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Chapter 1: Introduction 
 

Water is one of the most precious resources for life. Although there are many sources of water 

on the planet but most of them are dispensable or have inadequate quality for human 

consumption or chemical and pharmaceutical industry/agricultural purposes. Increasing 

demands of industrialization, urbanization and climate change are major factors on the way to 

access clean water. It becomes one of the biggest challenges of our time to access fresh water. 

The world population is rapidly increasing overall and over one third of world’s population 

lives in the developing countries, where the economic impact of poor water and sanitation 

ability is devastating. The contamination of drinking water resources by flowing streams of 

wastewater (e.g., industrial, municipal and agricultural wastewater) is a worldwide problem. To 

address this challenge, there is an important need for the development of energetically efficient, 

low cost and sustainable methods for decontamination of water [1-3]. 

Membrane-based technologies are currently used in various processes for gas separation, 

bioprocessing, biomedical applications, chemical productions, and considered inherently more 

energy efficient than thermal separation approaches [4]. In the field of water, reverse osmosis 

(RO) membranes of satisfactory flux and salt rejection are well-established for seawater 

desalination [5]. With the development of modern science and technologies, various materials 

have been applied for the fabrication of polymeric hemodialysis membranes [6]. 

Size based separation of particles through membrane technology can be divided according to 

the size of solutes in four types: microfiltration (MF) (0.1-10 µm), ultrafiltration (UF) (2-100 

nm), nanofiltration (NF) (1-10 nm) and reverse osmosis (RO) (less than 1 nm), a process as 

shown in Figure 1.1.  
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Figure 1. 1. Membrane separation processes for water purification and desalination based on 

the size of solute. Reprinted with permission from ref [7]. 

 

MF and UF membranes separation are based on the size of the solute, In specie solutes larger 

than the membrane pore size are rejected/retained on the membrane surface [8] [9]. RO 

membranes are dense (non-porous) membranes that can remove salts from water through 

solution-diffusion mechanism [10]. NF membranes are using a combination of diffusive, 

convective and electrostatic models for separation of multivalent ions [11, 12]. MF and UF 

membranes are useful for removing large colloids, microbes and viruses from the feed. In the 

field of biomedicines, membrane technology plays a vital role in the hemodialysis (purifying 

blood) to treat chronic kidney failure which saves the lives of more than 2.5 million patients 

worldwide [13]. For the targeted separations, well-defined nanostructure and surface properties 

of block copolymer membranes can be modified chemically to the specific demands, considered 

an emerging area of study [14, 15]. Self-assembled membranes with specific functional moieties 

have been achieved in several ways, including the incorporation of the desired chemistry into 

the precursor block copolymer material during synthesis with the purpose of the fabrication of 

porous membranes where the pore wall constitutes from the respective functional groups. 

Polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) block copolymers represent this type of 
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system due to the presence of the functional P4VP block which can, for example, form 

complexes with metal salts. Apart from size-selective membranes decorated with specific 

functionalities, advanced technologies also focus on charge-selective membranes that exhibit 

preferential permeability for electrolytes and retain small nonionic molecules [16-18]. 

 

Figure 1. 2. Schematic illustration of a wide range of target applications where block copolymer 

membranes with well-controlled functional pore wall chemistries could be utilized. Reprinted 

with permission from ref [19]. 

 

In the field of water purification and protein separation, block copolymer filtration membranes 

attracted immense attention [20-23]. To date, majority of the membranes have been modified 

using chemistries aimed at reducing the deleterious effects of fouling. Foulants like proteins, 

emulsified oils, microorganisms, and a fraction of natural organic matters can be separated by 

many polymeric membranes, as a higher affinity for adhesion is observed for hydrophobic than 

hydrophilic membranes. Poor antifouling properties are mainly caused by the hydrophobic 

behavior of membranes surfaces. Therefore, many surface modifications focus on 

hydrophilizing a hydrophobic membrane surface, as it is hypothesized that surfaces with these 

chemical properties are prone to tightly bind a thin layer of water, providing a steric or energetic 

barrier to adhesion [24-26]. Hydrophilic surfaces which do not contain hydrogen bond donor 

but only acceptor functions or are neutral, tend to be best at resisting protein adhesion [4, 27-

31].  
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Block copolymer membranes fabrication with a focus on reducing the fouling propensity 

involves different approaches from simple coating, to radiation and photochemical grafting of 

hydrophilic polymers [32, 33] , or using directly synthesized appropriate block copolymers for 

the membrane formation. Block copolymer membranes may be directly coated with another 

material that is simply adsorbed to the membrane surface through (e.g., van der Waals or 

electrostatic interactions) [34, 35] or covalently coupled to the membrane polymer to afford 

enhanced stability [36]. One of the earliest published works to improve the biocompatibility of 

block copolymer membranes was performed by Matsuda and Ito. They coated a hydrophobic 

polyacrylonitrile hemodialyser membrane with block copolymers of poly(methyl methacrylate) 

and a hydrophilic segment of either poly(methoxy polyethylene glycol methacrylate) or 

poly(dimethyl acrylamide) [37]. 

Another approach was to tailor the surface chemistry of membranes by the addition of surface 

modifying macromolecules/additives in the membrane casting solution. In related studies, 

hydrophilic surface modifying macromolecules of polyurethanes end-capped with 

poly(ethylene glycol) (PEG) were incorporated in the poly(ether sulfone) (PES) casting 

solution. The resulting membranes showed high water flux and lower contact angle 

measurements than the PES membranes [38]. Blending of block copolymers was shown to be 

a facile way to tune the pore size of isoporous membranes [39] and to alter in parallel the 

transport properties of the membranes. Ma and co-workers reported high protein adsorption 

resistant ultrafiltration membranes by blending an amphiphilic copolymer PS-b-PEG with PES 

membranes [40, 41]. More specific it was reported that during the process of the pore formation, 

the hydrophilic block was prone to come to the surface of the membrane, decreasing the contact 

angle. 

Rather than incorporating a material into the casting solution or coating the membrane surface 

to impart desirable properties, our aim was to design new functional block copolymers with 
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improved hydrophilic and thus also antifouling properties, and furthermore to find ways to 

design the chemical properties of the pores in the new membrane. The most-studied hydrophilic 

segments in the field of amphiphilic block copolymers are poly(ethylene oxide) [42], 

poly(methacrylic acid) [43], and poly(2-hydroxy ethyl methacrylate) [44]. In our group for the 

first time, a series of triblock terpolymers of PS-b-P2VP-b-PEO was synthesized and integral 

asymmetric membranes with pH responsive pores were developed via SNIPS. The presence of 

a water-soluble short poly(ethylene oxide) (PEO) end block offers possibilities for post-

modification [45].  

Poly(isopropylidene glycerol methacrylate)—commonly known as poly(solketal methacrylate) 

acts as a precursor polymer of poly(glyceryl methacrylate) (PGMA) which was reported for the 

first time in 1990. Mori et al. reported the sequential anionic polymerization of styrene and 

solketal methacrylate (polystyrene-b-poly(solketal methacrylate)), (PS-b-PSMA) followed by 

the deprotection of acetonide groups to obtain PS-b-PGMA [46]. Poly(glyceryl methacrylate) 

(PGMA) is a potential alternative for the less hydrophilic 2-hydroxyethyl methacrylate 

(HEMA) due to the presence of one extra hydroxyl group (–OH) per repeating unit of the 

polymer in products such as contact lenses, drug delivery, and hydrogels. Zhang et al. used a 

combination of living anionic polymerization of allyl methacrylate (PAMA) and afterwards 

functionalization of the allyl side groups with osmium tetroxide to achieve PGMA [47]. It has 

also been reported as a material for ultrafiltration barriers mimicking the natural membranes in 

kidneys [48]. The first attempt to prepare a membrane from this diblock copolymer was reported 

by Hahn et al. who used PS-b-PSMA for air brush spraying on a PVDF support membrane [49]. 

Poly(isopropylidene glycerol methacrylate) is one of those polymers not yet studied widely in 

the context of block copolymer membranes produced via the SNIPS process. 
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1.1 Objective 

Based on this background the main objective of the present work is to prepare integral 

asymmetric isoporous membrane via self-assembly and non-solvent induced phase separation 

process. In this regard, synthesis of a series of novel diblock and triblock terpolymers performs 

via sequential anionic polymerization of AB and ACB architecture. In the second step of this 

investigation, different parameters concentration of the polymer, (mixed) solvent interactions 

to different blocks, evaporation time, composition of the solvents are optimized to obtain 

integral asymmetric isoporous membranes from diblock and triblock terpolymers by following 

self-assembly and non-solvent induced phase separation (SNIPS) process. In the third step, 

post-modification of membranes is performed in a non-solvent while the isoporous structure of 

the membrane is preserved. Finally, a comparative analysis is conducted to compare the 

performance of membranes before and after modification. 

1.2 Strategy of work and layout of the thesis 

The present doctoral work is organized as follows:  

-In Chapter 2, theoretical background briefly presenting the mechanism of anionic 

polymerization, the principles of non-solvent induced phase separation (NIPS), the role of self-

assembly, the phase separation of block copolymers and the formation of isoporous membrane 

via SNIPS. 

-In Chapter 3, the materials used in this work are presented and the experimental procedures 

employed for the synthesis and post-modification of polymers are explained. Later, it deals with 

the characterization techniques used in this study. 

-Chapter 4 is subdivided in two topics as follows: (i) Chapter 4.1 portrays the results of (PS-

b-PSMA) diblock copolymers synthesized by anionic polymerization and description of 

optimization of different parameters to obtain isoporous membranes. (ii) Chapter 4.2 deals 
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with the modification of (PS-b-PSMA) diblock copolymers whereas a comparative analysis of 

(PS-b-PGMA) with (PS-b-PSMA) and (PS-b-P4VP) diblock copolymer membranes is 

demonstrated in the second part of this chapter.  

-Chapter 5 is divided in two sub chapters as follows (i) Chapter 5.1 describes the results 

obtained from synthesis of linear triblock terpolymers by anionic polymerization and the 

optimization of the triblock terpolymers solutions to obtain integral asymmetric membranes 

with an isoporous surface by SNIPS. (ii) Chapter 5.2 deals with the performance of isoporous 

membranes obtained from triblock terpolymers and additionally a comparative study before and 

after the modification of membranes was performed.  

-Chapter 6 depicts the summary and outlook of this work 

-Chapter 7 and 8 are dedicated to references and appendix 
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Chapter 2: Theoretical background 

2.1 Anionic polymerization 

Anionic living polymerization is an established versatile approach for the synthesis of block 

copolymers that proceeds in the absence of termination and chain transfer [50, 51]. In 1956, 

Szwarc and coworkers demonstrated for the first time living anionic polymerization of 

polydienyl-lithium and polystyryl sodium chains in hydrocarbon media [52]. The term ‘living’ 

defines systems where no irreversible chain transfers and terminations occur during the course 

of polymerization [53]. This implies that polymerization proceeds until all the monomer is 

consumed and further addition of monomer would continue the growth of chain, thus increasing 

the degree of polymerization. Polymers with predetermined molar mass and very narrow 

molecular weight distribution could be obtained if the rate of initiation (Ri) is much faster than 

that of propagation (Rp). Only in the living anionic polymerization, molecular weight is directly 

proportional to monomer conversion (see Figure 2.1). In anionic polymerization, monomers 

that are capable of making stable carbanion, can be polymerized anionically, Scheme (2.1) [54]. 

 

Scheme 2. 1. Attachment of anion to monomer and delocalization of charge 

 

The kinetics of rate of initiation in polar and non-polar solvents are highly dependent on the 

reaction conditions. ki is the rate constant of the initiation step and kp is the rate constant for the 

propagation step. 

The chains will stay active unless there is a deliberate termination. Inert atmosphere or high 

vacuum conditions are maintained throughout the polymerization to avoid rapid termination of 
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active living chains due to reaction with oxygen, moisture and carbon dioxide (CO2). Different 

reaction products are made by such termination. The stability of propagating centers, 

termination, transfer and other chain breaking reactions can be suppressed by reducing the 

temperature during polymerization. 

 

Figure 2. 1. Molecular weight conversion curves for various kinds of polymerization methods 

(A) living polymerization (B) free radical polymerization and (C) condensation polymerization. 

Reprinted with permission from ref [55]. 

 

Anionic polymerization is widely exploited in industry to create BCPs on a massive scale as 

compared to radical polymerization, due to its remarkable control over the molecular weight, 

composition and functionality [56]. 

2.1.1 Mechanism of anionic polymerization 

According to M. Szwarc ‘polymeric molecules are born in an initiation process, they grow by 

a propagation process, and finally they ‘die’ in a termination process’  
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The mechanism of anionic polymerization divided into three principal steps  

(a) Initiation 

(b) Propagation 

(c) Termination 

(a) Initiation 

In anionic polymerization, the rate of initiation has to be faster than the rate of propagation if a 

narrow molecular weight distribution is aimed for. Thus for a successful initiation, the reactivity 

of monomer has to be matched with the appropriate initiating species. The rate of initiation 

(where alkyl lithium compounds act as initiator) is strongly influenced by the aggregation state 

of the anion and intermolecular interactions of ion pair formed after the opening of monomer 

bonds. Different type of initiators are used to accomplish initiation of polymerization. In the 

past alkali metals were used as initiators for the anionic polymerization of dienes through which 

radical anions are generated in a heterogeneous state. The radical anions rapidly undergo 

dimerization to form new dianions. The electron transfer initiators work more efficiently in 

polar solvents as compared to non-polar solvents. Another important class of initiators are 

organolithium compounds, obtained directly from the reaction of alkyl halides and lithium. 

Butyl lithium and alkali metal naphthalenide are examples of some initiators used for anionic 

polymerization where butyl lithium is a mono-functional initiator which forms one polymer 

chain per initiator molecule, while sodium naphthalenide is a di-functional initiator which gives 

a polymer with two reactive ends. A general way to initiate styrene is given in Scheme (2.2) 
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(a) 

 

(b) 

 

Scheme 2. 2. General way to initiate styrene with (a) mono and (b) di-functional initiators 

 



12 
 

In the case of alkyl (meth) acrylate polymerization classical anionic initiators such as metal 

alkyls generally yield polymers with broad molecular weight distribution (MWD) with low 

conversion. It is due to the probable attack of initiator on the polar ester group, which undergoes 

many side reactions during initiation and propagation. Aggregation of the active chain ends, 

having an ester enolate structure could be another reason (Scheme 2.3).  

To avoid the attack of more reactive initiators on carbonyl groups of alkyl(meth)acrylate, 

nucleophilicity of carbanions was reduced by end capping the macro-initiator [57]. 1,1-

diphenylhexyl [58] or triphenylmethyl anions or larger aromatic systems (e.g., fluorenyl anions) 

are some of the examples where the charge distribution over two or three phenyl rings adjusts 

the nucleophilicity enough [58, 59]. Although it is not the only operating factor, steric hindrance 

appears to have a determining effect in maintaining the controlled living polymerization [60]. 

In short, the selection of an initiator for a particular monomer is very important in order to 

obtain the control of the propagation.  

 

Scheme 2. 3. Side reactions in the polymerization of methyl methacrylate, (a) initiator attack 

on the monomer ester group (b) backbiting reaction of enolate anion 
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The behavior of carbanions in polar and nonpolar solvents is different due to different states of 

solvation and aggregation. In case of a polar solvent, this is mostly dependent on the 

intermolecular ionic interactions of the solvent, monomer, initiator and the size of the metallic 

counter ion. The intermolecular interaction of anion/carbanion in polar solvents forms different 

associated states called aggregates. The association of carbanion with the counter cation further 

classified as contact ion pair and solvent separated ion-pairs due to the tight and loose 

association of carbanion [61] (Scheme 2.4) At low concentration, solvent separated ion pairs 

dissociate into free ions. This degree of association of different ion pairs exist at equilibrium 

and is influenced by temperature. For example, the anionic polymerization of styrene and dienes 

initiated by n-butyl lithium in hydrocarbon medium is incomplete due to the high aggregation. 

In nonpolar solvents, electron transfer is inefficient due to the lack of solvation and significantly 

more aggregation observed. 

 

Scheme 2. 4. Ion pairs in a polar solvent for different concentrations.[61-63] 

 

(b) Propagation 

Reactive intermediates are continuously regenerated through a repeating cycle of elementary 

steps during propagation as shown in Figure 2.1. The rate of propagation is always first order 

with respect to monomer concentration and fractional orders with respect to chain end 
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concentrations in non-polar solvent. The fractional order supports the presence of inactive 

aggregated species. 

(c) Termination 

Termination is the final step of anionic living polymerization where living anionic chains are 

deactivated by addition of a terminating agent. Alcohols are usually used to deactivate the 

polymerization reaction. The terminating agent should be degassed several times on the vacuum 

line to remove impurities. The quality of a polymer is determined by molar mass distribution. 

2.1.2 Molar mass distribution in living polymerizations 

 The number average molar mass (Mn) is a linear function of the conversion for a living 

polymerization and anionic polymerization of styrene is precisely controlled by the 

stoichiometry of the reaction in a wide range from 103 to even 106 g/mol.  

Mn = grams of monomer/moles of initiator 

Polymers with extremely narrow molecular weight distribution are attained where molecular 

weight distribution is operationally defined as Mw/Mn ≤ 1.1 [64], for these systems Mw/Mn 

values being 1.05 or even smaller. The expression [65], which correlates dispersity index (Ð) 

and degree of polymerization for living anionic polymerization is given as 

Ð = Xw / Xn = 1+ [ Xn / ( Xn + 1)2 ] ≈ 1 + [1 / Xn ] 

 

 In anionic polymerization, various functional groups like protic functionalities (-OH, -NH2) 

are required to be protected during polymerization [66-68]. Well-defined block copolymers 

with complex architectures such as star, comb, graft, dendritic, etc. were produced by anionic 

polymerization in combination with linking chemistry [69-72]. In this study, anionic 

polymerization was used for the formation of linear block copolymers. 
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2.2 Block copolymers 

Anionic polymerization provides a way to the creation of well-defined block copolymers by 

sequential addition of monomers. It is a notable class of soft matter constructed by linking 

together discrete linear chains comprising dozens to hundreds of chemically identical repeating 

units. Sequential addition of distinct monomers to an active polymer chain can generate 

diblocks, A-B, triblocks, A-B-C or A-B-A, and more complex alternate multiblock structures.  

 

 

Figure 2. 2. Typical structures of block copolymers containing A, B and C block 

 

Each of the blocks can be prepared with controlled molecular weight and narrow molecular 

weight distribution. A variety of ω-functionalized block copolymers have been synthesized by 

controlled termination of living anionic chain ends using various electrophilic reagents.[73-75] 

Where AB and ABA copolymers typically adopt four familiar microphase structures (lamellae, 

double gyroid, cylinders and spheres), however introduction of a third block C, dramatically 

expands the spectrum of nanostructured morphologies. 

Monomers with similar reactivity can follow any addition order without any limitation. It is 

difficult to synthesize a block copolymer from monomers of different reactivity by sequential 
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living polymerization, if the nucleophilcity of the living polymer anion does not match the 

electrophilicity of the following monomer. Nevertheless, a large number of triblock terpolymers 

and multiblock copolymers with more than four blocks were synthesized by sequential living 

polymerization using monomers with different reactivities. PS-b-P2VP-b-PtBMA was the first 

ABC triblock terpolymer reported by Stadler and Giebeler [76]. In recent years, synthesis of 

ABC triblock terpolymers has received much attention due to novel characteristics and 

complicated morphological behavior. The addition of chemically distinct blocks expands the 

number of unique sequences each capable of producing different nanostructures. Polymers from 

monomers with “active” protons (i.e., OH, SH, or NH groups) cannot be directly synthesized 

through anionic polymerization, as these react immediately with the initiator anions or the 

growing chain end [77]. To overcome this difficulty, either controlled radical polymerization 

can be employed, or protective groups are introduced into the monomeric unit blocking the 

reactive site during the course of anionic polymerization and these protected groups can be 

easily and readily cleaved afterwards to get the required functional groups [46]. Functional 

block copolymers have received extensive scientific and technological attention due to their 

potential applications in electronics [78], fabrication of nanoporous membranes [79], drug 

delivery, [80] nano-reactors, [81] and smart materials [82, 83]. 

 

2.2.1 Self-assembly of block copolymers and phase separation behavior 

Block copolymers composed of incompatible blocks phase separated at macromolecular level 

to a variety of three-dimensional nanostructures in bulk and also often in solution. However, 

the final microphase separated morphologies depend on the architecture of the block 

copolymer(s) involved, molecular weight, composition and thermodynamic properties. Diblock 

copolymers with immiscible blocks can microphase separate into four different morphologies 
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including spheres (S), cylinders (C), bicontinuous gyroids (G), and lamellae (L), as shown in 

Figure 2.3 

Unfavorable mixing enthalpy coupled with entropy drives the process of self-assembly along 

with the blocks connected by covalent bond for microscopic phase separation. The microphase 

separation of (AB) block copolymers is determined by three experimentally controllable key 

parameters: the degree of polymerization, N, the volume fractions of the blocks, ꬵ, and the Flory-

Huggins segmental interaction parameter, ꭓ. The first two factors influence the translational and 

conformational entropy of the block copolymers and are regulated by the polymerization 

stoichiometry, while ꭓ is a measure of the enthalpic interactions between two blocks, it specifies 

the degree of incompatibility associated with linking the two dissimilar polymer chains, which 

drives the phase separation. Phase behavior will further be influenced by the rigidity and 

topology of the chains. Figure 2.3 shows the phase diagram of the equilibrium morphology of 

diblock copolymers where ꭓ N is shown as a function of f. At the minimum value of ꭓ.N ~ 

10.495, a transition between ordered and disordered state occurs when f = 0.5. 
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Figure 2. 3. Theoretical phase diagram of a linear diblock copolymer by self-consistent mean 

field theory. Body-centered cubic (BCC), hexagonally packed cylinder (HEX), minimal 

surfaces (gyroid (GYR) and alternating simple lamellar phase (LAM). Reprinted with 

permission from ref [84]. 

 

The Flory-Huggins interaction parameter ꭓAB, describes the driving force for microphase- 

separation. The relationship between ꭓ and temperature (T) is given in the following equation 

[85, 86]. 

ꭓAB = (z/kB T) 

Where z is the number of nearest neighbors per repeat unit in the polymer and kB is the Boltzman 

constant. The segregation product, ꭓABN, represents the interaction per chain and determines the 

degree of microphase separation of diblocks. Temperature and ꭓN are two important parameters, 

which influence the incompatibility between the constituents’ blocks. The incompatibility 
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between the blocks decreases with increasing temperature or decreasing ꭓN, the copolymers 

show order-to-disorder transition (ODT). The strength of segregation of block is determined by 

ꭓN and classified into two limiting regimes whereas volume fraction (f) defines micro-domain 

geometry. When the values of 10 ≤ ꭓN ≤ 15 [87, 88], it represents the weak segregation limit 

(WSL) and ꭓN ≥ 100 shows the strong segregation limit (SSL) [89, 90].  

The number of possible morphologies of triblock terpolymers are higher as compared to diblock 

copolymers due to the larger number of experimental parameters. Linear triblock terpolymers 

have three different Flory-Huggins interaction parameters ꭓAB, ꭓBC, ꭓAC and two independent 

volume fractions of blocks fA, fB. Together wioth the total degree of polymerization, N, these are 

in total six independent parameters that determine the equilibrium structure of the given triblock 

terpolymer. However, unlike diblock copolymers (AB) the sequence of a block in the triblock 

terpolymers (ABC) affect the final phase diagram i.e., whether it is sequenced A-B-C, B-C-A 

or C-A-B [91, 92].  

A combination of very extensive theoretical and experimental studies illustrate the bulk 

morphologies of triblock terpolymers and in this regard, Stadler et al. made significant 

contributions. They studied polystyrene-block-polybutadiene-block-poly(methyl methacrylate) 

(SBM) triblock terpolymers in detail to explore the morphological behavior [93-101]. The 

ternary phase diagram of SBM is shown in Figure 2.4 with morphologies discovered so far at 

room temperature. 
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Figure 2. 4. Ternary phase diagram of polystyrene-block-polybutadiene-block-poly(methyl 

methacrylate) (SBM) triblock terpolymers. Reprinted with permission from ref [102]. 

 

2.2.2 Block copolymers in solution 

Amphiphilic block copolymers can be dissolved in polar or non-polar solvents due to the 

presence of hydrophilic and hydrophobic segments. However, the presence of solvents increase 

the complexity of the system as compared to the bulk systems. The dissolution of block 

copolymer in the selective solvent i.e. a solvent which is good solvent for one block but a 

precipitant for another block, induces self-assembly into micelles of different shapes. Micelle 

formation requires two opposing forces, attractive forces between the insoluble moieties that 

leads to aggregation and the repulsion between soluble parts, which prevents unlimited growth 

of the micelles.  
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The polymer chains spontaneously organize into domains of defined geometry like spheres, 

cylinders or lamellar vesicles [103, 104] shown in Figure 2.5. The geometry of a system depends 

on many factors and somehow can be predicted by following the approach of Israelachvili [105] 

and coworkers who introduced the packing parameter (p) which is related to three parameters. 

Nevertheless, changes in the morphological aggregates are also observed by other factors such 

as solvent composition and temperature that affect the force balance. 

p = 
𝑣

𝑎𝑙 
 

Where v is the volume occupied by the solvophobic segment, l its length and a represents the 

contact area between the solvophobic and solvophilic segments. 

 

Figure 2. 5. Basic morphologies of (AB) block copolymer aggregates in solution. Reprinted 

with permission from ref [106, 107]. 
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If p < 1/3, spherical micelles are expected, cylinders for 1/3 < p < 1/2, vesicles if 1/2 < p < 1, 

lamellae if p = 1, and inverted structures if p > 1. However, a variety of other morphologies of 

block copolymers in solution have been added and revised by scientists [108-111]. 

Also in solution, the number of possible self-assembled structures of triblock terpolymers are 

higher as compared to diblock copolymers. Triblock terpolymers in which two incompatible 

blocks are insoluble in the respective solvent form micelles with compartmentalized core and a 

homogenous corona; however, a homogenous core is formed when only one block is insoluble 

whereas the other two build the corona. Within the latter, no chain segregation (mixed corona) 

or lateral chain segregation (Janus micelle) can take place, if the middle block is insoluble. 

Radially segregated corona with AB diblock copolymer arms results, if one of the outer blocks 

is the insoluble one. Triblock terpolymers can also form vesicles in solution [99]. Figure 2.6 

shows all mentioned morphologies of micelles. 

 

 

Figure 2. 6. Schematic representation of different types of micelles formed by ABC triblock 

terpolymers. Core-shell-corona micelles with a compartmentalized core (a), micelles with a 

mixed corona (no chain segregation) (b), core-shell-corona micelles with a compartmentalized 

corona (radial chain segregation) (c), Janus micelles with an asymmetric corona (lateral chain 

segregation) (d), and vesicles (e). Reprinted with permission from ref [99]. 
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2.3 Types of membranes 

Membrane, a discrete barrier with thin interface between two phases and can be completely 

uniform in composition and structure, or may be chemically or physically heterogeneous [56, 

112-114]. Membranes can be categorized on the basis of a number of parameters (geometry, 

bulk structure, production method and separation regime etc.), however here we discuss about 

the classification of membranes according to their physical structure. Two principal types of 

membranes are isotropic (symmetric) and anisotropic (asymmetric) as shown in Figure 2.7.  

Asymmetric porous membrane has a rigid, highly voided structure with randomly distributed 

interconnected pores that is very similar in structure and function to a conventional filter. 

However, pores diameter of these membranes are extremely small as compared to the 

conventional filter (pore size larger than 10µm). In case of nonporous dense membranes, a 

driving force in the form of pressure, concentration or electrical potential gradient is required 

to transport permeants by diffusion. The relative transport rate is determined by diffusivity and 

solubility of the component in the membrane material. 

In contrast, asymmetric membranes contain an extremely thin surface layer with gradient in 

pore sizes i.e. pore size get bigger from the surface to the bottom of the membrane. Loeb and 

Sourirajan invented such integral asymmetric membranes in the early 1960s. The separation 

performance of the asymmetric membrane is dependent exclusively on the surface layer and the 

substructure provides mechanical support. Composite membranes, on the other hand, consist of 

layers of different materials each performing a specific function and are usually used in 

processes where permeation is controlled by solution-diffusion mechanism. The porous support 

layer can be symmetric or asymmetric and provides support to the top thin layer. 
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Figure 2. 7. Schematic illustration of symmetric and asymmetric membrane structure. 

Reprinted with permission from ref [112]. 

 

The morphology (pore size and distribution) of the membrane is the key factor to control the 

performance and determines its field of application. Micro- and ultrafiltration membranes allow 

size based separations of different components such as dissolved macromolecules of proteins 

from solutions. Ultrafiltration membranes are usually anisotropic where the porous surface is 

supported by the more open porous support. There are different types of anisotropic membranes 

such as phase separation membranes, interfacial composite membranes and solution coated 

composite membranes named after the fabrication method. In this work, the phase inversion 

method was followed to fabricate the membranes and is explained in the following section. 

2.3.1 Phase separation membranes 

The technique introduced by Loeb-Sourirajan for the formation of reverse osmosis membranes 

is now recognized as a phase separation process, also known as phase inversion process or 

polymer precipitation process. This can be explained in simple words as changing of a one 

phase casting solution into two separate phases where the matrix of the membrane forms by the 

polymer rich phase and polymer poor phase forms the pores of the membrane. The precipitation 

of cast polymer solution can be induced by several ways. The precipitation of the cast film can 

be induced by immersing in non-solvent bath usually water (the Loeb-Sourirajan process) 
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where the exchange of solvent from the polymer solution with non-solvent (from the bath) 

results into an asymmetric membrane. This process is also known as non-solvent induced phase 

separation or NIPS. 

The cast polymer film is placed in humid (vapor) atmosphere to induce precipitation to form 

microporous structure. This is known as vapor induced phase separation (VIPS). A change in 

temperature (usually cooling) can also cause precipitation of the polymeric solution and is 

named as temperature induced phase separation (TIPS) or thermal gelation. In a solvent 

evaporation process, evaporation of one of the good volatile solvents from the mixture of less 

volatile solvents of the casting solution changes the solution composition and causes 

precipitation, so called evaporation induced phase separation (EIPS) [115]. 

In this study ultrafiltration membranes from block copolymers were studied which fall in the 

category of anisotropic membranes. These membranes have smaller surface pores (micro/nano-

porous structure) supported by the more open porous substructure. As typical for anisotropic 

membranes, they should act as surface selective membranes. This means that particles which 

needs to be excluded are rejected on the surface of these membranes [116]. 

2.3.2 Isoporous block copolymer membranes via SNIPS 

Block copolymers can self-assemble into uniformly sized micro domains due to microphase 

separation. Non-solvent induced phase separation (NIPS) is immensely popular technique for 

the formation of permeable materials used in pervaporation, reverse osmosis and ultrafiltration 

[117-119]. However, membranes prepared from the commercially available polymers (e.g. 

polysulfone (PSF), poly(vinylidene fluoride) (PVDF), etc.) via NIPS, often suffer from a poor 

control on membrane structure [1, 4]. In the earlier days solution casting was performed on a 

dense solid substrate and required a transfer step of the block copolymer membrane on porous 
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support [120]. Later, block copolymer solution was attempted to be cast directly on a porous 

support, with membrane of finite length of straight cylinders typically achieved in this way.  

In 2007, the group of Abetz reported a straight forward method for the preparation of block 

copolymer (BCP) integral asymmetric membranes with isoporous surface on a large scale 

through the combination of the self-assembly and non-solvent induced phase separation 

(SNIPS) [121, 122]. Polystyrene-b-poly(4-vinylpyridine) PS-b-P4VP was the first block 

copolymer used to develop isoporous membranes by SNIPS, where the matrix comprises the 

hydrophobic PS block and the pore walls are lined with the more hydrophilic P4VP block [123-

129]. PS-b-P4VP is a non-ionic amphiphilic block copolymer and strongly segregated in bulk 

state due to the large segmental interaction parameter of its constituent blocks. A binary solvent 

system (THF/DMF) was chosen to dissolve PS-b-P4VP. 

During the phase inversion process, a concentrated solution of block copolymer is cast on a 

support or a glass plate using a doctor blade and the film is exposed to air for a specified 

evaporation time. Afterwards, the film is immersed into a non-solvent, usually water. The 

exchange of solvent by non-solvent below the surface layer is slowed-down and a concentration 

gradient develops from the top to bottom part of the solution cast polymer film, which results 

in a rather coarse, sponge-like structure under the dense top layer. The cross-section of the 

resulting integral asymmetric membrane displays a rather dense surface layer interconnected to 

partially disordered sponge or finger like sublayer of increasing porosity towards the bottom in 

Figure 2.8. The highly porous surface is influenced by many parameters such as the casting 

solution viscosity, concentration, molecular weight and composition of the polymer, presence 

of additives in the casting solution, solvent evaporation rate, time of evaporation prior to 

precipitation, quality of the precipitant, temperature of the casting solution and precipitant, and 

the humidity of the surrounding environment [122, 130-132]. 
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Figure 2. 8. Scanning electron microscopy (SEM) images of the surface and cross-section of 

the integral asymmetric isoporous PS-b-P4VP diblock copolymer film following SNIPS. The 

scale bar correspond to 500 nm. The evaporation time before immersion into non-solvent bath 

is 10 s. Reprinted with permission from ref [121]. 

 

Several studies have been carried out on the SNIPS ultrafiltraion membranes stucture formation 

and block copolymer solution. Phillip et al. have described very well the mechanism of SNIPS. 

According to that the micro/nanoporous surface structure of the cast film is formed by the 

development of concentration gradient between the block copolymer and solvent composition 

created by the the evaporation of solvents from the surface of the membrane. This variation 

accompanies a change in the viscosity of the block copolymer solution cast film and causes a 

change in incompatibility among different polymer segments. As a result of the concentration 

gradient from top to bottom of the film, the length of the ordered microdomains is limited to a 

few hundred nanometer with a random microphase separated structure underneath [133]. 

 

 

Figure 2. 9. Schematic illustration of the structure formation of isoporous membrane from the 
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solution: i) Disordered or weakly segregated diblock copolymer in mixed selective solvents (

 polystyrene rich domains,  poly(4-vinylpyridine) rich domains ii) microphase 

separation with polystyrene rich matrix after film casting; iii) solidification of the matrix due to 

solvent evaporation; iv) open pores in the poly(4-vinylpyridine) rich domains after non-solvent 

induced phase separation; v) Porous structure of dried membrane. This figure is reprinted from 

reference [122]. 

 

There are some studies that claims the formation of self-assembled oredered structure in the 

solution whereas some other have proven no structure formation prior to casting [39]. Figure 

2.9 illustrates the mechanism of SNIPS membrane structure formation proposed by Abetz in 

the following steps [122]. 

Hahn and coworkers reported isoporous PtBS-b-P4VP and PTMSS-b-P4VP diblock copolymer 

membranes of higher thermal stability as compared to PS-b-P4VP membranes by replacing the 

matrix forming block of higher glass transition temperature Tg [134]. On the other hand, 

William et al. improved the mechanical properties of the membrane by introducing a third soft 

matrix forming PI block. The isoporous membranes of PI-b-PS-b-P4VP where PI-b-PS block 

contributes in the formation of the matrix of the membrane, shows higher toughness than PS-

b-P4VP membranes [130, 135-137]. Jung and coworkers conducted a comparative study of PS-

b-P2VP diblock copolymer and PS-b-P2VP-b-PEO isoporous membranes where the addition 

of a short water-soluble PEO block enhanced the hydrophilicity and antifouling properties of 

the membrane. The presence of a stimuli responsive block can open the way to introduce 

switchable functionalities in the isoporous block copolymer membranes by undergoing 

swelling/de-swelling transition in response to a controlled environment (e.g., pH value, ionic 

strength, light, temperature). 
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Integration of different additives into a block copolymer system (with functional groups e.g., 

nitrogen atoms of P2VP/P4VP chains of the pore forming block) may alter the dimensions of 

microphase separated domains by forming supramolecular interactions.  

A detailed study of the addition of metal ions/salts to the PS-b-P4VP block copolymer solution 

demonstrated an increase in conformational changes and segmental interaction (ꭓ) via metal-

ligand coordination [125, 128, 138]. Later, Clodt et al. used biocompatible α-cyclodextrin, α-

(D)-glucose and saccharose as an additive for the pore formation in the PS-b-P4VP system 

achieving membranes with higher porosity and narrow pore size distribution [139]. 

Additionally, less amount of the block copolymer was required for the fabrication of membranes 

due to the viscosity increment (Figure 2.10). 

 

Figure 2. 10. Representation of possible hydrogen bonding between PS-b-P4VP as hydrogen 

bond acceptor and carbohydrate molecule. Reprinted with permission from ref [139]. 

 

In another approach, hybrid isoporous membranes were fabricated by incorporating highly 

functional polymer-grafted graphene oxide (pGO) nanosheets into the block copolymer 
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solution. The new hybrid membranes showed improved antifouling and anti-bactericidal 

capabilities [140]. 

Post-modification of the block copolymer membranes, while preserving the self-assembled 

nanostructure offers a convenient way to introduce desired functionalities into the membranes 

to overcome performance limitation such as fouling. Lee et al. reported the multifunctional 

surface coating of a thin adherent reactive poly(dopamine) (PDA) onto a wide range of organic 

and inorganic materials [141]. This coating in turn serve as a versatile platform for secondary 

surface mediated reactions. Later, a novel double stimuli responsive membrane was fabricated 

by integrating thermos-responsive moiety (e.g., amine terminated PNIPAM) into pH responsive 

PS-b-P4VP isoporous membrane via a Michael addition reaction. 
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Chapter 3: Experimental work 

3.1. Materials 

Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were ordered from Sigma Aldrich. 

Styrene (Sigma-Aldrich, Schnelldorf, Germany, 99%), sec-butyllithium (sec-BuLi) (Sigma-

Aldrich, Schnelldorf, Germany, 1.4 M solution in cyclohexane) and triisobutylaluminium (1M 

in hexane, Sigma-Aldrich, Darmstadt, Germany), 4-vinyl pyridine (4VP) (Sigma-Aldrich, 

Munich, Germany), ethylaluminium dichloride (EtAlCl2, 1M in hexane) (Sigma-Aldrich, 

Schnelldorf, Germany), Di-n-butylmagnesium (MgBu2) (Sigma-Aldrich, Schnelldorf, 

Germany, 1.0 M solution in heptane), calcium hydride (CaH2) (Sigma-Aldrich, Munich, 

Germany), 1,1-diphenylethylene (Sigma-Aldrich, Schnelldorf, Germany), bovine serum 

albumin (BSA), hemoglobin (from bovine blood) were purchased from Sigma-Aldrich. iso-

propylglycidyl methacrylate (SMA) was received from BASF SE (Ludwigshafen, Germany). 

3.1.1 Cleaning of chemicals 

THF was purified by distillation and titration with sec-butyl lithium under argon (Argon 7.0, 

linde AG, Pullach, Germany) atmosphere. To obtain highly pure THF, first distillation was 

carried out and the residual protic impurities were neutralized by the addition of sec-BuLi at -

30°C, yellow color solution disappear after 15 minutes. THF was further left under the Schlenk 

line for 15 h. Styrene (Sigma Aldrich, 99%) was purified via aluminum oxide column and 

subsequently distilled from di-n-butylmagnesium under inert environment. 4-vinyl pyridine 

was purified via distillation from calcium hydride and distilled twice again after treating with 

ethyl aluminium dichloride. Solketal methacrylate (SMA) was cleaned by using calcium 

hydride and triisobutlylaluminum. Glycidyl methacrylate was purified by distillation over 

calcium hydride twice. 1,1-diphenylethylene was distilled over sec-BuLi. All the chemicals 

were distilled under an inert atmosphere of high vacuum (10-7-10-8 mbar) and argon supply. 
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3.1.2 Anionic polymerization of block copolymers 

The synthesis of block copolymers was carried out in a flask by using a Schleck line apparatus. 

The synthesis was performed under inert environment of high vacuum supply and without 

moisture. The temperature of the flask was maintained by the addition of liquid nitrogen / 

ethanol bath. The reaction temperature was monitored by using a thermometer. Pressure inside 

the reaction flask can also be controlled by a pressure gauge. The reactants were injected with 

a dried syringe into the flask opening covered with rubber septum. 

3.1.3 Synthesis of poly(solketal methacrylate) (PSMA) homopolymer 

To understand the nature of solketal methacrylate (SMA), the experimental conditions were 

optimized to obtain a homopolymer of PSMA by means of anionic polymerization. THF (Sigma 

Aldrich) was used as polymerization solvent. To ensure the complete monomer conversion by 

living anionic polymerization, sterically hindered initiators of moderate nucleophilicity were 

used. The calculated volume of DPE (0.1 mL, 0.6 mmol) was introduced at once into the reactor 

and was co-stirred with the initiator sec-BuLi (0.2 mL, 0.3 mmol). The solution became 

immediately red. After 30 minutes stirring at -30 °C, 5 mL of purified SMA was transferred to 

the reactor. The solution became colorless. The temperature was maintained around -80 °C and 

the polymerization of SMA being completed within 2 h. The polymerization was terminated 

with degassed methanol and the solution was concentrated under reduced pressure and 

precipitated with n-hexane. The white solid was dried in vacuum at 40 °C for 48 h. The chemical 

path for the synthesis of (PSMA) is shown in Scheme (3.1). 
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Scheme 3. 1. Synthesis of PSMA homopolymer 

 

3.1.4 Synthesis of poly(glycidyl methacrylate) (PGM) homopolymer 

Glycidyl methacrylate is an interesting monomer with three reactive functional groups, carbon-

carbon double bond, ester carbonyl group, and epoxy group. In this study, carbon-carbon double 

bonds were utilized to synthesize poly(glycidyl methacrylate) via anionic polymerization 

whereas the epoxy and carbonyl groups remained unaffected. The epoxy goups of poly(glycidyl 

methacrylate) could be ring opened after polymerization to get hydroxyl groups containing 

polymer like  poly(glyceryl methacrylate) (PGMA).  

A chosen amount of lithium chloride (LiCl) added to the reactor first and was submitted to 

several argon/vacuum cycles. THF (Sigma Aldrich) was used as polymerization solvent. 

Purification of THF was performed by following the same procedure mentioned in the Section 

3.1.1. The calculated amount of linking agent DPE (0.25 mL, 1.4 mmol) and initiator (sec-

BuLi) (0.5 mL, 0.7 mmol) was introduced into the reactor at -30 °C. After 30 minutes, 

temperature of the reactor was maintained at around -80 °C and purified glycidyl methacrylate 

was added. The red color of the initiator solution vanishes at once and the polymerization was 

quenched with degassed methanol after 2 h. The polymer was precipitated in a methanol/water 
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mixture (85/15 v/v) and dried at 50 °C. The synthetic route of poly(glycidyl methacrylate) 

(PGM) polymerization is depicted in Scheme (3.2).  

 

Scheme 3. 2. Synthesis of PGM homopolymer 

 

3.1.5 Synthesis of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) diblock 

copolymer 

THF (Sigma Aldrich) was used as polymerization solvent and all the polymers were synthesized 

under inert atmosphere of high vacuum (10-7–10-8 mbar) and argon supply (Argon 7.0, linde 

AG, Pullach, Germany). . (19 mL) of styrene was transferred to the flask and initiated with 

(0.07 mL, 0.1 mmol) sec-BuLi at -78°C. The solution turned yellow. An aliquot of polystyrene 

was sampled out from the reactor after 2 h for molecular characterization of the first block 

followed by the addition of (3 mL) 4VP. The solution was stirred overnight for ensure the 

complete polymerization of 4VP. The polymerization was quenched with degassed 

methanol/acetic acid (10:1 v/v) mixture. The polymer solution was concentrated under reduced 

pressure and precipitated in water. The polymer was dried at 40 °C under vacuum. The synthetic 

route of PS-b-P4VP polymerization is depicted in Scheme (3.3). 
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Scheme 3. 3. Synthesis of PS-b-P4VP 

 

3.1.6 Synthesis of polystyrene-block-poly(solketal methacrylate) (PS-b-PSMA) diblock 

copolymer 

All diblock copolymers were synthesized via sequential anionic polymerization under an inert 

atmosphere of high vacuum (10-7–10-8 mbar) and argon supply (Argon 7.0, linde AG, Pullach, 

Germany). In the first step of polymerization, (28 mL) styrene was initiated with (0.1 mL, 0.15 

mmol) sec-BuLi (1.4 M solution in hexane) at -78°C having THF as reactor solvent, and was 

left for 2 h to make sure that its polymerization was complete. An aliquot of polystyrene was 

sampled out from the reactor, terminated with degassed methanol for molecular characterization 

of the first block. Methacrylic ester containing monomer exhibits high electron affinity as 

compared to styrene, and was added last in the polymerization procedure. Prior to the second 

monomer addition, (0.13 mL, 0.75 mmol) 1,1-diphenylethylene (DPE) was added to end-cap 

the polystyrene macro-initiator and the temperature was maintained at -30 °C for half an hour. 

The flask was cooled down to -78 °C before the addition of the purified SMA. The 

polymerization of the second block was left to complete for 2 h. Degassed methanol was used 
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to terminate the polymerization. All diblock copolymers were precipitated from their THF 

solution by a water/methanol mixture (80/20 v/v). The polymer was dried at 40 °C under 

vacuum. The synthetic route of PS-b-PMA polymerization is depicted in Scheme (3.4). 

 

 

 

Scheme 3. 4. Synthetic route leading to PS-b-PSMA by sequential anionic polymerization of 

styrene and solketal methacrylate 
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3.2 Modification of PS-b-PSMA diblock copolymers 

3.2.1 Acidic hydrolysis of PS-b-PSMA 

To deprotect the isopropylidene acetal group of PSMA, 1g block copolymer was dissolved in 

40 mL THF and 1 N HCl (20 mL) was added drop-wise to the polymer solution under 

continuous stirring. After the complete addition of HCl, the mixture was stirred for 12 h and 

then the polymer was precipitated in methanol. The hydrolyzed polymer was dried at 40°C 

under vacuum and characterized by 1H-NMR. The complete chemical reaction is shown in 

Scheme (3.5). 

 

 

Scheme 3. 5. Acidic hydrolysis of PS-b-PSMA 

 

3.2.2 Synthesis of polystyrene-block-poly(glycidyl methacrylate) (PS-b-PGM) diblock 

copolymer 

PS-b-PGM diblock copolymers were synthesized by sequential anionic polymerization as given 

in Scheme (3.6). All the polymers were synthesized under inert atmosphere of high vacuum 

(10-7–10-8 mbar) and argon supply (Argon 7.0, linde AG, Pullach, Germany). The required 

amount of dried lithium chloride (LiCl) introduced into the reactor first and dried under vacuum 

line for 4 h. THF was used as polymerization solvent.  The temperature of reaction medium was 
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maintained around -80 °C. Purified styrene (8.8 mL) was then added into the reactor under 

efficient stirring and was initiated with sec-BuLi (0.07 mL, 0.1 mmol). The solution turned 

yellow and after three hours of stirring an aliquot was taken for SEC analysis. The high 

nucleophilicity of polystyrene carbanion (as shown in Scheme (a) with orange color) was 

reduced by adding 1,1-diphenylethylene (DPE) and the solution turned red shown in Scheme 

(3.6). The temperature was maintained at -30 °C for half an hour. The solution becomes 

immediately red after addition of DPE. Subsequently, the flask was cooled down to -78 °C, 

before (1.85 mL) of purified glycidyl methacrylate (GM) were added. After 2 h the 

polymerization was terminated with degassed methanol and precipitated from their THF 

solution by a methanol/water mixture (85/15 v/v).  

 

 

Scheme 3. 6. Synthetic route leading to PS-b-PGM by sequential anionic polymerization of 

styrene and glycidyl methacrylate (GM) 
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3.3 Synthesis of triblock terpolymers by anionic polymerization 

3.3.1 Synthesis of polystyrene-block-poly(4-vinylpyridine)-block-poly(solketal 

methacrylate) (PS-b-P4VP-b-PSMA) triblock terpolymer 

The linear triblock terpolymer PS-b-P4VP-b-PSMA was synthesized by sequential living 

anionic polymerization in a Schlenk line apparatus using high vacuum (10-7-10-8 mbar) and 

Argon supply (Argon 7.0, linde AG, Pullach, Germany). All the chemicals were purified 

corresponding to the description before in Section 3.1.1The synthetic procedure involves first 

the anionic polymerization of (17.1 mL) styrene in THF with (0.060 mL, 0.085 mmol) sec-BuLi 

at -78 °C. After two hours an aliquot was taken for (SEC) analysis, followed by the addition of 

(3.5 ml) 4-vinylpyridine and the solution was stirred overnight. Another aliquot was taken from 

the polymerization reactor and was terminated with degassed methanol for molecular 

characterization. PS-b-P4VP macro-initiator was end capped with 0.03 mL (0.17 mmol) 1,1-

diphenylethylene by maintaining the temperature at -30 °C for half an hour. Afterwards, 

purified 1 mL solketal methacrylate was added to the mixture and temperature was decreased 

again to -78 °C. Finally, the polymerization was quenched with degassed methanol/acetic acid 

(10:1) after two hours. After removal of THF under reduced pressure, the polymer was 

precipitated in water/methanol mixture (80/20 v/v). The final product was dried in a vacuum 

oven for 48 h at 50°C to give a colorless powder. The polymerization route is depicted in 

Scheme (3.7). 
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Scheme 3. 7. General reactions for the synthesis of PS-b-P4VP-b-PSMA triblock terpolymer 

via sequential anionic polymerization. 

 

3.3.2 Acidic hydrolysis of triblock terpolymers 

The acidic hydrolysis of PS-b-P4VP-b-PSMA triblock terpolymer (crude polymer) was 

performed following the same chemical route explained for triblock terpolymer membranes 

post modification. The procedure was monitored by 1H-NMR to ensure the removal of the 
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isopropylidene acetal group. After each step, the crude polymer was re-dissolved in deuterated 

solvents and spectra were recorded. The complete chemical process is shown in Scheme (3.8) 

 

Scheme 3. 8. Deprotection reaction of the ketal-PSMA moiety 

 

3.3.3 Synthesis of polystyrene-block-poly(4-vinylpyridine)-block-poly(glycidyl 

methacrylate) (PS-b-P4VP-b-PGM) triblock terpolymer 

500 ml of dry THF was treated as described in section and transfer to the reactor containing 

dried lithium chloride (LiCl). Synthesis of PS-b-P4VP was carried out analogously as described 

in Section 3.1.5. (8.26 mL, 71.3 mmol) of styrene and (2.05 mL, 19.2 mmol) of P4VP were 

used for this purpose. After complete polymerization of the diblock copolymer, an aliquot was 

taken out for (SEC) and 1H-NMR studies. Afterwards, (0.17 mL, 1 mmol) DPE is added to the 

reactor under efficient stirring at 30°C for half an hour. The temperature of the reaction mixture 

was maintained again to -80°C and (0.5 mL, 3.5 mmol) of glycidyl methacrylate added via a 

syringe into the reactor. The polymerization was quenched with degassed methanol/acetic acid 

(10:1 vol. %) after 2 h. After the removal of excess THF under reduced pressure, the polymer 

was precipitated in methanol/water mixture (85/15 v/v). The polymer was dried at 40 °C under 

vacuum. The polymerization route is depicted in Scheme (3.9).  
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Scheme 3. 9. General reactions for the synthesis of linear triblock terpolymer PS-b-P4VP-b-

PGM by following anionic polymerization technique. 
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3.4 Membrane formation 

3.4.1 Hand casting 

Different block copolymers were dissolved in a mixture of solvents to prepare solutions of 

different concentrations and compositions. Block copolymer membranes were cast on a non-

woven support by using a doctor blade with a gap height of 200 µm. The gap height of the 

doctor blade was adjustable and as a result the thickness of the film can be varied. The cast film 

was exposed to air for a definite period for evaporation of the solvent and then immersed into a 

non-solvent bath (water). For a complete transfer of non-solvent (water) and solvents, the 

membranes were immersed in the precipitation bath for 6 h. The membrane obtained was 

initially dried at room temperature for 24 h and then for 48 h at 50 °C in a vacuum oven. 

3.4.2 Machine casting 

For machine casting an automated casting machine was used which was equipped with 

nonwoven support (polyester), doctor blade and coagulation bath (mostly water). The speed of 

non-woven was adjusted according to the evaporation time required. The thickness of the cast 

film can be changed by adjusting the height of doctor blade. The casting machine used in this 

study is shown in Figure (3.1) [123]. 
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Figure 3. 1. Schematic representation (a) and (b) of the in-house built casting machine used for 

fabrication of membrane via SNIPS. Reprinted with permission from ref [123]. 

 

3.4.3 Spin coating of polymer film 

PS71-b-P4VP26-b-PSMA3
142 films were prepared by spin coating a solution of 2 wt% polymer 

in chloroform on a silicon wafer for at 2000 rpm. The samples were dried under reduced 

pressure at 60˚C. The dried film was analyzed by AFM. 

 

3.4.4 Post modification of triblock terpolymer membranes 

Isoporous membranes of triblock terpolymers were treated with 1M HCl solution at 50°C for 3 

days to remove the acetonide moiety of PSMA blocks. The acid treated membranes were further 

dipped in 0.1M NaOH solution for 45 minutes to completely deprotonate the quaternized P4VP 

blocks. Finally, the membranes were rinsed with deionized water and dried in the vacuum oven 

at 50 °C. 

3.4.5 Preparation of GO/PGO-PS-b-PGMA membranes 

The GO/PGO nanosheets (0.5, 1.0 and 1.5 wt% based on the weight of polymer) were added to 

the ternary mixture of solvents THF-DMF-DOX (2:1:1 wt%) and sonicated for 20 min in an 
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ultrasound bath. After that PS-b-PGMA diblock copolymer was dissolved in GO/PGO 

suspension by continuous stirring for 24h at room temperature. The resulting mixture was cast 

onto a glass plate using a doctor blade with gap height of 200 µm. After doctor blading, the 

volatile solvents were partially evaporated and the cast film immersed in water bath. The 

prepared membranes were dried at room temperature for 12h and then in the vacuum oven at 

50°C for 48h. 

3.5 Characterization techniques 

3.5.1 Size exclusion chromatography (SEC) 

Size exclusion chromatography is a technique used to sort molecules by size and provides 

information about the molecular weight of materials. Mostly synthetic polymers are composed 

of hundreds to thousands of chains of different molecular weights (MW) that result in 

characteristic molecular weight distributions. The molecular weight or molecular weight 

distribution (MWD) plays a critical role for the determination of mechanical, bulk and solution 

properties of polymeric materials. SEC has two basic versions. One is gel permeation 

chromatography (GPC) which involves a non-aqueous mobile phase and hydrophobic column 

packing material to separate, fractionate, or measure the molecular weight distribution of 

synthetic polymers. On the other hand, in gel filtration chromatography hydrophilic packing 

material and an aqueous mobile phase is used to separate the molecules. SEC is usually 

performed within a column that consists of hollow tubes tightly packed with micron scale 

polymer beads containing pores of different sizes. The polymer under analysis is dissolved in 

an appropriate solvent which also acts as mobile phase and injected into a packed porous 

column. High molecular weight material elutes first from an SEC column, followed by lower 

molecular weight component with smaller hydrodynamic volume which effectively sorts the 

molecules by size. After the separation of the polymers, retention time is recorded by different 
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detectors, most common is a differential refractometer which can detect the changes in 

refraction index of the eluted solution [142-144]. 

 

 

Figure 3. 2. Illustration of separation principle of size exclusion chromatography.[145] 

 

The molecular weights of the polystyrene-precursor and molecular weight distribution of the 

block copolymer used in this study were determined by gel permeation chromatography 

calibrated with PS standards. The measurements were performed at 50 °C in N,N-

dimethylacetamide with addition of lithium chloride using PSS GRAM columns [GRAM pre 

column (dimension 8·50 mm), GRAM column (porosity 3000 A, dimension 8·300 mm, particle 

size 10 μm) and GRAM column (porosity1000 A, dimension 8·300 mm, particle size 10 μm)], 

at a flow rate of 1.0 mL min-1 (VWR-Hitachi 2130 pump). A Shodex RI-101 refractive index 

detector with a polystyrene calibration was used. 

3.5.2 Nuclear magnetic resonance spectroscopy (NMR) 

The synthesized polymers and membranes were analyzed by proton nuclear magnetic resonance 

spectroscopy (1H-NMR). 1H-NMR measurements were performed on a Bruker Ascend 300  
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NMR spectrometer (300 MHz) or Bruker Ascend 500 NMR spectrometer (500 MHz, Bruker) 

using deuterated chloroform (CDCl3) and deuterated dimethyl formamide (DMF-d7) as solvent, 

at room temperature. Tetramethylsilane (TMS) was used as an internal standard. 

3.5.3 Scanning electron microscopy (SEM) 

A scanning electron microscope (SEM) scans a focused electron beam over a surface in a raster 

scan pattern to obtain information about surface topography and composition. It is one of the 

versatile instruments that is available for the examination and analysis of the microstructure 

morphology with a user friendly protocol. The main components of SEM are illustrated in 

Figure 3.3. As the accelerated primary electrons interact with the surface of the sample, 

secondary electrons, back scattered electrons and characteristic X-rays are produced as a result 

of elastic or inelastic scattering. The penetration depth of the electron beam that hits the surface 

of the sample depends on accelerating voltage and density of the sample. Low energy secondary 

electrons are collected by a positively charged electron detector, which in turn gives a three-

dimensional image of the sample. The number of secondary electrons produced depends not 

only on the atomic number of the specimen but also on the angle between the primary beam 

and the surface of specimen. A sample analyzed by SEM has to be vacuum compatible and it 

helps to be a conducting material. Non conducting specimens must be coated with a thin 

conducting film of carbon, gold or some other metal [146, 147]. 
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Figure 3. 3. Representative image of key components of Scanning Electron Microscope 

(SEM).[148] 

 

 

Figure 3. 4. Schematic illustration of the primary electron interaction with sample and 

generation of secondary electrons, back scattered electrons and X-ray radiation.[149] 

 

To analyze the structure of the membranes under study, samples were examined on a LEO 

Gemini 1550 VP (Zeiss, Oberkochen, Germany) at a voltage of 3 or 5 kV. The samples were 

coated with 2.0 nm platinum. Cross-sections of the membranes were prepared while dipping  
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the membranes in isopropanol, freezing in liquid nitrogen, and breaking. Average pore size 

values were determined using the software Analysis (Olympus Soft Imaging Solutions GmbH, 

Münster, Germany) based on the SEM results.  

3.5.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is widely applied in the field of membrane science 

to characterize the micro and nanoscale features of the membrane. It offers to examine some 

fine features whose characteristic dimensions are less than 100nm in size. Based on high 

resolution, it is suitable to characterize microphase separation of block copolymers in bulk. The 

schematic illustration of TEM is shown in Figure 3.5. 

 

 

Figure 3. 5. Main components of Transmission Electron Microscopy.[150] 
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TEM operates on the same basic principle as the light microscope but uses electron instead of 

light. The optimal resolution of TEM images is many orders of magnitude better than that from 

light microscope and can reveal finest details of internal structures. Electron beams are emitted 

from the electron gun and transferred to the specimen with the help of magnetic lenses giving 

either a broad beam or focused beam. The thickness of a TEM specimen usually should be 

within 100 nm for electrons to pass through. The electrons are focused into a small thin coherent 

beam by the use of condenser lenses that strike the specimen. Some parts of electron beam are 

transmitted and focused by the objective lens into an image on phosphor screen or charged 

couple camera. The darker areas of the image represent those areas of the sample where fewer 

electrons are transmitted through (because of heavy atoms) whereas the lighter areas represent 

those areas where more electrons are transmitted through. This is the so-called bright field 

mode, which is used in this work exclusively. In the dark-field mode the strongly scattered 

electrons are used for imaging, leading to an inverse contrast. [151]. 

The bulk microphase morphology of the block copolymers was investigated with a Tecnai G2 

F20 (FEI, Eindhoven, The Netherlands) transmission electron microscope (TEM). It was 

operated at acceleration voltage of 120 kV in bright-field mode. Thin sections (thin section 

thickness: 50 nm) were cut using a Leica Ultra microtome EM UCT (Leica Microsystems, 

Wetzlar, Germany) equipped with a diamond knife (Diatome AG, Biel, Switzerland). 

3.5.5 Atomic force microscopy (AFM) 

The surfaces of the membranes were imaged with a Bruker MultiMode 8 (Bruker, Karlsruhe, 

Germany) in Peak Force QNM (Quantitative Nanomechanical Mapping) mode at room 

temperature. For measurements in dry state ScanAsyst-Air probes and for measurements in 

liquid ScanAsyst-Fluid+ probes in a liquid cell were used. For the analysis, the software 

NanoScope Analysis 1.5 (Bruker, Karlsruhe, Germany) was used.  
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3.5.6 Contact angle measurements 

The wettability of the membrane can be determined by water contact angle measurement which 

is traditionally defined as the angle (θ) between the surface of the liquid and outline of the 

contact surface. This is geometrically determined by drawing a tangent from the contact point 

along the gas liquid interface as shown in Figure 3.6.  

 

Figure 3. 6. Schematic illustration of contact angle 

 

Contact angle can be large or small depending on the nature of the liquid as well as surface 

properties of the solid being investigated. Based on the contact angle of water on a solid 

interface is divided into three classes. If the contact angle between a liquid and solid surface is 

< 90°, the solid surface is considered wettable (hydrophilic). When the contact angle is ≥ 90°, 

the liquid will not spread over the surface and is considered not wettable (hydrophobic). 

However, in case of superhydrophobic materials the value of contact angle approaches the limit 

of 180° [152]. This is illustrated in the following Figure 3.7 
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Figure 3. 7. Classification of surfaces based on contact angle with water 

 

In this study, Drop Shape Analyzer DSA 100 (KRUSS, Hamburg, Germany) was used for the 

measurement of the dynamic contact angle of the membranes. For this piece of membrane was 

cut out and fixed on a slide or directly fixed on the stage of the instrument. Subsequently, the 

sessile droplet of 2 μL of ultrapure water at room temperature applied on the membrane surface 

and immediately the process of the seeping droplet recorded until it disappears (in case of 

hydrophilic surfaces). This is recorded according to the method shown in Figure 3.7. 

3.5.7 Water flux measurements 

Water flux was performed in dead-end mode at a trans-membrane pressure (TMP) of 2 bar at 

room temperature using a homemade automatic test device. The instrument had three measuring 

cells and a feed container with a volume of 4L. The membrane area was 1.8 cm². The 

determination of the permeate volume (𝛥V) which penetrated the membrane per unit time 𝛥t 

was done separately for each cell and using a digital scale (Kern  EG 4200-2NM, Kern & Sohn, 

Balingen, Germany). The transmembrane pressure (𝛥𝑝) was calculated from the values of two 

digital pressure sensors of the type LEO3 ((Keller, Jestetten, Germany) which also recorded the 

ambient temperature. All the parameters were recorded in LABVIEW program (National 

Instruments, Austin, USA) at defined time intervals. These studies were conducted employing 

demineralized water with an electrical conductivity of ≈ 0.055 µScm-1. The water flux (P) is 

calculated as follows, 
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P = 𝛥V/𝐴⋅𝛥t⋅𝛥𝑝  

Where 𝛥V is the volume of collected water between two mass measurements, A is the active 

surface area of membrane, 𝛥t is the time between two mass measurements, and 𝛥𝑝 is the 

transmembrane pressure. 

3.5.8 Static protein adsorption 

The protein adsorption capacity of the membranes was evaluated through static protein 

adsorption experiments using hemoglobin solutions with a concentration of 1.0 g/L in a PBS-

buffer solution (10 mM PBS, 0.9 wt. % NaCl). To ensure a complete wetting of the membrane 

structure with the protein solution, all membrane samples were immersed in PBS-Buffer and 

washed twice. Subsequently, 2 mL of the protein solution was placed on each sample in a closed 

vial. To reach equilibrium, the samples were shaken for 24 h at 90 rpm and at 25°C. After that, 

each membrane sample was rinsed two times with 2 mL PBS-buffer for 10 min. The protein 

adsorption values were calculated as follows 

 

Protein adsorption = m0 – (m1+ mw1+mw2) / A membrane 

Where 

m0 is mass of the protein before the adsorption experiment 

m1 is the protein mass after the adsorption experiment  

mw1 and mw2 are the protein masses in the washing solutions.  

The adsorption value is related to the membrane surface area (A membrane). The concentrations of 

the protein were determined by UV/VIS spectroscopy at a wavelength of λ = 280 nm. 
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3.5.9 Retention measurements 

PEG and proteins retention was measured by using a stirred test cell (EMD MilliporeTM 

XFUF04701, effective membrane diameter 2.0 cm) proteins The molecular weight cutoff 

(MWCO) (minimum molecular weight of the solute with 90% rejection), was checked using 

PEG (PSS polymer standards Service GmbH, Germany). The retention experiments were done 

in dead end mode using aqueous solutions of 0.02 wt. % of PEG.  

 

 

Figure 3. 8. Test cell EMD MilliporeTM XFUF04701 

 

First, pure water flux was measured for 1 h at 2 bar transmembrane pressure and then the feed 

solution was supplied. A minimum of 3 membrane samples were utilized to finalize one 

measurement. The solution of proteins in PBS buffer at a concentration of 1 g/L was employed 

for the retention measurements. The concentrations of protein solutions were measured at the 
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wavelength of 280 nm with a UV–Vis spectrophotometer (GENESYS 10S, Thermo Fisher 

Scientific, Bremen, Germany). The protein retention was calculated by the following equation: 

 

R = (1 - c(p) / c(f)) × 100 

 

where c(p) and c(f) represent the BSA concentrations (g/L) in the permeation and feed. 

 

3.5.10 X-ray photoelectron spectroscopy (XPS)  

The XPS analysis of the graphene oxide loaded membranes was carried out by using a Kratos 

AXIS Ultra DLD spectrometer (Kratos, Manchester, United Kingdom) with an Al-Kα X-ray 

source (monochromator) operated at 225 W and at vacuum of < 2.5×10-9 Torr. After degassing 

in the ultra-high vacuum (UHV) pre-load chamber, membranes were positioned in the UHV 

analytics chamber. The analyzed area was 700 μm x 300 μm. The acceleration depth was 

approximately 5 nm. For the scanned region, the pass-energy was set to 20 eV while for survey 

spectra a pass-energy of 160 eV was used. All of the spectra were calibrated to 284.5 eV binding 

energy of the C1s signal. For all the samples charge neutralization was necessary. The 

evaluation and validation of the data were carried out with the software CASA-XPS version 

2.3.18. For deconvolution of the region files, background subtraction (linear or Shirley) was 

performed before calculation. 
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Chapter 4: Results and discussion 

Synthesis of polystyrene-b-poly(solketal methacrylate) (PS-b-PSMA) and formation of 

membranes via SNIPS 

4.1. Brief introduction 

In this study our main goal was to synthesize protective groups containing diblock copolymers 

via living anionic polymerization. Polymers resulting from monomers with “active” protons 

(i.e., OH, SH, or NH2 groups) could not be directly synthesized through this technique, due to 

their spontaneous reaction with the initiator anions or the growing chain end [77]. To overcome 

this difficulty, either controlled radical polymerization can be employed, or protective groups 

are introduced into the monomeric unit reactive site, blocking the “active” protons during the 

course of anionic polymerization, which can be easily cleaved afterwards to get the required 

functional groups [46].  

4.1.1 Synthesis and characterization of poly(solketal methacrylate) (PSMA)  

Poly(isopropylidene glycerol methacrylate), commonly known as poly(solketal methacrylate) 

(PSMA), acts as a precursor polymer of poly(glyceryl methacrylate) (PGMA) which was 

reported for the first time by Mori et al. [46]. In this work, solketal methacrylate monomer was 

introduced to prepare diblock and triblock terpolymers by sequential living anionic 

polymerization. First, to optimize the synthetic conditions of (SMA) monomer, homopolymer 

was synthesized by living anionic polymerization. The composition of the diblock copolymer 

was calculated from the 1H-NMR spectrum. The molecular weight and dispersity index (Ð) 

were determined by (SEC) at 50°C using THF as solvent and polystyrene as standard. Figure 

4.1.1 shows the characteristic peaks of poly(solketal methacrylate). The synthesized polymer 

molecular characteristics are summarized in Table (4.1) 
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Figure 4.1.1. 1H-NMR spectra of PSMA homopolymer in CDCl3 

 

1H-NMR (CDCl3, 20 °C, 300 MHz, TMS): 

δ [ppm] = 7.3(m’, 10H, arom. H (DPE)), 4.31(m’, 1H, H-7), 4.07(t’, 1H, H-8a), 3.98(m’, 2H, 

H-6), 3.75(m’, 1H, H-8b), 1.83(m’, 8H, H-1, H-2, H-3, H-4, H-5), 1,42(s’, 9H, 2× CH3 (s-BuLi), 

CH3-a (PSMA)), 1.36(s’, 3H, CH3-a2 (PSMA)), 1.06(s’, 3H, CH3-a2 (PSMA)), 0.90(s’, 3H, 

CH3-b2 (PSMA)). 

Table 4. 1. Molecular weight and dispersity index of the PSMA homopolymer 

Polymer Mn (kg/mol) a Ð a 

PSMA 11 1.2 

a. Molecular weight and dispersity index were determined with SEC. 

 



58 
 

4.1.2 Synthesis and characterization of polystyrene-block-poly(4-vinylpyridine) (PS-b-

P4VP) diblock copolymer 

PS-b-P4VP block copolymers were synthesized by sequential living anionic polymerization 

described in the literature before [123, 153, 154]. The synthetic route of PS-b-P4VP 

polymerization is depicted in Section 3.1.5. 

Figure 4.1.2 shows 1H-NMR spectrum of PS-b-P4VP where the peak labelled as ‘a’ was 

ascribed to the two protons of (4-vinylpyridine).The synthesized polymers are summarized in 

Table (4.2). 

 

Figure 4.1.2. 1H-NMR spectra of PS85-b-P4VP15
166 in CDCl3 

 

1H-NMR (CDCl3, 20 °C, 300 MHz, TMS): 

δ [ppm] = 8.32 (m’ , 2H, H-8), 7.07-6.45 (m’, 7H, H-7, H-9, H-10, H-11), 1,84-0.90 (m’, 16H, 

H-1, H-2, H-3, H-4, H-5, H-6, 2x CH3). 
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Table 4. 2. Molecular weight, weight percentage of P4VP and dispersity index of PS-b-P4VP 

Polymer Mn (kg/mol) a P4VP (wt%) Ð a 

PS85-b-P4VP15 166 15 1.08 

PS85-b-P4VP15.3 166 15.3 1.1 

PS80.5-b-P4VP19.5 123 19.5 1.03 

a. Molecular weight and dispersity index were determined with SEC. 

 

4.1.3 Synthesis and characterization of polystyrene-block-poly(solketal methacrylate) 

(PS-b-PSMA) diblock copolymer 

PS-b-PSMA diblock copolymers were synthesized through sequential living anionic 

polymerization as given in the scheme below. The complete process of polymerization was 

optimized regarding monomer purification, monomer addition, block composition and 

molecular weight. PS-b-PSMA diblock copolymers were characterized by 1H-NMR 

spectroscopy by recording the spectra where tetramethylsilane (TMS) was used as internal 

standard and deuterated chloroform (CDCl3) as a solvent. Figure 4.1.3 shows 1H-NMR spectra 

of PS81-b-PSMA19
170 where the peaks at 3.68-4.24 ppm (a, b, c) correspond to the five protons 

of solketal methacrylate. Block copolymers featuring molecular weights of up to 319 kgmol-1 

having a PSMA content between 17.2 and 26 wt% have been successfully polymerized. The 

results of synthesized polymers are compiled in Table (4.3). As shown in Figure 4.1.4 SEC and 

Table (4.3), all the diblock copolymers synthesized were free of their precursors and their 

molecular weight distributions (Mw/Mn) were narrow (1.01-1.04) which proved the control over 

the anionic polymerization. 
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Figure 4.1.3. 1H-NMR spectrum of PS81-b-PSMA19
170 in CDCl3 

 

1H-NMR (CDCl3, 20 °C, 300 MHz, TMS): 

δ [ppm] = 7.07-6.57(m’, 15H, H-11, H-12, H-13, H-14, H-15, arom. H (DPE)), 5,4 (s’, DPE), 

4.23 (m’, 1H, H-9), 4.03 (t’, 1H, H10-a), 3.92 (m’, 2H, H-8), 3.67 (m’, 1H, H-10b), 2.1-1.41(m’, 

26H, H-1, H-2, H-3, H-4, H-5, H-6, H-7, 2x CH3 (s-BuLi), 3x CH3 (PSMA)) 

 

In this work, we focus on the synthesis of diblock copolymers with PSMA content of 17-26 

wt% since the cylindrical nanostructures are intended to form in this range. An exemplary molar 

mass distribution of a PS81-b-PSMA19
170 derived from SEC measurements and the 

corresponding 1H-NMR spectrum are given in Figure 4.1.3, 4.1.4. 
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Figure 4.1.4. SEC traces of PS homopolymer and PS81-b-PSMA19
170 diblock copolymer 

(measurement in THF at 30 °C using PS standards) 

 

Table 4. 3. Characterization data of PS-b-PSMA diblock copolymers 

Batch no Polymer Mn 

(kg/mol) 

PSMA 

(wt%) 

Ð 

SS-220816 PS76-b-PSMA24 135 24 1.03 

SS-301015 PS81-b-PSMA19 170 19 1.04 

SS-280616 PS76-b-PSMA24 200 24 1.03 
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SS-240918 PS76.5-b-PSMA23.5 55 23.5 1.01 

SS-120916-1 PS82.5-b-PSMA17.5 176 17.5 1.02 

SS-120916-2 PS82.8-b-PSMA17.2 187 17.2 1.01 

SS-290916-1 PS78-b-PSMA22 132 22 1.04 

SS-290916-2 PS81.5-b-PSMA18.5 319 18.5 1.04 

 

The subscripts show weight percentage of the individual blocks, whereas the total number-

averaged molecular weight Mn of the diblock copolymer was calculated from 1H-NMR and 

molecular weights of PS-precursors obtained from gel permeation chromatography (SEC, in 

THF calibrated with PS standards).  

Very few kinetic and thermodynamic studies of PSMA and PGMA have been published. In this 

study, the Hoy method [155] was used to measure solubility parameters of homopolymers of 

PSMA and PGMA, as displayed in Table (4.4). Thermodynamic properties of polymer solution 

are described in terms of free energy change which occurs when a polymer is mixed with a 

solvent or mixture of solvents [156]. 

The equations used in Hoy’s system for estimation of the solubility parameter and its 

components stated below where Ft is the molar attraction function, Fp is polar component, V is 

the molar volume of the solvent molecule or the structural unit of the polymer. α is the molecular 

aggregation number, describing the association of the molecule; n is the number of repeating 

units per effective chain segment of the polymer and B is the base value. 

δt = (Fi + B/n) / V 

δp = δt (1 / α Fp / Ft + B)1/2 

δh = δt [ (α -1) / α ]1/2 

δd = (δ2
t – δ2

p– δ2
h)

1/2 
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Table 4. 4. Hansen solubility parameters (δ) of homopolymers, solvents and non-solvents [157] 

Substance δd 

(MPa0.5)a 

δp 

(MPa0.5)a 

δh 

(MPa0.5)a 

δ =√ δd
2 + δp

2 + δh
2 

(MPa0.5)a 

PS 18.5 4.5 2.9 19.3 

P4VP 18.1 7.2 6.8 19.0 

THF 16.8 5.7 8.0 19.5 

DMF 17.4 13.7 11.3 24.8 

DOX 17.5 1.8 9.0 19.8 

Acetone 15.5 10.4 7.0 19.9 

Water 15.6 16.0 42.3 47.8 

Solubility parameters by the Hoy method [155] 

PSMA 16.76 9.35 5.54 19.9 

PGMA 19.25 9.23 14.4 25.8 

a) Dispersion solubility parameter δd, Polar solubility parameter δp, Hydrogen Bonding  

solubility parameter δh. The Hansen solubility parameter is given from the equation δ =√ δd
2 

+ δp
2 + δh

2 

4.1.4 Bulk Morphology of the PS-b-PSMA diblock copolymers 

The bulk morphology of the block copolymers was studied by transmission electron microscopy 

following the commonly used preparation technique; i.e., the formation of thick films by slow 

drying of a polymer solution and annealing at a temperature above the glass transition 
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temperatures of the blocks. Micelles of diblock copolymers were formed during film 

preparation. For PS-b-PSMA diblock copolymer, THF was chosen as it is a suitable solvent for 

both the blocks. Films were annealed very slowly from room temperature up to 120 °C (usually 

films are annealed upto 20 °C above the highest Tg), and ultrathin sections of approximately 50 

nm were obtained at room temperature by ultramicrotomy. Using solvent annealing method, 

thin films of block copolymers exhibiting surface-parallel or surface-perpendicular morphology 

or one with well-ordered hexagonally packed cylinders could be obtained [158, 159]. A TEM 

micrograph of the PS81-b-PSMA19
170 diblock copolymer film is shown in Figure 4.1.5. Due to 

the sufficiently large electron density contrast between the two blocks, no staining was 

necessary. In this case hexagonally packed cylinder morphology was expected, however due to 

the smaller segregation strength parameter (ꭓN), where ꭓ is the Flory-Huggins segmental 

interaction parameter and N is the total number of block copolymer segments, a phase-mixed 

disordered morphology was observed. 

 

Figure 4.1.5. TEM image of an ultrathin section of PS81-b-PSMA19
170, film cast from 5 wt% 

polymer solution in THF, the diameter of the brighter spheres is approximately 25-30 nm 
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4.1.5 Membrane fabrication via SNIPS 

The formation of an intended integral asymmetric membrane with hexagonally oriented porous 

cylinders on top of the spongy structure via the SNIPS process is influenced by different 

parameters, such as the evaporation time, the solvent composition, and concentration of the 

casting solution, all of which have to be optimized. Different compositions of PS-b-PSMA 

block copolymers with varying concentration of solvents were studied and among them some 

of the selected results are chosen to represent microporous structure. In PS-b-PSMA block 

copolymer membranes, the PS blocks form the matrix of the membrane, whereas the inner 

surface of the pores and cylindrical domains are formed by PSMA in PS-b-PSMA block 

copolymer. The principle of this technique is based on the solidification of the already existing 

micellar assemblies of the cast polymer film by its immersion in the non -solvent, in our study 

water. 

 

 The cast film, and therefore membrane, morphology is partially driven from the tendency of 

the block copolymer to undergo microphase separation. Polystyrene-b-poly(solketal 

methacrylate) is an unknown system in the context of SNIPS process, so different compositions 

of solvent mixtures were investigated. In Figure 4.1.6, the surface structure of membranes 

prepared from 24 wt% PS76-b-PSMA24
200 polymer solution in THF/DMF with solvent 

compositions 50/50 wt% and 40/60 wt% shows in both cases a rather poor organization of pores. 

The evaporation time before the immersion into the non-solvent bath was in both cases 10 s. 
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Figure 4.1.6. SEM images of the top surface of cast membranes from 24 wt% PS76-b-

PSMA
24

200 from (left) THF/DMF 50/50 wt%, (right) THF/DMF 40/60 wt%. The time of 

evaporation before the immersion into the precipitant was 10 s. 

 

In one case, concentration of more volatile solvent was reduced in the binary solvent mixture 

to check the effect on morphology. As shown in Figure 4.1.7 for an evaporation time of 10 s, a 

macroporous spongy-like structure formed by casting block copolymer solution in THF/DMF 

30/70 wt%, whereas the surface structure of the membrane is getting more open with 

macropores which are not even interconnected at an evaporation time of 20 s.  
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Figure 4.1.7. SEM topography images of the surface of the generated membrane from 25 wt% 

PS76-b-PSMA24
200 in THF/DMF 30/70 wt% with evaporation time 10 s (left) and 20 s (right) 

 

During the SNIPS process, the evaporation time before immersion into a non-solvent bath 

affects the top surface structure of the membrane. Figure 4.1.8 depicts the surfaces of the 

membranes prepared from a PS81-b-PSMA19
170 solution in 50/50 wt% THF/DMF for different 

evaporation times, namely 5, 10 and 20, 25 s. With an increase in evaporation time, the top 

surface with a very small number of macropores appeared together with a rather dense structure.  
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Figure 4.1.8. SEM images of surfaces of the membranes made from 24 wt% PS81-b-PSMA19
170 

in THF/DMF 50/50 wt%. Evaporation time before immersion: (a) 5 s, (b) 10 s, (c) 20 s, (d) 25 

s. 

 

The substructure of the PS81-PSMA19
170 membrane shown in Figure 4.1.9-a exhibits finger-like 

structures through almost the entire substructure of the membrane. Open finger-like structure 

with large voids appeared due to an instantaneous demixing of polymer-poor phase [160]; 

however, the substructure becomes more dense with increasing evaporation time, as shown in 

Figure 4.1.9-b.  
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While increasing the evaporation time the casting solution becomes viscous before immersion 

into the non-solvent bath, due to evaporation of the more volatile THF. In addition, a longer 

evaporation time can lead to a decreasing concentration gradient of the diblock copolymer 

perpendicular to the surface, which also favors a parallel alignment of cylinders rather than the 

formation of standing cylindrical domains. An isoporous surface structure could not be obtained 

in any case, even by increasing the viscosity of the diblock copolymer solution. It can be 

concluded from surface and cross-sectional morphologies of these hydrophobic PS-b-PSMA 

diblock copolymers that this system still needs to be optimized with regard to self-assembly in 

combination with a non-solvent-induced phase separation process. 

 

 

Figure 4.1. 9. SEM images of the cross-section of the membrane prepared from 24 wt% PS81-

b-PSMA19
170 in THF/DMF 50/50 wt% at (a) 5 s, (b) 25 s time of evaporation 

 

In this chapter, we presented the synthesis of double hydrophobic diblock copolymers of PS-b-

PSMA by anionic polymerization with low dispersity index (Ð). By utilizing the binary 

THF/DMF and ternary THF/DMF/DOX solvent system, only dense membranes with some 

macropores and dense sub-structure were obtained from PS-b-PSMA. Within this study, no 
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suitable solvents were found to prepare isoporous membranes from the hydrophobic PS-b-

PSMA diblock copolymers. This will require a more subtle choice of solvents, as the level of 

selectivity of a solvent and also non-solvent is much less pronounced in a block copolymer 

composed of similar polar (or nonpolar) blocks. 

 

4.2. A comparative study of amphiphilic polystyrene-b-poly(glyceryl methacrylate) (PS-

b-PGMA) and hydrophobic polystyrene-b-poly(solketal methacrylate) (PS-b-PSMA) 

membranes 

4.2.1 Brief Introduction 

In this chapter, poly(solketal methacrylate) (PSMA) containing diblock copolymers were post-

treated to gethydrophilic poly(glyceryl methacrylate) (PGMA). A comparative study of 

amphiphilic PS-b-PGMA and hydrophobic PS-b-PSMA diblock copolymers for the 

development of isoporous integral asymmetric membranes was conducted. In this way, the 

expected increase in hydrophilicity of the membrane was characterized by different methods. 

Moreover, the effect of addition of different nanofillers in the polymer solution was 

demonstrated. 

4.2.2 Acidic hydrolysis of PS-b-PSMA and formation of PS-b-PGMA diblock copolymer 

As described in the previous chapter, a series of PS-b-PSMA diblock copolymers was employed 

to cast membranes, however, due to the hydrophobic nature of both blocks macro-porous and 

irregular structures were observed. The acidic hydrolysis of PS-b-PSMA was performed to 

convert the hydrophobic system (PS-b-PSMA) into an amphiphilic system (PS-b-PSMA). To 

deprotect the acetonide group of PSMA, 1N HCl was added drop-wise to a polymer dissolved 

in THF under continuous stirring. The reaction was stirred gently for 12 h and was precipitated 
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in methanol. The hydrolyzed polymer was dried at 40 °C under vacuum and was characterized 

by 1H-NMR spectroscopy as shown in Figure 4.2.1. 

 

 

 

Figure 4.2.1. 1H-NMR spectrum of PS-b-PGMA after the removal of 1, 3-dioxolane ring of 

PSMA block 

 

1H-NMR (DMF-d7, 20 °C, 300 MHz, TMS): 

δ [ppm] = 7.3-6.7(m’, 15H, H-13, H-14, H-15, H-16, H-17, arom. H (DPE)), 5,7 (s’, DPE), 5.2 

(s’,1H, H-12), 4.9 (s’, 1H, H-11), 4.28-3.7 (m’, 5H, H-8, H-9, H-10), 2.1-1.41(m’, 25H, H-1, 

H-2, H-3, H-4, H-5, H-6, H-7, 2x CH3 (s-BuLi), 1x CH3 (PGMA)) 

 

The amphiphilic nature of the block copolymers after hydrolysis did not permit SEC 

measurements using THF as an eluent, however; DMF offers sufficient solubility for block 



72 
 

copolymers after hydrolysis. Narrow monomodal molecular weight distributions were revealed 

by SEC using DMF as eluent. . This illustrates the completion of the reaction without any side 

reactions. An increase in the number average molecular weight observed in PS-b-PGMA as 

compared to PS-b-PSMA diblock copolymers by SEC—even though the acetonide moiety was 

removed—confirmed similar results reported before by Frey et al. [161]. The hydrodynamic 

volume of the chemically modified diblock copolymer PS-b-PGMA increases in comparison 

with the starting diblock copolymer (PS-b-PSMA). This is due to the stronger microphase 

separation tendency of the 

PS-b-PGMA. In order to check the behavior of PS-b-PSMA and PS-b-PGMA in a common 

solvent, the hydroxyl groups of a PS-b-PGMA diblock copolymer were protected by the 

silylation reaction reported in literature by Hirao [162] described in the Section 4.2.5 

4.2.3 Protection of hydroxyl groups (-OH) of PGMA  

Due to the difference in solubility behavior of PS-b-PSMA and PS-b-PGMA (polystyrene-

block-poly(glyceryl methacrylate), the hydroxyl groups (-OH) of the PS-b-PGMA diblock 

copolymers were protected by using two different chemical methods. 

4.2.4 Benzoylation of polystyrene-block-poly(glyceryl methacrylate) (PS-b-PGMA) 

0.25 g of PS-b-PGMA diblock copolymer in 3 mL dry pyridine was dissolved and later, 2.25 

grams of benzoic anhydride at 0° C. The reaction mixture was stirred at room temperature for 

48 h [163]. The reaction mixture was precipitated in methanol and dried at 40°C under vacuum. 

The dried polymer was characterized by 1H-NMR. 



73 
 

 

Figure 4.2.2. Structure of benzoylated PS-b-PGMA diblock copolymer 

 

1H-NMR (CDCl3, 20 °C, 300 MHz, TMS): 

δ [ppm] = 8.1-7.4 (m’,10H, H-11), 7.07-6.45 (m’, 15H, H-13, H-14, H-15, H-16, H-17, arom. 

H (DPE)), 5.5 (m’, 11H, H-9), 4.5-4,1 (m’, 5H, H-8, H-9, H-10), 2.1-1.41(m’, 23H, H-1, H-2, 

H-3, H-4, H-5, H-6, H-7, 2x CH3 (s-BuLi), 1x CH3 (PSMA)) 

The results obtained from 1H-NMR showed that only one hydroxyl group was protected by 

following this reaction path way. Therefore, an alternative method was used for complete 

protection of hydroxyl groups. 

4.2.5 Silylation of polystyrene-block-poly(glyceryl methacrylate) (PS-b-PGMA) 

A mixture of polystyrene-block-poly(glyceryl methacrylate) PS-b-PGMA (0.1 g), imidazole 

(0.46g), tert-butyldimethylsilylchloride (0.54 g) and DMF (5 mL) was stirred for 18h at room 

temperature. The reaction was terminated with 5% NaOH solution and later polymer extracted 

with n-hexane. Methanol was used to precipitate the silylated polymer [162]. The resulting 

polymer was dried at 40°C under vacuum and characterized by 1H-NMR. 
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Figure 4.2.3. Silylation of PS-b-PGMA diblock copolymer 

 

1H-NMR (CDCl3, 20 °C, 300 MHz, TMS): 

δ [ppm] = 7.07-6.57(m’, 15H, H-13, H-14, H-15, H-16, H-17, arom. H (DPE)), 4.23 (m’, 1H, 

H-9), 4.03-3.5 (m’, 5H, H-8, H-9, H-10), 2.1-1.41(m’, 23H, H-1, H-2, H-3, H-4, H-5, H-6, H-

7, 2x CH3 (s-BuLi), 1x CH3 (PSMA)), 0.91-0.1(m’, 30H, H-11, H-12) 

 

The (-OH) hydroxyl groups of PS-b-PGMA diblock copolymer were completely protected by 

following this procedure and the new polymer could be dissolved in THF. 

The list of PS-b-PGMA diblock copolymers studied in this research work are shown in Table 

(4.5). 
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Table 4. 5. Characterization data of PS-b-PGMA diblock copolymers 

Batch no Polymer Mn  

(kg/mol) 

PGMA 

(wt%) 

Ð 

SS-220816 PS81-b-PGMA19 128 19 1.06 

SS-301015 PS85-b-PGMA15 163 15 1.04 

SS-280616 PS76-b-PGMA19 190 19 1.03 

SS-240918 PS88-b-PGMA12 51 12 1.1 

SS-290916-1 PS82-b-PGMA18 126 18 1.1 

SS-221118 PS79-b-PGMA21 120 21 1.1 

SS-290916-2 PS85.2-b-PGMA14.8 307 14.8 1.1 

 

4.2.6 Analysis of bulk morphology of the PS-b-PGMA by TEM 

The bulk morphology of the block copolymers was studied by transmission electron microscopy 

following the commonly used preparation technique as mentioned above in Section 4.1.4. An 

ultrathin section of PS81-b-PGMA19
128 film was also analyzed without staining due to the 

sufficiently large difference in the electron density of the two blocks (Figure 4.2.4). In the case 

of PS81-b-PGMA19
128, a less-ordered morphology was observed with brighter spheres of PGMA 

in the darker polystyrene matrix. This may be due to the fact that DMF is a more selective 

solvent for PGMA, leading to a poorer solubility of the diblock copolymer. 
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Figure 4.2.4. TEM image of an ultrathin section of PS81-b-PSMA19
170, film cast from 5 wt% 

diblock copolymer solution in DMF, the diameter of the brighter spheres is approximately 30-

35 nm 

 

In one particular case, PS82-b-PSMA18
126 bulk morphology was analyzed by addition of binary 

solvent THF/DMF where THF was used in excess. An ultrathin section of PS82-b-PSMA18
126 

film was analyzed by staining the polystyrene block with ruthenium tetraoxide (RuO4). In this 

case a cylinder morphology was observed with very less distinguished contrast between the two 

blocks (Figure 4.2.5) 
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Figure 4.2.5. TEM image of an ultrathin section of PS82-b-PSMA18
126, film cast from diblock 

copolymer in THF and DMF solution, stained with RuO4 (20min) 

 

4.2.7 Fabrication of PS-b-PGMA membranes via SNIPS 

In this work, amphiphilic PS-b-PGMA diblock copolymers were used for casting integral 

asymmetric membranes via the SNIPS process. In Figure 4.2.6, SEM images of the surface of 

a membrane prepared from 23 wt% PS81-b-PGMA19 
128 in THF/DMF 50/50 wt% using a blade 

height of 200 µm show a regular pattern of hexagonally-oriented open pores with a sponge-like 

structure underneath.  

The time of evaporation before immersion into the non-solvent bath was 10 s. The pore diameter 

in this case was approximately 33 ± 2 nm. An ordered perpendicular cylindrical morphology 

was observed for an evaporation time window from 5–15 s; however, the isoporous structure 

of the block copolymer membrane disappeared after an evaporation time of 20 s. 
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Figure 4.2.6. SEM topography images of membranes prepared from (a) 23 wt% PS76-b-

PSMA24
135 and (b) 23 wt% PS81-b-PGMA19

128 in THF/DMF 50/50 wt%. The corresponding 

cross-section views for each case are shown in (c) and (d) images, respectively. The time of 

evaporation was 10s. 

 

At this point, it should be mentioned that the open porous membrane surface structure is a 

combined result of the strongly amphiphilic character of the block copolymer, which is a 

prerequisite to be very selective in the interaction with the involved solvents and the solvent-

induced phase separation. Specifically for a solution system with two solvents, the less volatile 

but more polar solvent swells the polar minority block, while the more volatile but less polar 

solvent is selective for the less polar matrix-forming block, which is the one which vitrifies at 



79 
 

the surface first due to the fast evaporation of this more volatile solvent. In the case we deal 

with a double hydrophobic block copolymer and using the aforementioned solvent system, we 

no longer have such a strong selectivity of the solvents, and therefore the formation of an 

isoporous surface structure is unlikely to occur. The incompatibility of the different blocks is 

the product of segmental interaction parameter and the degree of polymerization. Similarly it is 

expected that a larger degree of polymerization would be required to give the same degree of 

incompatibility for the unhydrolyzed diblock copolymer as compared to the hydrolyzed one. 

Therefore, if for a given hydrolyzed diblock copolymer a hexagonally ordered porous 

membrane structure can be obtained, for the unhydrolyzed diblock copolymer a micro-phase 

separation is expected for higher degrees of polymerization. On the contrary, the viscosity 

would increase due to the higher molecular weight and this would also lead to other 

requirements for the evaporation time, again affecting the necessary solvent concentration 

gradient which is built up by the evaporation of the faster-evaporating solvent. 

It has been reported in the literature that the addition of dioxane (DOX) in the mixture of THF-

DMF reduces the solvent quality of the polar block [22]. Therefore, ternary solvent mixtures 

THF/DMF/DOX for ratios 1/1/1 and 2/1/1, respectively, were studied for their effect on the 

membrane formation of the PS81-b-PGMA19
128 diblock copolymers.  
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Figure 4.2.7. SEM images of surface of the membranes prepared from 22 wt % PS81-b-

PGMA19
128 in THF/DMF/DOX (1:1:1); time of evaporation (a) 10 s (b) 20 s. 

 

In Figure 4.2.7, SEM images are shown of a membrane obtained from a block copolymer 

solution in THF/DMF/DOX (1/1/1) cast by using a blade height of 200 μm. The viscosity of 

the ternary solvent polymer solution was approximately comparable to the binary solvent 

polymer solution, as a lower concentration of diblock copolymer was used. At an evaporation 

time of 10 s, regular patterns of hexagonally oriented cylindrical pores were observed which 

changes to thermodynamically more favorable laying cylindrical morphology by increasing 

evaporation time for the same reasons as discussed before. 

Several solutions of PS-b-PGMA diblock copolymers with different compositions were studied 

and among them some of the representative results are chosen to demonstrate an isoporous 

morphology. An increase in pore size of the membrane was observed from PS79-b-PGMA21
120 

diblock copolymer with higher PGMA content as shown in Figure 4.2.8 which was in agreement 

with previous findings [123]. 
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Figure 4.2.8. SEM images of surface of the membranes prepared from 23 wt% (left) PS82-b-

PGMA18
126 (right) PS79-b-PGMA21

120 in THF/DMF/DOX (2:1:1); time of evaporation 20 s. 

 

4.2.8 Addition of nano-fillers 

As already mentioned many additives have been used to improve the membrane structure 

formation. The kinetics of the phase separation and self-assembly is tremendously influenced 

by the viscosity of the polymer solution and additives. Transition metals like (copper (II), nickel 

(II), cobalt (II) and iron (II)) containing salts were utilized for stabilization of the PS-b-P4VP 

micelles in solution and as a result pore order of the membranes was improved [125, 128, 164]. 

However, transition metals suffer clear disadvantages due to their toxic behavior in biological 

membrane application. Similar positive effects were observed with magnesium acetate as an 

additive in a PS-b-P4VP block copolymer membrane solution [164]. Biocompatible 

carbohydrate (glucose and saccharose) were also reported as efficient additives for the 

membrane formation from PS-b-P4VP polymeric solution. An increase in viscosity of the 

polymeric solution was observed probably due to the hydrogen bonding interaction between 

hydroxyl groups of carbohydrate and pyridine units of block copolymer [139]. In the same 

context, during the last decade, graphene oxide (GO) based membranes have attracted a lot of 
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attention due to their fouling resistance and easy chemical functionalization behavior [165-167]. 

The combination of inherent physical and chemical properties sets up GO an excellent 

nanofiller material for hybrid membranes. The incorporation of GO in the membrane solution 

could change the morphology and enhanced the performance of the membranes [168-170].  

In this study, GO nanosheets were prepared by Hummers method, as described previously [171, 

172]. GO nanosheets contains poxides (C–O–C), phenolic hydroxyl (–OH), carboxylic (–

COOH) and other carbonyl functional groups (C=O) and is considered polar and hydrophilic. 

Strong intermolecular hydrogen bonding is expected between PS-b-PGMA diblock copolymer 

hydroxyl (–OH) and GO functional groups. The chemical structure of graphene oxide layers is 

shown in Figure 4.2.9  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.9. Structure of graphene oxide layer.[171] 
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Figure 4.2.10. SEM images of surface of the membranes prepared from 23 wt% PS82-b-

PGMA18
126 (a) pristine membrane, time of evaporation 20 s. (b) 0.5 (c) 1 wt% GO nanosheets 

in THF/DMF/DOX (2:1:1); time of evaporation 10 s.  

 

To investigate the effect of GO nanosheets on the structure of membranes, different GO 

contents were added into the PS-b-PGMA block copolymer solution. A comparison of SEM 

micrographs of pristine membrane of PS82-b-PGMA18
126 and PS-b-PGMA/GO membranes with 

0.5 and 1 wt% GO were given in Figure 4.2.10. 

To conserve the isoporous morphology of membranes after the addition of additives (graphene 

oxide) in the membrane solution is the greatest challenge. The addition of 1wt % GO nanosheets 

in PS82-b-PGMA18
126 membrane solution results into a typical isoporous membrane with larger 

pores 30 ± 2 nm diameter as compared to the pristine membrane (19 ± 2 nm) present on top of 

a sponge-like sublayer. The viscosity of the solution increases along with the added amount of 

GO nanosheets. The evaporation time of isoporous membrane obtained from the addition of 1 

wt% GO was shifted to 10 seconds due to an increase in the viscosity of the casting solution. 

The difference in pore size can be interpreted as follows. The GO nanosheets as a hydrophilic 

material accelerate the diffusion of non-solvent and solvents during phase separation process, 

due to the existing interaction between components in the casting solution [168, 173]. However, 

along with the porous structure some defects were observed on the membrane surface as shown 
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in Figure 4.2.11. The final membrane applications are affected by the presence of defects. The 

dispersion of GO was hindered in the membrane solution due to hydrogen bonding interaction 

between different functional groups on GO and water molecules within interlayer cavities, thus 

restricting its solution process ability during membrane formation [174, 175].  

 

 

Figure 4.2.11. Surface SEM images of the membranes prepared from 23 wt% PS82-b-

PGMA18
126 1 wt% GO nanosheets in THF/DMF/DOX (2:1:1); time of evaporation 10 s. 

 

The comparison of the cross-sectional morphology of membranes fabricated from PS82-b-

PGMA18
126 and GO-PS82-b-PGMA18

126 is shown in Figure 4.2.12. Clusters or agglomerates of 

the GO nanosheets were observed in the substructure of GO-PS82-b-PGMA18
126 membranes, 

supporting the assumption of low dispersion of the GO nanosheets in the casting solution. 

Nevertheless, the length of cylindrical pores increased by the addition of hydrophilic 1 wt% GO 

as compared to the pristine membrane.  
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Figure 4.2.12. The cross-sectional SEM images of pristine (a) 23 wt% PS82-b-PGMA18
126 (b) 1 

wt% GO in PS82-b-PGMA18
126 in THF/DMF/DOX (2:1:1). The evaporation time after addition 

of GO was shifted to 10 s. 

 

4.2.9 Addition of PDEA-GO to the PS-b-PGMA polymer solution 

The chemical functionalization of GO is expected to improve the poor dispersion of GO in 

organic media. Numerous efforts have been made to increase the dispersibility or solubility of 

GO nanosheets in common organic solvents [176-178]. In this context, surface initiated atom 

transfer radical polymerization (SI-ATRP), “grafting from” technique, is considered convenient 

as it allows the propagation of polymer chains of controlled molecular weights from various 

substrates. Polymer brushes have been extensively used to modify the physical and chemical 

properties of interfaces. In this work, 2-diethylaminoethyl methacrylate (DEAEMA) monomer 

was selected for grafting on the surface of GO nanosheets via SI-ATRP [179]. PDEAEMA is 

an example of weak polybasic polymer that demonstrates the pH responsive behavior due to 

the presence of tertiary amine group [180-182]. It also demonstrates an antibacterial response 

due to the spontaneous protonation of tertiary amine groups. PDEA brushes have received rather 

less attention as compared to 2-dimethylaminoethyl methacrylate (DMA), therefore we begun 
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by experimenting with the growth of PDEA brushes by surface initiated ATRP, and further 

decided to fabricate isoporous membrane impregnated with PDEA-grafted GO nanosheets to 

check the enhanced performance of the hybrid isoporous membrane. Recently, the hydrophilic 

poly(N,N-dimethylamino ethyl methacrylate) (PDMAEMA) was grafted on the GO surface. 

The addition of these modified nanosheets into a PS-b-P4VP diblock copolymer solution 

enhanced the hydrophilicity and antifouling behavior of the hybrid isoporous membranes [140]. 

4.2.10 Membrane morphology and functional group characterization 

The formation of the intended integral asymmetric membranes with hexagonally oriented 

porous cylinders on top of the spongy structure via SNIPS process is influenced by different 

parameters, such as evaporation time, solvent composition, and polymer concentration of the 

casting solution as mentioned before. At the same time, the addition of nanofillers in the block 

copolymer solution has a great influence on the morphological and functional behavior of the 

membrane. The functional groups of the PDEA-GO nanofiller are capable of making 

supramolecular interactions with the PGMA block of the block copolymer (BC) in solution and 

stabilizing the micellar assembly to conserve the isoporous morphology. A block copolymer 

solution containing PDEA-GO nanosheets was prepared by following two steps; the calculated 

amount of ternary solvents (THF/DMF/DOX) and PDEA-GO nanosheets were sonicated in the 

ultra-sonication bath followed by the addition of the block copolymer to the suspension. The 

prepared viscous solution was directly hand cast with a doctor blade (blade gap 200 µm) on a 

glass plate.  

To compare the influence of PDEA-GO nanosheets addition into the PS-b-PGMA block 

copolymer solution with GO nanosheets, the same parameters (e.g., concentration of polymer 

solution, evaporation window before immersion into the non-solvent bath, solvent composition) 

were followed to cast the membrane via SNIPS. 0.5, 1.0 and 1.5 (w/w)% of PDEA-GO was 

added separately to the block copolymer solution and the best reproducible results in the form 
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of the most uniform pores were obtained from 1.5 wt% at 10s evaporation time. The resulting 

membrane showed vertically aligned nanochannels with a larger pore diameter of 27 ± 3 nm as 

compared to the pristine membrane. Figure 4.2.13 shows surface and cross-sectional images of 

pristine membrane. 

 

 

Figure 4.2.13. SEM images of surface and cross-section of the membranes prepared from 23 

wt% PS82-b-PGMA18
126 in THF/DMF/DOX (2:1:1); time of evaporation 20 s. 

 

The surface and cross sectional scanning electron microscope images revealed isoporous 

morphology without defects or agglomeration of PDEA-GO nanosheets on the skin or sublayer. 

Scanning electron micrograph images of cross section and surface (from left to right) with 1.5 

% (w/w) PDEA-GO content are shown in Figure 4.2.14. 
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Figure 4.2.14. Scanning electron micrograph images of cross section and surface (from left to 

right) with 1.5 % (w/w) PDEA-GO in THF/DMF/DOX (2:1:1). The evaporation time after 

addition of PDEA-GO nanosheets was shifted to 10 s. 

 

This indicates that the grafting of PDEAEMA to graphene oxide supports the well dispersion 

of PDEA-GO nanosheets throughout the membrane solution and prevents aggregation in the 

substructure. It is assumed that hydrogen bonding interaction between PDEA-GO nanosheets 

and hydroxyl groups of PS-b-PGMA diblock copolymer stabilizes the micellar assembly. 
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Figure 4.2.15. XPS analysis of PS-b-PGMA diblock copolymer membrane and hybrid 

membranes of PS-b-PGMA/PDEA-GO nanosheets 

 

 

 

Figure 4.2.16. Atomic force micrograph of the surface and three dimensional images of 

membranes (a) PS-b-PGMA (b) 1.5 wt% PS-b-PGMA/PDEA-GO nanosheets 
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Above 1.5 wt% PDEA-GO nanosheets concentration in the polymeric solution resulted in a 

highly viscous solution and it was very difficult to cast membrane on a glass plate. The surface 

chemistry of pristine PS-b-PGMA and hybrid PS-b-PGMA/PDEA-GO membranes were 

characterized through X-ray photoelectron spectroscopy. Figure 4.2.15 shows comparison of 

the results of pristine membrane and hybrid membrane impregnated with 1.5 wt% PDEA-GO 

nanosheets. The appearance of a nitrogen signal in the hybrid membrane confirmed the presence 

of PDEA grafted nanosheets on the surface of the membrane. 

The roughness parameters of the hybrid membrane PS-b-PGMA/PDEA-GO nanosheets are 

given in Table (4.6). Figure 4.2.16 shows a comparison of the three dimensional surface images 

of PS-b-PGMA and PS-b-PGMA/PDEA-GO nanosheets membranes by atomic force 

microscopy. The roughness parameters (Ra and Rq) were calculated from AFM analysis 

software where (Ra) (mean roughness) stands for arithmetic average of the surface height 

deviations measured from the mean value and (Rq) for root mean square average of height 

deviations taken from the mean plane. It was observed that the roughness values of PS-b-

PGMA/PDEA-GO nanosheets membrane were larger than the pristine PS-b-PGMA membrane  

(as shown in Table 4.6). The surface roughness of membrane influences its wettability and 

fouling properties. According to the Wenzel model [183], an increase in surface roughness 

improves hydrophilicity due to low water/polymer contact angle. At the same time an increase 

in water permeance of 200 ± 20 L m-2 bar-1 h-1 was observed for PS-b-PGMA/PDEA-GO 

nanosheets membranes than pristine PS-b-PGMA membrane 24 ±10 L m-2 bar-1. It is well 

known that higher surface roughness of the membrane increases the surface area as well as 

permeation. [184]. Another possible reason for the increase in the water flux values was larger 

pore diameter of the hybrid membranes. The presence of tertiary amine groups of the 

(PDEAEMA) grafted on the GO nanosheets are also capable of binding more water molecules 

to form a stable hydration layer on the surface of the membrane. 
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Table 4. 6. Roughness parameters for membranes PS-b-PGMA and PS-b-PGMA/PDEA-GO 

nanosheets 

 

4.2.11 Comparison of static adsorption of proteins/antifouling behavior 

The static protein adsorption behavior of an ultrafiltration membrane can be a valuable 

indication of its fouling properties [185, 186]. The adsorption of protein on the membrane 

surface causes a reduction in the effective pore diameter to a complete blocking which 

influences the performance of the membrane negatively. To check the effect of the hydrophilic 

nature of the membranes on the antifouling behavior, static proteins adsorption experiments 

were conducted. For a comparison between two different systems, diblock copolymers PS82-b-

PGMA18
126 and PS81-P4VP19

123 of relatively similar compositions were synthesized by anionic 

polymerization. Afterwards, the polymers were employed to cast isoporous membranes via 

SNIPS The membrane surface and their cross sectional view are shown in Figure 4.2.17. The 

pore size of the PS82-b-PGMA18
126, PS81-b-P4VP19

123 isoporous membranes is relatively 

comparable 19 ± 2 nm and 18 ± 2nm, respectively.  

 

Scanning Area  Membranes Roughness 

   Ra (nm) Rq (nm) 

3µm × 3 µm  PS-b-PGMA 4.1 5.1 

3µm × 3 µm  PS-b-PGMA/PDEA-GO            5.8 7.3 
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Figure 4.2.17. SEM topography and cross-section images of membranes prepared from (left) 

23 wt% PS82-b-PGMA18
126 in THF/DMF/DOX (2:1:1) and (right) 28 wt% PS81-P4VP19

123 in 

THF/DMF 50/50 wt%. The corresponding cross-section views for each case are shown under 

the surface images (left) and (right), respectively. The time of evaporation was 10 s (left) and 5 

s (right) 

 

The change in adsorption behavior will not be affected by the topography of the membrane as 

the pore size of both the membranes is quite similar, however the nature/chemistry of pore 

forming block is different in both cases. 

The adsorption of proteins was performed to evaluate the fouling resistant ability of both the 

membranes. Figure 4.2.18 presents the protein adsorption amount of membranes using BSA, 

ϒ-globulin and hemoglobin. The results demonstrated that the protein adsorption capacity of 

the PS82-b-PGMA18
126 diblock copolymer membrane exhibited a significant decline in 

comparison to PS81-b-P4VP19
123 membranes, which evidenced the more hydrophilic behavior 

of the PS82-b-PGMA18
126 block copolymer membrane. The presence of two hydroxyl groups (-
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OH) per repeating unit of PGMA block, provides a strong hydration on the surface that prevents 

fouling. It also indicates that more hydrophilic membrane surfaces hinder the attachment and 

adsorption of foulants by developing strong interactions with the ambient water molecules 

[187]. 

 

 

Figure 4.2.18. Adsorbed amount of foulants bovine serum albumin (BSA), gamma globulin 

(ϒ-Glob), hemoglobin (Hem) at pH 7.4 for PS82-b-PGMA18
126 and PS81-b-P4VP19

123 

membranes 

4.2.12 Comparison of dynamic contact angle measurements 

Hydrophilic and hydrophobic surface properties of block copolymer membranes were 

characterized by contact angle measurements. Figure 4.2.19 shows the variation of the dynamic 

contact angle with time of 5 μL water droplets on the surface of PS81-b-PGMA19
128 and PS76-b-

PSMA24
135 membranes. In case of the PS81-b-PGMA19

128 membrane, the water droplet 

penetrates into the membrane within 120 s, whereas PS76-b-PSMA24
135 membranes showed no 
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sinking of a water droplet at all, even after 120 s. These results proved that the inner surface of 

pores is covered by PGMA blocks in the case of PS81-b-PGMA19
128 membranes, which are more 

hydrophilic than PSMA. 

 

 

Figure 4.2.19. Graphical representation of the dynamic contact angle measurement of water 

droplets (5 µL) onto membrane surfaces developed from block copolymers PS76-b-PSMA24
135 

and PS81-b-PGMA19
128 (previously shown in Figure 4.2.6 a, b) 

 

4.2.13 Water flux measurements 

To check the performance of the PS-b-PGMA membranes time-dependent water flux 

measurements were carried out in dead-end mode at room temperature as shown in Figure 

4.2.20. The isoporous membrane showed low but constant water flux, even after 15 h. This 

indicates a rather fast swelling of the pore-forming hydrophilic blocks in water, which then 

hinder the water flux. An additional reason for the low water flux may be the rather dense 
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substructure of the membrane. Membranes of PS-b-PSMA showed almost no flux due to a 

completely closed morphology.  

 

Figure 4.2.20. Time dependent water flux measurements of PS81-b-PGMA19
128 membrane 

 

In this chapter, a series of amphiphilic PS-b-PGMA diblock copolymers were prepared by 

acidic hydrolysis of PSMA block and were employed to cast integral asymmetric membranes 

via SNIPS. Different compositions of binary and ternary solvent systems were investigated to 

find the optimum composition for the fabrication of isoporous membranes. The hydrophilic 

behavior of PS-b-PGMA membranes was confirmed by contact angle measurements and the 

measurement of static adsorption of proteins. Later, hybrid membranes of PS-b-PGMA/PDEA-

GO nanosheets were fabricated by the addition of nanofillers and were characterized through 

SEM, AFM and XPS.  
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Chapter 5 

 Isoporous membranes from novel polystyrene-b-poly(4-vinylpyridine)-b-poly(solketal 

methacrylate) (PS-b-P4VP-b-PSMA) triblock terpolymers and their post-modification 

5.1. Brief Introduction 

In this chapter, we report the synthesis of a series of amphiphilic triblock terpolymers PS-b-

P4VP-b-PSMA, by living anionic polymerization, followed by the exploration of triblock 

terpolymer membrane formation in varying polymer concentrations, solvent compositions and 

evaporation times. The motivation behind the synthesis of triblock terpolymer is as follows: 

1) PS-b-PSMA/PS-b-PGMA diblock copolymers membranes were non-stimuli 

responsive, however, introduction of PSMA to PS-b-P4VP could lead to pH responsive 

membranes due to the 4-vinylpyridine (P4VP) block 

2) PSMA is hydrophobic in nature and therefore the addition of this hydrophobic block to 

PS-b-P4VP could possibly reduce the amphiphilicity of the whole system, consequently 

affect the morphology of the membrane  

3) Compared to PS-b-P4VP membranes, PS-b-P4VP-b-PGMA membranes could 

potentially enhance the fouling resistance due to the presence of two additional hydroxyl 

groups per repeating units present in poly(glyceryl methacrylate) (PGMA) block 

4)  The addition of third block could also enhance the structure formation of the membrane 

as reported before [45].  

5) The third functional block added to the PS-b-P4VP system could broaden the window 

of possible post-modification  
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5.1.1 Synthesis and characterization of polystyrene-block-poly(4-vinylpyridine)-block-

poly(solketal methacrylate) (PS-b-P4VP-b-PSMA) triblock terpolymer  

A three-step sequential living anionic copolymerization procedure was employed for the 

synthesis of PS-b-P4VP-b-PSMA triblock terpolymers. The compositions of triblock 

terpolymers were determined by 1H-NMR spectroscopy. The molecular weight and dispersity 

index (Ð) determined by (SEC) using DMAc as solvent and polystyrene as standard. 

 

 

 

Figure 5.1.1. 1H-NMR spectra of PS71-b-P4VP26-b-PSMA3
145 in CDCl3 

 

δ [ppm] = 8.3 (m’ 2H, H-14, H-15), 7.07-6.56 (m’, 18H, H-13, H16, H17, H-18, H-19, arom. 

H(DPE)), 5.46 (s‘, DPE), 4.30 (m’, 1H, H-11), 4.08 (t’, 1H, H-12a), 3.98 (m’, 2H, H-10), 3.74 
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(m’, 1H, H-12b), 2.15-1.43 (m’, 29H, H-1, H-2, H-3, H-4, H-5, H-6, H-7, H-8, H-9, 2x CH3 (s-

BuLi), 3x CH3 (PSMA)).   

 

 

Figure 5.1.2. SEC chromatogram of PS homopolymer, PS-b-P4VP and PS72-b-P4VP17-b-

PSMA11
91 triblock terpolymer (measurement in THF at 30 °C using PS standards) 

 

Figure 5.1.1 shows 1H-NMR spectra of PS71-b-P4VP26-b-PSMA3
145 where (c, d, e) peaks at 3.6 - 

4.3 ppm correspond to five characteristics protons of PSMA. The length of the PS block was 

calculated from 1H-NMR spectra by comparing the signal integral areas of the aromatic PS 

peaks at 6.3 - 7.2, 4VP peaks at 8.1 - 8.3 ppm and PSMA peak at 3.6 - 4.3 ppm. Peaks denoted 

by (f) are assigned to the two methyl groups present in the isopropylidene ring. 

The evidence of NMR spectroscopy in Figure 5.1.1 and SEC measurements in Figure 5.1.2 

support the formation of a triblock terpolymer. By using this method a series of triblock 
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terpolymers with varying molecular weights and narrow molecular weight distributions were 

successfully obtained as shown in Table 5.1. The yields range between 75-93 %. The polymers 

are sorted in ascending order according to their PSMA content. 

Table 5. 1. Composition and molecular weights of PS-b-P4VP-b-PSMA triblock terpolymer 

Batch 

number 

Polymer Mn  

(kg/mol) 

P4VP 

(wt%) 

PSMA 

(wt%) 

Ð 

300816-2 PS71-b-P4VP26-b-

PSMA3 

145 26 3 1.05 

190122 PS70-b-P4VP25-b-

PSMA 

143 25 5 1.03 

181128 PS69.3-b-P4VP25.5-b-

PSMA5.2  

128 25.5 5.2 1.04 

300816-1 PS73-b-P4VP20-b-

PSMA7 

170 20 7 1.07 

160816-2 PS73-b-P4VP19-b-

PSMA8 

154 19 8 1.02 

191015 PS71-b-P4VP17-b-

PSMA12 

91 17 11 1.12 

160816-1 PS69-b-P4VP20-b-

PSMA11 

103 20 11 1.03 

270716 PS64.8-b-P4VP23.6-b-

PSMA11.6 

179 23.6 11.6 1.08 
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5.1.2 Bulk morphology of the triblock terpolymers 

Annealed films obtained from solution casting were used to study the bulk morphology of the 

triblock terpolymers. TEM analysis of PS-b-P4VP-b-PSMA triblock terpolymers (PS71-b-

P4VP26-b-PSMA3
145, PS71-b-P4VP17-b-PSMA12

91) was performed by preparing ultrathin 

sections of the respective triblock terpolymer film. For this purpose, a 7.5 wt% solution of 

polymer was prepared in CHCl3, which is a common rather non-selective solvent for all the 

three blocks. The solution dried for a week in a porcelain crucible under a constant vapor 

atmosphere in a desiccator. The films were further annealed slowly from room temperature to 

150˚C. Figure 5.1.3-a shows the TEM micrograph of a PS71-b-P4VP17-b-PSMA12
91 triblock 

terpolymer film in which only PS block was stained with RuO4. In this case, no typical or well-

defined block copolymer morphology could be evidenced, however, some bright domains of 

PSMA could be observed in the darker PS matrix. Later the P4VP blocks of the same ultrathin 

section were stained with iodine vapor. The result is depicted in Figure 5.1.3-b. In the presence 

of iodine staining the PSMA block remains unstained, grey features demonstrate the PS block 

which are distributed in the darker phase constituted by P4VP. Regular hexagonally packed 

cylindrical structures predominate in PS71-b-P4VP26-b-PSMA3
145 with no clear differentiation 

of the phase composition as shown in Figure 5.1.4-a. 

Figure 5.1.4-b shows an AFM image of a thin film of PS71-b-P4VP26-b-PSMA3
145 prepared by 

spin coated on a silicon wafer from a solution in chloroform and the long-range ordered 

morphology was confirmed. 
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Figure 5.1.3. TEM micrographs of PS-b-P4VP-b-PSMA triblock terpolymer cast from 

chloroform (a) PS71-b-P4VP17-b-PSMA12
91 stained with RuO4 (b), with RuO4 and I2 

 

 

Figure 5.1. 4. (a) TEM image of PS71-b-P4VP26-b-PSMA3
145 stained with I2 (b) AFM height 

image (in tapping mode) of the film surface of the asymmetric PS71-b-P4VP26-b-PSMA3
145 

triblock terpolymer 
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5.1.3 Preparation of the membrane by SNIPS 

Among the parameters influencing the nanostructure of a membrane prepared by SNIPS the 

(mixed) solvent interactions to different blocks and the concentration of the polymer are the 

most important ones [188, 189].  

Rational design of the selective solvent mixture plays a decisive role in the SNIPS process for 

the desired morphology of block copolymer membranes. Solutions of block copolymer with 

binary or ternary mixtures of solvents varying from volatile to non-volatile were prepared. The 

volatile solvents THF and acetone are suitable for both PS and PSMA blocks, whereas DMF is 

the preferred solvent for P4VP blocks according to the solubility parameters of the solvents and 

blocks of the block copolymers.  

Initially, we prepared membranes using different concentrations of binary solvent mixtures 

THF/DMF: 50/50, 60/40, 70/30 wt%, however, the morphologies of the PS71-b-P4VP26-b-

PSMA3
145 membranes did not show ordered pore structures, but rather dense regions with 

random macropores were obtained (Figure 5.1.5).  

 

 

Figure 5.1.5. SEM images of PS71-b-P4VP26-b-PSMA3
145 membrane surfaces prepared from 

different solutions: 22 wt% copolymer at 10 sec evaporation time in (a) 60/40 THF/DMF; (b) 

50/50 THF/DMF; (c) 70/30 THF/DMF 
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Therefore, two types of ternary solvent mixtures THF/DMF/DOX and THF/DMF/acetone were 

used for membrane casting. Self-assembly of the triblock terpolymer was not successful in 

different compositions of THF/DMF/DOX (Figure 5.1.6).  

 

Figure 5.1.6. SEM images of the PS71-b-P4VP26-b-PSMA3
145 membranes cast from a 22 wt% 

copolymer solution in (a) THF/DMF/DOX 1/1/1 (b) THF/DMF/DOX 40/30/30. The 

evaporation time before immersion into the precipitant was 10 seconds. 

 

However, the addition of acetone to the THF/DMF mixture directs the self-assembly of the 

triblock terpolymer into highly ordered hexagonally packed cylinders with perpendicular 

orientation. Different combinations of THF/DMF/acetone were examined, but only the mixture 

of THF/DMF/acetone (50/30/20 wt%) leads to the desired nanostructure containing a narrow 

pore size distribution with 10 s evaporation time as shown in Figure 5.1.7-a. THF and acetone 

are selective volatile solvents for PS and PSMA while DMF is a more selective and much less 

volatile solvent for P4VP. The abrupt change in the polymer solution concentration due to the 

fast evaporation of acetone and THF favors the perpendicular ordering of the microdomains 

and this differs from the solvent mixture containing less volatile DOX instead of acetone. Phillip 

et al. [133] reported that fast evaporation conditions on the top layer can form perpendicular 
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cylinders templated by the copolymer self-assembly, while the underlying porous structure is 

controlled by the polymer precipitation. The cross-section of the triblock terpolymer membrane 

was imaged by SEM in Figure 5.1.7-b. The mean pore diameter of the integral asymmetric 

membrane is 26 ± 3nm. It is advantageous to have a volatile co-solvent to study the effect of 

evaporation time for PS71-b-P4VP26-b-PSMA3
145 membranes. 

 

 

Figure 5.1.7. SEM images of (a) top view and (b) cross-section of PS71-b-P4VP26-b-PSMA3
145 

membranes cast from 22 wt% solution in a THF/DMF/acetone: 50/30/20 wt%. Evaporation 

time was 10 seconds before immersion in water 

 

By increasing the evaporation time to 30 seconds, membrane regularity was partially destroyed 

and a dense structure was formed predominately with only few open pores. Due to the longer 

evaporation time the very well-ordered hexagonal cylindrical structure disappeared. The lying 

cylindrical structure is much less porous and thus retards the solvent/non-solvent exchange. 

(Figure 5.1.8) 
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Figure 5.1.8. Surface SEM images of PS71-b-P4VP26-b-PSMA3
145 membranes cast from 

solutions THF/DMF/Acetone: 50/30/20 wt%. (a) 20 seconds (b) 30 seconds evaporation time 

before immersion into non-solvent bath. 

 

It is observed that in-diffusion of non-solvent and out-diffusion of co-solvent becomes more 

difficult by increasing the polymer concentration of the casting solution from 21-24 wt%. The 

concentration of PS71-b-P4VP26-b-PSMA3
145 was varied by keeping all the other parameters 

constant. Membranes with a top isoporous layer (with cylindrical channels of approximately 

220 nm length) followed by the spongy structure underneath, were obtained as shown in Figure 

5.1.7 The high viscosity of the more concentrated casting solutions restricts the movement of 

the polymeric chains due to the higher amount of the polymerand perhaps influences the final 

membrane morphology. (Figure 5.1.9) 

 



107 
 

 

Figure 5.1.9. Surface SEM images of PS71-b-P4VP26-b-PSMA3
145 membranes cast from 21 

wt%, 23 wt%, and 24 wt% terpolymer solutions in THF/DMF/Acetone: 50/30/20 wt%. The 

evaporation time before immersion into the precipitant was 10 s. 

 

5.1.4 Post-modification of PS71-b-P4VP17-b-PSMA12
91 triblock terpolymer 

The triblock terpolymers synthesized in this study with a longer third hydrophobic block 

(PSMA) suffer difficulties for membrane formation via SNIPS. Based on previous findings [45, 

190], this is probably due to the shorter hydrophilic P4VP block, which cannot compensate for 

the hydrophobic nature of the PSMA block.  

The PS71-b-P4VP17-b-PSMA12
91 triblock terpolymer was treated with 1M HCl solution at 50 °C 

for 3 days to remove the acetonide moiety of PSMA blocks. The acid treated polymer was 

stirred in 0.1M NaOH solution for 45 minutes to completely deprotonate the quaternized P4VP 

blocks. Finally, the triblock terpolymer was treated with deionized water and dried in a vacuum 

oven at 50 °C. The procedure was monitored by 1H-NMR to ensure the removal of the 

isopropylidene acetal group. After each step the polymers were re-dissolved in deuterated 

solvents and spectra were recorded. Quaternization of the P4VP was monitored by the solubility 

of the polymer in CDCl3 (quaternized polymers were not dissolved in CDCl3). The complete 

acidic hydrolysis of the ketal moiety of PSMA block shown in the Section 3.3.2. 
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1H-NMR spectra of PS71-b-P4VP17-b-PGMA12
91 is shown in Figure 5.1.10 after acidic 

hydrolysis of the PSMA block. The appearance of two signals at (f) corresponds to two hydroxyl 

groups (-OH) of GMA units whereas peaks at c, d, e represent five protons of the solketal 

moiety, which are shifted up field due to the replacement of the carbon atom with a hydrogen 

atom. PS71-b-P4VP17-b-PGMA12
91 was also protonated by HCL during the acidic hydrolysis of 

the ketal moieties of the PSMA block, resulting in temporarily charged PS-b-PQ4VP-b-PGMA 

(PQ4VP stands for quarternized P4VP) because of quaternization of the 4-vinyl pyridine 

moiety. However, the temporary quarternized P4VP block was deprotonated successfully by 

stirring the polymer in 0.1 M sodium hydroxide solution. 

  

 

Figure 5.1.10. 1H-NMR spectrum of the linear triblock terpolymer PS71-b-P4VP17-b-PGMA12
91 

in DMF-d7  
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1H-NMR (DMF-d7, 20 °C, 300 MHz, TMS) 

δ [ppm] = 8.3 (m’ 2H, H-14, H-15), 7.4-6.7 (m’, 18H, H-13, H16, H17, H-18, H-19, arom. 

H(DPE)), 5.7 (s‘, DPE), 5.3 (s’, 1H, H-14), 5.04 (s’, 1H, H-13), 4.28-3.7 (m’, 5H, H-10, H-11, 

H-12), 2.15-1.43 (m’, 23H, H-1, H-2, H-3, H-4, H-5, H-6, H-7, H-8, H-9, 2x CH3 (s-BuLi), 1 

x CH3 (PGMA)). 

5.1.5 Membrane fabrication after post-modification of triblock terpolymer 

Apparently, the amphiphilic behavior plays a crucial role in the self-assembly and pore 

formation during the phase inversion process. After the acidic hydrolysis of PS71-b-P4VP17-b-

PSMA12
91 triblock terpolymer, the amphiphilicity of the whole polymer increased due to the 

appearance of hydroxyl groups in PS71-b-P4VP17-b-PGMA12
91, resulting into a hexagonally 

oriented cylindrical porous membrane as shown in Figure 5.1.11. It is assumed that the 

hydrophilic short block at the end of the pore-forming block (P4VP) enhances the formation of 

a good membrane structure, while the addition of a hydrophobic block tends to suppress the 

formation of a porous membrane structure. Only if the P4VP block is large enough it can 

overcome the influence of the hydrophobic PSMA block and a membrane with highly oriented 

pores can be obtained. 
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Figure 5.1.11. SEM images of (a) PS71-b-P4VP17-b-PSMA12
91 membrane (b) PS71-b-P4VP17-

b-PGMA12
91 membrane obtained after acidic hydrolysis. The evaporation time before 

immersion into water bath was 10 s.  

 

This is in agreement with our previous results for a PS-b-PSMA and the corresponding 

hydrolyzed PS-b-PGMA diblock copolymer, where only the latter one yielded the isoporous 

membranes by applying SNIPS [190]. 

5.1.6 Post-modification of PS71-b-P4VP26-b-PSMA3
145 membranes. 

The same procedure mentioned in Section 5.1.4 was followed for the post-modification of 

PSMA block of PS71-b-P4VP26-b-PSMA3
145 triblock terpolymer membranes (in solid state).  

5.2 Comparison of the performance of membranes 

In this chapter, a comparison of the performance of the membranes prepared before (PS-b-

P4VP-b-PSMA) and after acidic hydrolysis (PS-b-P4VP-b-PGMA) will be discussed.  
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5.2.1 Comparison of contact angle measurements 

The hydrophilicity of the membrane is characterized by water contact angle. The sessile drop 

method was used to investigate the dynamic contact angle of PS71-b-P4VP26-b-PSMA3
145 and 

PS71-b-P4VP26-b-PGMA3
145 membranes. Figure 5.2.1 shows the contact angles or sinking of a 

water droplet with time on/into the membrane surfaces before and after hydrolysis of PSMA 

blocks. It can be seen that the water contact angle of PS71-b-P4VP26-b-PSMA3
145 membrane 

surface is definitely higher as compared to the PS71-b-P4VP26-b-PGMA3
145 membranes. The 

lower contact angle value for PS71-b-P4VP26-b-PGMA3
145 membranes surfaces indicates the 

presence of hydroxyl (–OH) groups. 

 

 

Figure 5.2.1. Dynamic contact angle measurements of water droplets (2µL each) onto the PS71-

b-P4VP26-b-PSMA3
145 (black squares) and PS71-b-P4VP26-b-PGMA3

145 (red circles) 

membranes 
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5.2.2 Water permeation and pH responsive behavior 

Block copolymer membranes with high porosity, homogeneous pore size, and tunable chemical 

properties hold tremendous potential as robust, efficient, and highly selective separation 

membranes. We tested the integral asymmetric PS71-b-P4VP26-b-PGMA3
145 membrane for 

ultrafiltration and analyzed the separation performance of the hexagonally organized isoporous 

structure by comparing it with the pristine PS71-b-P4VP26-b-PSMA3
145 membrane. The 

permeance of the membranes before and after hydrolysis was measured in dead-end mode at 2 

bar trans-membrane pressure. It is reported in the literature that improvement of hydrophilicity 

has an influence on the pure water flux [191]. 

 

Figure 5.2.2. SEM images of pristine PS71-b-P4VP26-b-PSMA3
145 membrane before acidic 

hydrolysis and (b) PS71-b-P4VP26-b-PGMA3
145 membrane. 

 

The initial permeance of the pristine PS71-b-P4VP26-b-PSMA3
145 and hydrolyzed PS71-b-

P4VP26-b-PGMA3
145 membrane is 390 ± 25 L m-2 bar-1 h-1 and 485 ± 10 L m-2 bar-1 h-1, 

respectively. Compared to the pristine membrane, the hydrolyzed membrane decorated with 
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hydrophilic PGMA not only has a higher flux, but also appears to have stable permeance. The 

pore diameters of both the membranes before and after hydrolysis are rather similar (Figure 

5.2.2). These increased permeability results are in accordance with the contact angle 

measurements, the more hydrophilic surfaces lead to an increased wetting of the porous 

structure [192]. 

The stimuli responsive behavior of the triblock terpolymer membrane PS71-b-P4VP26-b-

PGMA3
145 was investigated by the influence of the pH value on water flux. Since P4VP can be 

protonated at low pH, due to the swelling of the positively charged P4VP blocks, a decrease in 

the size of the pores was observed whereas the highest water flux was observed at pH 7. The 

P4VP block behaves like a polyelectrolyte at low pH (Figure 5.2.3). 

 

 

Figure 5.2.3. Water permeability of PS71-b-P4VP26-b-PGMA3
145 membrane measured at 

various pH, at pH ˃ 4 high water permeability was observed, due to deswelling of the 

deprotonated P4VP blocks at larger pH, leading to their collapse on the pore walls 
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5.2.3 BSA retention measurements 

Ultrafiltration membranes suffer from organic and biological fouling, which impede the 

performance in long-term use [41, 193, 194]. For studying the properties of our membranes, 

retention and adsorption measurements were carried out. The retention measurements were 

carried out by using 1 mg/1 mL bovine serum albumin (BSA, Sigma-Aldrich, USA) solution at 

pH 7.4. The isoelectric point is at pH 5.2. BSA shows a negative overall charge at the given pH 

when taking into account the isoelectric point of the protein. The hydrodynamic diameter of 

BSA (7.6 nm as stated by the supplier) is much below the pore size; its retention depends mainly 

on the interaction with the membrane, rather than being a size effect. The results in Table 5.2 

show that the retention rate of BSA for PS71-b-P4VP26-b-PSMA3
145 membrane was 90% 

whereas only 24% retention was observed for hydrolyzed PS71-b-P4VP26-b-PGMA3
145 

membrane. The low retention rate to the protein demonstrates that increasing the membrane 

hydrophilicity by incorporating hydroxyl groups containing PGMA results in a decreased 

fouling [195]. 

Table 5. 2. Retention results from experiments in a 1 mg/1 mL BSA solution in (PBS buffer 

pH = 7.4). 

Membrane/BSA % BSA retention Average pore diameter/size 

(nm) 

PS71-b-P4VP26-b-PSMA3
145  

PS71-b-P4VP26-b-PGMA3
145 

BSA 

90 

24 

_ 

26 ± 3 a 

26 ± 4 a 

7.6 [196] 

a determined by using the software analysis (Olympus Soft Imaging Solutions) of the SEM 

surface images  



115 
 

 5.2.4 Static adsorption of hemoglobin 

Further on, the high hydrophilicity and the antifouling behavior of PS-b-P4VP, pristine PS71-b-

P4VP26-b-PSMA3
145, and modified PS71-b-P4VP26-b-PGMA3

145 membranes were confirmed by 

static hemoglobin adsorption experiments at 25 ˚C in PBS buffer (pH 7.4). The hydrodynamic 

diameter of hemoglobin (IEP = 6.8) is 6.4 nm as stated by the supplier. The results of the 

adsorption experiments are shown in Figure 5.2.4.The modified surfaces were tested in 

comparison to the untreated triblock terpolymer surfaces. 

The highest hemoglobin adsorption found for PS74-b-P4VP26
162 membranes can be attributed to 

chelation of the iron ions from hemoglobin by the free electron pair of the P4VP nitrogen atom 

[197, 198], whereas a decrease in adsorption value was observed when P4VP pores were 

covered with a hydrophobic PSMA block. At the given pH value, hemoglobin is not 

significantly charged (IEP = 6.8) and the membranes are also neutral, which allows the 

adsorption of hemoglobin to occur because of the hydrophobic/hydrophilic balance of the 

membranes. PS-b-P4VP-b-PGMA membranes decorated with hydrophilic PGMA block 

showed the smallest hemoglobin adsorption among all tested membranes due to strong 

hydration of the surface, which gives the surface an antifouling property [199]. This significant 

improvement in the protein adsorption resistance has a profound effect on the long-term 

filtration of proteins.  
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Figure 5.2.4. Protein adsorption of hemoglobin of PS74-b-P4VP26
162, PS71-b-P4VP26-b-

PSMA3
145and PS71-b-P4VP26-b-PGMA3

145 membranes at pH 7.4 

 

In this chapter, a series of novel triblock terpolymers of PS-b-P4VP-b-PSMA with varying 

compositions were synthesized by living sequential anionic polymerization with low dispersity 

values (Ð =1.06 – 1.12). It was demonstrated that isoporous integral asymmetric membranes 

could be prepared successfully via SNIPS, if the hydrophobic PSMA block was not too long 

with respect to the P4VP block by using the ternary solvent system (THF/DMF/acetone) for 

this novel PS-b-P4VP-b-PSMA triblock terpolymer. The conversion of PSMA into PGMA 

block by acidic hydrolysis did not affect the membrane morphology. The amphiphilic PS-b-

P4VP-b-PGMA triblock terpolymer membranes showed a significant decrease in retention and 

adsorption of proteins as compared to more hydrophobic PS-b-P4VP-b-PSMA membranes and 

PS-b-P4VP membranes. The results of contact angle and water flux measurements also confirm 

the more hydrophilic behavior of PS-b-P4VP-b-PGMA triblock terpolymer membranes. This 
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indicates the strong and positive influence of the third hydrophilic block on the membrane 

properties. 

  



118 
 

Chapter 6: Summary and outlook 

6.1. Summary and outlook 

The aim of this work was to develop integral asymmetric membranes via self-assembly and 

non-solvent induced phase inversion process from novel diblock and triblock copolymers. 

Diblock copolymers of polystyrene-block-poly(solketal methacrylate) (PS-b-PSMA) of 

different composition were successfully synthesized by sequential living anionic 

polymerization whereas polystyrene-b-poly(glyceryl methacrylate) (PS-b-PGMA) were 

obtained by acid hydrolysis of the acetonide groups of the poly(solketal methacrylate) (PSMA) 

blocks into poly(glyceryl methacrylate) (PGMA). By utilizing the binary THF/DMF and ternary 

THF/DMF/DOX solvent system, integral asymmetric membranes of PS-b-PGMA via self-

assembly and non-solvent-induced phase separation process could be achieved. Later, a 

comparative study of amphiphilic PS-b-PGMA and hydrophobic PS-b-PSMA diblock 

copolymers for the development of isoporous integral asymmetric membranes was presented. 

Within this study, no suitable solvents were found to prepare isoporous membranes from the 

PS-b-PSMA diblock copolymer. This will require a more subtle choice of solvents, as the level 

of selectivity of a solvent and non-solvent is much less pronounced in a block copolymer 

composed of similar polar (or nonpolar) blocks.  

Further, static protein adsorption measurements were performed to analyze the increase in 

hydrophilic behavior of isoporous membranes of PS-b-PGMA and were compared with a PS-

b-P4VP system of similar molecular weight and block ratio. Different nanofillers were added 

to the PS-b-PGMA diblock copolymer system and the hybrid membranes fabricated via SNIPS.  

For the first time, PS-b-P4VP-b-PSMA triblock terpolymers with varying compositions were 

successfully synthesized by sequential living anionic polymerization. Composite membranes of 

PS-b-P4VP-b-PSMA and PS-b-P4VP-b-PGMA triblock terpolymers with ordered hexagonally 

packed cylindrical pores were developed. The morphology of the membranes was studied with 
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scanning electron microscopy (SEM) and atomic force microscopy (AFM). PS-b-P4VP-b-

PSMA triblock terpolymer membranes were further treated with acid to get polystyrene-b-

poly(4-vinylpyridine)-block-poly(glyceryl methacrylate) (PS-b-P4VP-b-PGMA). An increase 

in the hydrophilicity was observed after treatment of isoporous membranes from PS-b-P4VP-

b-PSMA, through acidic hydrolysis of the hydrophobic poly(solketal methacrylate) PSMA 

block into a hydrophilic poly(glyceryl methacrylate) PGMA block, which contains two 

neighbored hydroxyl (–OH) groups per repeating unit. Notably, the pristine porous membrane 

structure could be maintained even after acidic hydrolysis. The membrane properties were 

analyzed further by contact angle, protein retention, and adsorption measurements. It was found 

that membranes containing hydroxyl groups (PS-b-P4VP-b-PGMA) show a stable and higher 

water permeance than membranes without hydroxyl groups (PS-b-P4VP-b-PSMA), what is due 

to the increase in hydrophilicity. 

The new functional triblock terpolymer PS-b-P4VP-b-PGMA showed significantly lower (cut 

off) retention and fouling compared to the more hydrophobic PS-b-P4VP-b-PSMA precursor 

membrane and also compared to a PS-b-P4VP membrane, indicating a strong and positive 

influence of the third hydrophilic block on the membrane properties. Thus, the introduction of 

a highly functional and hydrophilic block containing repeating units with two hydroxyl groups 

could be carried out, which allows for a large variety of further post-modification reactions. 
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6.2. Zusammenfassung und Ausblick 

Das Ziel dieser Arbeit war die Entwicklung integraler asymmetrischer Membranen durch Self-

assembly und nicht lösungsmittelinduzierte Phaseninversion aus neuartigen Diblock und 

Triblockcopolymeren. Diblockcopolymere aus Polystyrol-block-poly(solketalmethacrylat) 

(PS-b-PSMA) unterschiedlicher Zusammensetzung wurden erfolgreich durch sequentielle 

lebende anionische Polymerisation synthetisiert, Polystyrol-b-poly(glyceryl methacrylat) (PS-

b-PGMA) wurde durch anschließende Säurehydrolyse der Acetonidgruppen der Polysolketal 

methacrylat (PSMA)-Blöcke zu (PGMA) erhalten. Unter Verwendung des binären THF/DMF- 

und ternären THF/DMF/DOX-Lösungsmittelsystems konnten integrale asymmetrische 

Membranen von PS-b-PGMA mittels Self-assembly und Nicht-lösemittelinduzierten 

Phaseninversionsprozess erfolgreich hergestellt werden. Im Folgenenden wurden amphiphiles 

PS-b-PGMA und hydrophobes PS-b-PSMA Diblockcopolymere zur Entwicklung isoporöser 

integraler asymmetrischer Membranen untersucht und charakterisiert. Innerhalb dieser Studie 

wurden keine geeigneten Lösungsmittel gefunden, zur Herstelung von isoporösen Membranen 

aus PS-b-PSMA-Diblockcopolymer. Dies erfordert weitere Untersuchungen, da die Wahl eines 

passenden Lösemittels und eines Nichtlösemittels für ein nicht-amphiphiles Blockcopolymer, 

das aus ähnlichen polaren (oder unpolaren) Blöcken besteht, wenig untersucht ist und eine 

Vielzahl an möglichen Kombinationen aus Nicht- und Lösemitteln gibt. 

Des Weiteren wurden statische Proteinadsorptionsmessungen durchgeführt, um die Zunahme 

des hydrophilen Verhaltens von isoporösen Membranen von PS-b-PGMA zu analysieren, diese 

Ergebnisse wurden mit dem PS-b-P4VP-System mit ähnlichem Molekulargewicht und 

Blockverhältnis verglichen. Dem PS-b-PGMA-Diblockcopolymersystem und den über SNIPS 

hergestellten Hybridmembranen wurden verschiedene Nanofüllstoffe zugesetzt. Erstmals 

wurden PS-b-P4VP-b-PSMA-Triblockterpolymere mit unterschiedlichen Zusammensetzungen 

erfolgreich durch sequentielle lebende anionische Polymerisation synthetisiert. 
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Verbundmembranen von PS-b-P4VP-b-PSMA und PS-b-P4VP-b-PGMA 

Triblockterpolymeren mit geordneten hexagonal gepackten zylindrischen Poren konnten 

erfolgreich hergestellt werden. Die Morphologie der Membranen wurde per 

Rasterelektronenmikroskopie (REM) und Rasterkraftmikroskopie (AFM) untersucht. PS-b-

P4VP-b-PSMA Triblockterpolymer Membranen wurden zusätzlich mit Säure behandelt, um 

Polystyrol-b-poly(4-vinylpyridin)-block-Poly(glyceryl methacrylat) (PS-b-P4VP-b-PGMA) zu 

erhalten. Eine Zunahme der Hydrophilie wurde nach Behandlung von isoporösen Membranen 

aus PS-b-P4VP-b-PSMA durch saure Hydrolyse des hydrophoben Poly(solketal methacrylat) 

PSMA-Blocks zu einem hydrophilen Poly(glyceryl methacrylat) PGMA-Block beobachtet, 

welches zwei benachbarte Hydroxylgruppen (-OH) pro Wiederholungseinheit enthält. Die 

Membraneigenschaften wurden durch Kontaktwinkel-, Proteinrückhaltungs- und 

Adsorptionsmessungen charakterisiert. Bemerkenswert ist, dass die isoporöse 

Membranstruktur auch nach der sauren Hydrolyse beibehalten werden. Für Membranen mit 

Hydroxylgruppen (PS-b-P4VP-b-PGMA) wurde eine stabilere und höhere Permeanz gemessen 

im Vergleich zu Membranen ohne Hydroxylgruppen (PS-b-P4VP-b-PSMA), Dies kann auf die 

Zunahme der Hydrophilie zurückgeführt werden. 

Das neue funktionelle Triblockterpolymer PS-b-P4VP-b-PGMA zeigte im Vergleich zur 

hydrophoberen PS-b-P4VP-b-PSMA-Vorläufermembran eine signifikant bessere Rückhaltung 

und reduziertes Fouling, und im Vergleich zu einer PS-b-P4VP-Membran ebenfalls, was auf 

den positiven Einfluss des dritten hydrophilen Blocks in die Membran zurückzuführen ist. Die 

erfolgreiche Integration eines hochfunktionellen und hydrophilen Blocks, mit wiederholenden 

Einheiten aus zwei Hydroxylgruppen, ermöglicht eine große Vielfalt weiterer 

Postmodifizierungsreaktionen. 
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Chapter 8: Appendix 

8.1. Toxicity of chemicals 

All used chemicals with H- and P- data are given in the following Table 

 

Substance GHS Symbol Hazard Statement Precautionary 

statement 

Acetic acid GHS02, GHS05 H226-H314 P280-P305 + P351 + 

P338-P310 

sec-Butyl lithium in 

cyclohexane 

GHS02, GHS05,  

GHS07, 

 GHS08,  

GHS09 

H225, H250, H260 

H304, H314 H336 

H410 

P210-P261-P273 

P280-P301 + P310 

P305 + P351 + P338 

Calcium hydride GHS02 H260 P223-P231 + P232 

P370 + P378-P422 

Chloroform GHS07, GHS08 H302-H315-H351-

H373 

P281 

Chloroform-d1 GHS07, GHS08 H302-H315-H351-

H373 

P281 

Dimethylacetamide GHS07, GHS08 H312 + H332 

+H319-H360D 

P201-P280 

P305 + P351+P338 

P308 + P313 

Dimethylformamide GHS02,GHS07 

GHS08 

H226-H312 + H332 

H319-H360D 

P201-P280 

P305 + P351 + P338 

P308 + P313 



138 
 

1,4-Dioxane GHS02, GHS07 

GHS08 

H225-H319-H335 

H351 

P210-P261-P281 

P305 + P351 + P338 

1,1-diphenylethylene GHS 07, GHS09- H411 P273 + P391 + P501 

Dibutylmagnesium GHS02 

GHS05 

H260, H225, H304, 

H314, H336, H410 

P280, 

P301 + P330 + 

P331, P305 + P351 

+ P338, P310, P261, 

P301 + P310, P331, 

P273, P402 + P404 

Ethylaluminium 

dichloride 

GHS02, GHS05, 

GHS07, GHS08 

GHS09 

H225-H250-H261 

H304-H314-H336 

H361-H373-H411 

P210-P222 

P231 + P232-P261 

P273-P422 

Ethanol GHS02, GHS07 H225, H319 P210, P240, P305 + 

P351 + P338, P403 

+ P233 

n-hexane GHS02, GHS07 

GHS08, GHS09 

H225-H304-H315 

H336-H361f-H373 

H411 

P210-P261-P273 

P281-P301 + P310 

P331 

Hydrochloric acid GHS05, GHS07 H290, H314, H335 P280, P303 + P361+ 

P353, P304 + P340, 

P305 + P351+ P338, 

P310 

Lithium chloride GHS07 H302-H315 

H319-H335 

P261-P305 + P351 + 

P338 

Methanol GHS02, GHS06, H225-H301-H311 P210-P260-P280 
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GHS08 H331-H370 P301 + P310-P311 

Poly(4-vinylpyridine) GHS07 H315, H319, H335 P261, 

P305 + P351 + P338 

Sodium hydroxide GHS05 H314 P280-P305 + P351 

+ P338-P310 

Styrene GHS02 

GHS07 

GHS08 

H226, H315, H319 

H332, H361d, H372 

P210, P302 + P352, 

P305+ P351 + P338 

P314 

Tetramethylsilane GHS02 H224 P210 

 

8.2. Calculation of the solubility parameters according to HOY method 

𝐹𝑡 = ∑ 𝐹𝑡,𝑖  𝑁𝑖   

 

𝐹𝑝 = ∑ 𝐹𝑝,𝑖 𝑁𝑖 

 

𝑉 = ∑ 𝑉𝑖  𝑁𝑖 

 

∆𝑇
(𝑃)

=  ∑ ∆𝑇,𝑖
(𝑃)

𝑁𝑖   

 

∝ (𝑃) =
777 ∆𝑇

(𝑃)
 

𝑉
 

 

�̅� =
0,5 

 ∆𝑇
(𝑃)
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𝛿𝑡 =
𝐹𝑡 +

𝐵
�̅�

 

 𝑉
 

 

𝛿𝑝 = 𝛿𝑡 (
1

∝ (𝑃)

𝐹𝑝

𝐹𝑡 +
𝐵
�̅�

)

0,5

 

 

𝛿ℎ = 𝛿𝑡 (
∝ (𝑃) −  1

∝ (𝑃)
)

0,5

 

 

𝛿𝑑 =  (𝛿𝑡
2 − 𝛿𝑝

2  − 𝛿ℎ
2)

0,5
 

 

 

 

 

PSMA Ft ,i  

((MJ/m
3)0.5 

/ mol ) 

Fp, i  

((MJ/m
3)0.5

/mol) 

ΔT,i
(P) Vi  

(cm
3

/mol) 

3-CH3 910.5 - 0.066 64.65 

1 >C> 65.5 - 0.040 3.56 

2 -O- 470 432 0.036 12.9 

3-CH2 807  0.060 46.65 

1 -COO- 640 528 0.050 23.7 

2 >CH- 352 - 0.026 19.12 

Sum  3254 960 0.278 170.58 

 δ
t = 19.98 δ

p = 9.35 δ
d = 16.76 δ

h = 5.54 
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PGMA F t, i  

((MJ/m
3)0.5

/mol) 

F p, i 

 ((MJ/m
3)0.5

/mol) 

ΔT, i
(P) Vi 

 (cm
3

/mol) 

1-CH3 303.5 - 0.022 21.55 

3-CH2 807 - 0.060 46.65 

1 -COO- 640 528 0.050 23.7 

1-OH sec 591 591 0.049 12.45 

1-OH pri 675 675 0.049 12.45 

2 >CH- 352 - 0.026 19.12 

Sum  3368.5 1794 0.256 135.92 

 δ
t = 25.8 δ

p = 9.2 δ
d = 19.2 δ

h = 14.5 

 

8.3. Synthesis and characterization of poly(glycidyl methacrylate) (PGM) homopolymer 

Glycidyl methacrylate (GM) was fractionally vacuum distilled from finely ground calcium 

hydride (CaH2) under a highly pure argon atmosphere. The first fraction was discarded and just 

before polymerization the pure monomer was distilled in high yield. The homopolymer was 

synthesized through sequential living anionic polymerization described in the literature before 

[200]. 

The synthesized polymer is summarized in Table (8.1). 
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Figure 8. 1. 1H-NMR spectra of PGMA homopolymer in CDCl3 

 

Table 8. 1 Molecular weight and dispersity index of the PGM homopolymer  

Polymers Mn (kg/mol) a Ð a 

PGM 9.4 1.06 

a) Molecular weights and dispersity index were determined with SEC 

8.3.1 Synthesis and characterization of polystyrene-block-poly(glycidyl methacrylate) 

(PS-b-PGM) diblock copolymer 

PS-b-PGM diblock copolymers were synthesized through sequential living anionic 

polymerization [201] as given in Scheme (3.2.2). The electron affinity of methacrylic esters 

(GM) is higher than styrene, it was added last in the polymerization procedure to yield PS-b-

PGM.  

As shown in Table 8.2 and Figure 8.3 the molar mass distribution of the diblock copolymer is 

rather narrow which indicates the absence of any homopolymer contamination. PS-b-PGM 

diblock copolymer was characterized by 1H-NMR spectroscopy by recording the spectra where 
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tetramethylsilane (TMS) was used as internal standard and deuterated chloroform (CDCl3) as a 

solvent.  

Five characteristics peaks at 2.6-4.3 ppm (c, d, e, f, g) responsible for five protons of GM was 

shown in Figure 8.2 whereas the presence of e, f, g peaks confirms the oxyranyl protons of 

epoxy rings of poly(GM). The two large peaks (a, b) characterize the aromatic protons of 

poly(styrene and 1,1-diphenylethylene. The block copolymer composition was determined by 

direct comparison between five characteristic protons of poly(glycidyl methacrylate) and five 

aromatic protons of polystyrene by taking in account the aromatic protons of DPE.  

Table 8. 2. Characterization data of PS-b-PGM block copolymers 

Batch no Polymer Mn  

(kg/mol) 
PGM  

(wt%) 
Ð 

130516-1 PS-b-PGM 112 20.5 1.08 

 

 

 

Figure 8. 2. 1H-NMR spectrum of PS79.5-b-PGM20.5
112 in CDCl3 
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Figure 8. 3. SEC chromatogram of PS homopolymer and PS79.5-b-PGM20.5
112 diblock 

copolymer 

 

8.3.2 Synthesis and characterization of polystyrene-block-poly(4-vinylpyridine)-block-

poly(glycidyl methacrylate) (PS-b-P4VP-b-PGM) triblock terpolymer 

 

The polystyrene-block-poly(4-vinylpyridine)-block-poly(glycidyl methacrylate) linear triblock 

terpolymers used in this study were synthesized for the first time by sequential anionic 

polymerization technique. The complete process of polymerization was optimized regarding 
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the purification of monomers, initiation of monomers, end capping of carbanion and duration 

to complete polymerization.  

 

 

 

Figure 8. 4. 1H-NMR spectra of PS-b-P4VP-b-PGM in CDCl3 

 

The first two blocks PS-b-P4VP were synthesized by following the method reported before in 

literature [123]. As described earlier in Section 3.1.4 about the reactivity of (glycidyl 

methacrylate) (GM) block, the reactivity of PS-b-P4VP macro initiator was reduced by the 

addition of 1,1-diphenylethylene (DPE). After half an hour glycidyl methacrylate was added to 

the polymer solution and maintained the temperature for 2 h. The polymer solution was 

terminated and precipitated in methanol/water solution.  
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The triblock terpolymer characteristics were determined by a combination of size exclusion 

chromatography (SEC) and 1H-NMR spectroscopy. Figure 8.4 shows 1H-NMR spectra of PS-

b-P4VP-b-PGM where peaks (c, d, e, f, g) corresponding to the five protons of glycidyl 

methacrylate (GM). 

The peaks at 8.3 ppm are responsible for the protons of 4-vinylpyridine whereas the rest of the 

aromatic protons of styrene, 1,1-diphenylethylene (DPE) and 4-vinylpyridine lies under two 

large peaks denoted as (a) in the NMR spectra. The molecular weight distribution of triblock 

terpolymer is given in Table 8.3. 

Table 8. 3. Characterization data of PS-b-P4VP-b-PGM triblock terpolymer 

Batch no. Polymer Mn 

(kg/mol) 

P4VP 

(wt%) 

PGM 

(wt%) 

D 

130416 PS-b-P4VP-b-PGM 235 21.5 29.5 1.1 
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