure 4.4b. The wide 

lamella is constituted by the polystyrene blocks, while the narrow lamella is probably 
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mostly contains looped hydroxystyrene, organized in a mixture of the hairpin and bridged 

conformations.  

Figure 4.4d shows an AFM image of the PS40k-b-PHS27.3k-b-PS40k thin film spin-coated 

on a silicon wafer from a solution in dioxane. The film topography is characterized by a 

highly ordered lamellar structure. The GISAXS analysis of the film (Figure 4.4c) 

confirmed the lamellar structure by the appearance of three peaks at q/q*of 1, 2, and 3 

with a d-spacing of 41 nm. This value is very close to the distances between the centers 

of domains (44 ± 4 nm) imaged by AFM (Figure 4.4d) and to distances imaged by TEM 

for the bulk of annealed samples. However, the morphology investigated by GISAXS and 

AFM is expected to be influenced by the solvent dioxane. From values of solubility 

parameters in Table 4.2, using equation (4.4), it is possible to estimate the Flory–Huggins 

interaction parameters between each polymer block and the solvent (𝜒𝑠𝑖).  When 

multiplied by the polymerization degree of the blocks (𝑁𝑖), the polymer-solvent repulsion 

can be estimated, being lower for PHS (𝜒𝑠𝑃𝐻𝑆𝑁𝑃𝐻𝑆 = 177) than for PS (𝜒𝑠𝑃𝑆𝑁𝑃𝑆 = 323).  

This is an indication that in solution the middle PHS blocks looped to form the corona, 

while the PS blocks aggregated into the micelle core, forming a flower-like arrangement.  

𝜒𝑠𝑖 =  
𝑉𝐴𝑠𝑖

𝑅𝑇
 (4.4) 

where 𝑅 and 𝑇 are the gas constant (8.314 J/mol.K) and temperature (K), respectively; 𝑉 

is the solvent molar volume; and 𝐴𝑠𝑖 is the Hansen solubility parameter difference 

between for the solvent (𝑠) and the polymer (𝑖) calculated from equation (4.5) involving 

the dispersion (𝛿𝐷), polar (𝛿𝑃), and hydrogen bond (𝛿𝐻) terms. 
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𝐴𝑠𝑖 = (𝛿𝐷𝑠 − 𝛿𝐷𝑖) 
2 +  0.25(𝛿𝑃𝑠 − 𝛿𝑃𝑖) 

2 +  0.25(𝛿𝐻𝑠 − 𝛿𝐻𝑖) 
2 (4.5) 

 

Table 4.2. Hansen solubility parameters of the polymers and the solvents [46] 

Component 𝛅𝐃 (MPa
0.5

) 𝛅𝐏 (MPa
0.5

) 𝛅𝐇 (MPa
0.5

) 𝛅 =  √𝛅𝐃
𝟐 + 𝛅𝐏

𝟐 + 𝛅𝐇
𝟐
 

PS 18.5 4.5 2.9 19.3 

PHS [47] 17.6 10.0 13.7 24.5 

Dioxane 17.5 1.8 9.0 19.8 

Pyridine 19.0 8.8 5.9 21.8 

 

We performed time-resolved GISAXS experiments of the PS40k-b-PHS27.3k-b-PS40k film 

casting. The measurement followed the morphological changes on the film surface cast 

from the terpolymer solution as the solvent evaporated. Figure 4.5a and b show the 

evolution of GISAXS 2D-patterns and the scattering curves, respectively, of the PS40k-b-

PHS27.3k-b-PS40k film cast from 18 wt% terpolymer in dioxane. As the evaporation 

evolved, two peaks corresponding to lamellar order (q/q* = 1 and 2) were observed with 

a d-spacing of around 44 nm, similar to the distances between domains measured from 

the AFM topography image of the spin-coated film. The d-spacing plot versus time 

(Figure 4.5c) shows that the development of the structure occurred only at the beginning 

of the casting, while the structure remained the same at higher evaporation times, with 

constant d-spacing. This result suggested that the lamellar structure could be hindered if 

the morphology evolution could be interrupted after a short evaporation time. 
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Figure 4.5. Time-resolved GISAXS (a) 2D scattering patterns, (b) in-plane curves, and 

(c) d-spacing versus evaporation time for films cast from 18 wt% PS40k-b-PHS27.3k-b-

PS40k  in dioxane.  

Since the PS40k-b-PHS27.3k-b-PS40k terpolymers form lamellar structures, they most 

frequently tend to align parallel to the surface. Membrane fabrication with vertically 

aligned channels from this terpolymer is challenging. Previous research studies of our 

group [12, 48, 49] and others demonstrated pore formation in membranes with additives 

in solution, which promotes lamellar or hexagonal spherical morphologies by controlled 

hydrogen bonding. The equilibrium morphology of the PS40k-b-PHS27.3k-b-PS40k 

terpolymer has interesting domains containing O-H functional groups. We expected to 

use the OH groups in this copolymer to induce the formation of preferential channels. 
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Their self-assemblies in equilibrium lead to a well-defined phase, seen in Figure 4.4b.  

The challenge is to assemble channels aligned in a suitable path for selective transport. 

Figure 4.6a and b show SEM images of the membranes prepared by casting 11 wt% and 

18 wt% PS40k-b-PHS27.3k-b-PS40k copolymer solutions in dioxane, respectively, with a 5 s 

evaporation time before immersion in water.   Membranes cast from 18 wt% solutions 

exhibited some opened pores with a lamellar structure dominating the surface, while 11 

wt% solutions led to membranes with more open pores and better ordered-structures. The 

pores were practically monodisperse with an average diameter 9 ± 2 nm, estimated from 

the SEM image. At a lower concentration, the inter-micelle interaction should be less 

pronounced, and the tendency of the micelles to form lamellar structure decreases.   

 
(a)                                                 (b) 

Figure 4.6. SEM images of membranes cast from (a) 11 and (b) 18 wt % PS40k-b-

PHS27.3k-b-PS40k solutions in dioxane, with a 5 s evaporation time.   

 



175 
 

Our next aim was to reduce the membrane pore sizes further, leading to more selective 

channels, with a high density of open pores on the surface.  One of the strategies was to 

make the membrane surface more densely packed with micelles. In this case, the micelle 

deformation needs to be hindered to avoid merging into a lamellar morphology or worm-

like structures. The stabilization of analogous membranes based on PS-b-P4VP was 

previously promoted by our group, by complexing pyridine groups with copper salts [12] 

or by adding hydrogen bonding additives to the casting solution [48]. Hydrogen bonding 

molecules were previously proposed by Ikkala, ten Brinke, and co-workers, to induce 

self-assembly [50-53]. In this study, we use imidazole and pyridine to stabilize micelles, 

by forming hydrogen bonds with the hydroxyl groups of PHS. Phenol is known to form a 

strong hydrogen bond with Lewis bases [54-56]. Hydrogen bonds between polymers 

containing hydroxystyrene and pyridine or imidazole have been previously confirmed by 

spectroscopic and calorimetric methods, as well as by observing various morphologies 

affected by such interactions [29, 36, 57-60]. 

The surface of PS40k-b-PHS27.3k-b-PS40k membranes, cast from 11 wt% copolymer 

solutions in 1,4-dioxane, using imidazole as an additive, is shown in Figure 4.7a. The 

addition of imidazole led to the formation of membranes with ordered pores with 

diameters of 4 ± 2 nm, with evaporation time of 5 s. When the evaporation time was 20 s, 

the membrane surface was more densely packed with micelles, more ordered, and even 

smaller pore could be formed. The pore sizes were significantly reduced by nearly 50%, 

compared to the pristine membrane.  
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When imidazole was used in copolymer solutions of increasing concentration, a clear 

trend was observed in Figure 4.7. At a higher polymer concentration, instead of 

stabilizing single micelles, strong inter-micelle interactions predominated. This led to the 

formation of bigger aggregates. Membranes with larger pores were obtained from 13 

wt% copolymer solutions. Lamellar structures were formed from 15 wt% copolymer 

solutions, similar to the equilibrium morphology in bulk, as in Figure 4.4a.    

  
                         (a)                                          (b)                                         (c) 

Figure 4.7. SEM images of membranes cast from  (a) 11, (b) 13 and (c) 15 wt% PS40k-b-

PHS27.3k-b-PS40k  solutions in dioxane with imidazole (1 : 1 imidazole to hydroxystyrene 

molar ratio), with a 5 s evaporation time. 

Analogous to imidazole, pyridine was used to induce hydrogen bonds with the 

hydroxystyrene groups for micelle stabilization in 11 wt% PS40k-b-PHS27.3k-b-PS40k 

solutions in dioxane.  First a 1 : 1 molar ratio with respect to hydroxystyrene was used, 

the same as for imidazole. A highly ordered membrane structure resulted with nanopores 

of 3 ± 1 nm. Pyridine (pKa= 5.2) is less basic than imidazole (pKa= 7.1). Imidazole has 

two basic nitrogen atoms, while pyridine has just one. Imidazole is more prone to 

promote stronger interactions with hydroxyl groups, as well as to promote inter-micelle 
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interactions, while the interaction with pyridine is softer and more active in stabilizing 

single micelles instead of linking them into arrays and lamellae. With a higher 

concentration of pyridine, close to a 5 : 1 molar ratio, with respect to hydroxystyrene, a 

sharp pore size distribution was obtained with an average pore size of 5 ± 1 nm. At this 

ratio, pyridine can be considered more as a co-solvent. We recently reported that 

isoporous copolymer membranes could be prepared by choosing a mixture of solvents, 

which fits a trend line estimated by taking into consideration Flory–Huggins parameters 

and block volume ratios [61]. For the PS40k-b-PHS27.3k-b-PS40k terpolymer investigated in 

this study, a mixture of 9 : 1 dioxane to pyridine (5 : 1 pyridine to hydroxystyrene, 11 wt 

% copolymer) is suitable to provide the required segregation strengths to fit the trend 

line.   

TEM images of PS40k-b-PHS27.3k-b-PS40k membrane cross-sections showed vertically 

aligned channels (Figure 4.8). The darker domains corresponded to the phenolic groups 

since hydroxyl groups react more with ruthenium tetroxide [42] than styrene alone. The 

middle structure of the membranes (Figure 4.8d) has continuous channels, whereas the 

bottom surface of the membrane seems to be more open with string-like micelles (Figure 

4.8e). The TEM results confirm the formation of vertically-aligned nanochannels having 

OH-functional groups, which can be useful for the transport of water and/or other 

hydrogen bond interacting molecules. 
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Figure 4.8. TEM (a–e) and SEM (f) images of PS40k-b-PHS27.3k-b-PS40k membranes 

cross-sections from different positions: (a, d, e) pristine, (b) 1 : 1 imidazole, (c) 1 : 1 

pyridine. 

 

The self-assembly of block copolymers in dilute solution was studied using TEM and 

DLS as shown in Figure 4.9. The PS40k-b-PHS27.3k-b-PS40k copolymers formed 

monodispersed spherical micelles (PdI < 0.2) in dioxane at a lower polymer 

concentration of 0.5 mg mL
-1

. The hydrodynamic radii were 21.7 nm, close to the micelle 

sizes measured from the TEM image (28 ± 1 nm). As the copolymer content was 

increased ten times, the micelles from solution in dioxane without additives merged into 

worm-like aggregates as shown in Figure 4.9c, whereas the micelles complexed with 

imidazole and pyridine formed aggregates of more stable spherical micelles. Imidazole 
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and pyridine’ interaction with the phenol group can be seen as acid-base as in the case of 

PS-b-P4VP/PS-b-PAA blends [18].   

 

Figure 4.9. TEM images of PS40k-b-PHS27.3k-b-PS40k micelles prepared from (a) dilute 

solutions in dioxane and (b) the corresponding size distribution obtained by DLS. 

Micelles at a higher concentration (5 mg mL
-1

): (c) pristine copolymer, (d) 1 : 1 

imidazole and (e) 1 : 1 pyridine. 

 

A rheology investigation of the PS40k-b-PHS27.3k-b-PS40k casting solution showed that the 

addition of imidazole and pyridine (1 : 1 mole ratio with respect to hydroxystyrene) had 

higher viscosity, compared to the pristine solution (Figure 4.10a). This is a result of the 

hydrogen bonds promoted by imidazole and pyridine solutions. The storage and loss 

modulus curves for solutions with and without additives further demonstrate the effect of 
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the hydrogen bonds (Figure 4.10b). Solutions with imidazole or pyridine have a higher 

modulus than the pristine solution with the same polymer concentration (11 wt%). The 

viscosity of the 18 wt% solutions (Figure 4.10a) was higher than that with imidazole at 

low shear rates, due to more entanglement, but it became almost equal to those prepared 

with 11 wt% containing imidazole at high shear rates. At high shear rates, the 

interconnectivity between micelles is less pronounced. 

 
                                   (a)                                                                    (b) 

Figure 4.10. Rheology of PS40k-b-PHS27.3k-b-PS40k solutions in dioxane: (a) viscosity as a 

function of the shear rate and (b) storage (G’, open symbols) and loss moduli (G’’, filled 

symbols) as a function of angular frequency. Comparison between pristine solutions (11 

and 18 wt%) and those with 1 : 1 imidazole to hydroxystyrene and 1 : 1 pyridine to 

hydroxystyrene additives. 

 

Figure 4.10b shows that the 18 wt% solution in dioxane has a soft gel behavior, with 

almost equal values of storage (G’) and loss modulus (G”), while for the 11 wt% 

solutions of imidazole or pyridine, the loss modulus exceeds the storage modulus (G’), 
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indicating a liquid-like profile, with the dominance of the viscous nature over the elastic 

component. For ordered block copolymer systems, morphology can be correlated to the 

modulus dependence on frequency dependence. For lamellar microdomain structures, it 

was found experimentally that at low frequencies G’~ ω
n
, with ω being the angular 

frequency and n = ½ in this case [62-65]. For cylindrical domains, the exponent values 

were reported as n =1/3–1/6 [65-67]. For the systems investigated here, the 18 wt% 

solution in dioxane has the behavior of an elastic gel with G’ almost independent of 

frequency, while the 11 wt% pristine solution is similar to viscoelastic liquids. At low 

frequency [68],  G’~ ω
2
 and G”~ ω

1
. For the 11 wt% solutions with added imidazole and 

pyridine, the response is intermediate between that of a gel and that of a liquid, but the 

exponent n is still higher than that found for ordered structures (n = 0.77 with imidazole 

and n = 1 with pyridine). These observations suggest that the inter-micellar interactions 

are reduced for the solutions and the assembly and merging into lamellar are disfavored. 

When comparing pyridine and imidazole, the latter leads to higher storage and loss values 

and to higher viscosity, due to the stronger basic character. 

 

4.3.3. Membrane permeance and rejection 

Figure 4.11a  shows the pure water permeance and molecular weight cut-off (MWCO) of 

the PS40k-b-PHS27.3k-b-PS40k membranes. The use of additives enhanced the separation 

performance of the membranes without sacrificing the permeance. The membranes were 

stable at testing pressures between 0.5–3 bar, confirmed by a linear increase of water flux 

as the pressure increases (Figure 4.11c).  
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Figure 4.11. (a) Water permeance and molecular weight cut-off (MWCO) of PS40k-b-

PHS27.3k-b-PS40k  membranes prepared with different additives and evaporation times; (b) 

Rejection of BSA, lysozyme, cytochrome c and 10 kg mol
-1

 PEG; (c) Water flux at 

varying pressures of membranes with 1 : 1 imidazole to hydroxystyrene and 5 : 1 

pyridine to hydroxystyrene; (d) zeta potential of pristine membranes at different pH. 
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Table 4.3. Membranes contact angles 

Membrane materials Evaporation Additives Contact angle (
o
) 

PS40k-b-PTBOS40k-b-PS40k   5 s - 93.5 ± 0.7 

PS40k-b-PHS27.3k-b-PS40k  5 s - 78.2 ± 0.5 

PS40k-b-PHS27.3k-b-PS40k   5 s 1 : 1 Imidazole to hydroxystyrene 65.5 ± 1.3 

PS40k-b-PHS27.3k-b-PS40k  20 s 1 : 1 Imidazole to hydroxystyrene 78 ± 0.6 

PS40k-b-PHS27.3k-b-PS40k  5 s 1:1 Pyridine to hydroxystyrene 74.4 ± 1.3 

PS40k-b-PHS27.3k-b-PS40k  5 s 5:1 Pyridine to hydroxystyrene 59.4 ± 0.6 

 

For the membranes prepared with imidazole and 5 s evaporation, the pure water 

permeance increased more than twice, compared to that of the pristine membrane. The 

selectivity was improved, showed by the decrease in the MWCO. The MWCO was even 

lower for membranes with imidazole prepared with 20 s evaporation as well as for the 

one with 1 : 1 mol pyridine to hydroxystyrene, due to the pore size reduction, keeping the 

permeance still similar to that of the pristine membrane. Membranes prepared with 5 : 1 

pyridine to hydroxystyrenes had MWCO and water permeance similar to those prepared 

from solutions with 1 : 1 imidazole to hydroxystyrene and 5 s evaporation. The high 

water flux of these two membranes can also be first associated with the hydrophilicity of 

the membranes with contact angles lower than that of other membranes (Table 4.3) 

measured by Krüss EasyDrop equipment. All the SHS-membranes in general exhibited 

hydrophilic surfaces with contact angles of approximately 60 to 80° due to the presence 

of OH groups, while the original PS-b-PTBOS-b-PS membranes, before the hydrolysis, 

had a more hydrophobic surface with a contact angle larger than 90°.     
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The membranes with higher water permeance (1 : 1 imidazole and 5 : 1 pyridine) also 

had the lowest contact angle, close to 60
o
. They were then tested for protein rejections 

using bovine serum albumin (BSA, 66.5 kg mol
-1

) and lysozyme (14.3 kg mol
-1

). The 

membranes obviously rejected BSA due to the high molecular weight, but lysozyme 

permeated through the 1 : 1 imidazole and 5 : 1 pyridine membranes with a rejection of 

about 25% and 11%, respectively (Figure 4.11c). When tested with neutral 10 kDa 

polyethylene glycol (PEG) molecules the rejection was 100 %, consistent with the 

MWCO value of 7.8 kg mol
-1

 reported in Figure 4.11a. This result shows that the 

membrane nanochannels were preferential for lysozyme, possibly due to the following 

reasons.  

First, we estimate the Stokes radius for PEG [69], using equation (4.6), which combines 

the Stokes-Einstein equation [70] and empirical equations relating intrinsic viscosities 

and the molecular weight: 

a = 16.73 × 10
−10

M
0.557

 (4.6) 

where a is the Stokes radius (cm) and M is the molecular weight (g mol
−1

). The Stokes 

radii for PEG are listed in Table 4.4. The values for lysozyme and cytochrome c were 

taken from previous reports [71, 72]. According to Table 4.4, PEG 10 000 has a Stokes 

radius 1.5-fold larger than lysozyme. Lysozyme can permeate much better than PEG 10

000 with a 4-fold lower rejection. Other PEG molecules with radii closer to or even lower 

than lysozyme (PEG 6000 and 3000) also have high rejection rates. This indicates that 

the transport of lysozyme is helped by other factors besides size exclusion, such as the 

hydrogen bond interactions along the channels. The same phenomena were also observed 
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for cytochrome c. Lysozyme is expected to have hydrogen bond interaction with the OH 

groups of PS40k-b-PHS27.3k-b-PS40k, aligned along the channel walls, as well as with 

imidazole and pyridine molecules that can remain in the membranes due to the strong H-

bond complexes with the OH groups. 

 Table 4.4. Stokes radii and rejection of PEG and proteins 

Solutes Radius (nm) 
Rejection 

1:1 Imidazole 5:1 Pyridine 

PEG 10 000  2.8 97 ± 0.3% 98 ± 2% 

PEG 6 000  2.1 76 ± 4% 79 ± 0.3% 

PEG 3 000  1.5 42 ± 9% 47 ± 0.4% 

Lysozyme 1.9 25 ± 17% 11 ± 3% 

Cytochrome c 1.6 32 ± 14% 33 ± 10% 

  

The rejection of lysozyme is preferentially low in the presence of pyridine. Interaction in 

the form of hydrogen bonds could facilitate the transport. Too strong an interaction could, 

however, favor a strong binding ability and disfavor mobility. A final factor influencing 

the transport is the electrostatic character of the membranes and solutes. The membranes 

are negatively charged at the measured pH, confirmed by zeta potential analysis (Figure 

4.11d). The isoelectric points of lysozyme[72, 73] and cytochrome c [74] are 11.35 and 

9.59, respectively. Therefore both proteins are positive under the experimental 

conditions. PEG is considered a rather neutral molecule. In summary, the right pore sizes 

of the membranes of 4–5 nm enabled the lysozyme to pass through, while rejecting other 

molecules with comparable sizes but having less hydrogen bonding and electrostatic 

interaction with the channels. The same effect was also observed for cytochrome c which 

http://pubs.rsc.org/en/content/articlehtml/2016/py/c6py01401a#imgfig11
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permeated through the membranes with a low rejection of around 30%. Although PEG 

was reported to have hydrogen bonding interaction with PHS [75, 76], the 10 kg 

mol
−1

 PEG is large enough to be rejected by the channels. This is possible because PEG 

has only ether as a hydrogen bond forming site, which has to compete with the hydroxyl–

hydroxyl interaction of the copolymer blocks, while lysozyme and cytochrome c have 

more hydrogen bond forming sites, which allow them to pass through the channels. 

 

4.4. Conclusions 

Flat-sheet membranes with preferential nanochannels of 4–5 nm diameter were 

fabricated, using a combination of self-assembly and non-solvent induced phase 

separation, in the presence of imidazole and pyridine. The PS40k-b-PHS27.3k-b-

PS40k terpolymer synthesized via sequential anionic polymerization was used as the 

membrane material. It exhibited a three-phase lamellar morphology in the solid bulk 

equilibrium state. Complexation with imidazole and pyridine in the membrane casting 

solution, along with the optimum solvent, polymer concentration and evaporation time, 

gave rise to highly ordered isoporous membranes, containing nanochannels with pure 

water permeance up to 40 L m
−2

 h
−1

 bar
−1

 and molecular weight cut off of about 8 kg 

mol
−1

. The membranes exhibited an interesting preferential transport for proteins, such as 

lysozyme and cytochrome c, while rejecting polyethylene glycol with comparable 

molecular size. The high selectivity for lysozyme was possibly affected by several 

factors, including hydrogen bonding within the channels, electrostatic attraction, and a 

right pore dimension. 
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Chapter 5: Functionalized Nanochannels from Self-assembled and 

Photomodified Poly(styrene-b-butadiene-b-styrene) 

    

This chapter was published as: 

Sutisna, B., Polymeropoulos, G., Musteata, V., Sougrat, R., Smilgies, D.M., Peinemann, 

K.V., Hadjichristidis, N. and Nunes, S.P., 2017. Functionalized Nanochannels from Self‐

Assembled and Photomodified Poly (Styrene‐b‐Butadiene‐b‐Styrene). Small. 

 

The author's contribution in this work was on the characterizations of the block 

copolymer self-assembly, fabrication and chemical modification of the self-assembled 

membranes, and investigation of the membrane performance. The poly(styrene-b-

butadiene-b-styrene) copolymer investigated here was synthesized by Dr. George 

Polymeropolous at Prof. Nikolaos Hadjichristidis's lab.  
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5.1. Introduction 

Membranes prepared by combining block copolymer self-assembly and phase inversion 

have been now explored and optimized for a decade [1, 2]. In addition to high porosity 

and narrow pore size distribution, the membranes can have other interesting properties: 

various stimuli-responsive behaviors [3, 4], form complex with different metals for 

catalysis [5] or antifouling activity
.
[6, 7].  The chemical functionality of the membranes 

can be tailored by incorporating functional groups useful for different separations. Some 

diblock copolymers have been used for asymmetric membrane fabrication by phase 

inversion.  In most cases, one of the blocks is polystyrene (PS). The following 

hydrophilic blocks have been investigated: poly(4-vinyl pyridine) (P4VP) [8-10], poly(2-

vinyl pyridine) (P2VP) [11], poly(ethylene oxide) (PEO) [12], poly(acrylic acid) [13]. 

Membranes have also been prepared from ABC triblock copolymers, such as 

polyisoprene-b-PS-b-P4VP [14], and PS-b-P2VP-b-PEO [15, 16]. Most prepared 

membranes operate in the ultrafiltration range, with well-ordered and uniform pore sizes 

of 20-30 nm. The structure formation has been recently reviewed [2]. It results from a 

combination of factors, which contributes to the morphology of different layers of the 

membrane. Micelle formation in the casting solution is one of the key aspects. 

Amphiphilic block copolymers with high Flory–Huggins interaction parameters between 

blocks are therefore particularly convenient for morphology control, providing large 

flexibility of solvent selection to tune the micelle formation. Membrane preparation by 

the same methodology using only hydrophobic blocks has not been explored yet.  In this 

work, we prepared for the first time membranes with well-defined nanostructures based 

on a fully hydrophobic terpolymer, poly(styrene-b-butadiene-b-styrene) (PS-b-PB-b-PS), 
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using phase inversion. Fully hydrophobic membranes could be used for applications, 

such as membrane distillation, which requires hydrophobic membranes to repel liquid 

water but facilitate vapor transport. 

The second part of this work explores a method of nanopore functionalization. More 

recently [17] we have demonstrated that nanochannels with 4-5 nm diameter could be 

formed with a high density of hydrogen-bond groups, leading to effective separation of 

proteins from neutral solutes of similar size. Here we promote functionalization by 

conducting photolytic addition of thiols to the polybutadiene blocks to tune the 

membranes separation capacity. 

 

5.2. Experimental 

5.2.1. Materials 

1,4-dioxane (anhydrous, 99.8%), toluene (anhydrous, 99.8%), and thioglycolic acid 

(≥99%) were purchased from Sigma-Aldrich. Benzophenone (99%) was supplied from 

Alfa Aesar, tetrahydrofuran (≥99.5%) from Carl Roth, and chloroform from Fisher 

Scientific.  

5.2.2. Polymer synthesis 

The linear triblock copolymer (PS-b-PB1,4-b-PS) [PS: polystyrene; PB1,4: poly(butadiene) 

with a high 1,4-microstructure], was synthesized via sequential anionic polymerization 

high vacuum techniques [18, 19]. The detailed experimental procedure and the molecular 

characteristics of the samples are given in the Appendices A.2.1. 
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5.2.3. Membrane preparation 

Membranes were prepared by dissolving 13 wt% PS40k-b-PB35k-b-PS42k block copolymer 

in dioxane. The solution was cast on a polyester nonwoven support, using a doctor blade 

with a 250 μm air gap. The solvent was partially evaporated during 10 s before plunging 

the cast film into a precipitation bath of water or ethanol at room temperature. Thin PS40k-

b-PB35k-b-PS42k membranes were prepared using 5 wt% PS40k-b-PB35k-b-PS42k solution in 

dioxane. The solution was cast on a polyacrylonitrile membrane support (GMT 

Membrantechnik GmbH; Germany) using a doctor blade with 50 μm air gap. After 1 min 

of evaporation at room temperature, the cast film was immersed in water. 

5.2.4. Field Emission Scanning Electron Microscopy (FESEM) 

FESEM images of membrane surface and cross-section were acquired using an FEI 

Novanano microscope at an accelerating voltage of 3 kV and working distances of 2.5-3 

mm. The cross-section samples were stained with osmium tetroxide (OsO4) to improve 

the rigidity before fracturing in liquid nitrogen. The samples were mounted on aluminum 

stubs using aluminum tape and sputter coated using Iridium with 2-5 nm thickness before 

imaging.  

5.2.5. Atomic Force Microscopy (AFM) 

Agilent 5500 AFM was used to obtain the topography profiles of the membrane surfaces. 

The measurement was operated in the tapping mode using PicoView 1.8 software. A 

silicon cantilever probe with a resonance frequency of 76-263 kHz and a force constant 

of 1.2-29 Nm
-1

 was used for the measurement. The acquired imaging data were post-

processed using Gwyddion data analysis software.   
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5.2.6. Transmission Electron Microscopy (TEM) 

TEM analyses of dense annealed films and membrane cross-sections were conducted on 

an FEI Tecnai 12 microscope, operating at 120 kV. The membranes were first stained 

with OsO4 selective for the alkene double bond to provide contrast and increase the 

membrane rigidity for microtomy. The samples were then embedded in an epoxy resin 

and cured at 60 
o
C for 24 h. Ultrathin sections (60-80 nm) were prepared using an 

ultramicrotome (Leica EM UC6) with a diamond knife. The sections were collected on a 

200-300 mesh copper grid prior to imaging.  

TEM tomography was performed using a Titan CT ( FEI company) operating at 300 kV 

equipped with a 4k x 4k CCD camera (Gatan, Pleasanton, CA, USA). Tilt series for 

tomographic reconstruction were acquired using the Xplore 3D tomography software 

(FEI Company). The sample was tilted from -65 to +65 and images were captured at 2° 

initial intervals following a Saxton scheme. Tomograms were generated using a back 

projection algorithm as implemented in the IMOD software. 3D rendering models were 

generated with the segmentation tools implemented in Avizo. 

Energy filtered TEM (EFTEM), high angle annular dark field (HAADF), scanning TEM 

(STEM) and electron energy loss spectroscopy (EELS) imaging and analysis were 

performed using an FEI Titan ST microscope equipped with a Schottky field emission 

gun working at 300 kV and Gatan Triediem energy filter.  

EFTEM map of sulfur L2,3-edge (165 eV) was acquired using a contrast aperture of 20 eV 

to reduce the aberrations mostly chromatic, and the three windows method to extrapolate 

the background. Zero loss (ZL) filtered image was acquired as a reference with an energy 
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slit of 20 eV. STEM-EELS mapping was performed in the energy range of the core loss 

of sulfur L2,3 edge as well to reveal in more detail the sulfur distribution. In both 

analytical techniques, EFTEM and STEM-EELS, the S L2,3-edge (165 eV) were not 

affected by any superposition effect of the signals coming from other main elements in 

the sample, i.e., carbon, oxygen, and osmium. The energies of C K-edge (284 eV), O K-

edge (532 eV), Os O2,3-edge (45 eV), Os M5-edge (1960 eV) and Os M4-edge (2031 eV) 

were away from the S L2,3-edge. 

5.2.7. Dynamic Light Scattering (DLS) 

The hydrodynamic radii (Z-average) of block copolymer dilute solutions in various 

solvents were measured using a Malvern Zetasizer with 173
o
 backscatter measurement 

angle and a glass cuvette with a square aperture. Each sample was measured three times 

with 12-17 runs per measurement. 

5.2.8. Rheology 

Rheological measurements were performed using AR 1500ex rheometer at 25 °C. A cone 

and plate fixture with 20 mm diameter and 1° cone angle was used. An oscillation strain 

of 1% was used for the frequency sweep measurements of PS40k-b-PB35k-b-PS42k 

solutions in dioxane, THF and chloroform, and 10% for solutions. The samples 

compositions were identical to the membrane casting solution composition: 13 wt% 

copolymer in dioxane, THF, chloroform, and toluene. 
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5.2.9. Small-Angle X-ray Scattering (SAXS) and Grazing-Incidence SAXS 

SAXS measurements of the block copolymer solutions and solid dense films were 

performed at the SAXS1 beamline of the Brazilian synchrotron facility (LNLS). Fixed 

energy of 8.0 keV and an X-ray wavelength of 1.55 Å were used with a sample-to-

detector distance of 3.057 m and a beam area of 1 mm
2
. The 2D scattering patterns were 

acquired using a PILATUS detector with 172 μm
2
 pixels. The solution was transferred 

using a syringe into a vacuum cell equipped with windows covered by mica through 

which the beam incident. The dense terpolymer film was fixed using a film fixture 

provided at the beamline. Each measurement was done with a 300 s exposure time and 2-

4 frames. The acquired 2D patterns were first corrected for primary beam intensity and 

subtracted by the background scattering. The intensity versus scattering vector (q) 

profiles were obtained as the average of the azimuthally integrated 2D patterns. 

Time-resolved Grazing-Incidence SAXS (GISAXS) experiments were performed by film 

casting and spin-coating thin films, at the D1 beamline of the Cornell High Energy 

Synchrotron Source (CHESS). A beam energy of 10.6 keV and an X-ray wavelength of 

1.166 Å were used. The copolymer solution was first dropped using a pipette onto a glass 

substrate fixed on the sample goniometer with a sample-to-detector distance of 1.77 m. 

An in situ doctor blading system [20] was used to cast films with a thickness of 200 μm, 

using a casting speed of 1500 μm s
-1

. GISAXS measurements with an incident angle of 

0.13° were immediately initiated after casting. 2D scattering patterns with 1 s exposure 

time were acquired every 2 s using a Pilatus 200k
 
detector. Fit2D software was used to 

obtain a 1D profile of the scattered intensity versus scattering vector (q) for horizontal 
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projections. The ratios between the peak positions and the principal peak (q*) indicate the 

predominant order of the nanostructured film with the domain spacing (d-spacing), 

calculated as 2π/q*.  

5.2.10. Modification by UV photoreaction 

PS40k-b-PB35k-b-PS42k membranes were modified by applying a photolytic reaction with 

thioglycolic acid [21]. The membranes were first immersed and washed in methanol 

before reaction. For membrane areas of 1.5 cm
2
, 2-10 mg benzophenone was mixed with 

7.5 mL methanol in a flask, and thioglycolic acid was added at concentrations of 

approximately 0.07 to 0.33 M. The membrane was fully immersed into the solution, and 

the flask was capped. The solution was shaken several times and sparged with nitrogen 

for 5 min to displace oxygen. The mixture was exposed to UV light (365 nm, 8 W) in a 

closed box with a cooling system to maintain the reaction condition approximately at 

room temperature. After 24 h, the membrane was rinsed with ethanol and deionized (DI) 

water and heated against DI water at 50 °C for 1 h. For Fourier transform infrared 

spectroscopy (FTIR), X-ray photoemission spectroscopy (XPS), and microscopy 

characterizations, the membranes were dried under nitrogen stream. The FTIR 

measurements were performed on a Thermo Nicolet iS10, and XPS was performed on a 

Kratos Axis Ultra DLD spectrometer. 

5.2.11. Filtration measurements 

Filtration tests through the membranes were performed using a dead-end Amicon cell for 

ultrafiltration (effective membrane area = 4.1 cm
2
). The transmembrane pressure used for 

all the tests was 3 bar. The volumetric amount of permeance (V) collected during the 
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filtration period (t) was measured, and then flux (𝑄) and permeance (𝐽𝑤) were calculated 

using equation (5.1) and (5.2) as follows. 

𝑄 =  
𝑉

𝐴. 𝑡
          (5.1)                                           𝐽𝑤 =

𝑄

∆𝑃
        (5.2) 

where 𝐴 is the effective membrane area, and ∆𝑃 is the pressure difference between the 

feed and permeate. Rejection of dyes (methyl orange, brilliant blue R, rhodamine B, and 

vitamin B12) was observed using feed solutions of 100 ppm dyes in water. Dye 

concentrations at the feed and permeate were measured using a NanoDrop
TM

 2000/2000c 

spectrophotometer (Thermo Fisher Scientific) at 466 nm and 555 nm for methyl orange 

and brilliant blue, respectively. Rejections (𝑅) were calculated with equation (5.3). 

𝑅 = (1 −
𝑐𝑝

𝑐𝑓
)𝑥 100%                                                                                                             (5.3) 

where 𝑐𝑝 and 𝑐𝑓 are the concentrations of dyes in the permeate and the feed solution. The 

rejection of poly(ethylene glycol) (PEG) was measured using aqueous solutions of 200, 

1000, 3000, 10 000, 35 000 and 100 000 g mol
-1

 PEG with a concentration of 0.1 wt% 

each. The measurement of the PEG 35 000 – 100  000 mixture was performed separately. 

The PEG content in the feed and permeate was determined using a gel permeation 

chromatography (1260 infinity GPC/SEC, Agilent technologies) with two columns in 

series (PL aquagel-OH 40 and 60). The rejection values of different PEG as well as the 

calculation of PEG diameter using Stokes radius equation, equation (5.4) [22, 23] were 

then used to estimate the mean pore size of the membrane with an assumption that the 

interaction between the solute and the membrane pores is negligible.  
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𝑎 = 16.73 𝑥 10−10𝑀0.557                                                                                                        (5.4) 

where a is the Stokes radius (cm) and M is the PEG molecular weight (g mol
-1

).  

The mean pore diameter of the membrane (μp) was determined as the PEG size (dp = 2a) 

having 50% rejection. To obtain the pore size distribution, we estimated geometric 

standard deviation (σp) as the ratio of the PEG diameter (dp) at 84.13% rejection over that 

of 50% rejection. From the obtained μp and σp, the membrane pore size distribution was 

then determined as the probability density function, d𝑓(𝑑p)/(d𝑑p), using equation (5.5) 

[24]:   

d𝑓(𝑑p)

d𝑑p
= 

1

𝑑p ln σp√2π
exp [−

(ln 𝑑p − ln μp)
2

2(ln σp)2
]                                                            (5.5) 

 

5.3. Results and Discussion 

5.3.1. Solid bulk morphology 

The synthesized PS40k-b-PB35k-b-PS42k shows typical microstructure (92 wt% 1,4 and 8 

wt% 1,2) of polybutadiene, in benzene, as observed in the 
1
H-NMR spectrum in Figure 

A.2.3 of the Appendices. The size exclusion chromatographs and the molecular 

characteristics of PS, PS-b-PB1,4 intermediate and PS-b-PB1,4-b-PS triblock copolymer 

are given in the supporting information. 
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The equilibrium structure of the bulk of annealed PS40k-b-PB35k-b-PS42k terpolymer films 

was analyzed.  A solid dense film was cast from 5 wt% terpolymer solution in toluene 

and slowly dried for 5 days at room temperature. Figure 5.1a, b, and e show the 

transmission electron microscope (TEM) images of the film stained with OsO4 (selective 

for butadiene) and the small-angle X-ray scattering (SAXS) profile of the film. The TEM 

images and tomography confirmed the formation of highly-ordered bicontinuous 

structures with a complex 3D network of dark/gray stained polybutadiene domains within 

the bright/unstained polystyrene matrix. The double-wave morphology in the right part of 

Figure 1a is characteristic of the cross-section through the (211) plane of a double gyroid 

structure [25].
 
Areas like the ones marked in Figure 5.1b resemble wagon wheel pattern 

representing the (111) projection and others with the cross-section of double gyroid 

network parallel to the (110) plane [26]. The relative position of the peaks in SAXS 

profile in Figure 5.1e are located at √6q*, √22q*, √40q*, √50q*, which fall into the 

sequence attributed to gyroid morphology, similar to report in the literature for other 

systems [27]. The lowest diffraction order of √6 corresponds to periodic distances of 106 

nm. Distances measured by TEM (red scaling marks in Figure 5.1a) are around 118 nm.  

Tomographic analysis of the film was performed, building a 3D profile of the film 

structure, by acquiring a series of TEM images at different tilting angles. It is evident that 

the terpolymer formed an ordered bicontinuous structure as shown in Figure 5.1c and d. 
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Figure 5.1. a, b) TEM images of the bulk of PS40k-b-PB35k-b-PS42k films cast from 

toluene and stained with OsO4; c) A 20 nm thick virtual slice and d) 3D rendering models 

extracted from the tomogram shows the well-ordered bicontinuous structure and the 

double wave morphology (scale bars are 100 nm) and e) SAXS profile. 

 

5.3.2. Membrane fabrication 

Porous PS40k-b-PB35k-b-PS42k membranes were prepared by casting 13 wt% solutions in 

dioxane, tetrahydrofuran (THF), chloroform, and toluene. Membranes cast from solutions 

in polar solvents were precipitated in water while those from non-polar solvents were 

precipitated in ethanol. The membranes prepared from dioxane were precipitated both in 

water and ethanol.  
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Atomic force microscopy (AFM) images of the membranes (Figure 5.2a) show that 

solvents and non-solvents influenced the structure of the membranes. The bright areas in 

the AFM images represent the polymeric matrix, and the dark areas are pores or voids, 

which are also confirmed by the SEM images of the corresponding membranes in Figure 

A.2.4. Various ordered structures were observed. A highly ordered hexagonal structure 

was obtained for PS40k-b-PB35k-b-PS42k membranes prepared from solutions in dioxane 

coagulated in water. When ethanol was used as the coagulation bath, a highly isoporous 

hexagonal structure was obtained with pores slightly more open. Membranes prepared 

from solutions in chloroform had a mixture of hexagonally ordered pores and 

horizontally aligned cylinders. On the other hand, THF and toluene produced worm-like 

structures on the surface.  

The SEM images of the membrane cross sections (Figure 5.2b) showed that the 

membranes formed a thin ordered layer on the surface, supported by a spongy sublayer 

structure. As in the case of AFM, the images indicate cavities and pores, without 

chemical contrast. To obtain information on PS and PB block distribution, TEM was 

used. The TEM images of the membrane top layer are shown in Figure 5.3. As in Figure 

5.1, the dark areas correspond polybutadiene domains, stained with OsO4. The bright 

regions could be unstained polystyrene and open channels filled with resin in the TEM 

sample preparation.    
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Figure 5.2.  Images of PS40k-b-PB35k-b-PS42k membranes cast from 13 wt% terpolymer in 

various solvents, followed by immersion in water and ethanol: (a) AFM of the surface 

and (b) SEM of cross-sections. 

 



208 
 

 

Figure 5.3. TEM images of membranes cast from PS40k-b-PB35k-b-PS42k solutions in 

dioxane and immersed in (a) water and (b) ethanol. The dark phases in higher 

magnification correspond to polybutadiene. 

The structure formed on the membrane surface was guided by the partial evaporation of 

the solvent before the immersion in the non-solvent bath. The self-assembly in solution 

and the morphology evolution during evaporation were investigated by SAXS and 

Grazing-Incidence SAXS (GISAXS), as shown in Figure 5.4. Figure 5.4a gives 

information on how the polymer concentration affects order, keeping the solvent 

composition constant. A low order is observed in solutions with 9-13 wt% solutions. 18 

wt% solutions are characterized by peaks, which correspond to hexagonal order. The d-

spacing at this concentration was 43 nm, slightly lower than the distances between the 

pore centers of membranes cast from dioxane solution, followed by immersion in water. 

At a higher concentration (25 wt%), the principal peak was shifted to a lower q, but the 

characteristic ratio sill corresponds to hexagonal order. The lower q means larger d-

spacing, larger periodic features.  
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A more realistic investigation of the morphology evolution during membrane formation 

was conducted by time-resolved GISAXS with solvent evaporation (Figure 5.4b and c). 

A film was cast from 13 wt% PS40k-b-PB35k-b-PS42k solutions in dioxane. After 10 s 

evaporation, scattering peaks with ratios corresponding to hexagonally ordered structure 

were observed. As evaporation proceeded, the peaks became less evident, indicating that 

the hexagonal order might be disrupted after 200 s. The first peak practically did not 

shift, and the d-spacing calculated from the q values corresponding to the intensity 

maximum was 49 nm, very close to the distances between the pore centers of the 

membranes prepared from dioxane. It is evident that the hexagonal structures formed on 

the final membrane are related to the order achieved during the solvent evaporation step. 

By immersion in the non-solvent bath, a fast solvent-non-solvent exchange is promoted. 

If the solution concentration is high and the order is stable, the structures achieved in 

solution are practically frozen and pores in the solution-non-solvent interface are formed 

with solvent transferring to the coagulation bath. In layers far from the interface, the 

solvent-non-solvent exchange is slower and macrophase separation can proceed, forming 

larger pores, leading to a morphology, which is less influenced by the block self-

assembly.  

As reported for other block copolymer membranes [2], the order in solution guides the 

final membrane morphology. The PS40k-b-PB35k-b-PS42k membranes were prepared by 

casting and immersion in water or ethanol as nonsolvents. Self-assembly with a 

hexagonal order was confirmed by SAXS and GISAXS. When immersed in water, a fast 

solvent-nonsolvent exchange takes place. The solvent quality around the copolymer 

chains fast deteriorate, the polymer-polymer interaction becomes stronger than between 
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polymer and solvent.  The friction between chains increases, reducing the system 

mobility. The solvent exchange is faster at the copolymer solution-nonsolvent interface. 

Far from the interface, the non-solvent introduction is slow, and a macrophase separation 

evolves forming larger and disordered pores. 

 

Figure 5.4. (a) SAXS curves of PS40k-b-PB35k-b-PS42k solutions in dioxane with different 

concentrations. (b) GISAXS in-plane curves and (c) 2D patterns for films cast from 13 

wt% PS40k-b-PB35k-b-PS42k solutions after various evaporation times. 

Other physical properties of the polymer solutions were investigated using dynamic light 

scattering (DLS) and rheology measurements. The DLS measurements of the dilute 

solution showed only a small variation (20-27 nm) of hydrodynamic radii (Z-average), 

indicating that the solvents have similar interactions with the polymer blocks. Z-average 

values for PS40k-b-PB35k-b-PS42k slightly increased in the following sequence chloroform 

< dioxane < toluene < THF. Larger values indicate better solvent quality.  Table A.2.2 in 

the Appendices shows Hansen solubility parameters (δ) of polymer blocks, solvents and 

nonsolvents and solvent–block Flory–Huggins interaction parameters (χ), estimated from 
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their δ values [28]. Polystyrene and polybutadiene have similar solubility parameters. 

Their (block-block) Flory–Huggins interaction parameter is as low as 0.045 [29].  

 

Figure 5.5. Frequency sweep of 13 wt% PS40k-b-PB35k-b-PS42k in various solvents.  

The radius of gyration (Rg) can be estimated from values of the hydrodynamic radius (Rh) 

measured by DLS, using the following equation [30]: 

Rh = 0.77 Rg                        (5.6) 

Rg values for the copolymer in the different solvents are between 13 and 18 nm. From Rg 

values, the concentration at which the block copolymer coils start to entangle (𝐶∗) can be 

estimated by: 
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𝐶∗ =
𝑀

   
4

3
 𝜋 𝑁𝐴 𝑅𝑔

3  
             (5.7) 

where M is molecular weight and NA is the Avogadro number [31]. The values of 𝐶∗are 

1–2 wt%. This means that the casting solutions used for membrane preparation are highly 

entangled systems. This contributes to some extent of elasticity, reflected in the storage 

modulus. At higher oscillation strain values, disentanglement is promoted and the storage 

modulus decreases. Particularly toluene might be able to plasticize the chains, leading to 

higher loss modulus over storage modulus.   

The rheology measurements (Figure 5.5) show that PS40k-b-PB35k-b-PS42k in dioxane and 

chloroform has higher viscosity compared to other solutions. This is consistent with the 

DLS measurements, since dioxane and chloroform are less favorable solvents, leading to 

the lowest hydrodynamic radii.  Above 𝐶∗ a poorer solvent favors polymer-polymer 

segment interaction over polymer-solvent. Friction between segments increases, 

reflecting in a higher viscosity. Membranes prepared from dioxane and chloroform 

formed hexagonally ordered pores, while those prepared from solutions in THF and 

toluene formed a worm-like structure. Stronger interactions between copolymer segments 

probably contribute to stabilizing order in solution, while in a more flexible liquid system 

order is lost as the membrane formation proceeds to the final steps, by immersion in the 

nonsolvent.   

Both PS and PB blocks are hydrophobic and tend to be equally placed at the air-solution 

interface. Since THF and toluene are less selective than dioxane and chloroform, non-

preferential wetting is observed during the evaporation step, and horizontally aligned 
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cylinders are formed. Dioxane and chloroform are more selective to polybutadiene. At 

the solution-air interface, a hexagonally ordered structure is more favored, similar to the 

formation of metastable surface morphology in confined systems with a constant mean 

curvature [2].
   
 

 

5.3.3. Membrane modification 

In this paper, we explored the possibility of adding chemical functionality to the PS-b-

PB-b-PS membranes using a simple and scalable photomodification route via thiol-ene 

reaction. PS40k-b-PB35k-b-PS42k membranes were modified to introduce functional groups 

to generate hydrophilic channels and facilitate separations with the transport of molecules 

preferentially interacting with carboxylic groups. A photolytic addition to the butadiene 

groups of the membrane was performed using thioglycolic acid, using an analogous 

procedure reported for modification of 1,2-polybutadiene with mercaptoacetic acid [21]. 

The membrane was immersed in thioglycolic acid solutions in methanol with varying 

concentration (0.07, 0.13 and 0.33 M). Benzophenone was used as photoinitiator at 

different concentrations (0.0015, 0.003 and 0.0073 M).  The reaction was performed 

under an oxygen-free condition for 24 h using a 365 nm UV light.   

Figure A.2.5 of the Appendices shows the FTIR spectra of the membranes with various 

modification degrees and the scheme of the expected reaction. As the concentration of 

thioglycolic acid increased fivefold, a peak at 1710 cm
-1

, corresponding to carboxylic 

acid groups, appeared. An X-ray photoemission spectroscopy (XPS) analysis (Figure 5.6) 

confirmed the incorporation of SCH2COOH groups on the membrane, by the appearance 
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of sulfur peaks in the XPS spectrum. The SEM images of the modified membranes show 

an only minor decrease of pore sizes and no further morphology change (Figure 5.6, 

insets). Water contact angle measurements on the membrane, before and after 

modification, indicated that the hydrophilicity increased. The contact angle changed from 

98.3 ± 2.7 for the unmodified film to 98.5 ± 2.8, 90.7 ± 0.7 and 84.5 ± 4.2, by exposing it 

to 0.07, 0.13, and 0.33 M thioglycolic acid solutions. 

 

 

 

Figure 5.6. XPS spectra and SEM images (insets) of the PS40k-b-PB35k-b-PS42k 

membranes before and after photolytic addition with 0.33 M thioglycolic acid along with 

the reaction scheme of the photomodification (top).  
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Figure 5.7. (a) SEM image of the surface and (b) TEM (OsO4 stained) of cross-sections 

of thin membranes, prepared from 5 wt% PS40k-b-PB35k-b-PS42k solutions in dioxane cast 

on polyacrylonitrile (PAN) porous support. The inset shows the TEM image at a higher 

magnification; (c) Sulfur-specific L2,3–edge EFTEM imaging, (d) HAADF images and 

STEM-EELS map of S L2,3-edge of the modified PS40k-b-PB35k-b-PS42k membrane.  

We have demonstrated here that well-ordered isoporous membranes can be fabricated 

from PS40k-b-PB35k-b-PS42k, a class of block copolymers that are commercially available 

on a large scale. However, we recognized that optimization was necessary to improve the 
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water permeation. This was performed by casting thinner PS40k-b-PB35k-b-PS42k films on 

porous polyacrylonitrile (PAN) support and promoting a photomodification of the 

hydrophobic polybutadiene phase. Figures 5.7a and b show membranes prepared from 5 

wt% polymer solution in dioxane, leading to a 1 μm selective layer with well-ordered 

structure and self-assembled continuous nanochannels. In Figure 5.7b, the dark phases 

also correspond to OsO4 stained polybutadiene domains. The bright areas are related to 

the polystyrene phase and empty nanochannels. Membranes prepared from the 13 wt% 

(Figure 5.3) and 5 wt% (Figure 5.7b) solutions had a similar cross-sectional arrangement 

in layers close to the surface. However, in the first case, the copolymer concentration was 

much higher. As shown by SAXS in Figure 5.4 order in solution increases with 

concentration. Therefore a more ordered surface morphology was obtained in membranes 

prepared from 13 wt% than from 5 wt% (Figure 5.7a). Evaporation time was also 

different in both cases.  

The thin PS40k-b-PB35k-b-PS42k membrane depicted in Figure 5.7 was then photomodified 

using 0.33 M thioglycolic acid in methanol for 24 h to incorporate SCH2COOH groups. 

Energy filtered TEM (EFTEM) element map of sulfur (S) was performed to visualize the 

distribution of SCH2COOH along the cross-section of the photomodified PS40k-b-PB35k-

b-PS42k thin membrane. Figure 5.7c exhibits the S-enriched domains on the 

photomodified PS40k-b-PB35k-b-PS42k membrane, consistent with the bicontinuous 

structure of the membrane. Zero loss (ZL) filtered image of the modified membrane is 

provided in Figure A.2.6 of the Appendices. Figure 5.7d shows images obtained by a 

high angle annular dark field (HAADF), scanning TEM (STEM) and electron energy loss 

spectroscopy (EELS) techniques at high magnification. In contrast to EFTEM mode, the 
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bright phase in the STEM mode corresponds to the OsO4 stained polybutadiene domains, 

while the dark phase corresponds to the polystyrene domains and resin-filled 

nanochannels. High magnification STEM-EELS mapping revealed that S-groups are 

located, as expected, in the polybutadiene (Figure 5.7d) phase. We believe that 

nanochannels are present with walls initially formed by polybutadiene blocks. The 

incorporation of carboxylic groups attached to polybutadiene by thiol-ene reaction turns 

the channels hydrophilic, potentially increasing the water permeation as confirmed 

below. 

Filtration measurements performed with the thin PS40k-b-PB35k-b-PS42k layer (Figure 5.7) 

membrane on PAN support confirmed that the photoaddition of thioglycolic acid on the 

membranes improved the water permeance by a factor of 5 (Figure 5.8a) and doubled the 

permeation of methanol compared to that of unmodified membranes. This result indicates 

that the photomodification created a higher preferential transport path for water, due to 

the presence of carboxylic acid groups along the channels. The membranes before and 

after modification had stable flux in a continuous dead-end filtration cell for more than 8 

h at 3 bar transmembrane pressure, indicating that the mechanical stability of the 

membranes in terms of compaction is not altered by the chemical modification. The 

membranes rejected 74% of methyl orange (327 g mol
-1

) and 100% of brilliant blue R 

(826 g mol
-1

) in water (Figure 5.8b) with no significant adsorption of dyes on the 

membrane surface (Figure A.2.7, Appendices). We then examined the rejection of a 

neutral dye (vitamin B12) and a positively-charged dye (rhodamine B). The membrane 

had almost no rejection of vitamin B12 and rhodamine B (Figure 8c). A small decrease of 

the rhodamine B absorption peak in the permeate was due to severe adsorption of the dye 
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as depicted in Figure A.2.7 of the Appendices. The mean pore size of the functionalized 

membrane was then estimated using poly(ethylene glycol) (PEG) as a neutral solute with 

different molecular weights (Figure 5.8d).  

 

Figure 5.8. (a) Water and methanol permeance of modified and unmodified PS40k-b-

PB35k-b-PS42k thin membranes. (b) UV-Vis absorption spectra of methyl orange (MO) 

and brilliant blue (BB), as well as (c) vitamin B12 (B12) and rhodamine B (Rho) feeds 

and permeates from the filtration tests of the modified PS40k-b-PB35k-b-PS42k thin 

membranes. (d) Rejection of PEG with different molecular weights of the modified 

PS40k-b-PB35k-b-PS42k thin membranes.  
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The results suggested that the membrane had mean pore sizes of 4.4 nm with the pore 

size distribution presented in Figure A.2.8 of the Appendices. Although the methyl 

orange and brilliant blue have molecular sizes of around 1 nm, their transport through the 

membranes is highly affected by the surface charge of the modified PS40k-b-PB35k-b-

PS42k nanochannels. The presence of SCH2COOH groups provides more negatively-

charged pore walls due to the carboxylic acid moieties. The tortuosity of the PS40k-b-

PB35k-b-PS42k nanochannels might also influence the solute transport. The transport 

mechanism of dyes, in this case, is similar to the ion rectification mechanism through 

nanofluidic channels, which is influenced by several factors, which include surface 

charge, surface-to-volume ratios, double layer overlap and entropic barriers [32]. 

Furthermore, the significant increase in the water permeance after the incorporation of 

SCH2COOH groups shows that our approach provides the opportunity to push the 

membrane performance beyond the permeability-selectivity trade-off. The permeance can 

be further increased by optimizing the reaction condition (e.g., temperature, 

concentration) as well as increasing the amount of 1,2-polybutadiene content in the block 

copolymer due to its higher reactivity compared to the 1,4-polybutadiene. 

Exploration of other thiol-ene reactions for the photolytic addition of the PS40k-b-PB35k-b-

PS42k membranes can be done, using different types of thiol compounds. For instance, 

radical photoaddition of thiols reported onto 1,2-polybutadiene could be adapted to the 

PS-b-PB-b-PS membranes [33]. This photoaddition involves thiols containing a carbonyl, 

amino acids, glucose, and cholesterol molecules that would be interesting for specific 
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separations. Such functional groups can create selective nanochannels, which exhibit 

special interaction (e. g., hydrogen bonding, electrostatic interactions, etc.) with 

molecules passing through the membranes to perform separations that cannot be done by 

conventional membranes, as previously demonstrated by our group, using a block 

copolymer containing hydrogen bonds sites [17]. In addition, the increased hydrophilicity 

of the membranes after modification can be beneficial to improve the anti-fouling 

properties of the membranes. Our approach can open the avenue to develop robust 

nanofiltration membranes, having a sharp selectivity in the sub-nanometer range, in 

addition to another interesting approach using post pore functionalization, recently 

demonstrated by Zhang et al. [34]. On the other hand, isoporous hydrophobic block 

copolymer membranes have rarely been reported before, and therefore new applications 

can profit from this class of membranes. The hydrophobicity of the unmodified 

membranes, as well as the high porosity and well-defined nanochannels, can be 

promising for applications such as membrane distillation [35], membrane crystallization 

[36], and thermo-osmotic energy conversion [37].
  
Finally, it is worth to mention that PS-

b-PB-b-PS terpolymers with other block ratios have been produced as a bulk commodity 

with lower price compared to other block copolymers for the mass industrial application. 

Being able to develop membranes from PS-b-PB-b-PS can be an important step in terms 

of increasing the economic competitiveness of this class of membranes.    
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5.4. Conclusions 

Our results show that membranes with a narrow pore size distribution and well-defined 

nanostructures can be manufactured by combining self-assembly and phase inversion of 

PS-b-PB-b-PS terpolymers. Small-angle X-ray scattering techniques, as well as rheology 

and electron microscopy,  were used to follow the structure formation of the membranes 

from the terpolymer that has a unique bicontinuous structure in the equilibrium state. This 

analysis leads to a better understanding of the air (vapor)-solution interface effects on the 

formation of the ordered surface structures of the membranes. Further modification of the 

membranes using thiol compounds provides the possibility to attach various functional 

groups for a specific separation without sacrificing the membrane morphology. Thin PS-

b-PB-b-PS membranes fabricated on PAN support show an attractive performance for 

nanofiltration applications.  Photomodification of the membranes using thioglycolic acid 

demonstrates a preferential water transport, giving the opportunity to develop membranes 

with a performance beyond the permeability-selectivity trade-off using a robust and 

economically-viable block copolymer. 

  

  



222 
 

5.5. References 

1. Peinemann, K.-V., V. Abetz, and P.F. Simon, Asymmetric superstructure formed 

in a block copolymer via phase separation. Nature materials, 2007. 6(12): p. 992-

996. 

2. Nunes, S.P., Block Copolymer Membranes for Aqueous Solution Applications. 

Macromolecules, 2016. 49(8): p. 2905-2916. 

3. Nunes, S.P., et al., Switchable pH-responsive polymeric membranes prepared via 

block copolymer micelle assembly. ACS Nano, 2011. 5(5): p. 3516-3522. 

4. Qiu, X., et al., Selective separation of similarly sized proteins with tunable 

nanoporous block copolymer membranes. ACS nano, 2012. 7(1): p. 768-776. 

5. Hilke, R., et al., Block Copolymer Hollow Fiber Membranes with Catalytic 

Activity and pH-Response. ACS applied materials & interfaces, 2013. 5(15): p. 

7001-7006. 

6. Madhavan, P., et al., Silver-Enhanced Block Copolymer Membranes with Biocidal 

Activity. ACS Applied Materials & Interfaces, 2014. 6(21): p. 18497-18501. 

7. Xie, Y., et al., Synthesis of highly porous poly(tert-butyl acrylate)-b-polysulfone-

b-poly(tert-butyl acrylate) asymmetric membranes. Polymer Chemistry, 2016. 

7(18): p. 3076-3089. 

8. Nunes, S.P., et al., Ultraporous films with uniform nanochannels by block 

copolymer micelles assembly. Macromolecules, 2010. 43(19): p. 8079-8085. 

9. Nunes, S.P., et al., From micelle supramolecular assemblies in selective solvents 

to isoporous membranes. Langmuir, 2011. 27(16): p. 10184-10190. 

10. Rangou, S., et al., Self-organized isoporous membranes with tailored pore sizes. 

Journal of Membrane Science, 2014. 451: p. 266-275. 

11. Jung, A., et al., Structure Formation of Integral Asymmetric Composite 

Membranes of Polystyrene‐block‐Poly (2‐vinylpyridine) on a Nonwoven. 

Macromolecular Materials and Engineering, 2012. 297(8): p. 790-798. 



223 
 

12. Karunakaran, M., et al., Isoporous PS-b-PEO ultrafiltration membranes via self-

assembly and water-induced phase separation. Journal of Membrane Science, 

2014. 453: p. 471-477. 

13. Yu, H., et al., Self‐Assembled Asymmetric Block Copolymer Membranes: 

Bridging the Gap from Ultra‐to Nanofiltration. Angewandte Chemie International 

Edition, 2015. 54(47): p. 13937-13941. 

14. Phillip, W.A., et al., Tuning structure and properties of graded triblock 

terpolymer-based mesoporous and hybrid films. Nano letters, 2011. 11(7): p. 

2892-2900. 

15. Sutisna, B., et al., Design of block copolymer membranes using segregation 

strength trend lines. Molecular Systems Design & Engineering, 2016. 1(3): p. 

278-289. 

16. Jung, A., et al., Formation of integral asymmetric membranes of AB diblock and 

ABC triblock copolymers by phase inversion. Macromolecular rapid 

communications, 2013. 34(7): p. 610-615. 

17. Sutisna, B., et al., Artificial membranes with selective nanochannels for protein 

transport. Polymer Chemistry, 2016. 7(40): p. 6189-6201. 

18. Hadjichristidis, N., et al., Anionic polymerization: high vacuum techniques. 

Journal of Polymer Science Part A: Polymer Chemistry, 2000. 38(18): p. 3211-

3234. 

19. Avgeropoulos, A., et al., Synthesis and microphase separation of linear triblock 

terpolymers of polystyrene, high 1, 4-polybutadiene, and high 3, 4-polyisoprene. 

Macromolecules, 2002. 35(10): p. 4030-4035. 

20. Smilgies, D.M., et al., Look fast: Crystallization of conjugated molecules during 

solution shearing probed in‐situ and in real time by X‐ray scattering. physica 

status solidi (RRL)-Rapid Research Letters, 2013. 7(3): p. 177-179. 

21. Carey, D.H. and G.S. Ferguson, Synthesis and characterization of surface-

functionalized 1, 2-polybutadiene bearing hydroxyl or carboxylic acid groups. 

Macromolecules, 1994. 27(25): p. 7254-7266. 

22. Singh, S., et al., Membrane characterization by solute transport and atomic force 

microscopy. Journal of Membrane Science, 1998. 142(1): p. 111-127. 



224 
 

23. Rahimpour, A., S.S. Madaeni, and Y. Mansourpanah, Nano-porous 

polyethersulfone (PES) membranes modified by acrylic acid (AA) and 2-

hydroxyethylmethacrylate (HEMA) as additives in the gelation media. Journal of 

Membrane Science, 2010. 364(1): p. 380-388. 

24. Youm, K.H. and W.S. Kim, Prediction of intrinsic pore properties of 

ultrafiltration membrane by solute rejection curves: effects of operating 

conditions on pore properties. Journal of chemical engineering of Japan, 1991. 

24(1): p. 1-7. 

25. Scherer, M., Synthesis and Applications of Double-Gyroid-Structured Functional 

Materials. 2014, University of Cambridge. 

26. Hashimoto, T., Y. Nishikawa, and K. Tsutsumi, Identification of the “Voided 

Double-Gyroid-Channel”: a new morphology in block copolymers. 

Macromolecules, 2007. 40(4): p. 1066-1072. 

27. Hajduk, D.A., et al., The gyroid: a new equilibrium morphology in weakly 

segregated diblock copolymers. Macromolecules, 1994. 27(15): p. 4063-4075. 

28. Charles, M.H., Table A.2, in Hansen Solubility Parameters. 2007, CRC Press. p. 

485-505. 

29. Stadler, R., et al., Morphology and thermodynamics of symmetric poly (A-block-

B-block-C) triblock copolymers. Macromolecules, 1995. 28(9): p. 3080-3097. 

30. Kok, C.M. and A. Rudin, Relationship between the hydrodynamic radius and the 

radius of gyration of a polymer in solution. Die Makromolekulare Chemie, Rapid 

Communications, 1981. 2(11): p. 655-659. 

31. Cotton, J., et al., Experimental determination of the temperature–concentration 

diagram of flexible polymer solutions by neutron scattering. The Journal of 

Chemical Physics, 1976. 65(3): p. 1101-1108. 

32. Xiao, K., L. Wen, and L. Jiang, Biomimetic Solid‐State Nanochannels: From 

Fundamental Research to Practical Applications. Small, 2016. 12(21): p. 2810-

2831. 

33. Ten Brummelhuis, N., C. Diehl, and H. Schlaad, Thiol-ene modification of 1, 2-

polybutadiene using UV light or sunlight. Macromolecules, 2008. 41(24): p. 

9946-9947. 



225 
 

34. Zhang, Y., et al., Block Polymer Membranes Functionalized with Nanoconfined 

Polyelectrolyte Brushes Achieve Sub-Nanometer Selectivity. ACS Macro Letters, 

2017. 6: p. 726-732. 

35. Alkhudhiri, A., N. Darwish, and N. Hilal, Membrane distillation: a 

comprehensive review. Desalination, 2012. 287: p. 2-18. 

36. Di Profio, G., et al., Antisolvent membrane crystallization of pharmaceutical 

compounds. Journal of pharmaceutical sciences, 2009. 98(12): p. 4902-4913. 

37. Straub, A.P., et al., Harvesting low-grade heat energy using thermo-osmotic 

vapour transport through nanoporous membranes. Nature Energy, 2016. 1: p. 

16090. 



226 
 

Chapter 6: Self-assembled Membranes with Feather-like and Lamellar 

Morphologies Containing α-helical Polypeptides 

    

The author's contribution in this work was on the characterizations of the block 

copolymer self-assembly, fabrication and chemical modification of the self-assembled 

membranes, as well as investigation of the membrane performance. The poly(styrene-b-γ-

benzyl-L-glutamate) copolymer investigated here was synthesized by Dr. Panagiotis 

Bilalis at Prof. Nikolaos Hadjichristidis's lab.  
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6.1. Introduction 

Highly ordered self-assembled systems are abundant in nature in many different scales 

[1]. They are responsible for natural functions, such as the biological roles of double 

helical DNAs. Bioinspired systems have been developed to mimic various kinds of 

architectures that lead to robust technologies and could solve global challenges [2-4]. 

Bioinspired membranes have been recognized as one of the promising routes of 

innovation for water purification and desalination [5, 6]. 

Different approaches of supramolecular self-assembled systems are being explored to 

mimic biological nanochannels to transport water, ions and/or proton selectively. These 

artificial channels have been formed by the self-assembly of dendritic dipeptides [7, 8], 

imidazole quartet [9], hydrazide-or-peptide-appended pillar[5]arene [10, 11], and 

amphiphilic multiblock molecules [12, 13]. Carbon nanotubes [14-20] and graphene-

based [21, 22] materials are also reported as a way to form selective nanochannels having 

preferential and ultrafast transport of water. Another approach to create self-assembled 

artificial channels have been investigated using a cyclopeptide-conjugated block 

copolymer that led to 2Å peptide channels for proton transport [23]. Although highly 

innovative, integrating these approaches into real membranes or robust separation devices 

is still a challenge. Many of the reported artificial channels were investigated for instance 

as vesicles. The potential scalability is essential when considering the future application 

of artificial channels in effective separation processes.     

The approach we explore in this work builds on our previous experience on the formation 

of isoporous membranes using the self-assembly of block copolymers combined with 
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non-solvent induced phase separation (SNIPS) [24-28]. This method offers a scalable 

route to form well-defined pore structures, as well as chemically tuned pores by tailoring 

the block copolymer composition and chemical functionality. Most reported membranes 

prepared by SNIPS are in the range of ultrafiltration. The SNIPS method has been much 

less explored to fabricate nanofiltration membranes. One of the first successful 

approaches in this direction was the preparation of membranes based on blends of 

poly(styrene-b-acrylic acid) and poly(styrene-b-4-vinyl pyridine) [29]. The resulting 

porous membranes had a sharp pore size distribution with an average pore size of 1.5 nm 

leading to high water permeability and adequate separation of small proteins and amino 

acids. Another approach took advantage of the stimuli-responsive behavior of the 

membranes, closing pores in different pH values to perform separation in a nanofiltration 

range [30]. Our group also reported membranes with a selective transport for proteins and 

improved water permeance using a block copolymer containing hydrogen bond forming 

groups (polystyrene-b-polyhydroxstyrene-b-polystyrene) [24], and photochemically 

modifying self-assembled block copolymers containing double bonds (polystyrene-b-

polybutadiene-b-polystyrene) [26].  

In the present study, we aim to investigate the formation of artificial channels based on a 

polypeptide-based block copolymer. The chemical functionality and the α-helical 

conformation of the polypeptide similar to natural protein channels are exciting features 

to be explored as a membrane that could exhibit selective molecular transport for water 

and/or specific solutes. We used poly(styrene-b-γ-benzyl-L-glutamate) (PS-b-PBLG) 

block copolymers as the membrane materials. In contrast to amorphous block 

copolymers, the polypeptide based copolymers exhibit a hierarchical self-assembly, 
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where a microphase separation with domains in a range of tens of nanometers is driven 

by the immiscibility of PS and PBLG and another level of self-assembly of ordered rod-

like (helical) structures takes place inside the polypeptide phase, resulting in so-called 

“hexagonal-in-lamellar” morphologies [31-35]. Guiding the self-assembly of the peptide-

based block copolymers to form membranes with artificial channels in a scalable manner 

is a major challenge and has not been previously Investigated. 

 

6.2. Experimental 

6.2.1. Materials 

Pyridine, 1,4-dioxane (anhydrous, 99.8%), 1,1,2-trichloroethane (96%), HBr/HOAc 

(33wt% hydrogen bromide in acetic acid), ruthenium (IV) oxide hydrate, sodium 

(meta)periodate (≥ 99%), cytochrome c (from bovine heart), polyethylene glycol (PEG), 

cobalamin (vitamin B12), riboflavin (vitamin B2, from Eremothecium ashbyii, ≥ 98%), L-

phenylalanine (BioUltra, ≥ 98%) and brilliant blue R-250 were purchased from Sigma-

Aldrich. Polyacrylonitrile (PAN) commercial membranes supplied by GMT GmbH 

Germany were used as the support for composite membrane fabrication.  Milli-Q water 

was used in the experiments involving water. 

6.2.2. Polymer synthesis 

The linear poly(styrene-b-γ-benzyl-L-glutamate) (PS-b-PBLG) copolymer was 

synthesized using the combination of anionic polymerization high vacuum techniques 
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and ring opening polymerization [36, 37]. The copolymers used explicitly in this work 

had a molecular weight of 31 kg mol
-1

 (PS block) and 20 – 25 kg mol
-1

 (PBLG block). 

6.2.3. Atomic Force Microscopy (AFM) 

The AFM imaging was performed using a Dimension Icon SPM from Bruker. The 

experiment was conducted using a Nanoscope 8.15 software in the tapping mode at an 

atmospheric environment. A 1 – 10 Ω-cm phosphorus doped silicon cantilever with a 

resonance frequency of 73-88 kHz and a force constant of 3 N m
-1

 was used. The 

acquired images were processed using Gwyddion software.   

6.2.4. Transmission Electron Microscopy (TEM) 

TEM images were obtained using an FEI Titan ST microscope operating at 300 kV or an 

FEI Tecnai microscope at 120 kV. For the analysis of the bulk equilibrium morphology 

of the block copolymers, a 5 wt% polymer solution in 1,1,2-trichloroethane was cast on a 

Teflon mold and the solution was let slowly drying for 4-5 days at the room temperature 

in a closed glass container. The dry PS31k-b-PBLG25k dense film was thermally annealed 

at 100 °C in vacuum for three days. The TEM samples were prepared by embedding the 

block copolymer films or membranes in an epoxy resin (EMBed-812 Embedding Kit 

from Electron Microscopy Sciences) and cured at 60 
o
C for 24 h. Before embedding, the 

samples were stained with ruthenium tetroxide (RuO4) vapor for around 15 min. The 

sample was placed in a closed glass container along with a small amount of RuO4 

solution in a separate vial. The RuO4 staining solution was prepared according to the 

literature [38] by oxidizing hydrated ruthenium dioxide (RuO2.xH2O) using sodium 

periodate (NaIO4). A typical preparation procedure was performed by mixing a 25 mL 
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chilled NaIO4 aqueous solution (12.8 mg mL
-1

) at around 1 °C with 0.15 g RuO2.xH2O. 

The solution was stored in a freezer at -20 °C for regular usage. Ultrathin sections (60-80 

nm in thickness) of the embedded samples were prepared using a Leica EM UC6 

ultramicrotome with a diamond knife. The sections were collected on a 300 mesh copper 

grid prior to imaging and re-stained with RuO4 for about 15 min.  

6.2.5. Scanning Electron Microscopy (SEM) 

SEM images were acquired using an FEI Novanano microscope at an accelerating 

voltage of 3-5 kV and working distances of 2.5-5 mm. To analyze the membrane cross-

section, we fractured the membrane in liquid nitrogen by gently twisting it using 

tweezers. Before imaging, the samples were mounted on aluminum stubs and sputter 

coated with a 3 nm platinum layer using a Quorum Technologies Q150T sputter coater in 

an argon environment.  

6.2.6. Polarized optical microscopy 

The polarized optical microscopy was performed using an Olympus BX61 microscope, 

equipped with a polarizer and an analyzer. The samples were sandwiched between a 

microscope glass slide and a glass cover. An exposure time of 500 – 700 s was used. 

6.2.7. Small-Angle X-Ray Scattering (SAXS) 

The SAXS experiments were performed at the SAXS1 beamline of the Brazilian 

synchrotron laboratory (LNLS). The measurements were performed using 8.0 keV beam 

energy and 1.55 Å X-ray wavelength having a beam area of 1 mm
2
. Sample-to-detector 

distances of 1.50 and 3.06 m were used. A PILATUS detector with 172 μm
2
 pixels was 
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used to record the 2D scattering patterns with a sample exposure time of 300 – 500 s. The 

recorded scattering patterns were then normalized (with respect to the primary beam 

intensity) and the background subtracted before azimuthal integration to obtain the 

intensity versus scattering vector (q) profiles. 

6.2.8. Wide-Angle X-Ray Diffraction (WAXD) 

X-ray diffraction experiments were performed at the XRD1 beamline of the Brazilian 

synchrotron laboratory (LNLS) [39]. The wavelength used was 1.033 Å (12 keV) with a 

beam size of 2.0 mm (horizontal) and 0.6–0.7 mm (vertical) and an MYTHEN 24K 

detector from Dectris®.  

6.2.9. Rheology 

The rheology of the PS-b-PBLG solutions at 30 wt% polymer concentration was studied 

using a TA Instruments AR 1500ex rheometer at 25 °C. A cone and plate geometry (20 

mm diameter and 1° cone angle) was used with a solvent trap to avoid the solution drying 

out during the measurement. The measurement for each sample was repeated three times. 

6.2.10. Membrane fabrication and hydrolysis 

Membranes were fabricated using two different methods: (1) phase inversion and (2) spin 

coating. Phase inversion membranes were prepared by casting a block copolymer 

solution (27 wt% in pyridine) on PAN support using a doctor blade with a 50 μm air gap. 

After around 5 s evaporation time, the film was precipitated in a water bath at room 

temperature. The spin coating was performed using a 5 wt% copolymer solution in 

dioxane. The solution was dropped and spin coat on PAN support with a rotation speed of 
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around 3000 rpm for 60 s. After drying in air, all the membranes were further dried in a 

high vacuum before hydrolysis.  

Hydrolysis of the membranes was performed via acid vapor annealing using HBr/HOAc 

at room temperature. Membranes were placed in a closed glass chamber together with 

around 4 mL of HBr/HOAc solution in a separate container. After 3 hr of acid vapor 

annealing, the chamber lid was opened, and the acid solution was removed. The 

hydrolyzed membranes were let dry for several hours before washing with water. 

Methanol was then used to wash the membranes further several times, and the 

membranes were immersed in methanol overnight before characterizations. 

6.2.11. Fourier transform infrared (FTIR) spectroscopy  

FTIR spectroscopy was recorded using an i-Nicolet spectrometer with 64 runs and 0.121 

cm
-1

 resolution. The measurement for each sample was repeated at least twice. The 

characterization of the hydrolyzed membranes was done after washing the membranes 

with methanol and drying in a high vacuum. 

6.2.12. Dialysis and filtration tests 

The dialysis experiments were performed using PermeGear Side-Bi-Side cells with an 

orifice diameter of 15 mm and 5 ml volume at room temperature. The feed side was filled 

with a solution of cytochrome c or phenylalanine with a concentration of 1 g L
-1

 in 

phosphate buffered saline (PBS) solution at a physiological pH of 7.4, while a pure PBS 

solution was used in the permeate side. For the diffusion study of vitamin B12 and vitamin 

B2, a 100 ppm vitamin B solution in water was used as the feed, while Milli-Q water was 
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used in the permeate side. The solutions at the feed and permeate side were stirred at 360 

rpm, and the concentrations were measured periodically using a NanoDrop
TM

 2000/2000c 

spectrophotometer (Thermo Fisher Scientific). The recovery percentage of the solute at 

time t was calculated as the ratio of the solute concentration in the permeate and the 

initial feed concentration. 

The filtration tests were performed using an in-house stainless steel filtration cell with an 

effective membrane area (𝐴) of 1 cm
2
 and a transmembrane pressure (∆𝑃) of 8 bar. The 

permeance was calculated from the measured permeance volume (V) during the filtration 

period (t) as in equation (6.1). 

  𝐽𝑤 =
𝑉

𝐴. 𝑡. ∆𝑃
                                                                                                                             (6.1) 

The rejections of dyes (brilliant blue and vitamin B12), PEG (200, 3000, 10 000, and 35 

000 g mol
-1

), and cytochrome c were examined using feed solutions of 100 ppm dyes in 

water, 1 g L
-1

 PEG in water, or 1 g L
-1

 cytochrome c in PBS solution. The dyes and 

cytochrome c concentrations in the feed and permeate were measured using a 

NanoDrop
TM

 2000/2000c spectrophotometer (Thermo Fisher Scientific). The 

concentrations of PEG were measured using an Agilent 1260 Infinity gel permeation 

chromatography with two columns in series (PL aquagel-OH 40 and 60) operated at 30 

°C. The rejections (𝑅) were calculated using the equation (6.2). 

𝑅 = (1 −
𝑐𝑝

𝑐𝑓
)𝑥 100%                                                                                                             (6.2) 
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6.3. Results and Discussion 

6.3.1. Hierarchical equilibrium self-assembly of PS-b-PBLG of annealed dense films 

The equilibrium morphology of the PS-b-PBLG copolymers investigated in our work, 

obtained after days of annealing, is highly ordered and lamellar, as confirmed by the 

TEM images in Figure 6.1a. Thermal annealing did not affect much the structure since 

the copolymer with a similar composition without annealing also showed a highly 

ordered and lamellar morphology (Figure 6.1b). It also showed that a small variation of 

the PBLG molecular weight (20 – 25 kg mol
-1

) did not change the lamellar morphology. 

A similar structure has been previously observed for other rod-coil block copolymers [31, 

40-42]. SAXS experiments were performed to confirm the overall arrangement of the 

blocks and more precisely quantify the domain sizes. The SAXS profile in Figure 6.1d 

clearly shows that the copolymer had a lamellar structure (q/q* = 1, 2, 3, 4) with a 

domain spacing of 17.45 nm and 16.64 nm for PS31k-b-PBLG25k and PS31k-b-PBLG20k, 

respectively, close to the estimated value from the TEM images. At a higher q between 

4–5 nm
-1

, a peak was observed, which might correspond to the presence of the rod PBLG 

with a domain size of around 1.3 nm. This result alone is not a conclusive indication of 

the α-helical PBLG, but it could indicate the existence of uniform domains in 

approximately 1 nm scale, close to what is expected from the helical PBLG. High-

Resolution X-ray diffraction was then performed to evidence the formation of helices as 

discussed in the following paragraph.  
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Figure 6.1. Characterization of PS-b-PBLG dense films: TEM images of  (a) annealed 

(100 °C vacuum, 3 days) PS31k-b-PBLG25k and (b) unannealed PS31k-b-PBLG20k; (c) 

polarized optical microscope image of PS31k-b-PBLG25k film; (d) SAXS profile of PS31k-

b-PBLG25k and PS31k-b-PBLG20k, (e) WAXD, and (e) FTIR of PS31k-b-PBLG25k. 

Figure 6.1c shows that the dense PS31k-b-PBLG25k film was birefringent, which indicates 

that the copolymer is semi-crystalline. A high-resolution WAXD experiment conducted 

at the synchrotron facility revealed information about the crystalline structure of the rod 

PBLG block, as shown in Figure 6.1e. The presence of the primary peak q1 corresponded 

to a 1.3 nm periodic distance and was close to the domain spacing of PBLG rods 

observed by SAXS. The WAXD profile suggested that the PBLG rods self-assembled 

into a hexagonally ordered structure, which correlates with the presence of the peaks at a 

characteristic ratio of 1, √3 and 2 with respect to the primary peak (q1). A small shoulder 
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at q2 corresponds to a helix pitch of 5.2 Å, similar to what has been observed in the 

literature for an ABA triblock terpolymer where A block is PBLG and B block is 

polyethylene oxide [43].  This confirmed the formation of the secondary structure of 

PBLG organized as α-helices. Another peak (q3), which corresponds to 1.2 Å, could also 

be associated with the α-helix [43]. A slight deviation from the reported value could be 

due to the difference in the copolymer composition and the architecture. In addition, 

FTIR measurement of the solid bulk copolymer confirmed the α-helical structure of 

PBLG by the presence of amide I and II peaks around 1650 and 1547 cm
-1

 [44], 

respectively (Figure 6.1f). 

6.3.2. PS-b-PBLG self-assembly in solution 

The properties of the copolymers in solution were studied to understand the influence of 

their self-assembly on the final membrane morphology. In the present study, membranes 

were prepared using pyridine (PYR) or dioxane (DOX) as a solvent. PBLG-based 

polymers have been reported to form an α-helical secondary structure both in DOX and 

PYR.  The helices are aggregated in DOX but non-aggregated in PYR due to the polarity 

contribution of the solvents [45, 46]. The degree of PBLG association could influence the 

copolymer self-assembly and the final morphology of the membranes.  This is therefore 

of great importance when the formation of nanochannels from PS-b-PBLG copolymers is 

aimed. As reported in the literature, the aggregation of PBLG is influenced by the 

hydrogen/polar interactions, particularly at the end of the polymer chains [45-48]. 

According to the solubility parameters listed in Table 6.1, pyridine has a higher polar 

contribution (𝛿𝑃) and a higher combined hydrogen bond/polar contribution (𝛿𝑎) 
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compared to dioxane. It could then compete with the interchain hydrogen bond/polar 

interactions and break the aggregation, making the helices more flexible. At the same 

time, pyridine is also a better solvent for polystyrene compared to dioxane due to the 

dispersion contribution (𝛿𝐷) and the total solubility parameter (𝛿) that are close to each 

other. A good solvent is expected to have a plasticizing effect, while a bad solvent would 

promote copolymer segment-segment interactions.  

Table 6.1. Hansen solubility parameters of the solvent and polystyrene [49] 

Solvent 𝜹𝑫 (MPa
0.5

) 𝜹𝑷  (MPa
0.5

) 𝜹𝑯  (MPa
0.5

) 𝜹𝒂 = √𝜹𝑷
𝟐 + 𝜹𝑯

𝟐 𝜹 = √𝜹𝑫
𝟐 + 𝜹𝑷

𝟐 + 𝜹𝑯
𝟐 

1,4-dioxane 17.5 1.8 9 9.2 20 

Pyridine 19 8.8 5.9 10.6 22 

Polystyrene 18.5 4.5 2.9 5.4 22 

 

SAXS measurements for the concentrated copolymer solutions in DOX and PYR (Figure 

6.3a) showed the formation of a lamellar structure with a repeating distance of around 20 

nm, similar to the domain sizes of the lamellar structure in the films equilibrium 

morphology. As the polymer-polymer interaction might be weaker due to the presence of 

pyridine, the formation of lamellar structure in pyridine requires a higher concentration 

compared to that in dioxane. The polarized optical microscopy of the concentrated 

copolymer solution (Figure 6.3b and c) suggested that the copolymer formed liquid 

crystals in DOX or PYR, due to the helical structure of PBLG. 
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Figure 6.3. Characterizations of PS-b-PBLG in solutions. (a) SAXS profiles of the PS31k-

b-PBLG21k solution in dioxane (DOX) and pyridine (PYR); (b-c) polarized optical 

microscope images of 45 wt% PS31k-b-PBLG20k solutions in (b) DOX and (c) PYR (scale 

bars are 200 μm); (d-f) solution rheology profiles of 30 wt% PS31k-b-PBLG20k in DOX 

and PYR. 

Rheological investigation of the copolymer solutions showed that the copolymer in PYR 

had lower storage and loss moduli and lower viscosity than those in DOX (Figure 6.3d–

f).  This is consistent with the fact that the pyridine polarity might disrupt the PBLG 

segment-segment interaction, as well as plasticize the polystyrene blocks, as explained 

above. The amplitude sweep measurement (Figure 6.3d) showed that the copolymer in 

DOX or PYR has a liquid-like rheological behavior and is profoundly non-associated, 

indicated by tan δ (G"/G') > 1. The frequency sweep (Figure 6.3e) performed at 1% strain 
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indicated that the storage modulus (G') is frequency dependent, suggesting that the 

solutions are fluid-like. Moreover, the flow sweep measurement (Figure 6.3f) revealed 

that the copolymer in PYR behaved as a Newtonian-fluid, as the viscosity was 

independent on shear rate and a linear correlation between shear rate and shear stress was 

observed. On the other hand, shear thinning phenomena were found for the copolymer in 

dioxane. 

  

6.3.3. Kinetically trapped self-assembled morphology 

Figure 6.4 shows the AFM images of the membranes prepared by casting 27 wt% PS31k-

b-PBLG20k solutions in pyridine and immersing in water (phase inversion). A unique 

hierarchical highly ordered feather-like morphology was observed, formed by the self-

assembly in two scales: (i) the microphase segregation of PS and PBLG blocks and the 

PBLG helix formation in the resulting confined phases, after short solvent evaporation.  

The self-assembly takes place in solution and the immersion in water, a strong non-

solvent for both blocks, leads to fast solidification, kinetically trapping the hierarchical 

morphology. The zigzag morphology on the film surface resembles that previously 

reported for the bulk of poly(styrene-b-hexyl isocyanate) copolymer films [50], which 

has blocks prone to form coils (PS) and rods (hexyl isocyanate) in solution. In that case, 

rod tilting phenomena were observed and explained by the Halperin's theory.  When a 

rod-coil block copolymer is dissolved in a solvent preferential for the coil-forming block 

[51, 52], as the coil is swollen, its entropic contribution to the total free energy per chain 

increases. When the rods are tilted, and the contribution of the rod-coil interfacial energy 
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is not dominant, the free energy is minimized, because the area per chain increases and 

the degree of coil stretching decreases. In our case, pyridine is a solvent preferential for 

the polystyrene as explained in Section 6.3.2 and could promote tilting of the PBLG rods, 

as in the Halperin's theory, which results in a feather-like (zigzag) morphology on the 

membrane.  

 

Figure 6.4. AFM 2D (a) topological and (b) phase contrast images; (c) 3D images of the 

surface of PS31k-b-PBLG20k membranes prepared by casting of  27 wt% copolymer 

solutions in pyridine and immersion in water. The dark/bright area in the topographic 

profile corresponds to the depth, while in the phase contrast image is associated with 

differences in rigidity.  
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The AFM phase image (Figure 6.4b) showed a nearly uniform phase contrast, indicating 

that both PS and PBLG had a similar rigidity. Polystyrene is well-known as a glassy 

polymer, while the PBLG conformation into helices makes it a crystalline material with 

rigidity comparable to that of polystyrene. The 3D image of the membrane surface 

(Figure 6.4c) supports the formation of a highly-ordered zigzag morphology.  

 

Figure 6.5. Schematic diagram of hydrolysis of the PS31k-b-PBLG20k film via acid vapor 

annealing and SEM images of the PS31k-b-PBLG20k membranes, prepared by casting of 

27 wt% copolymer solutions in PYR, followed by immersion in water,) before (a and b) 

and after (c and d) the hydrolysis. Scale bars are 500 nm. 

The membrane was then hydrolyzed via acid vapor annealing using HBr/HOAc (33 wt%) 

for 3 hr. A deprotection of PBLG into poly-L-glutamic acid (PLGA) using HBr/HOAc in 

solution has been reported by other groups [53, 54]. In our work, we demonstrated the 
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deprotection in a swollen solid film, similar to the vapor phase hydrolysis applied for 

cellulose regeneration [55]. The membrane morphology was preserved after the 

hydrolysis with a slightly more opened structure as confirmed by the SEM images 

(Figure 6.5). Since the hydrolysis was performed in the solid preformed membrane, the 

self-assembled morphology was preserved.  

The completion of the hydrolysis reaction was confirmed by FTIR measurements 

presented in Figure 6.6a (green spectrum). A broad O–H band appeared around 2700 – 

3680 cm
-1

. This wavenumber range is characteristic of carboxylic acid groups. There is 

an overlap with the strong N-H peak of the polypeptide at around 3290 cm
-1

. Another 

clear evidence of the successful deprotection was observed by the shifting and 

broadening of the C=O peak between 1732 and 1710 cm
-1

, as well as the disappearance 

of the peak at 1166 cm
-1

 (stretching of C–O ester group). Furthermore, Figure 6.6b shows 

that the water contact angle decreased after hydrolysis due to the presence of carboxylic 

acid.  

It is also worth to mention that the hydrolyzed membranes still preserve the polypeptide 

(PLGA) α-helical structure, since the Amide I and II bands at 1653 and 1548 cm
-1

, 

respectively, were still observed. It is known that the secondary structure of PLGA is pH-

dependent.  A random PLGA coil in solution can transform into α-helices as the pH 

decreases from neutral to less than 5 [56-60]. During the acid vapor annealing, the 

membrane swells with acid, and the PBLG is converted to PLGA. If the flexibility would 

be high enough, the freshly formed PLGA could adopt the α-helical conformation. The α-

helices were then entrapped as the membrane dried in air. Further washing with water 
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and methanol did not disrupt the α-helical structure of the PLGA in the membrane as the 

structure was already trapped in the solid state.     

 

Figure 6.6. (a) FTIR spectra and (b) water contact angle of the PS31k-b-PBLG20k 

membranes before and after the hydrolysis; pristine-1 and hydrolyzed-1 are membranes 

cast from 27 wt% copolymer solutions in PYR; pristine-2 and hydrolyzed-2 are spin-

coated films from 5 wt% copolymer solutions in DOX. 

The second type of membranes explored in this work was prepared by spin coating of 5 

wt% PS31k-b-PBLG20k copolymer solutions in dioxane. The spin coating was done on a 

commercial PAN ultrafiltration membrane. The fabricated membranes had a thinner 

active layer with a lamellar structure perpendicular to the surface as shown in Figure 

6.7a-c. The lamellar structure is observed already in concentrated solutions, as confirmed 

by SAXS (Figure 6.3a). Similar to the membrane prepared via phase inversion, a more 

open structure was formed, as presented in Figure 6.7d–f after the acid vapor annealing. 

The completion of the PBLG deprotection was confirmed by the FTIR spectra shown in 
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Figure 6.6a (red spectrum). The spectrum of the hydrolyzed film was similar to that for 

the phase inversion membrane (hydrolyzed-1, green spectrum), except that the ester C=O 

peak at 1732 cm
-1

 was still visible and only broadened or overlapped with the carboxyl 

C=O peak at 1710 cm
-1

. This could indicate a partial deprotection of PBLG for the 

hydrolyzed-2 membrane. The spin-coated film is denser than that prepared by casting and 

immersion in water.  The acid access to chains far from the surface is more restrictive 

than that in phase inversion membranes.  Furthermore, as previously discussed, dioxane 

could promote a tighter approximation of PBLG helices, making it again less accessible 

by the acid vapor. A decrease in water contact angle was also observed after the 

hydrolysis (Figure 6.6b).  The hydrolyzed membrane still contained α-helices, as 

confirmed by the FTIR spectroscopy (Figure 6.6a). 

 

Figure 6.7. AFM (a, d) and SEM (b-c, e-f) images of PS31k-b-PBLG20k membranes 

prepared by spin coating of a 5 wt% copolymer solution in DOX on PAN support: (a-c) 

before and (d-f) after hydrolysis. Scale bars of SEM images are 200 nm. 
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6.3.4. Membrane separation performance 

The hydrolyzed membranes were tested in dialysis and nanofiltration experiments. The 

molecular properties of the solutes used in the separation tests are listed in Table 6.2. 

Table 6.2. Molecular properties of solutes used in the dialysis and filtration tests 

Solute Mw (g mol-1) 
Net charge  

at pH 7 
Isoelectric point 

Phenylalanine 165 - 5.5 

Vitamin B2 376 0 
 

Brilliant Blue 826 -  

Vitamin B12 1355 0 
 

Cytochrome c 12400 + 9.6 

 

Figure 6.8a shows the hydrolyzed-1 membrane performance (cast from 27 wt% PS31k-b-

PBLG20k in PYR and hydrolyzed) during the dialysis tests. Small molecules, such as 

phenylalanine, vitamin B12, and vitamin B2, could diffuse through the membrane as the 

concentration of the solutes in the permeate side increases over time, reaching an 

equilibrium state, represented as recovery percentage in Figure 6.8a. The diffusion of 

vitamin B2 and phenylalanine was higher than that of vitamin B12 due to their smaller 

sizes. The membrane could completely retain cytochrome c as it was not detectable in the 

permeate over the dialysis period. Our results indicate that the self-assembled membranes 

had an effective channel diameter between 2-3 nm as the cytochrome c has a molecular 

diameter of around 3.2 nm [61].  
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Figure 6.9. (a) Recovery percentage of several solutes in dialysis tests of the hydrolyzed-

1 membrane (27 wt% PS31k-b-PBLG20k in PYR solution cast, immersed in water and 

hydrolyzed); the top left image shows the dialysis set up; (b) rejection profile of neutral 

and charged molecules using hydrolyzed-2 membranes (hydrolyzed spin coated 5 wt% 

PS31k-b-PBLG20k solution in DOX); the top right image shows the typical retentate and 

permeate obtained after the filtration tests. 

The second type of the membrane (hydrolyzed-2), prepared by spin coating of 5 wt% 

copolymer solutions in dioxane, followed by exposure to acid vapor, was tested for 

nanofiltration in a dead-end filtration cell at 8 bar transmembrane pressure. The 

membrane exhibited pure water permeance of 2.6 ± 1.6 L m
-2

 h
-1

 bar
-1

 and had high 

retention for cytochrome c of almost 100%. The membrane was permeable for vitamin 

B12 while rejecting a negatively charged dye (brilliant blue) due to charge repulsion 
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effects contributed by the carboxylic acid groups of the hydrolyzed membrane. The 

rejection of PEG with a molecular weight comparable or higher than that of cytochrome-

c was lower than the cytochrome-c rejection. PEG is a linear molecule and could enter 

the lamellar channels easier than the globular molecules as in the case of cytochrome-c. 

 

6.4. Conclusions 

A rod-coil block copolymer, PS-b-PBLG, has been investigated in this work for the 

preparation of phase inversion and spin coat membranes with a self-assembled structure. 

The annealed dense copolymer films have hierarchical lamellar bulk morphology, with a 

confined hexagonally arranged helical structure relative to the PBLG block inside the 

PBLG lamellae phase, confirmed by high-resolution WAXD and FTIR measurements. 

The membranes prepared by casting a solution in pyridine and immersing in water have a 

feather-like zigzag structure. Membranes made by spin coating of a dioxane solution 

have a vertically-aligned lamellar structure forming continuous lamellar channels. The 

hydrolysis of the two kinds of membranes via acid vapor annealing led to a more open 

membrane structure with increased hydrophilicity. Dialysis experiments were 

characterized by high retention of cytochrome c and a high diffusion of smaller 

molecules, such as amino acid, vitamin B2, and B12. The spin-coated membranes had a 

high rejection of cytochrome c and a negatively charged dye (brilliant blue) while 

allowing a neutral dye (vitamin B12) to pass through. The lamellar channels exhibited a 

lower rejection of PEG compared to cytochrome c, indicating that a more linear molecule 

could pass through the membrane better than globular ones. Our efforts could support the 
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development of bioinspired and molecularly-shaped membranes from polypeptide-based 

copolymers as an excellent candidate to form scalable artificial channels with a 

hierarchical structure. 
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Chapter 7: General Conclusions and Outlook   

  

Overall, we have demonstrated various approaches for the preparation of artificial 

membranes with bioinspired channels using the simple and scalable method of self-

assembly and non-solvent induced phase separation. The approaches include the use of 

hydrogen bond forming copolymers (Chapter 4 and 6), a photo-modifiable block 

copolymer (Chapter 5), and a hybrid bio-copolymer (Chapter 6). We innovate in the use 

of block copolymers to develop fully-synthetic bioinspired channels that can be applied 

to real separation processes in aqueous solution. We anticipate that this will lead to more 

developments in the future for the preparation of biomimetic membranes. As discussed 

below, the success of the bioinspired channel formation in our research is affected by the 

combination of 1) the appropriate chemical functionality and composition of the 

copolymer, and 2) effective strategies to guide the copolymer self-assembly in forming 

the channels. 

 

7.1. Block Copolymer Chemical Functionalities and Compositions 

The selection of copolymer chemical functionalities is of great importance to obtain the 

desired separation properties, which include specific interactions between the permeating 

molecules and the pore walls. In Chapter 4, the fabrication of preferential nanochannels 

for protein transport from a poly(styrene-b-4-hydroxystyrene-b-styrene) (PS-b-PHS-b-

PS) terpolymer suggests that the hydroxystyrene (HS) group is a good candidate as a 
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hydrogen bond forming moiety to provide a molecular recognition for proteins. In 

addition to the hydrogen bond interaction in the PS-b-PHS-b-PS membranes, the 

electrostatic attraction was also expected to influence the protein transport since the 

membranes had an opposite charge to that of the proteins during the filtration. More 

importantly, the right pore dimensions allow the transport of the proteins (lysozyme and 

cytochrome c), and therefore pore tuning is an essential aspect of the membrane design. 

In general, the pore morphology can be tuned by the polymer molecular weight as 

demonstrated in Chapter 2 for the poly(styrene-b-2-vinylpyridine-b-ethylene oxide) 

copolymers, and by the preparation conditions, mainly the evaporation time and the 

polymer concentration, as shown in Chapter 4.  

In Chapter 5, we have seen that chemical functionalities can be flexibly tuned using a 

modifiable block copolymer, poly(styrene-b-butadiene-b-styrene) (PS-b-PB-b-PS). By 

incorporating carboxylic acid groups into the channels, using a simple and scalable UV 

photomodification, the membranes became more permeable to water without 

compromising the selectivity as well as the membrane morphology. By optimizing the 

fabrication method and incorporating chemical functionality selective for water, we can 

develop membranes that can overcome the permeability-selectivity trade-off. This 

approach could be extended to various types of thiol molecules. Similar to what we 

demonstrated in this work, we could attach a set of other functionalities on the channel 

walls, leading to exciting separation properties and flexibility.  

The demonstration that membranes can be prepared using PS-b-PB-b-PS is also relevant 

for another reason.  Analogous block copolymers with other block ratios are produced in 
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large scale for different applications.  Finding a strategy to prepare membranes from this 

class of copolymers might be at an early stage more economically viable than to base the 

development on an entirely new copolymer. Therefore, the approach we have developed 

here is a promising technique to be investigated further in designing scalable and robust 

bioinspired membranes. 

Self-assembled membranes containing α-helical polypeptides presented in Chapter 6 

showed interesting structural and chemical features. The use of polypeptide-based 

copolymers offers a closer mimic to natural protein channels, while at the same time 

creates more challenges to direct the self-assembly of the rod-coil type of copolymer. We 

have shown that the unique hierarchical self-assembly of the copolymer could lead to the 

formation of nonconventional membrane morphologies, such as the feather-like zigzag 

morphology and vertically aligned lamellar channels. The fabricated membranes were 

demonstrated to have nanochannels that could separate small proteins from low 

molecular weight organic molecules.  

     

7.2. Strategies to Guide the Block Copolymer Self-assembly 

An essential step in the design of bioinspired channels is the block copolymer self-

assembly in solution to form the channels.  Different theoretical, semi-empirical, and 

experimental approaches were explored in this work to guide the selection of solvents.  

We proposed and applied a segregation strength trend line in Chapter 2, 3 and 4 and we 

used a more classical Flory–Huggins interaction parameter analysis in Chapter 5. We 
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used the complexation with hydrogen bond forming additives/solvents to induce the self-

assembly formation in Chapter 4 and 6. 

The efficiency of the proposed approaches was evaluated using different methods of 

characterization. We followed the membranes structure formation and promoted a more 

in-depth understanding on the block copolymer self-assembly both in solid bulk state and 

in solution using electron microscopy, rheology, small-angle X-ray scattering (SAXS) 

and time-resolved grazing-Incidence SAXS (GISAXS). Our results confirmed the 

influence of the polymer concentration and the evaporation time during the membrane 

formation and provided a guideline to obtain the optimum conditions for the preparation 

of isoporous membranes. We have also contributed to a better understanding of the 

surface effects (the air (vapor)-solution interfaces) on the formation of the ordered 

surface structures of the membranes as discussed in Chapter 5. 

Figure 7.1 summarizes our understanding of the structural evolution of the isoporous 

membranes based on block copolymers via phase inversion method. Starting from the 

dilute solutions, the block copolymers typically form micelles due to the amphiphilic 

property of the copolymer in the selective solvent. At a higher concentration, the micelles 

are closer to each other and adopt a non-equilibrium structure in a semi-dilute solution, 

such as strings or cylindrical structures. As the solution is cast and the solvent is allowed 

to evaporate, the polymer concentration at the surface increases, which then at an 

optimum condition, the micellar strings assemble into an ordered structure, e.g., simple 

cubic or hexagonal order. During this process, the formation of the ordered surface that 

will lead to the well-ordered pores occurs, being profoundly influenced by the copolymer 
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self-assembly as well as by surface effects. By plunging the cast film into the 

precipitation bath, the ordered surface and top layer (typically few hundred nanometers 

from the surface) are kinetically trapped, and the pores are formed as the result of a fast 

solvent-nonsolvent exchange. As the distance from the interface between the copolymer 

solution and the non-solvent bath increases, the solvent exchange becomes slower.  The 

immediate quenching does not take place, and the macrophase separation is allowed to 

evolve to a more prolonged extent, before solidification. More disordered and larger 

pores are then finally formed governed by the spinodal decomposition. 

 

Figure 7.1. Schematic diagram of structure evolution in the isoporous membrane 

formation based on the self-assembly of block copolymers and phase inversion. 
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The theoretical or semi-empirical approaches applied to guide the copolymer self-

assembly in forming the well-defined channels are summarized in section 7.2.1.  The 

experimental strategy based on hydrogen bonds is discussed in section 7.2.2. 

7.2.1. Trend line method and Flory–Huggins interaction parameter analyses   

We have seen the importance of stable micelles as observed in TEM analyses of the 

dilute solution (Chapter 2-4). This leads us to the formulation of a trend line method 

(Figure 7.2) for choosing the optimum solvent composition that can form stable micelles 

and lead to the formation of isoporous membranes (Chapter 2). The trend line correlates 

the block copolymer geometries with the segregation strengths that govern the self-

assembly of block copolymers in a semi-dilute concentration. For the optimization, we 

use Flory–Huggins interaction parameters and Hansen solubility parameter data, 

supported by TEM analysis of block copolymer micelles in dilute solutions. This method 

not only provides us a guideline for the design of block copolymer membranes but also 

gives us a better understanding of the self-assembly of block copolymers in the semi-

dilute regime that can give rise to ordered isoporous membranes. 
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Figure 7.2. Flow diagram of the master curve (trend line) method to obtain isoporous 

membranes from amphiphilic block copolymers with the molar volume of the less soluble 

block (VA) and the more soluble block (VB). 

The efforts in developing a method to find the optimum conditions for the isoporous 

membrane manufacture are critical since trial-and-error and strenuously empirical 

methods are still mostly used, making the fabrication method complicate and long. Our 

proposed method has been able to give us more quantitative insights on the polymer-

polymer and polymer-solvent interactions that can provide some hints on the selection of 

the optimum solvent composition. It can, therefore, accelerate the discovery of ordered 

isoporous membranes for new copolymers, as has been demonstrated in this research, 

where isoporous membranes have been fabricated using different types of block 

copolymers. We have shown that the method can be extended to amphiphilic block 

copolymers, such as PS-b-PEO, PS-b-P2VP-b-PEO, and PS-b-PHS-b-PS block 

copolymers (Chapter 2–4). The Flory–Huggins interaction parameter analyses used in the 
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trend line method is also useful to choose selective solvents for non-amphiphilic block 

copolymers, such as PS-b-PB-b-PS presented in Chapter 5, enabling the formation of 

isoporous membranes with well-defined nanochannels.  

7.2.2. Complexation with hydrogen bond forming additives/solvents   

In Chapter 4, membranes with preferential nanochannels were fabricated from a PS40k-b-

PHS27.3k-b-PS40k terpolymer, using SNIPS, in the presence of H-bond forming additives 

(imidazole and pyridine). Although the solid equilibrium structure of the polymer 

exhibited a three-phase lamellar morphology, membranes with isoporous structures and 

vertically aligned nanochannels were efficiently obtained with the help of the 

complexation with imidazole and pyridine in the casting solution, along with the 

optimum solvent, polymer concentration and evaporation time. Another example of the 

use of hydrogen bonding in directing the polymer self-assembly is demonstrated in 

Chapter 6 for the polypeptide-based copolymer. Pyridine was used as the solvent that 

could interact with the polypeptide end chains and compete with the interchain hydrogen 

bond/polar interactions, leading to the formation of feather-like zigzag morphology with 

well-defined nanochannels.  

 

7.3. Recommendations 

In summary, the recommendations that can be done in the future, related to the design of 

artificial membranes with bioinspired channels from block copolymers are as follows: 
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1) A more in-depth investigation on the transport mechanism through the channel needs 

to be done to understand the roles of the hydrogen bonding, electrostatic interaction 

and other possible mechanisms influencing the selectivity of the channel. Some 

advanced techniques can be used, such as nuclear magnetic resonance spectroscopy, 

epifluorescent microscopes, confocal scanning laser microscope and/or advanced 

molecular simulation. 

2) A simple and scalable fabrication of thinner membranes to improve the water 

permeance needs to be explored, such as dip coating, complexation-induced phase 

separation method or interfacial polymerization-like method.  

3) As mentioned in Chapter 5, it is essential to design more robust thiol molecules with 

chemical functionalities similar to that of biological channels (e.g., thiol with the 

polypeptide or amino acid functionalities) to better mimic the natural channels and 

obtain more sophisticated separation performance. The use of polymers or 

macromolecules as the modifying agent is also interesting to enable stimuli-

responsive behaviors. It is also recommended to use 1,2-polybutadiene blocks due to 

their higher reactivity compared to the 1,4-polybutadiene.  

4) At a further step, it might be desirable to investigate the fabrication of hollow fiber 

bio-inspired membranes or to develop polysulfone-based block copolymers to 

improve the membrane performance and mechanical stability. 
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APPENDICES 

  

A.1. Self-assembly of Polystyrene-b-poly(2-vinylpyridine)-b-

poly(ethylene oxide) Triblock Terpolymers 

 

Bulk morphology of the block copolymers 

The copolymer block volume fractions in Table A.1.1 were calculated using equation A1: 

Φ𝑖 =
𝑁𝑖𝑉𝑚,𝑖

𝑁𝑃𝑆𝑉𝑚,𝑃𝑆+𝑁𝑉2𝑉𝑃𝑉𝑚,𝑉2𝑉𝑃+𝑁𝑃𝐸𝑂𝑉𝑚,𝑃𝐸𝑂
                          (A1) 

where index i stands for the block i, N is the degree of polymerization, Vm,i is the molar 

volume of i monomer. Values of Vm,PS = 101.1 cm
3
/mol, Vm,P2VP = 95.6 cm

3
/mol, and 

Vm,PEO = 36.4 cm
3
/mol were calculated as the ratio of the monomer molecular weights and 

the polymer densities, ρPS = 1.04 g/cm
3
, ρP2VP = 1.10 g/cm

3
, ρPEO = 1.21 g/cm

3
. 

Table A.1.1. Characteristics of  PS-b-P2VP-b-PEO terpolymers in bulk thermal annealed films. 

Polymer code ΦPS:ΦP2VP:ΦPEO Morphology D 

(nm) 

χSV N χVO N χSO N 

PS15.7k-b-P2VP10.9k-b-PEO5.4k 0.50:0.32:0.18 HCP/BCC 40 245 102 4 

PS16k-b-P2VP11.4k-b-PEO10.6k 0.43:0.28:0.29 HEX 60 326 136 6 

PS25.6k-b-P2VP40.2k-b-PEO7.3k 0.37:0.53:0.11 HEX  63 515 215 9 

PS75k-b-P2VP21k-b-PEO16.5k  0.67:0.18:0.15 LAM 68 840 352 14 

PS80.5k-b-P2VP64.4k-b-PEO16.1k 0.52:0.38:0.10 HEX 65 1136 476 19 
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χSV, χVO, χSO = Flory-Huggins interaction parameters between PS-P2VP, P2VP-PEO, PS-PEO 

blocks; N - polymerization degree; D -  center-to-center distance. 

 

Figure A.1.1. 2D SAXS patterns of thermally annealed PS-b-P2VP-b-PEO films (top) and their 

respective scattering profiles (bottom), obtained by radial integration of the 2D patterns, 

normalization to the intensity of the primary beam and subtraction of the background scattering: 

a) PS15.7k-b-P2VP10.9k-b-PEO5.4k, b) PS16k-b-P2VP11.4k-b-PEO10.6k, c) PS25.6k-b-P2VP40.2k-b-PEO7.3k, 

d) PS75k-b-P2VP21k-b-PEO16.5k, e) PS80.5k-b-P2VP64.4k-b-PEO16.1k. The fitting residuals were 
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obtained, using the Igor Pro 6.37 software [J. Ilavsky, Nika: software for two-dimensional data 

reduction, J. Appl. Crystallography 45(2) (2012) 324-328]. 

 

Figure A.1.2. TEM image of PS80.5k-b-P2VP64.4k-b-PEO16.1k in different planes: (a)- perpendicular 

view corresponding to (0001) plane of hexagonally packed cylinders; (b) perpendicular and 

lateral view. The sample was thermally annealed at 130
o
C and stained with iodine. 

 

 

Figure A.1.3. Fitting of PS-b-P2VP-b-PEO systems to the isoporous trend line; �̅� =

(𝜒𝑠𝐴𝑁𝐴 −  𝜒𝑠𝐵𝑁𝐵)/𝜒𝐴𝐵𝑁 and ΦA/ ΦB is the molar volume ratio of the less soluble block (A) to 
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the most soluble block (B). For PS-b-P2VP-b-PEO, A is PS, and B is P2VP-PEO. Previous data 

[1] for other systems are included. 

 

Table A.1.2. Flory-Huggins interaction parameters between solvent mixtures and the 

copolymer blocks, hydrodynamic diameter (Dh) and micelle size polydispersity (PDI), 

obtained by DLS for diluted copolymer solutions. 

Polymer 
ΦPS/ 

ΦP2VP-PEO 

Solvent 

(wt%) 
𝜒sS 𝜒sV 𝜒sO 

Dh 

(nm) 
PDI 

PS15.7k-b-P2VP10.9k-b-

PEO5.4k 
1.0 

THF/DOX/DMF 

55:30:15 

0.37 

 

0.26 0.07 19 0.43 

PS16k-b-P2VP11.4k-b-

PEO10.6k 
0.8 

THF/DOX/DMF 

55:30:15 

0.37 0.26 0.07 27 0.28 

THF/DMAc/Sulf 

30:30:40 

0.91 0.17 0.68 23 0.31 

PS25.6k-b-P2VP40.2k-b-

PEO7.3k 
0.6 

THF/DOX/DMF 

54:10:36 

0.51 0.15 0.22 27 0.29 

THF/DMAc/Sulf 

59:20:21 

0.55 0.16 0.31 28 0.30 

PS75k-b-P2VP21k-b-

PEO16.5k  
2.1 

THF/DOX/DMF 

40:50:10 

0.35 0.33 0.03 32 0.20 

THF/DMAc/Sulf  

90:5:5 

0.36 0.26 0.12 23 0.23 

PS80.5k-b-P2VP64.4k-b-

PEO16.1k 
1.1 

THF/DOX/DMF 

51:30:19 

0.39 0.23 0.09 32 0.08 

THF/DMAc/Sulf 

84:8:8 

0.38 0.24 0.14 27 0.07 

ΧsS, χsV, χsO = Flory-Huggins interaction parameters between the solvent mixture and PS, P2VP, PEO 

blocks. 
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A.2. Functionalized Nanochannels from Self-assembled and 

Photomodified Poly(styrene-b-butadiene-b-styrene) 

 

A.2.1. Polymer synthesis 

Benzene (Sigma Aldrich, 99.9%) was purified via distillation from CaH2 (Sigma-Aldrich, 

95%) and stored in a glass cylinder, under high vacuum. Tetrahydrofuran (Sigma 

Aldrich, 99.9%) refluxed over sodium, stirred in the presence of CaH2 and distilled over 

Na/K alloy. sec-Butyllithium (Sigma-Aldrich, 1.4M in cyclohexane) diluted to the 

appropriate concentration of purified benzene, in a specific glass apparatus under high 

vacuum. Styrene (Sigma Aldrich, 99%) was purified via distillation over CaH2 and 

dibutyl-magnesium (Sigma-Aldrich, 1M solution in heptane) and stored in pre-calibrated 

ampoules. 1,3-Butadiene  (Sigma-Aldrich, 99%) was purified via consecutive distillations 

over n-BuLi, at -10 
°
C using ice/salt bath, prior its addition to the polymerization reactor. 

Styrene was polymerized at room temperature, using sec-butyllithium as initiator and 

benzene as the solvent. The mixture was left to react for one day, before the addition of 

1,3-butadiene. The polymerization of the butadiene was left to complete for another 24 

hours. Prior to the addition of the third monomer, a small amount of THF (< 1mL) was 

added to break the PSLi association and thus to increase the initiation rate of styrene and 

affords well-defined living PS-b-PB1,4
-
Li

+
. The polymerization of styrene was left to 

complete for additional 24 hours (Figure A.2.1). Finally, the polymerization was 

quenched with methanol, and the polymer precipitated in a large amount of methanol. 
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The final product dried in a vacuum oven for 24 h at 40 
°
C, to give the final triblock 

copolymer (colorless powder).  

 

Figure A.2.1. Synthetic procedure for the synthesis of the linear triblock copolymer PS-b-

PB1,4-b-PS. 

 

The number average molecular weight (Mn) and the polydispersity index (Ð) were 

determined via size exclusion chromatography (SEC) equipped with an isocratic pump, 

Styragel HR2 and HR4 columns in series (300 x 8 mm), a refractive index detector and 

THF as the eluent at a flow rate of 1 mL/min, at 30 
°
C. The calibration was performed 

with polystyrene standards covering the range of Mp from 370 to 4.220.000 g/mol.
 1

H-

NMR spectroscopy characterization was carried out in CDCl3 (Sigma Aldrich, 99.6%) at 

25 
°
C on a Brücker AV-600 spectrometer. The typical microstructure (92 wt % 1,4- and 8 

wt % 1,2) of polybutadiene, in benzene, was observed.  
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The SEC chromatographs along with the molecular characteristics of PS, PS-b-PB1,4 

intermediate and final PS-b-PB1,4-b-PS triblock copolymer are given in Figure A.2.2 and 

Table A.2.1 respectively, while in Figure A.2.3 the 
1
H-NMR spectrum of the linear 

triblock copolymer is depicted. 

 

Figure A.2.2. Size exclusion chromatographs of the homopolymer PS (A), the diblock 

copolymer PS-b-PB1,4 (B) and the triblock copolymer PS-b-PB1,4-b-PS (C).  
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Table A.2.1. Molecular characteristics of the polystyrene (PS) block, the PS-b-PB1,4 

diblock copolymer, and the PS-b-PB1,4-b-PS triblock copolymer. 

Samples 
nM

a 

(g mol
-1

) 
Ɖ

a f(PS) 
b 

%(w/w) 

f(PTBOS) 
b 

%(w/w) 

PS 40.000 1.04 - - 

PS-b- PB1,4 75.000 1.06 0.54 0.46 

PS-b-PB1,4-b-PS 117.000 1.08 0.72 0.28 

    a SEC in THF at 300C, b 1H-NMR in CDCl3 as a solvent. 

 

 

Figure A.2.3. 
1
H-NMR spectrum of the PS-b-PB1,4-b-PS triblock copolymer. 
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A.2.2. Membrane fabrication 

 

Figure A.2.4. SEM images of PS40k-b-PB35k-b-PS42k membranes cast from 13 wt% 

terpolymer in various solvents, followed by immersion in water and ethanol. Scale bars 

are 500 nm. 
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Table A.2.2. Hansen solubility and Flory-Huggins interaction parameters of the polymers 

and solvents [2] 

Component δ
D
 δ

P
 δ

H
 𝛿 =  √𝛿𝐷

2 + 𝛿𝑃
2 + 𝛿𝐻

2
 𝜒𝑠𝑃𝑆 𝜒𝑠𝑃𝐵 

PS  18.5 4.5 2.9 19.3 

  

PB  17.5 2.3 3.4 18 

  

Dioxane 17.5 1.8 9 19.8 0.42 0.27 

THF 16.8 5.7 8 19.5 0.32 0.29 

Chloroform 17.8 3.1 5.7 18.9 0.10 0.05 

Toluene 18 1.4 2 18.2 0.12 0.04 

Water 15.5 16 42.3 47.8 3.13 3.12 

Ethanol 15.8 8.8 19.4 26.5 1.89 1.84 

 

𝜒𝑠𝐵𝑙𝑜𝑐𝑘 = 
𝑉0

𝑅𝑇
(𝛿𝑠 − 𝛿𝐵𝑙𝑜𝑐𝑘)

2 
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A.2.3. Membrane modification 

 

Figure A.2.5. ATR-FTIR spectra of unmodified PS40k-b-PB35k-b-PS42k membranes, and 

modified by exposure to different concentrations of thioglycolic acid. 

 

 

Figure A.2.6. Zero loss filtered image of the photomodified PS40k-b-PB35k-b-PS42k thin 

membranes on PAN support.  
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A.2.4. Membrane performance tests 

 

Figure A.2.7. Digital images of the PS40k-b-PB35k-b-PS42k thin membranes on PAN 

support before and after filtration of methyl orange (MO), brilliant blue (BB), vitamin 

B12 (B12) and rhodamine B (Rho).  

 

Figure A.2.8. Pore size distribution of the photomodified PS40k-b-PB35k-b-PS42k thin 

membranes. 
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