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ABSTRACT 
 

EFFECT OF CHEMICAL IDENTITY AND MORPHOLOGY ON AMPHIPHILIC-

ZWITTERIONIC BLOCK COPOLYMER MEMBRANES 

 

FEBRUARY 2023 

RIA GHOSH, B.Sc., UNIVERSITY OF CALCUTTA 

B.Tech., UNIVERSITY OF CALCUTTA 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor E. Bryan Coughlin 

Amphiphilic block copolymers have gained a broad research interest attributed to 

their self-assembly properties over a range of pH, temperature, and ionic strength. 

Polyzwitterions have attracted special attention due to their hydrophilicity, charge 

sensitivity and coulombic attraction of the opposite charges over a range of environments 

making them a popular material of study in the field of stimuli responsive systems, for 

example in self-healing hydrogels, and water transport membranes. Combining the stimuli 

responsiveness and higher hydrophilicity of zwitterionic polymers with self-assembly 

behavior of amphiphilic block copolymers created an interest to study the effect of 

composition and identity of the zwitterionic block on the morphology of novel 

amphiphilic- zwitterionic block copolymer systems.  
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A novel chemistry to synthesis a series of amphiphilic-zwitterionic block 

copolymer was developed. As a first step, a parent block copolymer precursors of poly 

(dimethyl amino ethyl methacrylate)-b-poly (n butyl acrylate-ran-allyl methacrylate) 

(PDMAEMA-b- P(nBA-ran-AMA))  with different copolymer volume fractions were 

synthesized using controlled radical polymerization. The advantage of using this technique 

is the ability to synthesize a polymer chain with predetermined molecular weight and well-

defined chemical composition while also maintaining a narrow dispersity. Variation of the 

zwitterionic groups; sulfobetaine, carboxybetaine or cholinephosphate were investigated 

through post-polymerization modification of the PDMAEMA block using nucleophilic 

ring-opening reactions of 1,3-propane sultone , β-propiolactone or n-butyl substituted 

phospholane. Proton NMR spectroscopy data were analyzed to calculate degree of 

polymerization (DP) from the distinct peak of each repeating unit of pendent groups in 

parent neutral block copolymers and its modified amphiphilic-zwitterionic counterpart. 

These DP of the neutral block copolymer were then used to calculate the relative volume 

fraction of each block and aid the future calculation of post-polymerization modification 

on the PDMAEMA block and crosslinking chemistry on the poly allyl methacrylate 

(PAMA) block. Thermal stability of these zwitterionic systems was investigated by using 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). 

Mechanically robust free standing amphiphilic zwitterionic copolymer poly (n 

butyl acrylate-ran-allyl methacrylate)-b-polybetaine methacrylate membrane were tailored 

using thiol-ene click chemistry on the pendent double bond of the allyl methacrylate 

repeating unit with a dithiol crosslinking agent under UV irradiation. The analysis of the 

effect of composition, and identity of the zwitterionic block on the resultant films 
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morphologies was probed.  The systematic variations in volume fractions of each block 

were targeted to generate different morphologies. The impact of the copolymer 

composition on the morphology were analyzed using small angle X-ray scattering (SAXS). 

Various relative humidity sweeps and temperature variation SAXS were performed 

through collaboration with Argonne National Laboratory to investigate the effect of 

different environmental conditions of the morphologies. In addition to SAXS, transmission 

electron microscopy (TEM) was performed to study real space imaging of these structures. 

With the results from these characterization methods, it was possible to perform a structure-

property relationship study of these novel Amphiphilic-Zwitterionic block copolymers. 

 Looking forward, results from this study have the potential to guide future 

applications in the field of water transport filtration membranes. The effect on morphology, 

zwitterionic content and block copolymer composition on water uptake and salt uptake was 

evaluated using gravimetric analysis, and dead-end filtration performance studies showing 

promising initial results. 
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1 CHAPTER 1                                                                            

INTRODUCTION 
 

1.1 Introduction to Ion-containing Polymers 

Over the past several decades, ion-containing polymers have created a broad 

platform for fundamental and applied research.1 This growing interest is rooted in the 

beneficial properties exhibited by ion-containing polymers in the field of desalination and 

wastewater treatment,2–5 ion exchange membranes for fuel cells and batteries,6,7 

composites,8 drug carriers,9 hydrogels, and self-healing materials.10–12 The properties of 

this class of polymers, as the name indicates, result from the presence of ionic groups 

covalently bonded with the polymer backbone. Electrostatic forces of the charged group 

give rise to many complex interactions, whose combined effects give rise to their solution 

and bulk properties such as water solubility, ion-transport ability,6 interaction with salt ions 

in solution, improved mechanical strength,13 improved miscibility of polymer blends and 

surface activity.14 Ion-containing polymers range from naturally occurring polypeptides 

and nucleotides to synthetically tailored surfactants and stabilizers.15 Ion-containing 

polymers have been classified further into two subcategories based on the nature of the 

charges present along the polymer chain. 

Polyelectrolytes are a sub class of ion-containing polymers whose repeat units 

contain a covalently bonded ion that is stationary, and an ionically bonded counterion, also 

referred to as the ionizable mobile charge. These polyelectrolytes ionize upon dissolution 

in a polar solvent resulting in a polymer with charged groups.9,14 Depending on the charge 

of the stationary ion, polyelectrolytes can be categorized into polyanion (negative bonded 

ion) and polycations (positive bonded ion) (Figure 1.1A and 1.1B).16–19 On the other hand, 
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polyzwitterions are the charges of ion- containing polymers where each repeat unit has 

equal numbers of both negative and positive charges covalently bonded with the polymer 

backbone (Figure 1.1C).15,20 

 

1.2  Introduction to Polyzwitterion 

Hydrophilic polyzwitterions exhibit overall charge neutrality due to equal charge 

stoichiometry of ions covalently bonded either directly on the polymer backbone, or on the 

same or different monomeric pendent groups.15,20–22 The zwitterionic moieties of these 

polymers are responsive to environmental conditions, temperature, added salt, pH, and the 

combination of these factors. Neutral hydrogels comprising 2-Hydroxyethyl methacrylate 

(HEMA) or Poly(N-isopropylacrylamide) (PNIPAM) shows lower critical solution 

temperature behavior, whereas polyzwitterionic hydrogels exhibit upper critical solution 

temperature behavior based on the polymer backbone and zwitterionic component.23–25 

High hydrophilicity, charge sensitivity and Coulombic attraction of the opposite charges 

over wide range of ionic strength and environmental conditions make polyzwitterions a 

Figure 1.1:Schematic representation of A. Polyanion, B. Polycation and C. 

Polyzwitterions 
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compelling material for tailoring “smart” stimuli responsive systems,26,27 self-healing 

hydrogels22 and water transport membranes for wastewater management 

applications.20,28,29 At the isoelectric points the zwitterionic polymers show net charge 

neutrality whereas with increase or decrease of pH, they will exhibit net negative and 

positive charge respectively. They also exhibit coil-globule conformation change over a 

wide range of pH, e.g., at the isoelectric point due to strong interaction of the opposite 

charges, they tend to form globular structures and phase separate, whereas repulsive 

interactions between the like charges at extreme ends of the pH scale leads to solubilization 

or the coiled structure of the zwitterionic polymer. One of the interesting properties of these 

polymers stems from its resemblance to widespread natural zwitterionic structures like 

phospholipids, polypeptides etc.30–36 Recently polyzwitterions have attracted attention due 

to their bio-mimicking and surface modification ability in various fields of biomaterial, 

biomedicine, antifouling coating.22 

Polybetaines are a subclass of polyzwitterions having both positive and negative 

charge covalently bonded within the same pendent group of the monomeric unit (Figure 

1.2). These attributes contribute to their defined ionic structure and dipole moment as well 

as mechanical and thermal stability.37 Their derivatives can be tailored by controlling; i) 

either acrylate or acrylamide-based polymer backbone.38,39 These different backbones have 

an influence over the polymerization conditions (free radical polymerization or living 

radical polymerization) and on their material properties.28 Acrylamide-based polybetaines 

are more alkaline stable and hydrophilic than their acrylate-based analogs.40 ii) Substitution 

group attached with the quaternary amine. The mechanical and antifouling properties 

depend on the substituent groups.41 iii) Spacer length, the number of carbon atoms between 
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the cation (quaternary ammonium) and the anion. The spacer length is directly proportional 

to the hydrophilicity of the polybetaines,39 but inversely proportional to resisting protein 

adsorption.42,43 iv) Anionic moiety. By changing the anionic group attached, the 

hydrophilic character of the zwitterionic polymer can also be varied where the trend in 

hydrophilicity is phosphocholine > sulfobetaine > carboxybetaine.44 Despite their recent 

developments and excellent choices for several applications, much remains to be explored 

for the structure-property relationship of polybetaines. 

 

 

1.3 Introduction to Amphiphilic Copolymers 

The entire class of polyzwitterions is often viewed as a subcategory of amphiphilic 

polymers.20,45 Amphiphilic copolymers are defined as a polymeric chain synthesized from 

two or more types of monomers each exhibiting opposing chemical properties for example 

cationic/anionic, polar/non-polar, hydrophilic/hydrophobic.46,47 For block copolymers, 

each block is comprised of chemically different monomers, each one maintaining its own 

homopolymer characteristics. Amphiphilic copolymers, over a range of pH, temperature, 

and ionic strength, show either globular or extended chain conformations.48 Another 

interesting property of these polymers is complexation with polyelectrolytes, 

Figure 1.2:General representation of polybetaines 
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biomolecules, or surfactants. This complexation is electrostatic in nature.49–52 Over the past 

few decades this class of copolymer has attracted a lot of research interest attributed to its 

superior self-assembly properties.46,53 This self-assembly gives rise to different 

nanostructures which have been extensively used as nanoreactors, nano templates, and 

nanocarriers for use in drug delivery.54 Amphiphilic block copolymers with the hydrophilic 

block being a zwitterionic polybetaine and the corresponding hydrophobic block providing 

mechanical integrity of the system are referred to as amphiphilic zwitterionic (A-Z) 

copolymers. 

 

1.4 Synthetic Routes and Their Advantages and Disadvantages for Amphiphilic 

Zwitterionic Copolymer 

 

The properties discussed above depend solely on the chemical nature and 

composition of each segment comprising the block copolymer. Thus, a robust synthetic 

approach is a decisive factor to control the effectiveness of the behavior of the polymers.20 

A-Z copolymers with complex architecture and interesting functionalization have attracted 

attention for the development of different synthetic routes. In this section, two pathways 

for the synthesis of A-Z copolymers will be discussed. 

1.4.1 Direct Polymerization 

One of the commonly used synthetic routes is direct polymerization. In this route 

precursor monomers with desired functionality are directly polymerized using living or 

controlled polymerization methodologies.55–57 The major advantage of this route is that a 

copolymer with tailored architecture, comonomer composition and narrow molecular 

weight distribution can be directly synthesized.47 A-Z copolymers consists of two or more 
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repeat units having opposing polarity. A disadvantage of using direct polymerization to 

synthesize this type of copolymer is due to poor compatibility of different blocks in the 

same reaction media. 

1.4.2 Post-Polymerization Modification 

To overcome the shortcoming of direct polymerization, chemo-selective and 

efficient post-polymerization modifications are adopted. A facile organic chemistry 

reaction is utilized to functionalize one block within the polymer precursor to give a desired 

A-Z copolymer.58 This route provides opportunities for tailoring A-Z copolymer with 

interesting functionality from a single parent polymer precursor ensuring fixed molecular 

weight and dispersity.59 Two important criteria to consider for post polymerization 

modifications are58 i) mild and selective chemistry e.g., the functionalization of the pendent 

group in the selected block without compromising the other polymer block or backbone 

chemical characteristics like degree of polymerization or dispersity ii) effective chemistry 

that can ideally lead to 100% functionalization. 

 

1.5 Block Copolymer Microphase Separation 

Copolymer systems under certain conditions self-assemble into an array of 

morphologies. Block copolymers which consist of two or more covalently bonded 

chemically incompatible blocks, microphase separate based of their composition into 

diverse morphologies.60 Self-assembly of block copolymer in bulk and solutions are both 

complex and an extensive area for active research from both experimental and theoretical 

perspectives.60,61 Three classical and practically applicable phases are lamellae (L), 

hexagonally packed cylinders (H), and body centered spheres (S), whereas a fourth phase 
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double-gyroid (Q) are limited due to its instability at higher segregation region,61 (Figure 

1.3). 

 

 

Parameters affecting the formation of these morphologies are degree of polymerization 

(N), immiscibility of the block (χ), and the relative volume fraction of the blocks (f). Two 

competing factors contributing to these microphase separations are interfacial energy 

between the blocks (enthalpy) and chain stretching (entropy). To minimize the interfacial 

energy, two incompatible blocks organize themselves in an ordered state to reduce their 

interfacial area (Figure 1.4). The extent of the stretching depends on the relative volume 

fraction of the blocks.60,62 Other factors which affect the phase separations are 

Figure 1.3:Microphase separation of Diblock Copolymer. (a) topological 

structure of the microphase (b) the theoretical phase diagram of a symmetric 

deblock copolymer. Image taken from ref 60. 
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conformational asymmetry,63,64 polymer architecture,65,66 molecular weight distribution,67 

and electrostatic interactions.68 

 

Figure 1.4:Schematic representation of polymer chain arrangement in different 

morphology from sphere (a) to cylindrical (b) to lamella (c), as a function of relative 

volume fraction. Image is taken from ref. 60. 

 

These self-assemblies are promising in the formation of various nanostructures with 

potential applications in electrical devices, photonic crystals, biomedicine, and high-

performance separation membrane.60,61,63–68 They also created a broad platform for 

structure-property relationship studies of copolymeric materials. These morphologies can 

be tuned by incorporating functionalities in block copolymers by post polymerization 

modification to enhance the material performance. 

Literature on block polyelectrolytes has shown how incorporating charges in one 

of the blocks leads to formation of different nanostructures that are inaccessible to 

uncharged block copolymers.68 Varying charges can tune the material spectrum of self-

assembled structures and enhance the efficiency of the ion transport.69 This complexity in 

the nanostructures arises because of counterion entropy leading to suppression of phase 

separation and charge ionization in the surrounding medium leading to enhancement of 
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phase separation.70–73 Introducing charges at the monomer level reorganizes the charged 

species and leads to higher solubility. This shifts the phase diagram vertically which is 

linearly proportional (with the constant C=-160.0, equation 1.5.1) to the fraction of charged 

monomer (Figure 1.5).70,71 

χN→ χeffN= χN-Cfq ……………………….Equation 1.1 

where χ is the Flory parameter defined as chemical mismatch between the two blocks, N 

is the number of monomers along the chain, fq is the fraction of charged monomer and C 

is the shift constant. 

 

 

Figure 1.5:Effect of charge entropy and solubility effect on block copolyelectrolyte 

nanostructure. a cartoon of neutral block copolymer (top) and block 

copolyelectrolyte (bottom). b neutral block copolymer phase diagram. original 

phase boundary with the influence of ion entropy and solubility effect for block 

copolyelectrolyte with different charge fractions. dadjustment of the phase diagram 

to overlap with the uncharge phase boundary with the shifted χeff, usind C=-160.0. 

Image taken from ref 68 
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This simple correction of χ becomes insufficient to describe the effect of charges on the 

morphology when the electrostatic cohesive strength becomes larger than unity. Strong 

Coulombic coupling starts shifting the phase diagram towards the left where minority 

charged phase becomes the continuous domain giving an inverse hexagonal 

morphology.72,73 The electrostatic cohesion energetically prefers high density of charges 

which overwhelms the entropy effect of the counterion which has the opposite effect of 

preferring lower density of counterion (Figure 1.6).68 This gives rise to percolating 

nanodomain of the minority phase by charge manipulation making uninterrupted pathways 

for ion transport (Figure 1.7).68 

Figure 1.6:effect of charge cohesion on block copolyectrolyte morphology. 

Electrostatic cohesion between charged block and the counterions. It is an 

asymmetric effect as it only affects the charged block. b shift of phase diagram 

based of coulombic interaction strength. Higher strength value results in phase 

separated morphology even at χ=0. Image is taken from ref 68. 
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Figure 1.7:Ion transport in charged system through percolating minority 

charged phase vs in uncharged system which is primarily bulk domain 

percolating around minority phase. Image is taken from ref 68. 
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Following the phase separation trend in uncharged block copolymer and charged block 

copolyelectrolyte, it would be interesting to investigate the self-assembly behavior of block 

copolymer zwitterions. In this category of block copolymer two opposite charges are 

covalently bonded. Therefore, the entropy effect of the counterion will be nullified whereas 

the electrostatic cohesive strength will be highly enhanced. The contribution of these 

effects on morphology and the efficiency of the resultant morphology as the transport 

channels for water and ions is yet to be explored. 

 

1.6  Advanced Material Applications for Polyzwitterions 

1.6.1  Antifouling Coating 

Fouling occurs when cells, proteins, and other microbes are attached to a surface. 

Antifoul coatings are of great importance in marine engineering and biomedical 

applications.22 Polyzwitterions, especially polybetaines, have been explored over 

traditional PEG based material for their superior anti-fouling properties.74,75 Due to 

polyzwitterion’s high level of surface hydration and fixed charges on polymer backbone, 

the electrostatic force results in a low degree of protein attachment to the surface.76 

1.6.2 Hydrogel Material 

Hydrogels are three-dimensional hydrophilic polymer networks held together by 

crosslinking that undergo swelling in aqueous medium. Opposed to the classical hydrogel 

where polymer chains are chemically held together by the covalently bonded crosslinker, 

polyzwitterions crosslinking points are the interchain electrostatically interacted opposite 

charges. The crosslinked zwitterions exhibit reversible swelling behavior with change in 

salt concentration and pH.75.77 Due to their softness, responsive behavior, and water 

compatibility, polyzwitterion hydrogels have found use in many biomedicines’ 
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applications. In addition to the electrostatic force between the opposite charges, 

entanglement of polymer chain and interaction with the environment provide added 

toughness.78 These hydrogels can be reversible broken and healed when stretched or cut 

making them a self-healable material finding applications in tissue engineering (Figure 

1.8).78,79 

 

 

1.6.3 Dispersant and Stabilizers 

Nanomaterials, which are highly important for advancement of nanotechnology, 

are often difficult to handle due to a lack of stability and have a tendency for agglomeration. 

Due to the “salt-in” behavior of polyzwitterions, they have been utilized as a dispersing 

agent for nanomaterials.80 These polyzwitterions have been shown to act as a reversible 

stabilizer for gold nanoparticles at a pH range of 2-14 and precipitate the particle at pH 0 

Figure 1.8:Structure of zwitterionic polymer exhibiting self-healing properties 

upon stretching and cutting. Image taken from ref  76 
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(Figure 1.9). Polyzwitterion’s pH responsiveness makes it an interesting material for 

catalytic recovery of expensive or toxic nanoparticles.81 

 

1.6.4 Antifreeze Material 

Amphiphilic zwitterionic copolymers due to their antifreeze property have found 

large potential applications in cryopreservation of blood and tissue, freeze thaw expansion 

prevention of steel and concrete at construction sites, minimizing crop damage in 

agriculture, and aerospace.22 The exact mechanisms of their antifreeze properties have yet 

to be firmly established. One theory is that these materials have a hydrophobic and a 

hydrophilic part which are capable of binding with the surface and with water molecules, 

preventing crystallization.82 

1.6.5 Drug Delivery and Gene Therapy 

Owing to self-assembly, low toxicity due to charge neutrality and water 

compatibility, zwitterionic polymers have found applications in delivery of many classes 

of protein, nucleic acid, and small molecule therapeutics.22 These materials also mimic 

Figure 1.9:Catalytic stabilization of gold nanoparticle. Image taken from ref 76 



15 
 

many zwitterionic moieties present in nature which enhance cell attachment and uptake 

efficiency.83 Their amphoteric nature can also be used for a multitude of therapeutic 

purposes due to interactions with proteins.84 

 

1.7 Zwitterionic Amphiphilic Copolymer for Water Transport Membrane 

The most widely used processes for water purification applications are reverse 

osmosis (RO) forward osmosis (FO), electrodialysis (EDI), pressure retarded osmosis 

(PRO), reverse electrodialysis (RED), nanofiltration (NF), ultrafiltration (UF) and 

microfiltration (MF).85–87 OF these methods MF and UF are used to treat oil and other 

organic solutes while NF and RO are used for desalination or removal of other dissolved 

solutes.88 To date, most water purification membranes are typically made of hydrophobic 

polymers. Hydrophobic-hydrophobic interactions between the membranes and the mixture 

of oil, salt and other dissolved particulates often lead to membrane fouling which is a 

drawback in the field of water treatment. Constant chemical treatment is needed to keep 

them foulant free which leads to a shortened life span of the membranes.88 To overcome 

this problem, synthesized surface modified polymer membranes with improved 

hydrophilicity and reduced interaction with possible foulants have opened a broad scope 

of study.89 

A hydrophilic surface attracts a tightly bound water layer, physically and energetically 

preventing direct interaction between a foulant and the membrane surface.44 Polyethylene 

glycol (PEG)-containing materials due to their improved hydrophilicity and good 

antifouling property are being used widely in desalination and waste-water 
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management.889091 However, PEG being amphiphilic in nature exhibits some hydrophobic 

interaction and lacks resistance to certain proteins adsorption.92 

Zwitterionic polymers are a new class of polymeric films widely studied to replace 

the PEG based membrane and solve some of the problems associated with water treatment 

membranes. Due to incorporation of the charges on the membrane surface they show 

improved water and salt transport behavior along with better antifouling property. 

Polyzwitterions showing improved resistance to protein adsorption can be directly used for 

tailoring new generations of NF membranes.93 Despite being a promising material in the 

field of waste-water treatment and desalination, the fundamentals of water and salt 

transport properties are not yet clearly understood. The polymer structures influence water 

uptake and salt transport.87 Charged and uncharged polymers differ widely in their water 

and salt absorption, diffusion, and permeation.94 For uncharged polymers without any 

ionizable functional group swollen with water utilize the partition mechanism for water 

transport and osmotic deswelling (dependent on the external salt concentration) for salt 

transport.94,95 Charged polymers with fixed charged groups, or ionizable functional groups 

that are swollen with water, use both simple partition mechanism and electrostatic 

interaction for improved water and salt transport.94,96,97 The zwitterions have packed 

density of both positive and negative charges, but they are covalently bonded (non-

ionizable) with the backbone giving an overall charge neutrality. It is not yet clear whether 

zwitterionic polymers would mimic the charged or uncharged polymer for water and salt 

transport properties. 
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1.8 Dissertation Overview 

The primary focus of this dissertation is to investigate the synthesis of tailored 

amphiphilic-zwitterionic (A-Z) block copolymers.  The synthetic designs are chosen such 

that these novel A-Z block copolymers can be converted to mechanically robust 

membranes through photo crosslinking.  Preliminary investigations on the effect of 

molecular weight, morphology and zwitterionic identity on water transport are reported. 

The organization of this dissertation has two specific objectives. 

 

1.8.1 Tailoring of a Novel Amphiphilic-Zwitterionic Block Copolymer to Form 

Photo Crosslinked Free-Standing Films 

Neutral block copolymer precursors of poly (n butyl acrylate-ran-allyl 

methacrylate)-b-poly (dimethylamino ethyl methacrylate) (P(nBA-ran-AMA)-b-

PDMAEMA) with different copolymer volume fractions were synthesized using controlled 

radical polymerization. Advantage of using this technique is the ability to synthesize a 

polymer chain with predetermined molecular weight and well-defined chemical 

composition while also maintaining a narrow dispersity. Variation of the zwitterionic 

groups; sulfobetaine, carboxybetaine or cholinephosphate were attempted through post-

polymerization modification of the PDMAEMA block using nucleophilic ring-opening 

reactions of 1,3-propane sultone, β-propiolactone or n-butyl substituted phospholane. The 

molecular properties of the polymer were investigated via NMR, GPC, FTIR analysis. 

Thermal stability of these zwitterionic systems was investigated by using 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).  
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1.8.2 Analyzing the Effect of Composition and Identity of Zwitterionic Block on 

Morphology 

 A mechanically robust free-

standing amphiphilic zwitterionic 

copolymer poly (n butyl acrylate-ran-allyl 

methacrylate)-b-polybetaine methacrylate 

membrane were tailored using thiol-ene click chemistry on the pendent double bond of the 

allyl methacrylate repeating unit with a dithiol crosslinking agent under UV source. The 

systematic variations in volume fractions of each block were targeted to generate different 

morphologies. There is also an expectation that by choosing different zwitterionic groups 

the dipole moment of the block can be varied, which in turn will affect the self-assembled 

nanostructure of the system. NMR spectroscopy data are analyzed to calculate degree of 

polymerization (DP) from the distinct peaks of each repeating unit of pendent groups in 

parent neutral block copolymers and its modified amphiphilic-zwitterionic counterpart. 

These DP values of the neutral block copolymer were used to calculate the relative volume 

fraction of each block and aid the future calculation of post-polymerization modification 

on PDMAEMA block and crosslinking chemistry on PAMA block. The impact of the 

copolymer composition and the identity of various zwitterionic blocks on the morphology 

were analyzed using small angle X-ray scattering (SAXS). Various relative humidity 
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sweeps and temperature sweep SAXS were performed through collaboration with Argonne 

National Laboratory to investigate the effect of different environmental conditions of these 

morphologies. In addition to SAXS, transmission electron microscopy (TEM) was 

performed to study real space imaging of these structures. With these characterizations it 

is possible to perform a structure-property relationship study of these novel Amphiphilic- 

Zwitterionic block copolymer system. This study also has a potential application in the 

field of water transport filtration membrane. The effect of morphology (contributed by 

zwitterionic identity and composition) on water uptake property will be studied using 

gravimetric analysis and dead-end filtration and on salt transport property using kinetic 

desorption method. 
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CHAPTER 2                                                                  

MODULAR CHEMISTRY FOR DEVELOPING A LIBRARY 

OF NOVEL AMPHIPHILIC ZWITTERIONIC (A-Z) BLOCK 

COPOLYMERS 
 

2.1 Background and Motivation  

The hydrophobic and hydrophilic (zwitterionic) blocks of the A-Z block 

copolymer are usually not compatible to undergo a sequential copolymerization technique 

due to the expected lack of a common solvent to allow for solution polymerizations. To 

mitigate this challenge a neutral block copolymer precursor of poly [dimethylamino ethyl 

methacrylate-b-(n butyl acrylate-ran-allyl methacrylate)] (D-HyphB) was chosen to allow 

for synthesis using RAFT polymerization, which is a living/controlled radical 

polymerization. Advantages of using this technique are the ability to synthesize a polymer 

chain with a predetermined molecular weight and well-defined chemical composition also 

maintaining a narrow dispersity. Poly(n butyl acrylate-ran-allyl methacrylate) (HyphB) 

was chosen as the hydrophobic part of the copolymer for its low glass transition 

temperature (Tg) that would provide flexibility. The pendent allyl group from the allyl  

methacrylate comonomer affords sites for future crosslinking to enhance mechanical 

integrity. The poly(dimethylamino ethyl methacrylate) (D) has two sites for modification 

chemistry - an acrylate ester group making it susceptible for nucleophilic substitution 

chemistry and a basic tertiary amine group suitable for nucleophilic ring-opening reactions 

that simultaneously results in quaternization. After sequential RAFT polymerization is 

used to synthesize the parent block copolymer a post-polymerization modification can be 

performed using the latent functionality of the tertiary amine pendent group. Nucleophilic 
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ring-opening reactions of different heterocycles were performed to achieve the hydrophilic 

zwitterionic segments of the block copolymers. This synthetic methodology provides 

flexibility to tailor a broad array of A-Z copolymers by obviating the synthetic challenges 

of the incompatibility of HyphB  and zwitterionic blocks while also giving well-controlled 

overall molecular weights, volume fractions of the copolymer block, dispersity, and 

zwitterion content. 

This chapter will focus on developing a platform series of A-Z block 

copolymers with different volume fractions of the hydrophilic block and identity of 

zwitterionic block from the same parent polymer. Post-polymerization modification of the 

PDMAEMA block will be performed using ring-opening of 1,3-propane sultone, β-

propiolactone, and n-Butyl substituted choline phospholane heterocyclic rings. 

Characterizations methods employed include NMR, GPC, FT-IR, TGA and DSC were 

performed to investigate the molecular composition and thermal properties of the 

copolymers.  

 

2.2 Instrumentation and Characterization 

NMR spectroscopy was performed using a Bruker Avance III HD 500 MHz 

spectrometer. Gel permeation chromatography (GPC) was performed in DMF with a RI 

detector. Infrared spectroscopy was performed on a Perkin-Elmer Spectrum One FT-IR 

spectrometer with ATR sampling accessory recorded between 650 cm-1 and 4000 cm-1 with 

8 scans. Thermogravimetric analysis (TGA) Q500 was used with a heating rate of 10 K 

min-1 from 21 °C to 150 °C then an isothermal hold for 30 minutes under a nitrogen 

environment. Differential scanning calorimetry (DSC) was performed using a TA 
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Instruments DSC Q200 equipped with a refrigerated cooling system (RCS90). Samples of 

approximately 3-8 mg were loaded into hermeticall sealed aluminum pans and subjected 

to a heat/cool/heat cycle at a heating/cooling rate of 10 K/min over a temperature range of 

-70 to 150 oC. The Tg’s were determined from the second heating cycle. 

 

2.3 Homopolymerization of PDMAEMA 

2.3.1 Kinetic Study for Synthesis of PDMAEMA 

 A kinetic study of the synthesis of macro chain transfer agents containing 

DMAEMA (Scheme 2.1) has been performed to study the reaction time required to achieve  

the D block with targeted molecular weight and low dispersity. A commercially available 

chain transfer agent (CTA) was chosen containing trithiocarbonate group which is less 

susceptible than the dithioester group to nucleophilic attack from the tertiary amine group 

present in the monomer. The CTA contains a methylene group that provides a distinct 

traceable signal in 1H-NMR, not overlapping with any of the polymer characteristic signals, 

for end-group analysis and DP measurements. The CTA, 4-Cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTCPA), and the initiator 4,4′-

Azobis (4-cyanovaleric acid) (ABCVA) are purchased from Sigma Aldrich. Monomer  

(DMAEMA) and solvent (DMF, anhydrous 99.8%) were purchased from Alfa Aesar. The 

monomer was purified by passing through an alumina column to remove inhibitors. All the 

other reagents were used without further purification.  

Synthesis of poly DMAEMA was performed under a nitrogen atmosphere at 60°C. 

Selected quantities of CTA and initiator are dissolved in DMF (10ml) in a 50 ml round 

bottom flask. The solution was purged under nitrogen for 20 min. Into the purged solution, 
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a known amount purified DMAEMA (10ml) was then added. The resulting stock solution 

was kept under nitrogen flow for a further 10 min more to ensure complete removal of 

dissolved oxygen. The flask was then transferred to a stir plate pre-heated to 60°C. An 

aliquot of 0.5 ml of the reaction mixture was removed with a nitrogen flushed syringe every 

2 hours. 1H-NMR and DMF-GPC measurements were performed on the crude aliquot to 

observe changes in monomer concentration to determine % conversion, molecular weight, 

and dispersity (Table 2.1). 

                   Table 2.1:Kinetic study data for homopolymer block 

Time conversion [%] Đ M
n
 [KDa] 

 2 h 11 1.9 28 

4 h 19 1.6 41 

6 h 26 1.5 56 

8 h 28 1.5 61 

10 h 34 1.4 71 

11 h 32 1.5 65 

14 h 48 1.5 90 

16 h 44 1.3 98 

18 h 44 1.4 90 

20 h 37 1.4 85 

22 h 46 1.4 91 
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Figure 2.1: a) GPC trace of the crude aliquot at 2hr interval b)Mn and 
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The percent conversion (Table 2.1)  of the poly DMAEMA were studied through 

1H-NMR by calculating the relative ratio of the methylene proton alpha to the carbonyl 

group of the pendant group of the unreacted monomer and polymer.  This study shows a 

linear increase in polymer formation up to 10 h with a gradual decrease in the rate of 

increase of molecular weight over time (Figure 2.2). A similar trend is followed by 

molecular weight and as studied by DMF-GPC with PMMA standard (Figure 2.1). The 

overall dispersity values were low, but it gradually reduced for the first  10 h and after that 

it became constant. This study demonstrates that the polymerization remained controlled 

for the initial 10 h time period, after that the rate drops. This observation is attributed to 

two factors: 1) reduction is the concentration of the unreacted monomer, 2) possible 

nucleophilic attack of the tertiary amine on the trithiocarbonyl end-group on the CTA, 

terminating the chain-end. Based on this observation, the selection duration of 

polymerization reactions was fixed at 10 h.  

 

2.3.2 Synthesis of PDMAEMA with Different Molecular Weight 

 

 

Scheme 2.1: Homopolymerization of PDMAEMA 
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The synthesis of six batches of PDMAEMA macro-CTAs with different molecular 

weights were performed based on the observation obtained from the kinetic study (Scheme 

2.1). The CTA and initiator were first dissolved in DMF (10ml) in a 50 ml round bottom 

flask. The solution was purged under nitrogen for 20 min. Into the purged solution, purified 

DMAEMA (10ml) was added. The stock solution was kept under nitrogen flow for 10 min 

more to ensure complete removal of dissolved oxygen. The flask was then transferred to a 

stir plate pre-heated to 60 °C for 10 h. CTA and monomer concentrations ratio were varied 

in order to obtain different molecular weights. After 10 h the vials were quenched by 

exposure to air with the reaction vial chilled in an ice bath. The DMF solvent was removed 

by freeze drying. The resultant polymer was dissolved in THF and purified by precipitating 

into hexane. The samples were dried for 24 h under vacuum at 70°C. The resultant polymer 

was pale yellowish in color, ranging from soft and sticky to hard and brittle depending on 

the molecular weight.  

The synthesized homopolymer series are listed (Table 2.2). The molar ratio of CTA 

to initiator ABCVA was 10:1, and the molecular weight of PDMAEMA block in the di- 

block copolymer will be controlled by adjusting the feed ratio DMAEMA monomer to 

CTA. The molecular weight of the homopolymers will vary between 5,000-55,000 g/mol 

of relative volume fraction of PDMAEMA. The DP and copolymer composition will be 

calculated by end-group analysis from 1H-NMR and DMF-GPC. DP is chosen over Mn to 

report the chain length of the homopolymer. 

 



44 
 

 

 

 

 

13 14 15 16 17 18 19

retention time (cm)

 M14

 M15

 M16

 M17

 M18

 M19

a 

Table 2.2:Overview of the Synthesis and Corresponding Properties of the 

PDMAEMA Homopolymer Series 
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The percent conversion of the poly DMAEMA was studied through 1H-NMR  by 

calculating the relative ratio of the methylene proton alpha to the carbonyl group of the 

pendant group of the unreacted monomer and polymer.  The analysis shows that with an 

increase in the targeted molecular weight, the percent conversion of monomer decreases. 

For higher targeted molecular weights, the monomer to CTA ratio is high (figure 2.3). The 

CTA added could not polymerize a large amount of monomer within the selected 10 h 

reaction time leading to lower overall monomer conversion. According to DMF GPC the 

dispersity was low, and a monotonic increase in molecular weight was observed with 

higher targeted molecular weight (figure 2.2). A tailing was observed near the lower 

molecular weight regime, more prominently for lower molecular weight due to column 

Figure 2.3: a) DMF-GPC Trace b)1H-NMR spectra of DMAEMA homopolymer 

b

b 
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interaction between DMF-GPC column and tertiary amine group of the polymer pendant 

group. 

PDMAEMA with six different molecular weights were synthesized successfully. 

After characterizing these six batches, they were ready for chain extension to make the 

parent amphiphilic diblock copolymer system. 

 

2.4 Chain Extension of PDMAEMA with Different Hydrophobic block 

2.4.1 Chain Extension with Polyisoprene 

The macroCTA (II) (CTA-PDMAEMA) was used for chain extension reaction with 

isoprene (III) (Scheme 2.2). To mediate the slow polymerization rate of isoprene, the 

reaction was performed at higher temperature, 125°C and di-tert butyl peroxide (DTBPO) 

was chosen as initiator for its elongated half-life at 120°C. Polymerization reactions were 

performed under N2 using thick walled Schlenk tubes after 3-4 cycles of freeze-pump-

thaw. The reaction was performed at 125°C for 17 h. The polymer was dried under vacuum 

for 48 hours to remove any unreacted monomer.  

 

Scheme 2.2: Chain Extension with Isoprene 
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From the 1H NMR spectra (Figure 2.4) a successful synthesis of polyisoprene was 

observed, but it was not sufficient to confirm whether block copolymer or a mixture of 

homopolymers were synthesized. The copolymer was not soluble in DMF, and thus we 

were not able to to perform DMF-GPC. For THF-GPC due to column interaction with the 

tertiary amine of the pendent group, performing GPC to detect the dispersity of the polymer 

chain was beyond the scope of the instrumentation.  

 

Post polymerization modification of the synthesized polymer was performed by 

nucleophilic ring-opening of 1,3-propane sultone (Scheme 2.3). After 24 hours, the 

modified polymer became insoluble in any organic solvent at room temperature. 1H-NMR 

(figure 2.5) shows no peak visible for sulfobetaine proving that the zwitterionic portion is 

not going in the solution. This led to difficulty in measurement of percent zwitterion 

formation. This incompatibility with any organic solvent led to difficulty in 

characterization as well as future processing of this block copolymer. 

Figure 2.4: 1H-NMR of PDMAEMA-b-PI 
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Scheme 2.3: Post-polymerization Modification of PDMAEMA-b-PI by 1,3-Propane 

Sultone 

Figure 2.5:a) 1H-NMR Spectra of PSBMA-PI b)Solubility of PDMAEMA-

b-PI vs PSBMA-b-PI in TFE 

a 

b 
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2.4.2 Chain Extension with Poly Allyl Acrylate  

Chain extension of PDMAEMA was performed with allyl acrylate under nitrogen 

atmosphere at 60°C. Macro CTA and initiator ABCVA were dissolved in DMF (10 ml) in 

50 ml round bottom flasks. The solutions were purged under nitrogen for 20 min. In the 

purged solutions, allyl acrylate was added. The stock solution is kept under nitrogen flow 

for 10 min more to ensure complete removal of dissolved oxygen. The flasks were then 

transferred to a stir plate pre heated to 60°C. After 1 h the reaction gelled into a solid mass 

which was insoluble in any solvent. Allyl acrylate has two radical generating sites. The 

vinylic group is more active than the allyl group. So in the initial phase radicals were being 

generated in the vinylic site leading to incorporation of allyl acrylate at the chain-end. With 

the reduction in allyl acrylate monomer concentration, there is a reduction in vinylic group 

and increase in pendant allyl group which started contributing to generating free radical 

reactive sites. These radical generating sites lead to crosslinking of the di-block copolymer 

resulting in gelation. 

 The use of allyl acrylate comonomer was then substituted by a mixture of n-butyl 

acrylate and allyl methacrylate with the feed ratio of n-butyl acrylate : allyl methacrylate 

as 19 : 1 to reduce pendant allylic group concentration in the polymer backbone (scheme 

2.4). In this way the hydrophobic block still retains its low Tg, rubbery phase along with 

having allyl pendant group providing the possibility for future controlled crosslinking. 

Chain extension of the DMAEMA macro CTA using the mixture of n-butyl acrylate and 

allyl methacrylate in an equal volume of DMF resulting in the formation of a copolymer 

that was soluble in DMF after 1 h or reaction time. In 1H-NMR peaks for both hydrophobic 

and hydrophilic block can be visible (Figure 2.6). Analysis of the resulting copolymer in 
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DMF GPC with the crude aliquot shows multimodal peak at higher molecular weight 

region showing crosslinking is still occurring but at slow rate (figure 2.6a). 

 

scheme 2.4: Chain extension via random mixture of n-butyl acrylate and allyl 

methacrylate 

 

 

 

 

10 11 12 13 14 15 16 17 18

retention time (min)

 PDMAEMA159

 PDMAEMA159-(PBA290-PAMA26)-f0.40

 PDMAEMA180

 PDMAEMA180-(PBA133-PAMA11)-f0.60

 PDMAEMA180-(PBA50-PAMA9)-f0.80

Figure 2.6: a) DMF-GPC Trace b)1H-NMR spectra of block 

copolymer 

a 

b 
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The procedure was repeated in 4 times excess DMF as compared to comonomer 

volume. The polymers synthesized remain soluble in DMF even after 24 hours. We then 

proceeded for kinetic study to set the time required to achieve a polymer with no significant 

crosslinking. 

2.4.3 Kinetic Study for Synthesis of Poly[(dimethyl aminoethyl methacrylate)-b-(n-

butyl acrylate-ran-allyl methacrylate)]  

 A kinetic study of the chain extension of poly DMAEMA hydrophobic block 

(HyphB) has been performed to study the reaction time required to achieve a diblock 

copolymer with targeted volume fraction and low dispersity. Purified PDMAEMA from 

previously described steps were used as macro CTAs. The initiator 4,4′-Azobis (4-

cyanovaleric acid) (ABCVA) are purchased from Sigma Aldrich. Monomers  (n-butyl 

acrylate and allyl methacrylate) and solvent (DMF, anhydrous 99.8%) were purchased 

from Alfa Aesar. The monomers are purified by passing through alumina column to 

remove inhibitors. The rest of the reagents were used without further purification 

Chain extension of poly DMAEMA was performed under nitrogen atmosphere at 

60°C. The prescribed amounts of macro CTA and initiator are dissolved in DMF (10 ml) 

in a 50 ml round bottom flask. The solution was purged under nitrogen for 20 min. In the 

purged solution, purified n-butyl acrylate (10 ml) and allyl methacrylate were added. The 

stock solution was kept under nitrogen flow for a further 10 min to ensure complete 

removal of dissolved oxygen. The flask was then transferred to a stir plate pre-heated to 60 

°C. An aliquot of 0.5 ml of the reaction mixture was removed with a nitrogen flushed 

syringe every 2 hours. 1H-NMR and DMF-GPC were performed on the crude aliquot to 
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observe change in percent conversion of monomer, molecular weight and dispersity (Table 

2.3). 

. 

Table 2.3:Kinetic study of synthesis of PDMAEMA-b-P(BA-ran-AMA) 

 

  DMF-GPC 1H-NMR 

time PDMAEMA Di-Block Copolymer PBA PAMA Di-Block Copolymer 

  D.P. Mn 

[g/mol] 

Mw 

[g/mol] 

Đ D.P. conversion 

[%] 

D.P. conversion 

[%] 

conversion (monomer 

signal) [%] 

Mn 

[g/mol] 

0 h 40 800 1,000 1.3 0 0 0 0 0 0 

2 h 40 4,100 5,400 1.3 42 29 2 75 27 11,800 

4 h 40 8,600 12,900 1.5 76 53 5 93 49 16,500 

6 h 40 13,400 24,700 1.8 105 66 8 93 64 20,600 

8 h 40 15,600 39,300 2.5 103 76 8 93 73 20,400 

10 h 40 18,000 52,300 2.9 128 80 8 93 80 23,600 

12 h 40 22,000 81,600 3.7 151 85 8 93 83 26,500 

22 h 40 23,300 192,700 8.3 142 93 8 93 92 25,400 

a 
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Figure 2.7: a) GPC trace of the crude aliquot at 2 h interval b)Mn and Đ plot as 

indicated by GPC value 

a 

b 
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The percent conversion of the n-butyl acrylate and allyl methacrylate were studied 

through 1H-NMR by calculating relative ratios of the methylene proton alpha to the 

carbonyl group of the pendant group of the unreacted monomers and polymer (Figure 2.8 

a). Butyl acrylate exhibits a linear increase in percent conversion for an initial 4 h with 

gradual reduction in rate of increase in percent conversion. For allyl acrylate, the rate of 

increase in percent conversion is high and reaches almost 95% in the initial 4 h, after which 

it becomes constant due to a very low monomer concentration (Figure 2.8 b). The analysis 

by DMF-GPC with PMMA standard shows a gradual increase in molecular weight up to 4 

h with gradual decrease in the rate of increase over time whereas the opposite trend is 

followed by dispersity as studied (Figure 2.7 b). The overall dispersity was initially low 

then it increases exponentially after 4 hrs. The GPC chromatogram also shows an 

appearance of a shoulder at higher molecular weight (Figure 2.7 a). This observation can 

be attributed to the fact that initially the vinyl unit of the allyl methacrylate were reacting 

with the chain-end of the macro CTA, but with the reduction of the monomer 

50% 

Figure 2.8: a) 1H-NMR spectra of the crude aliquot at different time interval b) 

percent convertion plot as calculated from the unreacted monomer to polymer 

b 
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concentration, radical generation begins to happen from the allyl group resulting in 

branching and crosslinking of the pendent sidechains. Based on this observation, the 

duration of the polymerization reaction was fixed at 4 h.  

2.4.4 Synthesis of Poly[(dimethyl aminoethyl methacrylate)-b-(n-butyl acrylate-

ran-allyl methacrylate)] with Different Volume Fraction 

Chain extension of PDMAEMA to target different molecular weight copolymers 

were performed under nitrogen atmosphere at 60 °C for 4 h. The macro CTAs with six 

different molecular weights and the initiator were dissolved in DMF (10 ml) in separate 50 

ml round bottom flasks. Different volume fractions were targeted by changing the ratio of 

macro CTA and comonomers feed ratios.  The solutions were purged under nitrogen for 

20 min. In the purged solutions, purified n-butyl acrylate (10 ml) and allyl methacrylate 

were added. The stock solutions were kept under nitrogen flow for a further 10 min to 

ensure complete removal of dissolved oxygen. The flasks were then transferred to a stir 

plate pre-heated to 60°C. After 4 h the reactions were quenched by exposing to air in the 

vials that were chilled to an ice-cold temperature. The DMF was removed by freeze drying 

and the copolymers were dissolved in THF and purified by precipitating in hexane. The 

isolated copolymers were dried under vacuum for 24 h under room temperature.  

The synthesized copolymer series are listed (Table 2.4). The molar ratio of macro-

CTA to initiator (DTBPO) was 10:1, and the chemical composition of the (n-butyl acrylate-

ran-allyl methacrylate) and PDMAEMA block in the diblock copolymer was controlled by 

adjusting the feed ratio of comonomer and PDMAEMA. The composition of the 

copolymers varied between 0.10-0.65 of relative volume fraction of PDMAEMA.  
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The chain-ends of the macro CTA were active and successfully chain extended 

without any noticeable dead chains observed at the lower molecular weight region in GPC 

(Figure 2.9a). From the DMF-GPC trace molecular weight of each block copolymer and 

their respective volume fractions can be calculated (Table 2.4). 1H-NMR spectra (Figure 

2.9b) were recorded using CDCl3 as solvent to calculate the molar ratio of each block in 

the copolymer (Table 2.5). Batch 16 shows that the ratio between n-butyl acrylate and allyl 

acrylate is high. The dispersity of the batch is also higher than the rest. This observation 

can be attributed to the fact that premature crosslinking started in the allyl pendant group 

resulting in higher composition of n-butyl acrylate as compared to allyl methacrylate.  

  

Table 2.4:Overview of the Synthesis and Corresponding Properties of the 

PDMAEMA-b-P(BA-AMA) Series as Indicated by GPC 

  GPC(M) GPC(D) 
Nomenclature 

Name fPDAMEMA Mn Đ Mn Đ 

14 .66 46,000 1.37 70,200 1.34 PDMAEMA290-b-P(BA-ran-5%AMA)185-
f0.66 

15 .69 41,000 1.35 60,100 1.36 PDMAEMA260-b-P(BA-ran-5%AMA)150-
f0.69 

16 .47 35,000 1.31 75,300 1.70 PDMAEMA223-b-P(BA-ran-5%AMA)312-
f0.47 

17 .22 17,000 1.41 78,400 1.37 PDMAEMA110-b-P(BA-ran-5%AMA)480-
f0.22 

18 .18 10,000 1.34 56,300 1.34 PDMAEMA94-b-P(BA-ran-5%AMA)360-
f0.18 

19 .10 4,000 1.41 37,900 1.35 PDMAEMA25-b-P(BA-ran-5%AMA)265-
f0.10 



57 
 

 

 

  

12 14 16 18

in
te

n
s
it
y

retention time (min)

 D14

 D15

 D16

 D17

 D18

 D19

 M14

 M15

 M16

 M17

 M18

 M19

Figure 2.9: : a) DMF-GPC Trace b)1H-NMR spectra of parent block copolymer 
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2.5 Post Polymerization Modification with Different Heterocyclic Rings 

2.5.1 Ring-Opening of 1,3-Propane Sultone 

 A series of A-Z copolymers have been synthesized by ring-opening of 1,3-propane 

sultone using the previously synthesized parent copolymer PDMAEMA-b-P(n-BA-ran-

AMA) copolymers. A typical synthetic procedure was as follows, the copolymers (1 gm) 

and .5 and 1 equivalent  1,3-propane sultone as compared with the PDMAEMA monomer 

calculated by NMR were dissolved in tetrahydrofuran (THF) (12 ml), and stirred 

vigorously for 24 h at room temperature (Scheme 2.5).1 At the end of the reaction time the 

polymer appeared as transparent solid gel. The gel was then dissolved in TFE and 

precipitated into toluene to remove any excess 1,3-propane sultone. From each parent 

copolymer synthesized, three different A-Z copolymers were synthesized with targeted  

Name PDMAEMA PBA PAMA 

14 21 7.6 1 

15 18 7.3 1 

16 14 23 1 

17 8.1 14 1 

18 4.6 9.3 1 

19 3.4 7.1 1 

Table 2.5:Overview of the Synthesis and Corresponding Properties of the 

PDMAEMA-b-P(BA-AMA) Series as Indicated by NMR 
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30%, 50%, and 100% molar fraction of the heterocyclic ring relative to the DP of 

DMAEMA.  

 

Table 2.6:Percent quaternization as indicated by NMR 

 

 

 The 1H-NMR spectrum using TFE-d2 solvent (Figure 2.10.) reveals the distinct 

peak of the poly sulfobetaine methacrylate. Due to presence of neighboring positive and 

negative charge a chemical shift of the proton peaks alpha to ester bond and tertiary amine 

group has been shifted. From the ratio of the proton peaks appearing at  3 ppm (methyl 

proton attached to quaternary ammonium ion),  3.75 ppm (methylene proton alpha to the 

D
290

-(HyPhb)
187

-
f
0.66 

(14) 
D

223
-(HyPhb)

312
-

f
0.47 

(16) 
D

110
-(HyPhB)
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-

f
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(17) 
D

25
-(HyPhB)
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-f0.10 

(19) 
Targeted 

% Quaternization 
Targeted 

% Quaternization 
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% Quaternization 
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% Quaternization 
30 50 100 30 50 100 30 50 100 30 50 100 

Experimental  

% Quaternization (x) 
Experimental  

% Quaternization (x) 
Experimental 

% Quaternization (x) 
Experimental 

% Quaternization (x) 
27 40 100 30 54 100 25 35 100 17 35 100 

scheme 2.5: Post polymerization modification of parent diblock polymer via nucleophilic 

ring opening of 1,3-propane sultone 
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sulfonate group) and   2.5 ppm (methylene proton alpha to the tertiary amine of the 

unreacted pendant group) % quaternization was calculated (Table 2.6) 
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Figure 2.10: Representative NMR of A-Z block copolymer with 54% of 

quaternization 
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Figure 2.11:FTIR analysis of the A-Z block copolymer with different percentage 

quaternization as compared with the parent block copolymer 

 

FTIR analysis of the A-Z block copolymer with different percentage quaternization 

as compared with the parent block copolymer were done (Figure 2.11). With the increase 

in the percent quaternization as indicated by 1H-NMR there is also an increase in S=O 

asymmetric and symmetric stretching bands indicating successful quaternization was. 

Corresponding to an increase in the percent quaternization, there was also an increase in 
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bound water peak indicating that the polymer becomes inherently more hygroscopic with 

the increase in zwitterionic content. 

 TGA analysis (Figure 2.12)  of the polymers were also performed to study the 

thermal stability of the zwitterions as compared with that of the parent block copolymer.  

For the parent block copolymers the first degradation temperature was observed at 150°C 

which is due to the mass loss of bound water.  A second degradation step is due to the 

tertiary amine group and the last degradation is due to the fragmentation of the polymer 

backbone. With the increase in PDMAEMA volume fraction bound water weight loss and 

weight loss due to tertiary amine group increases. With the increase in percent 

quaternization the first mass loss temperature increases as the bound water becomes more 

tightly bound due to the presence of zwitterionic charges.  For 100% quartenized A-Z block 

copolymer the first degradation temperature is much higher and the mass loss at the higher 

temperature is greater than the parent block. This analysis showed that the A-Z block 

copolymers synthesized are thermally stable within the operating temperature range 

explored. 

 DSC (Figure 2.13 )analysis of the polymers were performed to probe the glass 

transition temperature of the A-Z block copolymer as compared to its parent block 

copolymer. In the parent block copolymer, characteristic Tg of n-butyl acrylate appears 

around -55°C and that of PDMAEMA comes around 117°C. According to literature, Tg of 

SBMA is around 200°C in rapid DSC analysis with a 2000 K/min heating rate. The high 

Tg of PSBMA is due to the strong cohesive attraction between the positive and negative 

charges present in the polymer pendant group. In the block copolymer due to the presence 

of a low Tg rubbery domain on n-butyl acrylate, the Tg of the PSBMA appears at lower 
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temperature. At the same time, the  Tg of n-butyl acrylate disappears with the increase in 

zwitterionic content. 
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Figure 2.12:TGA analysis of the A-Z block copolymer as compared with that 

of the parent block copolymer 
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Figure 2.13:DSC analysis of the A-Z block copolymer as compared with that of 

the parent block copolymer 
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2.5.2 Ring-Opening of n-Butyl Substituted Phospholane Ring 

2.5.2.1 Synthesis of n-Butyl Substituted Phospholane ring 

 The ring-opening reaction with the phospholane was anticipated to be more 

challenging than the either sultones or lactones. Reaction of tertiary amines with the 

phospholane ring shows a competitive pathway to the formation of quaternary ammonium 

and phosphate salts over the production of zwitterionic moieties (Figure 2.14). This 

pathway to the formation of phosphate salt becomes prominent and is difficult to separate 

from the desired zwitterion ionic product in the case of methyl/ethyl/propyl substituted 

phospholanes. With the increase in the number carbons in the phospholane ring, the ring-

opening step becomes more facile to provide a zwitterionic moiety, but the hydrophilicity 

of the zwitterion decreases accordingly. N-Butyl substituted phospholane shows an 

optimization between the ring-opening step and hydrophilicity of the produced zwitterionic 

moiety.2 

 

 

 

Figure 2.14: Competitive reaction pathway in the reaction of tertiary amine and 

alkyl substituted phospholane.Image taken from reference 2 
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2-Chloro-1,3,2-dioxaphospholane 2-oxide was purchased from Sigma Aldrich. N-

butanol, triethyl amine and diethyl ether (anhydrous) were obtained from Fischer 

Scientific. 2-Chloro-1,3,2-dioxaphospholane 2-oxide and triethyl amine were distilled 

prior to use. 2-Chloro-1,3,2-dioxaphospholane 2-oxide was stirred with an equimolar 

amount of n-Butanol at -20°C under an inert atmosphere in the presence of dry 

triethylamine to obtain n-butyl substituted phospholane (Scheme 2.6).2 The product was 

separated immediately after synthesis through filtration through a celite pad under N2. 

Diethyl ether was removed from the filtrate through rotavapor and further dried in vacuum 

over for 8-9 hour.   The product is hydrolytically unstable and readily undergoes ring-

opening when in contact with moisture at room temperature, the phospholane proved to be 

stable at -20°C.2 

 1H-NMR, 13C-NMR and 31P-NMR were performed to show the purity of the 

product obtained (Figure 2.15). 

 

 

 

scheme 2.6:Synthesis of 2-butyl-1,3,2-dioxaphospholane 2-oxide 
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A 

B 

C 

Figure 2.15: A) 1H-NMR, B) 13C-NMR & C) 31P-NMR of 2-butyl-1,3,2-

dioxaphospholane 2-oxide 
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2.5.2.2 With n-Butyl Substituted Phospholane 

 A series of A-Z copolymers have been synthesized by ring-opening of n-Butyl 

substituted phospholane using the previously synthesized neutral PDMAEMA-b-P(nBA-

ran-AMA) copolymers. A typical synthetic procedure was as follows, the copolymers (1 

gm), monomethyl ether hydroquinone (MEHQ) and a threefold excess n-Butyl substituted 

phospholane ring were dissolved in tetrahydrofuran (THF) (12 ml) and stirred vigorously 

for 5 day at 60°C (Scheme 2.7) . At the end of the reaction the polymer solution appeared 

as a transparent viscous liquid. This was then dissolved in TFE and precipitated in toluene 

to remove any excess n-Butyl substituted phospholane ring. From each neutral copolymer 

synthesized, A-Z copolymers were synthesized with targeted  level 100% molar fraction 

of the heterocyclic ring relative to the DP of DMAEMA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

scheme 2.7:Post polymerization modification of parent diblock polymer via 

nucleophilic ring opening of 2-butyl-1,3,2-dioxaphospholane 2-oxide 
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The 1H-NMR spectrum using TFE-d2 solvent (Figure 2.16) reveals the distinct peak 

of the poly(choline phosphate methacrylate). Due to presence of neighboring positive and 

negative charge a chemical shift of the proton peaks alpha to the ester bond and tertiary 

amine group was observed to have been shifted. From the ratio of the proton peaks 

appearing at  3.2 ppm (methyl proton attached to quaternary ammonium ion), and   2.5 

ppm (methylene proton alpha to the tertiary amine of the unreacted pendant group) the 

percent quaternization was calculated. Due to slow rate of nucleophilic ring-opening 

Figure 2.16:Representative NMR of A-Z block copolymer with 20% 

of quaternization 

Table 2.7:Percent quaternization as indicated by NMR 
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reaction the percent quaternization achieved was observed to be lower than in the ring-

opening reactions with 1,3-propane sultone (Table 2.7) 

FTIR analysis of the A-Z block copolymer with different percent quaternization as 

compared with the parent block copolymer (Figure 2.17). With the increase in the percent 

quaternization as indicated by 1H-NMR there is also an increase in P-O-C and P=O 

stretching bands, also indicating successful quaternization was possible. Corresponding to 

the increase in percent quaternization, there was also an increase in bound water peak 

indicating that the polymer becomes inherently more hygroscopic with the increase in 

zwitterionic content. 
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Figure 2.17:FTIR analysis of the A-Z block copolymer with different 

percentage quaternization as compared with the parent block copolymer 
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 TGA analysis of the polymers were also performed to study the thermal stability of 

the zwitterions as compared with that of their parent block copolymer (Figure 2.18). For 

the parent block copolymer the first degradation temperature was observed at 150°C which 

is due to the mass loss of the bound water. A second degradation was due to the loss of the 

tertiary amine group and the last degradation step was due to the fragmentation of the 

polymer backbone. With the increase in PDMAEMA volume fraction the bound water 

mass loss and mass loss due to tertiary amine group increases. With the increase in the 

percent quaternization the first mass loss temperature increases as the bound water 

becomes more rigid due to the presence of the zwitterionic charges. The second mass loss 

is due to the degradation of the quaternary ammonium groups and the last degradation is 

due to the fragmentation of the polymer backbone. For 100% quartenized A-Z block 

copolymer the first degradation temperature is much higher and the mass at the higher 

temperature is greater than the parent block. This study shows that the A-Z block 

copolymers synthesized are thermally stable within the range of operating temperatures. 
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DSC analysis of the polymers were performed to study the glass transition 

temperature of the A-Z block copolymer as compared to its parent block copolymer (Figure 

2.19). In the parent block copolymer, characteristic Tg of n-butyl acrylate appears around 

-55°C and that of PDMAEMA is observed around 117°C. The Tg of the A-Z block 

copolymer was not very different for the low zwitterionic content. According to literature, 

Tg of SBMA is around 200°C in rapid DSC with a 2000 K/min heating rate. The high Tg 

of PSBMA is due to strong cohesive attractions between the positive and negative charge 
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Figure 2.18:TGA analysis of the A-Z block copolymer as compared with that of 

the parent block copolymer 
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present in the polymer pendant group. In the block copolymer due to the presence of a low 

Tg rubbery domain on n-butyl acrylate, the Tg of the PSBMA appears at lower temperature. 

At the same time Tg of n-butyl acrylate disappears with the increase in zwitterionic content. 

 

2.5.3 Ring-Opening with  -propiolactone 

 A series of A-Z copolymers have been synthesized by ring-opening of by 1,3-

propane sultone using the previously synthesized neutral PDMAEMA-b-P(nBA-ran-

AMA) copolymers. A typical synthetic procedure was as follows, the copolymers (1 g) and 

three times excess -propiolactone were dissolved in tetrahydrofuran (THF) (12 ml) and 

stirred vigorously for 24 h at room temperature (Scheme 2.8). This mixture was then 

dissolved in TFE and precipitated in hexane to isolate the polymer. But 1H-NMR and FTIR 

analysis shows no heterocyclic ring opening reaction has been observed (Table 2.8). In the 
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Figure 2.19:DSC analysis of the A-Z block copolymer as compared with that of the 

parent block copolymer 
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1H-NMR a peak for methyl proton attached to quaternary amine should have appeared at  

3.0-3.5 ppm region and a shifted peak 2methylene proton alpha to the tertiary amine group 

of the unreacted PDMAEMA should have shifted (Figure 2.20). In the FTIR no change in 

parent copolymer peak and increase of bound water peak should have been observed 

(figure 2.21).  The conclusion drawn from these analyses is that of the reaction the polymer 

showed no change in appearance, indicating a lack of reaction.  The reaction was repeated 

at higher temperatures, high concentration and longer time all to no avail. 

 

 

 

 

scheme 2.8:Post polymerization modification of parent diblock polymer via 

nucleophilic ring opening of  -propiolactone 

Table 2.8:Percent quaternization as indicated by NMR 
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Figure 2.20:Representative NMR of A-Z block copolymer with 0% of 

quaternization 

Figure 2.21:FTIR analysis of the A-Z block copolymer with different 

percentage quaternization as compared with the parent block copolymer 



76 
 

2.6 Conclusions: 

 In this chapter, a successful design of a platform parent block copolymer to 

synthesize amphiphilic zwitterionic block copolymer was discussed. Due to poor 

compatibility of hydrophobic low Tg and hydrophilic zwitterionic block post 

polymerization modification has been utilized. At first a conventional block copolymer 

consisting of a moderately polar block and a hydrophobic block was synthesized using 

controlled radical polymerization. This ensured control over molecular weight, dispersity, 

and volume fraction of each block in the copolymer. The nucleophilic ring-opening of 

different heterocyclic rings were then performed. 

 Ring-opening of 1,3-propane sultone showed the most success and high control 

over the percent quaternization. Ring-opening of n-butyl substituted choline phosphate 

showed slow reaction rate and low percent quaternization was achieved even when targeted 

for 100% quaternization. Ring-opening with -propiolactone did not occur under the 

reaction conditions explored. More investigation needs to be performed to increase the 

reaction rate of n-butyl choline phosphate and to find conditions to successfully ring -open  

-propiolactone. The synthetic pathway discussed in this chapter also opens broader 

possibilities of exploring additional copolymers of betaine type zwitterions and chemically 

incompatible hydrophobic blocks for a range of different applications. 
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3 CHAPTER 3                                                                                 

EVALUATION OF AMPHIPHILIC ZWITTERIONIC 

BLOCK COPOLYMER MEMBRANES FOR WATER 

TRANSPORT 
 

3.1 Introduction 

 Block copolymers represent a class of materials composed of two or more 

covalently attached incompatible blocks which can spontaneously segregate into self-

assembled structures with controllable dimensions and functionalities. The versatility of 

block copolymers in terms of their compositional sequence, architecture, and the choice of 

monomers can lead to dramatic changes in self-assembly and can allow for tailoring 

mechanical, electrical, optical and other physical properties for the targeted 

application.100,101 The simplest and most studied architecture for block copolymers is the 

linear A-B diblock, whose morphological behavior is dependent on three experimentally 

controllable factors: the overall degree of polymerization (𝑁), the volume fraction of the A 

component (𝜑𝐴) and the Flory-Huggins interaction parameter 𝜒𝐴𝐵 whose magnitude is 

determined by the selection of the A-B monomer pair. Depending on the values of 𝜑𝐴 and 

𝜒𝐴𝐵𝑁, a diblock copolymer can self-assemble into different equilibrium morphologies 

with a domain spacing ranging from 10-100 nm.1-2 By means of incorporating more 

chemically distinct blocks into a chain, or adapting unique properties such as chiral, 

crystalline or rod-like structures for one of the blocks; more complex morphologies can be 

observed which can offer opportunities in designing novel nanostructured materials with 

improved functionality and properties.3 
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 Literature on block copolyelectrolytes has shown how incorporating charges in one 

of the blocks leads to formation of different nanostructures that are inaccessible to 

uncharged block copolymers.4-6 Varying charges can tune the material spectrum of self-

assembled structures and enhance the efficiency of the ion transport. This complexity in 

the nanostructures arises because of counterion entropy leading to suppression of phase 

separation and charge ionization in the surrounding medium leading to enhancement of 

phase separation.4-6 Following the phase separation trend in uncharged block copolymer 

and charged block copolyelectrolyte, it would be interesting to investigate the self-

assembly behavior of block copolymer zwitterions. In this category of block copolymers 

two opposite charges are covalently bonded. Therefore, the entropy effect of the counterion 

will be nullified whereas the electrostatic cohesive strength will be highly enhanced. The 

contribution of these effects on morphology and the efficiency of the resultant morphology 

as the transport channels for water and ions is yet to be explored. 
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3.2 Experimental Section 

3.2.1 Fabricating Mechanically Robust A-Z Block Copolymer Membrane via 

Photo Crosslinking 

 Parent block copolymer and their corresponding A-Z block copolymer 

membranes were prepared by drop-casting from tetrahydrofuran and trifluoroethanol 

solution respectively following a previously reported procedure (scheme 3.1).7,8 Polymer 

(150 mg) was weighed into an aluminum covered scintillation vial equipped with a 

magnetic stirrer. 10% equivalent of photoinitiator solution (1.8 mL, 5) mg/mL in respective 

solvent was then added. The contents of the vial were stirred until the polymer dissolved. 

Three equivalents of dithiol cross-linker (88 μL 2,2′-(ethylenedioxy)-ethanedithiol) was 

added relative to the total amount of allyl methacrylate units as estimated by 1H NMR. The 

solution was thoroughly mixed in the dark for two more minutes. Membranes were then 

dropped cast on a Teflon sheet and were covered with a Petri dish to allow slow evaporation 

of the solvent and were allowed to dry at ambient conditions overnight in the dark. After 

24 h the dried membranes are exposed to solvent vapor annealing of their respective 

solvent. After that the crosslinking of the membranes was achieved by exposure to UV 

light for 3 hours (365 nm,100 mW/cm2 at working distance). The following photo 

crosslinking the membranes were soaked into water. Success of the reaction was 

scheme 3.1:Fabrication of robust copolymer membrane via photo crosslinking 
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determined whether the membrane was retaining its dimensional stability in water (Figure 

3.1).  

   

 

It was observed that the flexibility of the membrane changed with the change in the  

zwitterion content. The lower the zwitterion content, higher is the flexibility and the better 

the mechanical stability of the membrane (Figure 3.2). On the other hand, the membrane 

Figure 3.1: mechanical and dimensional stability of a A-Z block copolymer 

membrane before and after crosslinking 
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becomes more brittle with the increase in  the zwitterionic content. This result is due to the 

strong coulombic attraction between the positive and the negative charge between the 

added zwitterion in  the polymer chain.  

 

This attractive force should play an important role in determining the self-assembled 

structure of the material. To compare the effect of these coulombic interactions on the 

morphology the membranes are soaked in DI water, 0.5M NaCl solution and 1.0 M NaCl 

solution. The idea behind this is that after soaking in a salt solution ions will get into the 

Figure 3.2: With the increase in percent zwitterion in an A-Z block 

copolymer system with same hydrophilic volume fraction, the 

membranes becoming more brittle 
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polymer chain screening the opposite charges (anti-polyelectrolytic effect), and thereby 

reducing the coulombic interaction (Figure 3.3).9 Membranes were then taken out of the 

solutions, dried and morphology studies were performed. 

 

3.2.2 Instrument and Characterization 

 Small angle X-ray scattering (SAXS) experiments were performed at the Advanced 

Photon Source at Argonne National Laboratory on beamline 12 ID-B. The X-ray beam has 

a wavelength of 1 Å and power of 12 keV. Scattering data was collected on a Pilatus 2 M 

SAXS detector with an acquisition time of 1 s. Integration of the 2D scattering pattern with 

respect to the scattering vector (q) provided the intensity (I) data. Temperature and 

humidity of the sample environment during SAXS measurements was controlled using a 

custom designed oven with four sample slots with Kapton windows, as described 

Figure 3.3: Antipolyelectrolytic effect of zwitterion. Image taken from Ref. 9 
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previously.7,8 In a typical experiment, the oven was loaded with three membranes and one 

empty sample holder to collect a background spectrum of the environment for each 

experimental condition. Samples were soaked in water prior to loading. After removing the 

membranes from water, the superficial water on the surface of the membrane was lightly 

dried with a Kimwipe. Samples were loaded into the oven at room temperature at dry 

conditions. Loaded samples were allowed to equilibrate under dry gas flow for 20 min, and 

for 60 min at 95% RH, prior to X-ray measurements. The chamber temperature was kept 

constant as the RH increased to 95% RH. Spectra were analyzed by subtracting the 

background wave of the corresponding experimental condition from the sample wave. 

Gaussian curve fitting was utilized to detect peak maxima of the scattering curves. 

 The TEM specimens were prepared by a Leica CryoUltramicrotome. The 

microtome chamber was cooled down to −70 °C by liquid nitrogen, where the bulk sample 

was microtomed with a diamond knife to a thickness of around 50 nm. The cutting sections 

were then collected on 400-mesh copper support grids. TEM characterization was 

performed on a Technei T12 operated at an accelerating voltage of 200 kV. 

3.2.3 Morphology Study via SAXS 

 Morphologies of the photo crosslinked membranes were investigated with SAXS 

under environmentally controlled conditions. Morphology trace of parent copolymer, 50% 

zwitterionic form and 100% zwitterionic form are offset for clarity purpose. Each set shows 

morphology of dry and wet samples. The red traces represent dry samples, and the blue 

traces represent wet samples. The top traces represent the parent block copolymer, and the 

bottom trace represents the 100% zwitterion content whereas the middle trace  represents 

intermediated zwitterion content.  
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 The morphology of  block copolymer with 0.10 volume fraction of PDMAEMA 

are done (Figure 3.4). The parent copolymer in a dry state shows no short-range phase 

separation. But as the zwitterion content starts to increase,  a prominent increase in periodic 

order of the phase separated behavior starts to show. At 50% zwitterion content, the 

morphology appears as hexagonal while at 100% zwitterion content, the morphology shifts 

to lamellar. Now when the membranes are fully hydrated, we see a complete disordered 

morphology for the parent copolymer. But at 50% zwitterion, the d-spacing increases and 

the periodic arrangement becomes more prominent. Similar changes are also seen for 100% 

zwitterion. This is due to the fact that water molecules entering in between the chains are 

swelling the hydrophilic phase, increasing the  d-spacing. It is also reducing the coulombic 

interaction, in the zwitterionic moiety, thus giving a better periodic arrangement. 

 With the increase in the salt concentration, we see a distinct increase in the periodic 

arrangement for the parent copolymer. No discernable changes are observed for 50% 

zwitterion content. For 100% zwitterion content, better periodic arrangements are observed 

at the lower d-spacing region. 
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Figure 3.4: Morphology study of block copolymer membrane with f=0.10 by SAXS 

under controlled environment pretreated with a) pure DI water b) 0.5 M NaCl aqueous 

solution c) 1.0 M NaCl aqueous solution. 

*0% zwitterion, **50% zwitterion, ***100% zwitterion content 

Red Trace : Oven dried sample under dry environment 

Blue trace: Fully hydrated membrane under 95% relative humid condition 

a b 

c 
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* 
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** 

*** 

** 

** 

*** 
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 The morphology of  block copolymer with 0.22 volume fraction of PDMAEMA 

are done (Figure 3.5). In this case a similar trend was observed. The parent copolymer at 

dry state shows phase separation at a periodic arrangement of hexagonal morphology at a 

d-spacing of 50 nm. But as the zwitterion content starts to increase, there is a prominent 

shift in periodic order in the phase separated behavior towards higher d spacing. At 50% 

zwitterion content, the morphology shifts to lamellar while at 100% zwitterion content, the 

morphology appears lamellar with d-spacing at 86 nm range. Now when the membranes 

are fully hydrated, we see more random phase separated arrangement in parent block than 

its dry state. But at 50% zwitterion and at 100% zwitterion, periodic arrangement becomes 

more disordered. This is due to the fact that water molecules entering in between the chains 

swelling the hydrophilic phase, reducing the coulombic interaction, interfering with the 

periodic arrangement giving a disordered morphology. 

 With the increase in the salt concentration, we see a distinct increase in the periodic 

arrangement for the copolymer in the fully hydrated state. But no discernable changes are 

observed for dry membranes. 
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Figure 3.5.:Morphology study of block copolymer membrane with f=0.22 

by SAXS under controlled environment pretreated with a) pure DI water 

b) 0.5M NaCl aqueous solution c) 1.0M NaCl aqueous solution 

0% zwitterion, **50% zwitterion, ***100% zwitterion content 

Red Trace : Oven dried sample under dry environment 

Blue trace: Fully hydrated membrane under 95% relative humid condition 

a b 

c 

* 

** 

*** 
*** 

*** 

** 

** 

* 

* 
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The morphology of  block copolymer with 0.47 volume fraction of PDMAEMA 

are done (Figure 3.6). In this case the opposite trend was observed. The parent copolymer 

at dry state shows phase separation at a periodic arrangement of lamellar morphology at a 

d-spacing of 86 nm. But as the zwitterion content starts to increase, there is a prominent 

shift in periodic order in the phase separated behavior towards lower d-spacing. At 50% 

zwitterion content, the morphology appears as still lamellar while at 100% zwitterion 

content, the morphology shifts to hexagonal with d-spacing at 46 nm range. Now when the 

membranes are fully hydrated, we see a more random phase separated arrangement in 

parent block than its dry state. But at 50% zwitterion and at 100% zwitterion, periodic 

arrangement becomes more disordered. This is due to the fact that water molecules entering 

in between the chains swelling the hydrophilic phase, reducing the coulombic interaction, 

interfering with the periodic arrangement giving a disordered morphology. 

With the increase in the salt concentration, we see a distinct increase in the 

periodic arrangement for the copolymer on the fully hydrated state. But no discernable 

changes are observed for dry membranes. 
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Figure 3.6: Morphology study of block copolymer membrane with f=0.47 by SAXS 

under controlled environment pretreated with a) pure DI water b) 0.5M NaCl 

aqueous solution c) 1.0M NaCl aqueous solution. 

*0% zwitterion, **50% zwitterion, ***100% zwitterion content 

Red Trace : Oven dried sample under dry environment 

Blue trace: Fully hydrated membrane under 95% relative humid condition 
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 The morphology of  block copolymer with 0.67 volume fraction of PDMAEMA 

are done (Figure 3.7). In this case a similar trend was observed as previous. The parent 

copolymer at dry state shows phase separation at a periodic arrangement of hexagonal 

morphology at a d-spacing of 50 nm. But as the zwitterion content starts to increase, there 

is a prominent shift in periodic order in the phase separated behavior towards higher d 

spacing. At 50% zwitterion content, the morphology appears hexagonal while at 100% 

zwitterion content, the morphology shifts to lamellar with d-spacing at 86 nm range. Now 

when the membranes are fully hydrated, we see a morphology more random in parent block 

than its dry state. But at 50% zwitterion and at 100% zwitterion, periodic arrangement 

becomes more disordered. This is due to fact, that water molecules entering in between the 

chains swelling the hydrophilic phase, reducing the coulombic interaction, interfering with 

the periodic arrangement giving a disordered morphology. 

 With the increase in the salt concentration, we see a distinct increase in the periodic 

arrangement for the copolymer on the fully hydrated state. But no discernable changes are 

observed for dry membranes. 
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Figure 3.7:Morphology study of block copolymer membrane with f=0.66 by SAXS 

under controlled environment pretreated with a) pure DI water b) 0.5M NaCl 

aqueous solution c) 1.0M NaCl aqueous solution. 

*0% zwitterion, **50% zwitterion, ***100% zwitterion content 

Red Trace : Oven dried sample under dry environment 

Blue trace: Fully hydrated membrane under 95% relative humid condition 

a b 

c 

*** *** 

*** 

** ** 

** 

* 
* 
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3.2.4 Study Via TEM 

Real Space imaging of the photo crosslinked dry membranes were performed with 

the help of TEM imaging to compare the morphology with the reciprocal space 

morphology as obtained by SAXS. Morphology obtained via TEM matches with that of 

SAXS in terms of d-spacing and periodic arrangements. (Figure 3.8) 

 

   

3.3 Conclusions 

 In this chapter, a successful design of photo crosslinked robust membranes were 

synthesized from parent block copolymer and A-Z block copolymers.  All the membranes 

are soaked in DI water to observe the retention of dimensional stability of the membrane. 

SAXS and TEM were performed to study the effect of coulombic interactions of the 

zwitterionic moieties on the polymer backbone on the self-assembled structure. It has been 

Figure 3.8: TEM images of the parent block copolymer with f=0.10 and its 100% 

zwitterionic form as compared to its SAXS images. 
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observed that a noticeable shift in morphology was observed as the amount of zwitterion 

content increased from the parent block. The volume fraction of the hydrophilic block also 

played an important role on the morphology of the block copolymer. 

 In the future it would be interesting to observe the morphology of the A-Z block 

copolymer with different anionic groups. By changing the anionic group, the dipole 

moment of the zwitterion will shift, thereby influencing the morphology. Morphology 

studies could also be performed  by reversing the dipole moment of the zwitterion as a way 

to  help understand the effect of zwitterion dipole has on morphology. The real space 

imaging of the hydrated membrane will be interesting to observe under Cryo TEM 

preserving the native morphology in the hydrated state. 
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4 CHAPTER 4                                                         

AMPHIPHILIC-ZWITTERIONIC POLYMER FOR WATER 

TRANSPORT AND SELECTIVE ION TRANSPORT 

MEMBRANE 
 

4.1 Background and Motivations 

With the growing demand for a stable supply of fresh water for agriculture, 

industrial, and community usage there is a need for developing advanced wastewater 

treatment technology. The focus has been on designing efficient technologies to produce 

clean and potable water from untreated agricultural runoff, industrial production of 

wastewater and inland brackish ground water. With this purpose in mind, this dissertation's 

objective was to design a membrane system using amphiphilic-zwitterionic polymers and 

to examine membranes prepared from these novel block copolymers for their feasibility 

for small-scale water treatment and desalination. Anticipated advantages of using 

amphiphilic-zwitterionic copolymers are their improved hydrophobicity, ion transport and 

antifouling nature. The challenge to identify a candidate membrane lies in designing 

amphiphilic-zwitterionic copolymers that show selective ion transport. Zwitterions have a 

high density of covalently bonded opposite charges, but overall charge neutrality, that 

shows potential characteristics of both charged and uncharged polymers. However, it is 

still unclear as to the fundamental mechanisms of water and ion transport in amphiphilic-

zwitterionic copolymer membranes. This summary chapter will focus on the initial findings 

on the structure-property relationships discussed in the previous chapters on the effect of 

morphology of the amphiphilic-zwitterionic polymeric membrane on water and ion 

transport. 
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4.2 Water Uptake Experiments 

4.2.1 Gravimetric Analysis 

The weight percentage of the Mass absorption (wW) was calculated using the 

following equation:1 

Mass of the cast membrane was measured after drying under vacuum (mdry). The 

wet mass (mwet) was obtained by measuring the mass of the membrane after soaking it in 

DI water, 0.5 M and 1.0 M NaCl aqueous solution until equilibrium mass uptake has been 

reached. Surface water absorbed on the film was wiped off before taking the mass. 

In the Figure 4.1 it was observed that the mass uptake for parent copolymer, 50% zwitterion 

content and 100% zwitterion content is reduced as the volume fraction of the hydrophilic 

block decreased. For pure water uptake, mass uptake was constant with an increase in 

𝑤𝑊 =
𝑚𝑤𝑒𝑡 −𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡
 × 100% 

Figure 4.1: Mass uptake of block copolymer system with different volume fraction of the 

hydrophilic block and different % of zwitterion content 

Equation 4.1: Mass Absorbtion 
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zwitterionic content. But for saltwater uptake, it was observed that the mass uptake is much 

higher in 100% zwitterion content than in the parent copolymer and the 50% zwitterion 

content. This can be attributed to the fact that due to coulombic interaction the zwitterion 

forms a core structure, with the hydrophobic section forming a shell around it. This reduces 

the water uptake even though the zwitterion is a better hydrophile than parent copolymer. 

But in presence of saltwater, the coulombic interactions between zwitterions is screened 

increasing the mass uptake of the zwitterionic block copolymer than its parent copolymer. 

Based on this study, in the future it will be possible to perform hydration number studies 

and the salt transportation capability of these A-Z block copolymers. 

To determine water uptake, the hydration number (λ) will be calculated to estimate 

the number of water molecules surrounding each zwitterionic entity. The calculations were 

based on a procedure from the literature. 2,3 

The amount of charge (c) present in each polymer chain could be determined by 1H NMR. 

The hydration value will be calculated using the following equations. 

 

 To determine the salt uptake capacity, weight percent of the salt absorption (ws) 

will be calculated by subtracting equilibrated mass of the fully hydrated membrane from 

the equilibrated mass of the membrane fully soaked in salt water. 

λ =

(
𝑚𝑤𝑒𝑡 −𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
)  ×  1000

𝑀𝑊𝑤𝑎𝑡𝑒𝑟  ×  𝐶
 

Equation 4.2: Hydration Number 
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The weight percent of the salt absorption will be calculated using the following equation. 

Where mt is mass of the membrane soaked in saltwater solution and mwet is the mass of the 

fully hydrated membrane 

4.2.2 Salt Transport Experiments 

To study the salt selectivity and efficiency of salt transport in different sets of A-Z 

block copolymer, salt transport experiments could be conducted with various salts  

comprising different cations and anions. These experiments will be conducted using kinetic 

desorption techniques following published procedures.1,4 In this procedure a disk of 

completely dry polymer membrane is cut out and equilibrated in salt solution of 

predetermined concentration. After drying any surface absorbed water, the membrane will 

be immersed in deionized water in a beaker. The beaker solution will be stirred thoroughly 

to maintain homogeneity and precautions will be taken to prevent any loss of liquid through 

evaporation. The conductivity of the liquid will be measured as a function of time.  A 

calibration curve will correlate this conductivity value to salt concentration. Salt diffusion 

(Ds) will be calculated using the following equation. 

Mt is the salt mass desorbed at time t and M∞ is the total mass of salt desorbed at 

equilibrium.  

𝐷𝑆 =
𝜋𝑙2

16
[
𝑑(𝑀𝑡 𝑀∞)⁄

𝑑 (𝑡
1
2⁄ )

]

2

 

𝑤𝑠 =
𝑚𝑡 −𝑚𝑤𝑒𝑡

𝑚𝑤𝑒𝑡
 × 100% 

Equation 4.3: Weight Percent of Salt Absorbtion 

Equation 4.4: Salt Diffusion 
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Salt permeability coefficient (Ps) will be calculated in terms of measured diffusion 

salt sorption coefficients. 

Salt sorption coefficient (Ks) is the ratio of salt content in the fully hydrated polymer to the 

salt content in the solution used to equilibrate the polymer. It can also be explained as 

amount of salt desorbed by the polymer during the time needed to reach equilibrium (M∞) 

under the assumption that the total amount of salt absorbed and desorbed to be similar. 

4.2.3 Water Flux Study 

The pure hydraulic water permeance (Aw) in the A-Z block copolymer membranes 

was performed using dead-end filtration system, Figure 4.1.5 After the polymer membrane 

is soaked in deionized water to equilibrium hydration, it will be put in a permeation cell 

where deionized water will be pressurized with nitrogen within the cell. Permeated water 

volume (ΔV) will be calculated in terms of time difference (Δt) using following equation: 

Where Jw is the water flux, 𝑙 is the polymer membrane thickness, Δp is cross-membrane 

pressure, Am is the surface area available for transport. 

Considering the solution-diffusion mechanism for water transport, a concentration 

gradient across the membrane thickness will drive the diffusion of water. Water diffusive 

𝑃𝑆 = 𝐷𝑆𝐾𝑆 

𝐴𝑊 =
𝐽𝑤
𝑙𝛥𝑝

=
𝛥𝑉 𝛥𝑡⁄

𝐴𝑚𝑙𝛥𝑝
 

Equation 4.5: Salt Permeability Coefficient 

Equation 4.6: Permeated Water Volume 
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permeability (Pw) will be calculated in terms of experimentally determined water 

permeability using the following equation: 

Where Dw is average water diffusion coefficient, T is temperature, R is ideal gas constant, 

and Vw is the molar volume of water. 

 For this study, a polymer solution was drop casted and photo crosslinked as 

described in Chapter 3, on a polyester backing. Then the membrane coated on the backing 

was cut into 1 inch diameter and dead-end filtration experiments are performed under 3 

Bar pressure (Figure 4.2).6 

Figure 4.3 shows there was water flux though the membranes. It was observed that 

the permeation reduces with the increases in the zwitterion content. There is also no proper 

correlation between the water uptake measurement with that of the volume fraction of the  

𝑃𝑤 = 𝐷𝑤𝐾𝑊 =  𝐴𝑊𝑙 ×
𝑅𝑔𝑇

𝑉𝑊
 

Figure 4.2: a) Schematic of working principle of dead end filtration system 

b)the actual set up of Dead End Filtration instrument build by Dr. Kerianne 

Dobosz. Image take from Ref. 5. 

Equation 4.7: Water Permeability 
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The water permeation was also observed under different pressure. After the 

previous study at 3 bar, the pressure was reduced to 1 bar. As expected, the water 

permeation reduced. But it stayed constant even with an increase in the pressure. 
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Figure 4.3: Water permeability measurement of block copolymer with different 

volume fraction (f) of hydrophilic block and different % zwitterion content 

Figure 4.4: Water permeability of block copolymer with hydrophilic f=0.10 and 

different % zwitterion under different pressure 
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4.3 Conclusion 

 The previous preliminary study shows that there is water and salt uptake observed 

by the A-Z block copolymer membranes. Gravimetric analysis shows the membranes have 

a tendency to uptake salt along hydrophilicity directly related to the hydrophilic block 

volume fraction and zwitterion content. Optimization of the membrane performance needs 

to be studied to get a better knowledge of the water permeation through the A-Z block 

copolymer membrane.  
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5 CHAPTER 5                                                                           

SUMMARY AND FUTURE PERSPECTIVE 
 

5.1 Introduction 

In this final dissertation chapter, the tailoring of a novel amphiphilic-zwitterionic 

block copolymer  to design a free-standing membrane by photo indued crosslinking will 

be summarized from the three studies presented in chapters 2, 3, and 4. The impact of these 

findings will be integrated into the current understanding of these complex systems. Based 

on these results, future directions will be proposed to expand upon this work to further the 

understanding of the structure-property relationship of A-Z block copolymer systems, 

specifically water transport membranes that utilize these copolymers. 

 

5.2 Summary of Conclusion 

In Chapter 2 the successful synthesis of block copolymer of amphiphilic 

zwitterionic block copolymer system has been reported. As a first step, a moderately polar 

polymer of poly (dimethyl amino ethyl methacrylate) (PDMAEMA) with different 

molecular weight were synthesized using the controlled radical polymerization RAFT. 

Block copolymes were then  synthesized chain extension with several hydrophobic blocks 

were attempted. Finally, a successful synthesis of the parent block copolymer of poly 

(dimethyl amino ethyl methacrylate)-b-poly (n butyl acrylate-ran-allyl methacrylate) 

(PDMAEMA-b- P(nBA-ran-AMA)) were prepared, again using RAFT polymerization. 

The advantage of using this technique is the ability to synthesize a polymer chain with 

predetermined molecular weight and well-defined chemical composition while also 

maintaining a narrow dispersity. Variation of the zwitterionic groups; sulfobetaine, 
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carboxybetaine or cholinephosphate were investigated through post-polymerization 

modification of the PDMAEMA block using nucleophilic ring-opening reactions of 1,3-

propane sultone , β-propiolactone or n-butyl substituted phospholane. Proton NMR 

spectroscopy and DMF-GPC data were analyzed to calculate degree of polymerization 

(DP) from the distinct peak of each repeating unit of pendent groups in parent neutral block 

copolymers and its modified amphiphilic-zwitterionic counterpart. These DP of the neutral 

block copolymer were then used to calculate the relative volume fraction of each block and 

aid the future calculation of post-polymerization modification on PDMAEMA block and 

crosslinking chemistry on the poly allyl methacrylate (PAMA) pendant group. Thermal 

stability of these zwitterionic systems was investigated by using thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) 

In Chapter 3 mechanically robust free standing amphiphilic zwitterionic copolymer 

poly (n butyl acrylate-ran-allyl methacrylate)-b-polybetainemethacrylate membrane were 

tailored using thiol-ene click chemistry on the pendent double bond of the allyl 

methacrylate repeating unit with a dithiol crosslinking agent under UV irradiation. Success 

of the crosslinking was reported in terms of no loss in dimensional stability when these 

membranes were soaked in water for long periods of time. The analysis of the effect of 

composition on the resultant films morphologies was probed.  The systematic variations in 

volume fractions of each block were targeted to generate different morphologies. The 

impact of the copolymer composition on the morphology were analyzed using small angle 

X-ray scattering (SAXS). Various relative humidity sweeps and temperature variation 

SAXS experiments were performed through collaboration with Argonne National 

Laboratory to investigate the effect of different environmental conditions of the 



108 
 

morphologies. For lower volume fraction of the hydrophilic block (f = 0.10) there was a 

shift of morphology from short range arrangement to distinct hexagonal morphology as the 

composition shifted from 0% zwitterion content to 100% zwitterion content. This trend 

becomes opposite as the volume fraction of the hydrophilic block increases. For highest 

volume fraction (f = 0.67) the morphology shifted from hexagonal to short range phase 

separated morphology from 0% zwitterion to 100% zwitterion content. Also, a prominent 

shift in morphology and phase separation was observed with the presence of water in the 

membrane. Transmission electron microscopy (TEM) was performed in addition to SAXS 

to study real space imaging of these structures. All the TEM images showed dimensions 

and morphologies similar to the  SAXS data. With the results from these characterization 

methods, it was possible to perform an initial structure-property relationship study of these 

novel Amphiphilic- Zwitterionic block copolymers. 

 In chapter 4 preliminary studies have been done to study the potential application 

of these amphiphilic zwitterionic block copolymer system as water filtration membranes. 

Gravimetric analyses were done to show that these membranes are showing capacity to 

uptake salt along with hydrophilicity. This salt uptake and water uptake value was directly 

related to hydrophilic volume fraction and  percent zwitterionic content. Finally dead end 

filtration was performed to study the water permeation through these membranes. All the 

membranes with different volume fractions showed water permeation at 3 bar pressure. 

The water permeation value showed a good correlation with the morphology of the 

membrane, hydrophilic block volume fraction and zwitterion content. 
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5.3 Future Perspective 

The work presented in this dissertation provides detailed insight on the successful 

synthesis of A-Z block copolymer and role of zwitterion content and hydrophilic block 

volume fraction on the morphology of the polymer membrane. These membranea also 

showed potential application in the field of water filtration membranes. Building upon 

these results, several future investigations can be performed.  

In the synthesis  of the parent amphiphilic block copolymer other hydrophobic 

segments can be explored. Block copolymers with isoprene showed good flexibility in the 

membrane form, but due to difference in chemical compatibility between the blocks, 

processing into films was found to be very difficult after the quaternization step. Discovery 

of proper processing steps will further open the study of A-Z block copolymers with 

different hydrophobic identity. The route for making A-Z block copolymer using β-

propiolactone or n-butyl substituted phospholane ring-opening for post polymerization 

modification needs to be further optimized. Proper reaction conditions need to be 

investigated to ideally achieve 100% quaternization using these ring structures. Other 

chemistry can be explored for achieving new types of zwitterionic identity from the same 

parent block copolymer. These will open pathways for applying one basic framework of 

parent copolymer toward different applications just by changing the post polymerization 

step. Using RAFT also open pathway to develop block copolymer with significant 

architecture (branched, multi arm, etc.). These will also open further the scope of study the 

self-assembled property of these A-Z block copolymer with distinct architectures. 

SAXS study of the A-Z block copolymer can be done to see the effect of chemical 

identity (zwitterion identity and hydrophobic identity) on the morphology. Different 
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zwitterions will have different dipole moments which will presumably show some effect 

on the morphology. Same with the case of different hydrophobic identity. Because different 

Tg will show different self-assembly in dry state versus in the presence of water. Cryo-

TEM study of the hydrated membrane would be a good way to investigate the real space 

imaging of the morphology of the hydrated membranes.  

Dead-end filtration study and gravimetric analysis shows that these membranes 

have potential in the field of water filtration. But more study needs to be done to understand 

how morphology plays a role during the water flux. Morphology analysis before and after 

water flux at high pressure will give a better idea how morphology shifts during water flux 

experiments. For application more studies need to be done to optimize the membrane. Salt 

absorption and desorption studies need to be performed to study the salt screening property 

of these membranes. Different cations and anions can be used to see which salt can 

permeate through these membranes and which salt can be screened. This will open a broad 

field of application of salt filtration. 

All the studies that have been reported are experimental. Previously several 

computational studies have been reported to theoretically predict the self-assembled 

structure of conventional block copolymer systems1–3 and polyelectrolytic block 

copolymer systems.4,5 The work presented in this dissertation also opens the possibility for 

studies to see if any computational theoretical models can be developed that can predict 

the self-assembled behavior of the A-Z block copolymers. 
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5.4 Outlook 

With the wealth of knowledge available for these ionomers systems, much work 

can still be done in this field. Particularly, this work should be extended and developed for 

different advanced applications. Much of the current work on these applications is limited 

by the availability of the copolymers. With the development of these A-Z block 

copolymers, these novel copolymers can have a significant impact in various fields. Some 

possible applications to explore could include antifouling membranes, self-healing 

materials, and smart materials.  
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APPENDIX                                                            

SUPPLEMENTAL FIGURES 
 

 

 

 

  

A 1: COSY-NMR of A-Z block copolymer, 50% quaternized with 1,3-propane sultone 
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A 2:COSY-NMR of A-Z block copolymer, 50% quaternized with n-butyl 

substituted phopholane ring 
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A 3:TEM images of the parent block copolymer with f=0.46 and its 

100% zwitterionic form as compared to its SAXS images. 

A 4:TEM images of the parent block copolymer with f=0.67 and its 100% 

zwitterionic form as compared to its SAXS images. 
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