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Abstract 
 
The aim of this thesis work was to systematically investigate the physico-chemical 

properties of polyelectrolyte complexes (PECs) formed by bottle brush and linear 

polyelectrolytes in solution and at solid / liquid interfaces. Electrostatic self-assembly of 

oppositely charged macromolecules in aqueous solution is a versatile strategy to 

construction of functional nanostructures with easily controlled properties. Bottle brush 

architecture, introduced into the PEC, generates a number of distinctive properties of the 

complexes, related to a broad range of application, such as colloidal stability and protein 

repellency to name a few. To utilize these materials in a wide range of applications e.g. 

drug delivery, the understanding of the effects of polymer architecture and solution 

parameters on the properties of bottle brush PECs is of paramount importance. 

This thesis constitutes a systematic investigation of PECs formed by a series of cationic 

bottle-brush polyelectrolytes and a series of anionic linear polyelectrolytes in aqueous 

solution. The focus of the first part of the thesis was primarily on formation and 

characterization of PECs in solution, whereas the adsorption properties and adsorption 

kinetics of bottle-brush polyelectrolytes and their complexes was investigated in the 

second part of the thesis work. In particular, effects of the side-chain density of the bottle-

brush polyelectrolyte, concentration, mixing ratio and molecular weigh of the linear 

polyelectrolyte on formation, solution properties, stability and adsorption of PECs were 

addressed. 

The pronounced effect of the side-chain density of the bottle-brush polyelectrolyte on the 

properties of stoichiometric and nonstoichiometric PECs was demonstrated. Formation of 

PECs by bottle-brush copolymers with high density of side-chains results in small, water-

soluble, molecular complexes having nonspherical shape, independent of concentration. 

Whereas formation of PEC-aggregates was revealed by bottle-brush polyelectrolytes with 

low side chain density, the level of aggregation in these complexes is controlled by 

polyelectrolyte concentration. The structure of the PECs formed with low molecular 

weight polyanions is consistent with the picture that several small linear polyelectrolyte 

molecules associate with the large bottle-brush. In contrast, when complexation occurs 

between polyanions of high molecular weigh and the bottle-brush polymers considerably 

larger PECs are formed, consistent with several bottle-brush polymers associating with 

one high molecular weight polyanion. 



 viii

Adsorption kinetics and properties of stoichiometric and nonstoichiometric PECs on 

negatively charged silicon oxynitride were investigated. PECs formed by low charge 

density bottle-brush polyelectrolytes adsorbed in larger amount and formed thicker layers 

compared to complexes formed by higher charge density bottle-brush copolymers, 

regardless of stoichiometry and concentration. In general, the adsorbed amount decreases 

with increasing polyion content of the complex, and at a given polyion content with the 

molecular weight of the polyanion. Further, the thickness of the layer formed scales with 

the adsorbed amount, independent of polyanion molecular weight. This finding is 

rationalized by removal of polyanion from the complex during the adsorption event. The 

adsorbed mass achieved under a given condition is thus dictated by a competition 

between anionic surface sites and anionic sites on the polyanion for complexation with 

the cationic sites on the bottle-brush.  

This dissertation work also addressed adsorption of diblock polyelectrolytes, composed of 

one cationic block and one non-ionic block, where different lengths of the charged block 

was considered. It was shown that adsorption of the block-copolymers is primarily driven 

by electrostatics, but the non-electrostatic affinity between the non-ionic block and silica 

oxynitride does also contribute. The adsorbed mass increased and passed a maximum 

when the length of charged block was increased. For small cationic blocks the adsorption 

is limited by repulsion between the non-ionic chains, whereas electrostatic interactions 

limit the adsorption of diblock polyelectrolytes with a large cationic block.  

 

 

 

 

 

 

 

 

 

Key-words: Polyelectrolyte complex, bottle-brush polymer, block polyelectrolyte, light 

scattering, electrophoretic mobility, turbidity, colloidal stability, adsorption, adsorption 

kinetics, dual polarization interferometry 
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Summary of Papers 
 
Formation and properties of sterically stabilized polyelectrolyte complexes (PEC) with 

stoichiometric composition formed between a series of bottle brush polyelectrolytes 

PEO45MEMA:METAC-X, where X is the mol% of main-chain segments that carries a 

positive charge with the remaining main-chain segments (1-X) carrying a 45 unit long 

PEO45 side chain, and oppositely charged linear NaPSS4300 (4300 is the molecular weight 

of the PSS) were investigated in Paper I. Dynamic and static light scattering and 

electrophoretic mobility techniques were used. The pronounced effect of the PEO45 side-

chain density of the brush polyelectrolyte on the properties of stoichiometric PECs was 

demonstrated. Formation of PECs by brush copolymers with high density of PEO45 side 

chains ((1-X) = 75, 50 ) results in small, water-soluble, molecular complexes having 

nonspherical shape, independent of concentration.  PEC-aggregates formed by brush 

polyelectrolytes with low ((1-X) = 25 ) PEO45 density form turbid colloidal dispersions, 

whose level of aggregation is controlled by the polyelectrolytes concentration. Insoluble 

complexes were revealed for the PEO45-free METAC/ NaPSS system. 

 

In Paper II the above study was extended to consider the formation of nonstoichiometric 

PECs. The same set of techniques as in Paper I was employed. Large colloidally stable 

aggregates of nonstoichiometric complexes, negatively (1:2) and positively (2:1) charged, 

were formed in the presence of a relatively small amount of PEO45 side chains ((1-X) = 

25) in the cationic brush copolymer. (The notation (1:2) is the ratio of cationic 

polyelectrolyte charges, first number, to anionic polyelectrolyte charges, second number, 

added to the mixed solution). These PECs are sterically stabilized by the PEO45 chains. 

By further increasing the PEO45 side-chain content ((1-X) = 50 and 75) in the cationic 

copolymer, small, water-soluble molecular complexes could be formed. Regardless of 

PEO45 content, the size of the complexes decreases in the order (1:2) > (1:1) > (2:1). The 

data suggest that PSS molecules and the charged backbone of the cationic brush form a 

compact core, and with sufficiently high PEO45 chain density molecular complexes are 

formed that are stable over prolonged times.  

 

The main focus of Paper III is on adsorption properties of bottle-brush polyelectrolytes 

in water investigated on silicon oxynitride by dual polarization interferometry (DPI). The 

results demonstrate how adsorbed amount, thickness, and refractive index of the adsorbed 



 x

polymer layers, and the adsorption kinetics parameters, depend on the 

PEO45MEMA:METAC-X architecture, i.e. the ratio between backbone charges and side 

chains. It was shown than both the cationic groups and the PEO side chains have affinity 

for siliconoxynitride surfaces, and thus contribute to the adsorption process that becomes 

rather complex. Based on these results and existing polymer adsorption theory, an 

adsorption mechanism was proposed that involves competitive adsorption of PEO side 

chains and charged main-chain segments. 

 

Paper IV deals with the adsorption properties of PEO45MEMA:METAC-X / NaPSS4300 

complexes in aqueous solution investigated by DPI. The effect of polyanion PSS content 

on the PEC adsorption was the main focus. The chemical composition of the adsorbed 

layers was estimated from X-ray photoelectron spectroscopy (XPS) measurements. A 

pronounce effect of PSS content on adsorbed amount and layer thickness was revealed. 

An adsorption mechanism based on electrostatic interactions and side-chain affinity was 

invoked, and extended to consider the competition between PSS and anionic surface sites 

for binding to the cationic sites of the bottle-brush polyelectrolyte. Regardless of complex 

composition, some desorption of the anionic component of the PEC upon layer formation 

was suggested by the XPS results. Thus, the composition in the adsorbed layers is 

different from the solution composition, and strongly dominated by the cationic bottle-

brush polymer. 

 

The solution and adsorption properties of stoichiometric and non-stoichiometric 

PEO45MEMA:METAC-X / NaPSS complexes, f ormed by linear anionic polyelectrolytes 

with different molecular weight were investigated in Paper V. The properties of the PEC 

were determined by DLS and electrophoretic mobility measurements, whereas the 

adsorption of complexes on silicon oxynitride was investigated using DPI. It was 

demonstrated that cationic, uncharged and negatively charged complexes all adsorb to 

negatively charged silicon oxynitride, and maximum adsorption was achieved for 

positively charged complexes containing small amounts of PSS. For any given 

stoichiometry, the adsorbed amount was found to decrease with increasing molecular 

weight of PSS. The adsorption kinetics was also reduced with increasing PSS content and 

PSS molecular weight. An adsorption mechanism was suggested based on analysis of 

adsorbed layer characteristics. The thickness of the layer was found to scale with the 

adsorbed amount, and the same master curve was observed independent of PSS molecular 
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weight. This finding is rationalized by removal of PSS from the complex during the 

adsorption event. The adsorbed mass achieved under a given condition is thus dictated by 

a competition between anionic surface sites and anionic sites on PSS for complexation 

with the cationic sites on the bottle-brush. This equilibrium is shifted towards the 

complex side with increasing PSS content and increasing PSS molecular weight. 

 

Paper VI deals with adsorption of diblock copolymers composed of one cationic and one 

non-ionic block with the following composition poly(N-isopropyl acrylamide)48 - block-

poly((3-acrylamidopropyl)-trimethyl ammonium chloride)X, where the subscripts denote 

the mean degree of polymerization for each block and  X = 0, 6, 10, 14, 20. These 

polymers are referred to as PNIPAAM48-b-PAMPTMA(+)X .  The adsorption was 

investigated on silicon oxynitride by DPI.  It was demonstrated that both the cationic and 

non-ionic (temperature responsive) blocks exhibit affinity to silicon oxynitride and thus 

both contribute to the adsorption process. The maxima in adsorbed mass and film 

thickness were obtained for PNIPAAM48-b-PAMPTMA(+)10, whereas minimum values 

of these characteristics were found for PNIPAAM48 and PNIPAAM48-b-PAMPTMA(+)20 

respectively. For larger cationic blocks the adsorption is limited electrostatic repulsion, 

whereas steric repulsion between the PNIPAAM chains limited the adsorption process for 

short cationic blocks. 
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1. INTRODUCTION 
 
Over the past several decades, polymer chemistry has developed diverse synthetic 

strategies capable to create novel macromolecules of various topologies. Bottle brush 

copolymers represent a versatile class of macromolecular architectures, consisting of side 

chains grafted to a main chain. Structural factors of the macromolecular architecture, like 

the graft density and length of the side chains and the charge density of the backbone can 

be accurately controlled. 

Construction of supra-molecular structures using lower molecular weight 

compounds as building blocks has received great attention. The ultimate goal is to 

produce preprogrammed hierarchical structures of functional materials. The hierarchy can 

be achieved by inserting “information” in the building blocks in the form of 

hydrophobic/hydrophilic character, electrostatic interaction etc. that is used for self-

assembly of the compounds into the superstructures. A common pair of building blocks 

that have been investigated intensively over the past years is comprised of oppositely 

charged polyelectrolytes in aqueous solutions. The main interactions that take place in 

such systems are electrostatic interactions between the charges of the oppositely charged 

polyelectrolytes, which results in the formation of polyelectrolyte complexes (PECs), 

often with limited colloidal stability. This limitation can be overcome by employing 

polyelectrolytes with bottle brush architecture. The molecular design of such bottle brush 

copolymers consisting of various polyelectrolyte backbones and water-soluble nonionic 

side-chains provides a flexible strategy to prepare a large variety of novel water-soluble 

PECs. Thus, there is a need for a more thorough understanding on the effect of system 

parameters on the self-assembly and properties of bottle brush PECs. It is therefore both 

fundamentally and practically important to understand how a conformationally rigid 

bottle brush polyelectrolyte interacts electrostatically with oppositely charged 

macromolecules and surfaces. 

Electrostatic self-assembly of macromolecules provides an efficient and rapid 

pathway for the synthesis of objects from nanometer to micrometer range that are difficult 

if not impossible to obtain by conventional chemical reactions. Depending on the 

morphologies of the PECs obtained (size, shape, periodicity, etc.) these nano-assemblies 

have already been applied, or shown to be suitable for, a number of applications in 

nanotechnology, reusable materials, electronics and drug delivery.  
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2. MACROMOLECULAR SYSTEMS 

2.1 POLYELECTROLYTES  
 
Polyelectrolytes are charged polymers that are common in biological systems, industrial 

settings, and everyday life.1 The term polyelectrolyte is employed for polymers consisting 

of a macroion, i.e., a macromolecule carrying covalently bound anionic or cationic 

groups, and low-molecular weight counterions.2 In generally accepted terminology the 

polymers carrying positive and/or negative charges are referred to as polyelectrolytes, 

macroions, polyions or ionic polymers. The interference of polymer and electrolyte 

character in one entity has generated considerable interest and opened new areas of novel 

applications.3 

In the solid state as well as in apolar solvents, the counterions are strongly bound 

to the polymer ion groups, and the chains have no net charge. Dissolving a polyelectrolyte 

in a polar solvent leads to dissociation of the ion pairs. In contrast to the localized charges 

along the chain, the counterions may redistribute in the whole sample volume thereby 

charging the polyelectrolyte (Figure 2.1a). In aqueous solution, the polymer coils are 

greatly expanded by the presence of charged groups. This occurs due to the strong 

electrostatic repulsion between charged backbone segments. If the solution is free of 

added electrolytes, the polymer coil expands as the polymer concentration decreases. This 

is known as "polyelectrolyte effect".4 Many properties, like chain conformation, diffusion 

coefficient, solution viscosity, polarisability, miscibility etc. are drastically altered if ionic 

groups are introduced. In presence of high amounts of added electrolytes, the 

polyelectrolytes behave like non-ionic polymers and chain expansion is no longer 

observed.5 Another typical feature of polyelectrolytes is a low activity coefficient of the 

counter ions. If the charge density of the polyelectrolyte is high enough a fraction of the 

counterions condenses at the ‘surface’ of the macroion.6, 7 The physical background of the 

counterion condensation phenomenon is the competition between a gain in energy due to 

electrostatic interactions and a loss of entropy due to counterion confinement.8 
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b)a)

 
 
Figure 2.1 Scheme of polyelectrolyte chain in a) water and b) aqueous salt solution e.g.  
NaCl; a) chain configuration is expanded by electrostatic and solvent interactions b) 
coiling of chain induced by addition salt due to reduction of electrostatic repulsion 
between charged units within chain. Further addition of salt may lead to collapsed 
globule conformation if the solvent interactions are unfavorable. 

 

The conformation of a polyelectrolyte in solution is determined by the minimum 

of free energy.9 To reduce the number of unfavorable polymer-solvent-contacts in poor 

solvent, uncharged chains collapse to dense globules, which minimize the contact area. 

The size of the polymer coil depends on the solvent and on the molecular weight of the 

polymer. In contrast the conformation of a charged polymer is determined by the balance 

of electrostatic repulsion, entropy elasticity of the chain, entropy of the counterions, and 

solvent-solute interactions.10 A simple characteristic of the polyelectrolyte coil is the 

mean distance between the polymer ends, Rm. Another measure of the polymer chain size 

is the radius of gyration, Rg, which describes the average distance of polymer segments 

from the centre of mass of the macromolecule. 

The polyelectrolytes may be categorized according their origin into synthetic, 

natural or modified.11 Biomacromolecules, such as (carriers of information) nucleic acids 

DNA and RNA, (metabolism-machines) like proteins, structural elements e.g. charged 

polysaccharides, cellulose or pectin, and energy storage e.g. starch are natural 

polyelectrolytes, while poly(diallyl dimethyl ammonium chloride), PDADMA, and 

poly(styrene sulfonic acid), PSSA, are examples of synthetic polymers. 

Polyelectrolytes may also be classified according to the nature of their bound ions, 

specifically type of ion, amount of ion present along a given length of polymer chain, 

type of counterion ((a)univalent (b) divalent or trivalent (c) polymeric) etc. The bound ion 

can be either cationic or anionic; in some cases both types can occur together 
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(ampholytic). In each case the polyion may be strong or weak according to how the 

degree of ionization is affected by pH-changes. Strong polyelectrolytes, poly-salts, e.g., 

sodium-polystyrene-sulfonate, dissociate completely in the total pH range accessible by 

experiment. The total charge as well as its specific distribution along the chain is solely 

imposed by the polymer structure. (In this thesis strong polyelectrolytes have been 

considered). On the other hand, weak polyelectrolytes (polyacids and polybases), such as 

e.g. polyacrylic acid or polyethylene amine, have a degree of dissociation that depends on 

pH.12 Yet another classification distinguishes between integral and pendant 

polyelectrolytes, differing in the positions of their ionic groups in the polymer chain: back 

bone or side chain.13 

Many applications of polyelectrolytes are based on their abilities to modify the 

fluid properties of an aqueous medium or modifying the behavior of particles in aqueous 

slurries or colloidal suspension. Polyelectrolytes increase the viscosity of aqueous 

solutions and act as thickeners in e.g. puddings or creamy low fat milk products in food 

industry, pharmaceutical products and latex paints, creams and ointments in cosmetics 

industry and all kinds of hair products.1 Furthermore, they are applied as flocculation 

agents for cellulose/paper production,14 for waste water processing15 or for the 

precipitation of colloids from solution in various processes.16, 17 Polyelectrolytes can also 

stabilize particles in aqueous suspension thus acting as dispersants18 and they have been 

shown to be suitable as adhesion modifiers.19 Other applications are the usage as additives 

for spinning fibers in textile industry, as viscosity modifier to reduce drag in oil pipelines, 

as superabsorbent polymers used in hygiene products, or the production of ion exchange 

resins.5, 12, 20 In addition to that, assembling these polyelectrolytes into ultra thin film 

composite membranes is one of the most important applications and has received 

significant attention and interest.21-23 

 

2.2 BLOCK POLYELECTROLYTES 
 

A block copolymer may be defined as a macromolecule which consists of two or more  

chemically different regions.24 In the simplest case, a diblock copolymer AB consists of 

two different homopolymers (covalently) linked end to end. The properties of block 

copolymers depend on chemical nature, relative amount and structure of repeating 

monomer units that form the constituent homopolymers, as well as on the various 
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environmental parameters, such as e.g. pH, temperature, concentration etc. The ability of 

block copolymers to self-assemble, both in solution and in bulk, and to generate a variety 

of microdomain morphologies (lamellae, hexagonally packed cylinders, body-centered 

cubic (bcc) spheres, gyroids, etc.) is well documented.25 

Block copolymers containing charged segments are termed polyelectrolyte block 

copolymers, also known as ionic block copolymers.26 This class of macromolecules 

combines properties of polyelectrolytes, block copolymers and surfactants.27 A distinctive 

feature of block polyelectrolytes is the ability to self-assemble in solution in a selective 

solvent, i.e., a solvent that is good for one block and poor for the other.28 The self 

assembly results in the formation of stable micelles in a great variety of structures 

(morphologies).29 The self-assembly can be controlled by varying the ionic strength, 

solvent quality, or degree of polymerization of the blocks. Micellization occurs when the 

block copolymer is dissolved in a large amount of a selective solvent for one of the 

blocks. Under these circumstances, the polymer chains tend to organize themselves in a 

variety of structures from micelles or vesicles to cylinders.  

The major driving force for the self assembly of polyelectrolyte copolymers is the 

decrease in free energy of the system due to the segregation of the hydrophobic fragments 

from the incompatible aqueous environment by the formation of a micelle core stabilized 

and ‘shielded’ from the surrounding aqueous media by the ‘corona’ formed by ionic 

blocks.30 The charged corona provides to the micelle solubility in aqueous media (i.e., 

“dispersion stability”). 

The ability of a macromolecule to respond to external stimuli, such as pH,31 light32 

and temperature33 is termed as stimuli responsiveness. The response of a macromolecule 

to an external stimulus is often accompanied by a sharp conformational change as well as 

changes in physical properties. Block copolymers with stimuli-responsiveness have been 

extensively investigated, partly due to interesting fundamental questions involved when 

trying to understand these systems, and partly due to a great number of possible 

applications in nanotechnology.34 The results have been summarized in several excellent 

reviews.31, 35-37 Muller et al.38 reported on the properties of PAA-b-poly(N,N-

diethylacrylamide). Poly(N,N-diethylacrylamide) exhibits a lower critical solution 

temperature (LCST of 32 C), whereas the degree of ionization of PAA can be controlled 

by pH change. Depending on pH and temperature, these polymers can form micelles, 

inverse micelles or hydrogels.39 Therefore, this ionic block copolymer can be used for 
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potential therapeutic applications, e.g., controlled drug delivery based on temperature/pH-

triggered release. 

Ionic block copolymers have received much interest in numerous applications 

such as drug delivery and release systems in medicine,40-42 membranes in separation 

technology and fuel cells,43 flocculants in waste water treatment44 and stabilizers.45 

 

2.3 BOTTLE BRUSH POLYELECTROLYTES 
 

Molecular brushes represent a special class of graft copolymers, composed of a main 

chain (backbone) and densely grafted side chains.46 Recent advances in synthetic polymer 

chemistry have provided an opportunity to produce cylindrical polyelectrolyte brushes, 

i.e. polymer chains, densely grafted with multiple polylectrolyte chains, or a 

polyelectrolyte backbone grafted with non-ionic polymer chains.47 These so-called 

“bottle-brush copolymers”, also known as comb-like copolymers, exhibit an interesting 

competition due to the steric repulsion between the side chains and the configurationally 

entropy of the backbone: varying the grafting density of the side chains and their length, 

the effective stiffness of these cylindrical brushes can be controlled over a wide range.48 

If the length of the backbone is significantly longer than that of the side chains, 

intramolecular excluded volume effects cause the polymer to adopt a cylindrical shape 

with the backbone polymer in the core from which the side chains emanate radially.49 

Conversely, molecular brushes with backbones on the order of the length of the side 

chains generally adopt compact, spherical dimensions that resemble star polymers.50  

Molecular brushes can be classified with respect to the chemical composition of 

the side chains as i) homopolymer brushes (Figure 2.2a) and ii) random/block copolymer 

(Figure 2.2b,c) brushes. Recently, more sophisticated architectures, termed as brush on 

brush, have been reported (Figure 2.2d). 

Synthetically, a variety of approaches have been adopted to allow the preparation 

of bottle brushes. Generally, there are three strategies employed for the synthesis of  

molecular brushes: “grafting through” (polymerization of macromonomers),51 “grafting 

to” (attachment of the side chains to the backbone),52 and “grafting from” (grafting the 

side chains from the backbone).53 The grafting through route involves the polymerization 

of macromonomers - polymers with polymerizable end groups – “through” their terminal  
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d)

a)

c)

b)

 
 
Figure 2.2 Schematic representation of bottle brush structures with different side chains 
a) homopolymer b) copolymer c) block-copolymer d) brush-on-brush. 

 

functionality. This method allows the preparation of brushes with 100% grafting density. 

It is difficult, however, to synthesize molecular brushes with a high degree of 

polymerization (DP) and low polydispersity because of the inherently low concentration 

of polymerizable groups and the steric hindrance imposed by the side chains.54, 55 

A fascinating aspect is also the importance of bio-macromolecules with bottle-

brush architecture, such as proteoglycans56, 57 and glycoproteins57. These polyelectrolytes 

consist of a protein backbone and carbohydrate side chains, performing biological 

functions from cell signaling and cell surface protection to joint lubrication.58 

Proteoglycans, e.g. aggrecan59  and the mucins,60 can be found on vast variety of cells. 

These biological brush polyelectrolytes remain one of the least well understood 

biopolymer systems in molecular biology and currently they are the subject of intense 

investigation.61 Molecular brushes have been proposed as synthetic substitutes for natural 

proteoglycans in order to better understand the architecture-property relationship, which 

could potentially lead to advances in biomedical applications. Nontoxic bottle-brush 

brush structures as biomimetic functional soft interfaces between solid semiconductors 

and biological systems may find direct applications for designing advanced biomedical 

devices.62 
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2.4 POLYELECTROLYTE COMPLEXES 
 

In this section polyelectrolyte complex formation, properties and applications are 

reviewed. The emphasis is put on the factors investigated in this thesis, i.e., the charge 

density of the polyelectrolytes, molecular weight, the mixing ratio and ionic strength.  

 

2.4.1 Introduction 
 
Polyelectrolyte complexes (PECs) are referred to a class of polymeric compounds 

consisting of oppositely charged polyions.63 Complex formation between synthetic 

anionic and cationic polyelectrolytes has been a well-known phenomenon for more than 

60 years.64 Mixing aqueous solutions of anionic and cationic polyelectrolytes results in a 

spontaneous formation of polyelectrolyte complexes (PECs), also known as polyion 

complex (PICs).65 A completely different approach leading also to highly ordered 

polymer complexes is the (template) polymerization of monomers along macromolecules.  

In general, electrostatically driven assembly enables formation of complexes 

between polyelectrolytes and surfactants,66 colloidal particles,67 biomacromolecules,68 

and, in particular, oppositely charged polyelectrolytes. Formation of PECs is a result of 

cooperative coupling reactions between two oppositely charged regions of polyions. The 

nano-particles formed demonstrate entirely new properties, remarkably different from 

those of the constituting polyelectrolytes.69 Thus, PECs represent a special class of 

macromoleculecular systems possessing versatile and easily tailored compositions and 

structures in solution. 

 

 

2.4.2 Complexation Process 
 
The formation of PECs is predominantly driven by strong electrostatic interactions 

between the oppositely charged macromolecules and by liberation of small counterions as 

well as a number of water molecules from the hydration shell around the polymers.70 

However, hydrogen bonding, hydrophobic interactions and van der Waals forces, or 

combinations of these interactions, usually contribute to complex formation. The process 

of PEC formation is athermal or nearly ideal (∆H=0).65 However, several studies have 
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demonstrated that the process of PEC formation can be either endothermal (ΔH < 0) or 

exothermal (ΔH > 0).71 With increasing ionic strength, ΔH decreases which is caused by 

the salt screening effect. From the thermodynamic point view (ΔG = ΔH - TΔS), the 

formation of polyelectrolyte complexes is driven by the gain of entropy (ΔS > 0).70 Thus, 

the favorable association is rather entropic in origin and not enthalpy driven. The entropic 

nature of polyelectrolyte association was recognized many decades ago. For example, 

Michaels and co-workers72 ascribe the mixing to be driven by “the escaping tendency of 

microions.”  

A polyelectrolyte chain in aqueous solution is typically enshrouded by a (low 

molecular weight) counterion cloud where the number of condensed counterions within 

such cloud increases with polyelectrolyte charge density but decreases with the polarity 

(dielectric constant) of the solvent.73 During complexation with a polyelectrolyte chain, 

incoming molecules have to compete with and displace condensed counterions. Thus, the 

liberation of counterions leads to entropy increase and facilitates the complexation 

process, provided that the entropy increase upon ion release exceeds the entropy decrease 

upon collapse and condensation of the polyelectrolytes. 

2.4.3 Structure of Polyelectrolyte Complexes  
 
Two major steps dictate PEC complexation:74 (1) the kinetic diffusion process of mutual 

entanglement between polymers, which occurs at relatively short times and depends on 

molecular size differences, stereo-chemical fitting, and (2) thermodynamic rearrangement 

of the already formed simplex aggregate due to conformational changes and 

disentanglement. The latter process occurs at rather long times leading to a source of 

instability in the PEC, and it is a consequence of phase separation in aqueous medium. 

Stop flow measurements have shown that the PEC formation takes place in less than 5 

ms, nearly corresponding to the diffusion-controlled collision of polyion coils.75 

Two structural models for PECs are discussed in the literature, dictated by the 

characteristics of the polyion groups, stoichiometry, and molecular weights. (i) The 

ladder-like structure (Figure 2.3a), where complex formation takes place on a molecular 

level via conformational adaptation. The ladder-like structure consists of hydrophilic 

single-stranded and hydrophobic double-stranded segments. These phenomena result 

from the mixing of polyelectrolytes having weak ionic groups and large differences in 
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molecular dimensions. (ii) Scrambled-egg model (Figure 2.3b), where a large number of 

chains are incorporated into the particle architecture.  

a) b)

 
 
Figure 2.3 Schematic representation of a) ladder and b) scrambled egg structures. Black 
represents the large positively charged polyelectrolyte while red represents a polyion of 
opposite charge (negative); a) shows the ladder representation where insufficient ion 
pairing occurs under certain stoichiometric conditions leading to macromolecular 
aggregates, insoluble, and soluble PECs, b) demonstrates the scrambled egg model 
where polymers of comparable size form complexes yielding insoluble PECs under 
certain conditions.  

 

The scrambled-egg model refers to complexes that are the product of the combination of 

polyions with strong ionic groups and comparable molar masses yielding insoluble and 

highly aggregated complexes under strict 1:1 stoichiometry.  

 

2.4.4 Factors Influencing Polyelectrolyte Complex Formation 
 
PEC formation is governed by numerous factors, such as the (intrinsic) characteristics of 

the precursors, e.g. nature, strength and position of ionic sites, charge density, the ratio 

between numbers of oppositely charged groups of polyelectrolytes, architecture and 

rigidity of polymer chains, molecular weight as well as the chemical environment, such as 

solvent, ionic strength, pH, temperature, concentration etc.63, 74 Properties of PECs have 

been investigated for many years and the role of some of the parameters is understood. 

The combination of these parameters is expected to produce complexes with many 

interesting properties with potential applications. 
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2.4.5 Stoichiometric and Nonstoichiometric Complexes 
 
Pioneering work by Fuoss and Sadek in 1949, described the complex formation between 

strong polyelectrolytes poly(sodium styrenesulfonate) and poly(vinyl-N-

butylpyridiniumbromide).64 An important point in describing these PECs is their 

stoichiometry, i.e. the molar ratio of cationic to anionic groups in the polyelectrolyte 

components. In the early 1960s Michaels et al. carried out the first systematic studies on 

formation and properties of PECs with strong synthetic polyelectrolytes. They 

demonstrated that the mixing of poly(sodium styrene sulfonate) and 

poly(vinylbenzyltrimethylammonium) chloride yielded an insoluble precipitate 

containing almost exactly stoichiometric proportions of its components.65, 72 

Stoichiometric PECs contain equal amounts of opposite charges, so that the total charge 

of such PEC is zero, and they usually phase separate macroscopically. It was emphasized 

that the combination of the polymer and electrolyte character in PECs produces new 

materials with unique properties. This new class of ionic materials was shown to be 

infusible and insoluble in all common solvents, and thus found various applications on a 

large industrial scale, e.g. hydrophilic soil binders, slag waste, membranes.76 

 While in earlier work the (1:1) stoichiometry of PECs was considered, the 

deviations from this (1:1) stoichiometry and the development of soluble PECs attracted 

significant interest in the 1970s, and stressed for the first time in the work of Tsuchida.77 

Comprehensive systematic experimental studies on formation and structure of soluble 

nonstoichiometric PECs were undertaken by the groups of Kabanov,78-81 Tsuchida82 and 

later on by Dautzenberg,83-87 whereas theoretic studies were performed by the groups of 

Khokhlov88-91 and Linse.92, 93 The synthetic PECs can be divided into four subclasses by a 

combination of strong and weak polyelectrolytes.94, 95 These studies showed that under 

appropriate salt conditions, the complex formation between polyions with weak ionic 

groups and significantly different molecular weight in non-stoichiometric systems 

resulted in soluble complexes. In addition, the preparation and mechanism of the stable 

polyelectrolyte complex nanoparticles with defined size and shapes were demonstrated by 

using centrifugation.96-98 

A generally accepted classification of nonstoichiometric, synthetic PECs has 

emerged from these studies. They are divided into two categories. (i) Highly aggregated 

complexes: these PECs are large non-equilibrium aggregates of several polyelectrolyte 

chains. The formed PEC particles are stabilized by the polyion in excess that charges the 
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PEC surface and prevents macroscopic precipitation. (ii) Water-soluble molecular 

complexes: the formation of water-soluble PECs is an equilibrium phenomenon that can 

occur when the following special conditions are met:92 (1) one component has weak ionic 

groups, (2) there is a significant difference in the molecular weights of the oppositely 

charged chains, (3) the mixture contains a high excess of the long-chain component, and 

(4) some salt is present in the system. The formation of soluble complexes is governed by 

thermodynamic equilibrium and results in a uniform distribution of the short chain 

component among the chains of the oppositely charged long-chain component. If one or 

more of the above conditions are not met, complex formation results in highly aggregated 

complex particles in the colloidal range. 

 

2.4.6 Effect of Polyelectrolyte Topology on Complex Properties 
 
Considerable amount of work have been reported by a great number of research groups 

regarding the influence of various parameters on structure, formation and properties of 

PECs formed by assembly of liner polyelectrolytes, whereas the effect of topology of the 

polymeric components has been less studid.99 Evidently, this is due to the difficult 

synthesis of these structures which have only been overcome with the advent of 

controlled polymerization techniques.51 Polyelectrolyte chain topology is thought to have 

an influence on the complexation process as well as on the properties of the resulting 

polymeric assemblies.74 

Ionic dendrimers representing regularly branched treelike structures have been 

mostly used as polyelectrolyte with nonlinear structure, and their complexation with 

oppositely charged macromolecules, both synthetic and natural, has been investigated.100, 

101 At the same time, the interaction of other nonlinear ionic polymers, such as star-

shaped polyelectrolytes,102 hyperbranched polyelectrolytes103 and in particular, bottle 

brush polyelectrolytes has received only little attention, however several contributions 

have been reported recently.102, 104-109  

 For instance, Sotiropoulov et al.104 reported formation of stoichiometric water-

soluble PECs formed upon mixing of dilute solutions of poly(sodium acrylate-co-sodium 

2-acrylamido-2-methyl-1-propanesulfonate)-graft-poly(N,N-dimethylacrylamine) and 

poly(diallyldimethylammonium chloride). Core-shell assemblies of several decades of 

nanometers in size were revealed. The stabilization of these nanoparticles was achieved 
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by the nonionic grafted poly(N,N-dimethylacrylamine) side chains. In another study the 

formation and properties of water-soluble stoichiometric and nonstoichiometric 

complexes was considered.108 PECs were assembled by cationic comb-type copolymer of 

the poly(acrylamide-co-[3-(methacryloylamino)propyl] trimethylammonium chloride)-

graft-polyacrylamide [P(AM-co-MAPTAC)-g-PAM] with the anionic polyelectrolyte 

poly(sodium acrylate) (NaPA) as a function of the composition of the cationic graft 

copolymer in terms of PAM side chains. By increasing the number of neutral PAM side 

chains in the graft copolymer, the aggregation number and the size of the nanoparticles 

were found to decrease. Moreover, increasing the ionic strength of the solution favours 

the dissociation of the complexes. Larin and co-workers106 reported on formation and 

properties of PECs formed by association of i) weak bottle-brush poly(acrylic acid) with 

oppositely charged weak linear poly(4-vinylpyridine), quaternized with ethyl bromide and 

ii) strong bottle brush poly([2-(methacryloyl)ethyl]-trimethylammonium iodide} with 

oppositely charged strong linear NaPSS in dilute aqueous solution. Regardless the 

strength of the ionic groups and over a wide range of complex stoichiometry, the 

formation of well-defined and colloidal stable nano-assemblies was demonstrated. 

 In a more recent study reported by the group of Muller,109 conformational changes 

of a single bottle brush macromolecule was induced by oppositely charged liner 

polyelectrolyte. Specifically, PECs were formed by the strong cationic bottle brush 

copolymer poly([2-(methacryloyloxy)ethyl]trimethylammonium iodide), carrying 

charged side chains, with linear strong NaPSS, with two different molecular weights. 

Increasing the content of short NaPSS induced morphology changes of the PECs from 

worm-like through intermediate pearl-necklace structures to fully collapsed spheres. 

However, extremely long NaPSS caused the full collapse of the PECs to spheres even at 

very low charge ratios, without intermediate states.  

In this thesis, extensive systematic research was undertaken on PECs formed by a 

series of bottle brush polyelectrolytes and linear polyelectrolytes. Effects of charge 

density, molecular weigh, concentration and charge ratio on formation, solution 

properties and stability of PECs is discussed in detail in Chapter 4, Paper I-II and Paper 

V. 
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2.4.7 Colloidal Stability of Polyelectrolyte Complexes 
 
In several applications the PECs are mainly used in the form of stable homogeneous 

dispersions, therefore an understanding and control over the colloidal stability is of 

paramount importance.110, 111 A number of suitable approaches intended to suppress PEC 

aggregation and to prevent precipitation have been demonstrated over the last two 

decades.112, 113 Several groups have reported the stabilization of PEC micelles or 

nanoparticles by chemical (irreversible) cross-linking of the core or shell.110, 114 The 

structure of the cross-linked micelles was fixed while their dissociation was permanently 

suppressed.115 In many cases, however, these complexes have a disadvantage in terms of 

the biocompatibility and biodegradability of the material for medical applications. Muller 

et al. prepared PEC dispersions by mixing poly(diallyldimethylammonium chloride) 

(PDADMAC) with poly(maleic acid-co--methylstyrene) (PMA-MS). The PEC 

dispersions were stabilized by intraparticle hydrophobic interactions by phenyl residue of 

PMA-MS and electrostatic attraction between PMA-MS and PDADMAC and by 

interparticle electrostatic repulsion, respectively.96, 97 Yet another promising strategy to 

overcome this problem was recently suggested, which is based on a careful design of the 

polyelectrolyte architecture. This approach was shown useful for achieving colloidal 

stability where both steric and electrostatic stabilization mechanisms can be achieved.116, 

117 Specifically, the precipiation of stoichiometric PECs can be prevented if a hydrophilic 

nonionic block (e.g. poly(ethylene oxide) - PEO) is attached to at least one of the 

polyelectrolytes.105, 118 In such a case uncharged water-soluble PECs are formed, 

comprised of a water insoluble core (the insoluble PEC) surrounded and stabilized by a 

hydrophilic PEO corona. Such core-shell supramolecular structures are, for instance, 

formed by mixing poly(ethylene oxide)-block-poly(,-aspartic acid) and poly(ethylene 

oxide)-block-poly(L-lysin) diblocks, and these PECs have been shown to present chain 

length recognition properties.119 The size of these assemblies was found to be in the range 

of some decades of nanometers. Bottle-brush polyelectrolytes, with a charged backbone 

and hydrophilic PEO side chains, provide an alternative strategy to prepare water-soluble 

stoichiometric PECs with oppositely charged linear polyelectrolytes,106, 120, 121 as 

discussed in Paper I. Furthermore, the properties of sterically stabilized PECs, that are 

soluble as molecular complexes at all stoichiometries due to the presence of a high 

density of poly(ethylene oxide) side chains are described in Paper II and Paper V.  
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3. MATERIALS & EXPERIMENTAL METHODS 
 

3.1 POLYMERS 
Poly(sodium styrenesulfonate) (NaPSS) standards (Mw = 4300, 17 000, 70 000, 150 000 g 

mol-1, Mw/Mn = 1.1) were purchased from Fluka and used as received. Copolymers of 

methacryloxyethyl trimethyl ammonium chloride, (METAC), and poly(ethylene oxide) 

methyl ether methacrylate, PEO45MEMA, with three distinct molar ratios were 

synthesized by free-radical copolymerization at Vilnius University.122 This results in 

close to random copolymers, having a Mw/Mn ratio of around 2-3, typical for polymers 

prepared by this method. Henceforth, PEO45MEMA:METAC-X represents the general 

abbreviation of these brush copolymers. The subscript 45 refers to the number of ethylene 

oxide units in the side chains, and X denotes the molar percentage of charged units in the 

main chain. The molecular structures of the monomer units are schematically depicted in 

Figure 3.1 The short and linear polyanion, NaPSS, is composed of only one type of 

monomer as illustrated in Figure 3.1a. The two types of monomer units in the bottle-brush 

copolymers are shown in Figures 3.1b and c. Some physico-chemical characteristics of 

the polyelectrolytes, such as weight average molecular mass, polydispersity index 

determined by dynamic light scattering and number of charged units/chain are 

summarized in Table 3.1.  

 

Table 3.1 Molecular characteristics of bottle brush and linear polyelectrolytes used 
for PEC formation. 
Polyelectrolyte Mw (kg mol-1) Mw/Mn  PDI Charged units 

PEO45MEMA:METAC-10 760 2-3 0.229 40 

PEO45MEMA:METAC-25 660 2-3 0.221 100 

PEO45MEMA:METAC-50 680 2-3 0.234 300 

PEO45MEMA:METAC-75 520 2-3 0.225 580 

poly(METAC) 145 2-3 0.208 690 

PSS4300 4.3 1.1 - 20 

PSS17000 17 1.1 - 80 

PSS70000 70 1.1 - 340 

PSS150000 150 1.1 - 720 
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Figure 3.1 Schematic representation of the molecular structure of the segments in the 
polyelectrolytes used: a) NaPSS, b) METAC, c) PEO45MEMA. 
 

A homopolymer of poly(N-isopropylacrulamide), PNIPAAM48, was synthesized 

by atom transfer radical polymerization at Oslo University following a procedure reported 

earlier.123 The chemical structure of the diblock copolymers used in this study is 

illustrated in Figure 3.2. Poly(N-isopropylacrylamide)48-block-poly((3-

acrylamidopropyltrimethyl-ammonium chloride)X, henceforth, PNIPAAM48-b-

PAMPTMA(+)X, represents the general abbreviation of these block copolymers, where X 

represents the number of charged monomer units in the cationic block, X = 0, 6, 10, 14, 

20. The polydispersity index (Mw/Mn) of the copolymers was low Mw/M = 1.05. 

  

HN O

48

HN O

N+ Cl-

X

 

Figure 3.2 Schematic representation of chemical structure of the cationic diblock 
copolymers PNIPAAM48-b-PAMPTMA(+)X. The number of charged monomer units (X) in 
the cationic block was X = 0, 6, 10, 14, 20. 
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3.2 FORMATION OF POLYELECTROLYTE COMPLEXES 
 
Experimental procedure. Stock solutions of the polycations with a concentration of 5000 

ppm were prepared in 5 mM sodium chloride. NaPSS stock solutions were prepared in 5 

mM NaCl in such a manner that the concentrations of the anionic charges from PSS were 

equal to the concentrations of cationic charges from the bottle-brush polyelectrolytes in 

their stock solutions. The PECs were formed by means of an automatic mixing process, 

using a programmable infusion pump (model PHD200, Harvard Apparatus, USA). 

Mixing was achieved by simultaneous injection of the two polyelectrolyte solutions into 

continuously stirred 5 mM NaCl solution. Mixtures of the following stoichiometrical 

ratios (5:1), (2:1), (1:1), (1:2), (1:5) between cationic groups from 

PEO45MEMA:METAC-X and anionic groups from NaPSS were investigated.  

 

3.3 X-RAY PHOTOELECTRON SPECTROSCOPY 
 
The surface analytical method (XPS or ESCA) is based on the photoelectric effect.124 In 

XPS experiment, a sample is exposed to monochromatic x-ray irradiation and the 

properties of the inner-electron shell electrons are probed.125 If h is the energy of the x-

ray source, and EB is the binding energy of the electron in the atom (a function of the type 

of atom and its environment), the basic physics of this process can be described by the 

Einstein equation, simply stated: EB = h - KE, where KE is the kinetic energy of the 

emitted electron that is measured in the XPS spectrometer. The binding energy is 

frequently expressed in electron volts (eV). In a XPS spectrum, the electron count is 

plotted versus binding energy. The integrated area under the peaks in these spectra can be 

compared and are, after normalization with the atomic sensitivity factor, equivalent to the 

relative abundance of the element that is present at the surface. The analysis depth is 

typically 2-5 nm. 

 

3.4 DUAL-POLARIZATION INTERFEROMETRY 
 
Dual-polarization interferometry (DPI) is a relatively new technique, able to measure 

changes in thickness and refractive index of adsorbed layers in situ and in real time.126 

The core of the instrument is the substrate surface, which is a sandwich-like chip structure 
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of two horizontally stacked waveguides made of silicon oxynitride, i.e. nitrogen-doped 

silica.127 This substrate is preferred due to its excellent optical properties with low 

absorption losses in the visible and near IR region combined with a high refractive index 

(about 1.5).128 Silicon oxynitride has an isoelectric point at pH 3, and the zeta-potential at 

pH 6 is about - 50 mV as determined by streaming potential measurements.129 When 

plane-polarized laser light is shone on the short end of the surface, it splits and travels 

separately through the two waveguides (sensing and reference). As it emerges on the 

other side of the chip, the two signals interfere with each other and this interference is 

detected by a camera as a fringe pattern in the far field. The evanescent field emitted by 

the sensing waveguide into the solution is affected by changes in the index of refraction 

and by adsorption onto the surface. Hence, the light propagating through the sensing 

waveguide is somewhat changed relative to the light traveling through the reference 

waveguide. This difference is detected as a shift in the fringe pattern in the far field, and 

these shifts are alternately and continuously recorded for both horizontally and vertically 

polarized light. By assuming formation of a homogeneous and isotropic adsorption layer, 

a unique solution for the thickness and refractive index of the layer can be calculated 

from the measured DPI signals.130, 131 

 

3.5 ELECTROPHORETIC MOBILITY 
 
A charged particle in a buffer solution is surrounded by a counterion cloud, which can be 

separated into two distinct regions: a thin layer tightly packed around the surface (Stern 

layer) that migrates with the particle in the presence of an external electric field and a 

more diffuse layer that migrates in the opposite direction. The surface between these two 

regions is defined as the surface of shear, and its electric potential is referred to as the -

potential. Closely related to the charge density at the particle surface, this potential 

controls colloidal properties such as stability and interparticle interactions. The solution 

electrophoretic mobility of the particle is related to the -potential by the Smoluchowski 

relation.132 Experimentally, the nanoparticle mobility is extracted from a measure of the 

inelastic frequency shift of the laser signal scattered by moving charged nanoparticles 

under the applied electric field.  
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3.6 DYNAMIC LIGHT SCATTERING 
 
In DLS one observes the time dependent fluctuation of the scattering intensity at a given 

angle (q-value).133 This process occurs due to collisions of solvent molecules with 

dissolved particles, known as Brownian motion, which in turn occurs due to thermal 

fluctuations inside the solution. These solute concentration fluctuations create short-lived 

domains, which vary in refractive index. The life time of these domains are related to the 

diffusion coefficient of the dissolved particles according to Ficks’ law,134 which in turn is 

related to their size.    

 This fluctuation of the intensity can be imagined as the drifting of particles in and 

out of the detection volume inside the sample cuvette. Whereas in SLS the intensity is 

averaged over a period of e.g. 30s, in DLS the intensity is auto-correlated with a sampling 

time Δτ down to tens of nanoseconds. The diffusion coefficient of small particles (small 

hydrodynamic size) is larger than that of big ones (large hydrodynamic size), and the 

frequency of the intensity fluctuations changes accordingly. Hence, by storing the whole 

intensity trace, and magnifying it, one could judge how large the particle is. However, this 

is not feasible due to the huge amount of produced data (using a sampling time of 30ns 

and 5 Byte per value one needs 166MB per second). Therefore only a correlation function 

g (q, τ) is computed by a commercial hardware correlator in between the output of the 

photo-multiplier and the computer.135, 136 For polydisperse samples the z-average 

hydrodynamic size is determined.137 

3.7 STATIC LIGHT SCATTERING 
In static light scattering (SLS) the scattered intensity is collected at different angles in the 

horizontal x-y plane, typically between 30-150° in 5° steps. For a given angle the 

intensity over a period of e.g. 30s is averaged. By evaluation of the angular dependent 

intensity one can obtain up to three characteristics of the sample. Static light scattering 

data are usually analyzed in terms of the classical Zimm equation,121 yielding the weight 

averaged molecular weight (Mw), the z-mean of the square of the radius of gyration 

(Rg,z
2), and the second virial coefficient (A2).

138 More details on the method and 

instrumentation used can be found in Papers I-II.     
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4. KEY RESULTS & DISCUSSIONS 
 

4.1 SOLUTION PROPERTIES OF BOTTLE-BRUSH 
POLYELECTROLYTE COMPLEXES 

 
In this section the results from Paper I, II, V and additional unpublished data are the 

main focus. The influence of polyelectrolyte characteristics, such as charge density, 

molecular weigh and concentration as well as charge ratio on the formation and structural 

characteristics of PECs are discussed. 

 

4.1.1 Effect of Charge Density and Concentration 
 
Poly(METAC) / NaPSS: Stoichiometric mixing of the solutions of positively charged 

poly(METAC) and negatively charged NaPSS results in formation of a two phase system 

of supernatant liquid and precipitated PEC. Complex particles without charge excess and 

no steric stabilization tend toward further aggregation and in line with this phase 

separation was observed.139 The preparation of non-stoichiometric complexes leads to the 

formation of turbid colloidal systems with suspended poly(METAC) / NaPSS particles. 

The solutions are turbid to the naked eye even at the lowest investigated polyelectrolyte 

concentration (50 ppm), in both the polycation-rich (2:1) and the polyanion-rich (1:2) 

cases. With increasing polyelectrolyte concentration the turbidity steeply increases and 

the samples become opaque. The polyanion-rich solutions (1:2) are always more turbid 

than the polycation rich ones (2:1) at a given concentration. This is related to the larger 

conversion of the polycation to PECs, which gives rise to either larger PEC concentration, 

or to formation of larger PEC particles or both. 

The colloidal stability of the non-stoichiometric PECs was probed by repeating 

the turbidity measurements after storage for two weeks. The measured turbidity values 

were found to be identical, within the experimental error, to those measured immediately 

after sample preparation. Since the poly(METAC) does not contain any hydrophilic side-

chains it can be concluded that the non-stochiometric complexes are stabilized 

electrostatically by the excess polyelectrolyte. Consistently, it was found that the 

complexes could be precipitated by increasing the NaCl concentration. The behavior of 

the nonstoichiometric and stoichiometric PEO45 - free system was expected and consistent 
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with the results of previous studies of PEC formation for analogous linear 

polyelectrolytes.69  

 

PEO45MEMA:METAC-75 / NaPSS: Mixing PEO45MEMA:METAC-75 with NaPSS 

results in solutions that are less turbid compared to those obtained by mixing 

poly(METAC) and NaPSS. In the concentration range 50-200 ppm the 

PEO45MEMA:METAC-75 / NaPSS solutions were found to be optically transparent to 

the naked eye, but non-zero turbidity is evident from the turbidity measurements shown in 

Figure 4.1a The turbidity increases linearly with polyelectrolyte concentration, which 

implies that the size of the formed complexes does not change significantly with polymer 

concentration.140 
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Figure 4.1 a) Turbidity b) hydrodynamic radius vs. concentration of 
PEO45MEMA:METAC-75 mixed with NaPSS at different mixing ratios of cationic 
polyelectrolyte charges to anionic polyelectrolyte charges added to the solution: (●) 
(1:2), (□) (1:1), and (▲) (2:1). The solid lines are plotted as guides for the eye. 

 

DLS measurements were also performed, and the CONTIN analysis of the 

measured autocorrelation functions indicated a broad, monomodal size distribution of the 

complexes with a polydispersity index (0.25) that was essentially the same as for the pure 

copolymer. This suggests that the PSS molecules are distributed uniformly among the 

brush polyelectrolytes. The RH values of these PEO45-poor complexes increase with 

polyelectrolyte concentration, as shown in Figure 4.1b. This seems to contradict to the 

turbidity data, which implied a constant complex size with increasing polyelectrolyte 

concentration. This issue can be resolved if the individual compact complexes with 
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increasing polyelectrolyte concentration becomes hydrodynamically coupled. In such a 

case the scattering intensity, and thus the turbidity, is determined by the compact core of 

the individual molecular complexes whereas the hydrodynamic size reflects that of the 

coupled cluster. For any given concentration the turbidity of the PEO45-poor complexes 

decreases in the order of (1:2) > (1:1) > (2:1) (Figure 4.1a), and the hydrodynamic radius 

decreases in the same manner (Figure 4.1b). Clearly, the content of PEO45 side chain is 

not sufficient to suppress aggregation of PEO45MEMA:METAC-75 / NaPSS complexes, 

although it prevents  precipitation of stoichiometric PECs. 

 

PEO45MEMA:METAC-50 / NaPSS and PEO45MEMA:METAC-25 / NaPSS: The 

stoichiometric (1:1) and non-stoichiometric (2:1 and 1:2) mixing of polyelectrolytes 

PEO45MEMA:METAC-50 or PEO45MEMA:METAC-25 with NaPSS leads to formation 

of optically transparent solutions. An increase in the polyelectrolyte concentration 

showed no effect on the turbidity. Further, addition of NaCl up to a concentration of 1M 

did not cause any increase in turbidity or precipitation. This means that the PEO45 side-

chain content in these brush-copolymers is sufficient to achieve complete steric 

stabilization of the complex particles and inhibit their further aggregation.  

In Figure 4.2 the hydrodynamic radius determined in aqueous 5mM NaCl solution 

is plotted as a function of polycation concentration for the two types of PECs formed by 

different mixing ratios. Clearly, RH is concentration independent for PECs formed by both 

PEO45MEMA:METAC-25 and PEO45MEMA:METAC-50. Furthermore, the addition of 

NaPSS to the brush polyelectrolytes has only a minor effect on the radii of gyration as 

detailed in Paper II. The radii of gyration determined for stoichiometric PEC in presence 

of NaPSS (35 and 38 nm for solutions containing the 50% and 25% charge density 

polymers, respectively) are slightly smaller than the ones obtained for the corresponding 

brush polymers in absence of NaPSS. On the other hand, the scattering intensities of the 

solutions containing both the cationic brush polyelectrolyte and NaPSS are much larger 

than those of the corresponding solutions without NaPSS. Since these measurements were 

done at identical cationic polyelectrolyte concentrations (the small NaPSS alone does not 

contribute significantly to the scattering) and the radii of gyration do not change 

significantly upon addition of NaPSS, the increased scattering intensities must reflect an 

increased scattering contrast (dn/dc), which confirms formation of polyelectrolyte 

complexes.  
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Figure 4.2 a) Hydrodynamic radius vs. concentration of a) PEO45MEMA:METAC-50 and 
b) PEO45MEMA:METAC-25  mixed with NaPSS at different mixing ratios of cationic 
polyelectrolyte charges to anionic polyelectrolyte charges added to the solution: (●) 
(1:2), (□) (1:1), and (▲) (2:1). The solid lines are plotted as guides for the eye. 

 

The slight decrease of the radii of gyration on complex formation is consistent 

with the assumption that the NaPSS polymer is incorporated into the core of the brush, in 

close vicinity of the positively charged backbone. This structure can explain not only the 

decreasing radius of gyration but also the marginally increased hydrodynamic size (see 

Figure 4.2) and the increased scattering intensity that is related to the higher optical 

contrast of the core. 

 

4.1.2 Effect of Polyanion Content 
 
PEO45MEMA:METAC-75 / PSS4300.  The hydrodynamic radius of 

PEO45MEMA:METAC-75 / NaPSS4300 complexes, plotted as a function of the charge 

fraction of NaPSS in the solution, is reported by the top curve in Figure 4.3a. An increase 

in NaPSS content, expressed by the ratio ([PSS]/([PSS]+[METAC])), from zero to 0.09 

increased the hydrodynamic size of the PEO45MEMA:METAC-75 / PSS4300 by a factor of 

2, RH = 42 nm, compared to the size of PEO45MEMA:METAC-75 alone (20nm). Further 

addition of PSS up to 0.9 leads to a linear grows of RH of the aggregates over the whole 

PSS range, resulting in a maximum size of the aggregates with RH = 85 nm. Clearly, 

increased PSS content promotes progressive aggregation in these mixtures and the 

number of both small PSS and large bottle brush macromolecules incorporated in the 
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aggregate increases. Aggregation of PEO45MEMA:METAC-75 / PSS4300 was also 

achieved by increased concentration of polyelectrolytes, as demonstrated in Section 4.1.1. 

The complex-aggregates were further characterized by electrophoretic mobility 

measurements and the results are illustrated in Figure 4.3b. Addition of the smallest 

amount of PSS (0.09) to PEO45MEMA:METAC-75 leads to reduction of the positive 

mobility value of PEO45MEMA:METAC-75 / NaPSS4300, compared to the bottle brush 

itself.  Further increasing the PSS content from 0.09 to 0.5 did not affect the mobility of 

the aggregates. However, when small excess of PSS is added, i.e. the PSS content is 

increased above 0.5, a low negative mobility of the aggregates is observed, which is not 

affected by further increasing the PSS content to 0.9. The low mobility values are due to 

the large size of the aggregates formed in this system. 

 

PEO45MEMA:METAC-50(25) / PSS4300. The data-sets for hydrodynamic size obtained 

with these two bottle-brush polyelectrolytes of lower charge densities show the same 

trend. An increase in NaPSS content, from zero to 0.35 hardly affects the hydrodynamic 

size of the PECs, as illustrated by the bottom curves in Figure 4.3a. A further increase in 

PSS content results in a clear increase in the hydrodynamic radius, to a value of 23 nm for 

complexes with PEO45MEMA:METAC-25 and to 25 nm for complexes with 

PEO45MEMA:METAC-50. Complex formation was supported by the fact that the 

scattered light intensity increased for cationic PEC samples compared to the scattered 

intensity measured for the pure bottle-brush polyelectrolytes, and additionally by 

measurements of the electrophoretic mobility, summarized in Figure 4.3b. Hence, we 

conclude that the hydrodynamic size for both types of complexes PEO45MEMA:METAC-

25 / NaPSS and PEO45MEMA:METAC-50 / NaPSS increases in the order (1:0) ≈ (5:1) ≈ 

(2:1) < (1:1) < (1:2) ≈ (1:5).  
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Figure 4.3 a) Hydrodynamic radius (RH) and b) electrophoretic mobility (u) of complexes 
containing PEO45MEMA:METAC-50 (squares) and PEO45MEMA:METAC-25 (circles) 
PEO45MEMA:METAC-75 (half filled diamonds)  as a function of the charge fraction of 
NaPSS. The solution contained 5 mM NaCl and 50 ppm of polyelectrolyte. Each data 
point represents measurements performed on separately prepared PEC samples. 

 

Since the hydrodynamic radius is unaffected when a small amount of PSS is 

incorporated in the complex, we conclude that the short and linear NaPSS present in 

cationic and uncharged PECs are located close to the backbone of the larger brush 

polyelectrolyte. In contrast, the hydrodynamic radius increases as the PECs become 

negatively charged, suggesting that the NaPSS chains are extended away from the 

backbone.  

The PECs of PEO45MEMA:METAC-50(25) were also characterized by 

electrophoretic mobility measurements, as shown in Figure 4.3b (top curves). The data 

for both types of PEC show the same trend. The mobility decreases as the PSS content in 

the solution is increased. Positive values were observed for PECs prepared in solution 

with excess cationic bottle-brush polymer, a close to zero mobility was found for PECs 

formed from stoichiometric solutions, whereas significant negative mobility values were 

detected for PECs prepared from solutions with excess NaPSS. These electrophoretic 

mobility data suggest strong complexation and formation of stoichiometric PECs when 

the polycation and polyanion are present in equal (charge) quantities. 

4.1.3 Effect of Polyanion Molecular Weight 
 
PEO45MEMA:METAC-75/PSSX : effect of concentration. The hydrodynamic radius of 

stoichiometric PEO45MEMA:METAC-75/PSSX complexes, where x = 4300, 17000, 
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150000 g/mol, plotted as a function of polycation concentration recorded shortly after 

their formation (~2 min) is shown in Figure 4.4a. Clearly, the size of the PECs increases 

when the polyelectrolyte concentration is increased, regardless of the molecular weight of 

the polyanion. The effect of concentration on the RH suggests formation of PEC 

aggregates (assemblies of several polyanion - polycation macromolecules) rather than 

molecular complexes. At each concentration RH decreases as the molecular weight of PSS 

is reduced. The hydrodynamic size was also determined for different nonstoichiometric 

PEO45MEMA:METAC-75/PSSX PECs. The DLS data for all nonstoichiometric 

compositions showed the same trend as for stoichiometric PECs, i.e. RH increases with 

polyelectrolyte concentration and molecular weight of the polyanion. In addition, we 

found that for any given bottle-brush polyelectrolyte concentration the hydrodynamic 

radius of the complexes decreases in the following order (1:5) ≈ (1:2) > (1:1) > (2:1) > 

(5:1). 

PEO45MEMA:METAC-50/PSSX  and PEO45MEMA:METAC-25 / PSSX. The 

hydrodynamic size of the stoichiometric complexes formed by the lower charge density 

bottle-brush polyelectrolytes, PEO45MEMA:METAC-25 and PEO45MEMA:METAC-50, 

with different molecular weight NaPSS at different polyelectrolyte concentrations is 

illustrated in Figure 4.4b and c, respectively. In this case the polyelectrolyte concentration 

did not affect the hydrodynamic radius. 
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Figure 4.4 Hydrodynamic radius of stoichiometric (1:1) complexes containing a) 
PEO45MEMA:METAC-75 b) PEO45MEMA:METAC-50 and c) PEO45MEMA:METAC-25 
as a function of polycation concentration. The solutions contained 5 mM NaCl. The 
curved lines are plotted as guides for the eye. 
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Effect of PSS Molecular Weight. The hydrodynamic radius as a function of the molecular 

weight of NaPSS in the PECs, for different complex compositions, is reported in Figure 

4.5a for PEO45MEMA:METAC-50/PSSX and in Figure 4.5b for PEO45MEMA:METAC-

25/PSSX. The data-sets obtained for PECs formed with the two different bottle-brush 

polyelectrolytes show the same trend: increasing the molecular weight of PSS up to 70 

000 g/mol leads to pronounced increase in hydrodynamic radius of the complexes, 

whereas a further increase in molecular weight to 150 000 g/mol hardly affects the RH of 

the PECs. The size of the PEO45MEMA:METAC-50 containing complexes is somewhat 

larger than that of the PEO45MEMA:METAC-25 PECs, independently of complex 

stoichiometry. For both bottle-brush polyelectrolytes, at any given NaPSS molecular 

weight, RH decreases as the NaPSS content is decreased, i.e. in the order (1:5) ≈ (1:2) > 

(1:1) > (2:1) > (5:1). Finally, it should be noted that the polydispersity index determined 

for PECs formed by small PSS anions (Mw ≤ 17.000 g/mol) is close to those determined 

for the bottle-brush polyelectrolytes, whereas larger polydispersity index is determined 

for the PECs containing larger molecular weight PSS (Table 4.1).  
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Figure 4.5 Hydrodynamic radius of complexes containing a) PEO45MEMA:METAC-50  
and b) PEO45MEMA:METAC-25 as a function of PSS molecular mass. The solution 
contained 5 mM NaCl and 50 ppm of PEO45MEMA:METAC-25(50). The dashed curves 
are plotted as guides for the eye. 

4.1.4 Charge Characteristics of Bottle Brush Polyelectrolyte Complexes 
 
The mean mobility values, and the standard deviation of these values from 15 

experiments, for PEO45MEMA:METAC-25/PSSx and PEO45MEMA:METAC-50/PSSx 

complexes are plotted as a function of the ratio [PSS charges] / ([METAC charges] + 
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[PSS charges]) in Figure 4.6. As expected, the sign of the mobility of the PEC particles 

corresponds to the sign of the component in excess, and the mobility at the stoichiometric 

ratio (0.5) is close to zero. Regardless of the molecular weight of PSS, a further increase 

in PSS content results in increased negative mobility of the complexes. 

The measured electrophoretic mobility, u, is influenced by the charge, Q, of the 

PEC particles and by their size. The number of elementary charges, z, contributing to the 

electrophoretic mobility of the complex can be estimated according to: 

 

eD

Tuk
z B                                                                                                      (4.1) 

 

where e is the elementary charge and D is the diffusion coefficient. 
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Figure 4.6 Electrophoretic mobility vs. PSS content for (■) PEO45MEMA:METAC-

50/NaPSSX  and (○) PEO45MEMA:METAC-25/NaPSSX. The concentration of the cationic 

polymer was fixed to 50 ppm. The horizontal line represents zero mobility. Each data 

point represents measurements performed on separately prepared PEC samples. 

 

The number of charges from small ions that are hydrodynamically associated with the 

PECs, zH, can be determined using the relation zH = (ztot – z), where ztot is the total number 

of charges calculated based on the molecular composition of the polyelectrolytes. 

 

ztot  zB 1 r                        (4.2) 
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where zB is the charge of the bottle-brush polymer and r is the charge ratio [PSS 

charges]/[METAC charges] in the mixture. Numerical values for u, D, z and zH are 

summarized in Table 4.1. 

 

Table 4.1 Solution characteristics of bottle-brush polyelectrolytes and PECs. 
Polyelectrolyte or PEC  
The PSS content is given by the ratio 
of PSS charges to METAC charges 
in the mixture 

u, 

(10-8 m2 / Vs) 

Dapp 

(10-12 m2/s) 

Z zH = ztot-z Polydispersity 

index 

PEO45MEMA:METAC-25 
PEO45MEMA:METAC-50 

3.2 
3.8 

13.6 
12.4 

63 
85 

39 
212 

0.212 
0.235 

PEO45MEMA:METAC-25/NaPSS4300 
0.166 
0.33 
0.5 
0.667 
0.833 

 
2.4 
2.1 
0.9 
-1.8 
-1.9 
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9.0 
8.3 
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40 
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For any given charge stoichiometry of the mixture the electrophoretic mobility of the 

PECs decreases with the molecular weight of PSS. This is partly due to an increased size 

of the PEC particles, as demonstrated by dynamic light scattering measurements (see 

above). 

Further, the absolute values for the mobility of positively and negatively charged 

PEO45MEMA:METAC-25/PSSx complexes were found to be somewhat lower compared 

to the mobility determined for PEO45MEMA:METAC-50/NaPSSx PECs with the same 

stoichiometric ratio. This is in line with the lower number of charges in 

PEO45MEMA:METAC-25/PSSx complexes as compared to PEO45MEMA:METAC-

50/PSSx.  

  

The hydrodynamic charge 

The average number of charges carried by the different polyelectrolytes used in this 

investigation is provided in Table 3.1. It should be noted that the average bottle-brush 

polyelectrolyte contains a larger number of  charges than NaPSS of low molecular weight 

(4300 g/mol and 17000 g/mol), but less charges than the high molecular weight PSS 

(150000 g/mol). Thus, in the stoichiometric complexes several low molecular weight PSS 

must be associated to each bottle-brush polymer, whereas several bottle-brush 

polyelectrolytes must be associated to each high molecular weight PSS. It should also be 

noted that the polydispersity, Mw/Mn, of the polymers (Table 3.1), which is 1.1 for PSS 

and 2-3 for the bottle-brush polymers, obviously is important for facilitating the 

formation of charge stoichiometric complexes at the 1:1 mixing ratio. 

The charge determined by an electrophoretic mobility measurement is equal to the 

charge located inside the volume defined by the liquid shear plane. Small ions are 

strongly accumulated close to highly charged polyelectrolytes6 and thus the 

electrophoretic charge is expected to be significantly smaller than that of the polyion.6, 8, 

141 This is also observed in the data where the hydrodynamic charge of 

PEO45MEMA:METAC-25 is about 60% of that of the polyion. The corresponding value 

for the more highly charged PEO45MEMA:METAC-50 is about 30%. The observation 

that a larger fraction of the counterions resides within the hydrodynamic volume for the 

more highly charged bottle-brush polyelectrolyte is consistent with theoretical 

predictions.142, 143 Figure 4.8 illustrates that at the stoichiometric mixing ratio the mobility 

is zero, and thus the number of small ions with positive charges within the hydrodynamic 
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volume is equal to the number of small anionic charges in the same volume. This suggests 

that the stoichiometry of the complex is the same as the stoichiometry of the mixture. 

For the non-stoichiometric complexes, the measured charge of the PEC particles, 

z, is always lower in magnitude than that calculated from Eq. 4.2, ztot. (Figures 4.8 a and 

b). For cationic complexes with low molecular weight PSS (4300 and 17000 g/mol) the 

net charge contribution of the hydrodynamically coupled small ions decreases as charge 

neutrality is approached. It is plausible to suggest that also for the cationic PECs the 

complex stoichiometry is the same as in the mixture. In excess of PSS we observe the 

expected change of sign of the complex. However, the charge of the complex is much 

smaller than would be expected if all PSS was incorporated in the complex, and the 

charge difference between the 1:2 and 1:5 complexes is small. This strongly suggests that 

all PSS are not incorporated in the complex but rather electrostatic repulsion between the 

negatively charged complex and the negative PSS puts a limit to the amount of anionic 

polyelectrolyte that can be incorporated. At this point the hydrodynamic volume of the 

complex carries an excess of about 80 negative charges.  
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Figure 4.8 Number of charges (Z) and total number of charges (Ztot) as a function of PSS 

content for (a) PEO45MEMA:METAC-50/NaPSSX  and (b) PEO45MEMA:METAC-

25/NaPSSX  complexes. The concentration of the cationic polymer was fixed to 50 ppm. 

The non-stoichiometric complexes formed with high molecular weight PSS have 

significantly lower hydrodynamic charge than those formed by low molecular weight PSS 
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(Figure 4.8). This is a consequence of their larger size (Figure 4.5.) that results in a larger 

fraction of the counterions being included in the hydrodynamic volume of the complex. 

 

4.1.5 Structure of Bottle Brush Polyelectrolyte Complexes 
 
The bottle-brush polymers used in this investigation has been characterized by SAXS144 

and similar bottle-brushes have also been investigated by SANS.145 Their solution 

conformation can be described as being prolate with a short-axis, b, of about 4 nm, 

whereas the long-axis, a, is less well-defined due to the polydispersity of the polymer. 

The hydrodynamic radius of a prolate-shaped molecule is given by:146 

  

 RH 
Q

ln
a  Q

b









                      (4.3) 

 

where Q  a2  b2 1/2
 

 

By using 4 nm for the value of b and the measured RH-values, the long-axis of the average 

bottle-brush polymer can be calculated to be about 13 nm for PEO45MEMA:METAC-25 

and 15 nm for PEO45MEMA:METAC-50.  

 The cationic and stoichiometric complexes formed by PSS with molecular weight 

4300 g/mol have only slightly larger hydrodynamic radius than the bottle-brush polymer 

alone (Figure 4.5), which suggests that the PSS is accommodated close to the backbone of 

the bottle-brush polymer. In contrast, the negatively charged complexes have higher RH 

values. For instance, for anionic PEO45MEMA:METAC-50/PSS4300 the RH-value is about 

25 nm compared to 17 nm for the bottle-brush alone. This change corresponds to an 

increase in the long and short axis of the prolate by about 1.5 nm. This increase in 

dimension is suggested to be partly due to stretching of the PEO side-chains due to the 

excluded volume repulsion exerted by the incorporated PSS, but also to the presence of 

some PSS molecules that extend from the bottle-brush backbone. Cationic 

PEO45MEMA:METAC-50/PSS17000 PECs have similar dimension as the anionic 

PEO45MEMA:METAC-50/PSS4300 PECs. This demonstrates that even the first PSS17000 

molecules that are incorporated in the PECs partly extend from the backbone of the 
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bottle-brush polyelectrolyte. The anionic PECs with PSS17000 have a hydrodynamic radius 

of the order of 40 nm, which according to Eq. 4.3 means that the dimensions of the 

prolate have increased by about 4 nm. 

 The total charge of PSS150000 is larger than that of a typical bottle-brush polymer, 

and now we have the situation that several bottle-brush polymers are associated to one 

PSS molecule. Thus, we can no longer assume that the complex has a prolate shape. 

However, it is clear that the size of the complexes formed by PSS150000 is larger than for 

the PECs formed by the smaller PSS molecules (Figure 4.8), and the polydispersity of the 

PECs formed is also larger (Table 4.1). Just as for the complexes with low molecular 

weight PSS, the size of the anionic complexes is larger than that of the cationic 

complexes. We speculate that this is due to strong PSS-PSS repulsion within the complex 

resulting in a more open complex structure. 

 

4.1.6 Colloidal Stability of Complexes 
 
It is well known that PECs formed by linear polyelectrolytes aggregate when the 

electrostatic repulsion between the PECs is not sufficient to provide colloidal stability.112, 

147 The PEO45 side chains in the cationic bottle-brush counteract this aggregation by 

providing steric stabilization.  

The colloidal stability of the stoichiometric and nonstoichiometric PECs in 5 mM 

NaCl was probed by repeating the light scattering measurements on stored samples under 

a period of 3 months. The hydrodynamic size of positively charged, (5:1) (2:1), and 

neutral (1:1) PEO45MEMA:METAC-75/PSSX (x = 4300, 17000 g/mol) complexes was 

found to remain constant as shown in Figure 4.9a,b for PEO45MEMA:METAC-

75/PSS4300 and in Figure 4.9c,d for PEO45MEMA:METAC-75/PSS17000 PECs. However, 

the size of the negatively charged (1:5) and (1:2) nonstoichiometric PECs increased for 

several days due to further aggregation until precipitation occured and only small 

aggregates remained in solution. A similar evolution with time has been observed for 

mixtures of cationic polyelectrolytes mixed with anionic surfactants.148, 149 An increase in 

molecular weight of the anionic polyelectrolyte to 150.000 g/mol promoted aggregation  
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Figure 4.9 Hydrodynamic radius (RH) as a function of time for complexes (a,b) 
PEO45MEMA:METAC-75/NaPSS4300, (c,d) PEO45MEMA:METAC-75/NaPSS17000 (e,f) 
PEO45MEMA:METAC-75/NaPSS150000 at different mixing ratios of cationic polyelectrolyte 
charges to anionic polyelectrolyte charges added to the solution: (■) (1:2), (○) (1:1), and (▲) 
(2:1). The complex concentrations were (a,c,e) 100 ppm, (b,d,f) 1000 ppm. The decrease in size 
observed after long time for the 1:2 complexes and high molecular weigh is a result of 
precipitation that only leaves small aggregates in the supernatant. 
 

of the PEC particles, and in this case the RH increased during several days of storage and 

then dropped due to sedimentation for all stoichiometries investigated, as can be seen in 

Figure 4.9e,f indicating limited colloidal stability regardless of the complex composition. 
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The hydrodynamic size of PEO45MEMA:METAC-25/PSSX and  

PEO45MEMA:METAC- 50/PSSX PECs, at any studied molecular weight of PSS and at 

any stoichiometric ratio, remained unchanged during storage for six months. This 

suggests formation of colloidally stable complexes. Addition of NaCl to these PEC 

solutions, up to a concentration of 0.5M did not cause any increase in turbidity or 

precipitation, which indicates that the density of uncharged PEO45 side-chains in the 

bottle-brush polymer is sufficient to achieve steric stabilization of the PECs and inhibit 

their further aggregation to larger particles. Clearly, the high side-chain density provides 

an efficient steric barrier that prevents flocculation even at high ionic strength. 
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4.2 ADSORPTION PROPERTIES OF BOTTLE BRUSH 
POLYELECTROLYTES AND POLYELECTROLYTE COMPLEXES 
 

In this section the results from Paper III, IV, V and VI as well as additional unpublished 

data are the main focus. The influence of polyelectrolytes characteristics, such as charge 

density, molecular weigh and concentration as well as mixing (charge) ratio on 

adsorption properties and structural characteristics of adsorbed layers of PECs are 

discussed. 

 

4.2.1 Adsorption Properties of Bottle Brush Polyelectrolytes 
 
Adsorption properties of bottle-brush polyelectrolytes have been investigated using dual 

polarization interferometry (DPI). The bottle-brush copolymers PEO45MEMA:METAC-

X investigated have different ratios of permanent cationic charged segments and 

uncharged PEO side chains. 
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Figure 4.10  a) Adsorbed mass as a function of time for PEO45MEMA:METAC-X where 
X represents charge density of bottle-brush polyelectrolytes. The adsorbed layers were 
formed from a 100 ppm polymer solution in water. b) adsorbed mass vs. polyelectrolyte 
concentration for PEO45MEMA:METAC-25 (open squares) and PEO45MEMA:METAC-
50 (closed circles) on silicon oxynitride in contact with  aqueous 5 mM NaCl. The 
adsorption isotherms were obtained by increasing the polymer concentration stepwise. 
 

The adsorption on silicon oxynitride was first carried out from aqueous solution 

with no added inorganic salt. It was demonstrated in Paper III that the uncharged bottle-

brush polymer, PEO45MEMA, adsorbed with the backbone preferentially parallel to the 

surfaces to maximize the number of favorable side-chain surface interactions, whereas the 
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highly charged polyelectrolyte, poly(METAC), adsorbs in flat conformation, resulting in 

low adsorbed amounts.150 This conformation is preferred since it leads to maximum 

number of electrostatic contacts with the oppositely charged silicon oxynitride surface.151 

Clearly, both the cationic groups and the PEO side chains have affinity for silicon 

oxynitride surfaces, and thus expected to contribute to the adsorption process of their 

copolymers. 

The time evolution of adsorbed amount of some polymers in the 

PEO45MEMA:METAC-X series is illustrated in Figure 4.10a. For all polymers studied 

the surface excess increased linearly with time during the initial stage of adsorption, and 

this situation prevails up to a surface coverage of 60% and 80% of the plateau value, for 

polymers with low (X = 10, 25) and high charge density (X = 50, 75), respectively. The 

maximum adsorbed amount is observed for composition X = 25. At low charge densities 

(10-25%) more extended layers are formed due to competition between relatively few but 

strong electrostatic surface polymer interaction points located at the polymer main chain, 

and numerous but weaker interaction points between the side chains and the surface. In 

contrast, at high charge densities (50-100%) electrostatic forces are predominant and 

relatively flat main-chain conformations on the oppositely charged surface are obtained. 

In this regime, when X > 50, the surface excess decreases close to linearly with increasing 

polyelectrolyte charge density and proceeds until (close to) charge neutrality has been 

reached, i.e. up to the point where the charges of the adsorbed bottle-brush polyelectrolyte 

compensates the surface charge.145 Analysis of adsorbed layer thickness data detailed in 

Paper III further confirmed and complemented the above picture of the structure of the 

adsorbed layers of the bottle-brush copolymers. 

 

Adsorption of bottle-brush polyelectrolytes: Effect of polyelectrolyte concentration 

In Paper IV the adsorption of the bottle-brush polyelectrolytes PEO45MEMA:METAC-

25 and PEO45MEMA:METAC-50 on silicon oxynitride surfaces was considered and the 

adsorption isotherms were obtained.152 In this study the adsorption was performed from 

aqueous 5mM NaCl. For a concentration of the polyelectrolytes of 10 ppm at 20 °C, 

adsorption equilibrium was reached within 10 min. The adsorbed amount for 

PEO45MEMA:METAC-25 was determined to be 2.3 mg/m2, larger than the 1.7 mg/m2 

obtained for PEO45MEMA:METAC-50. The first value is slightly lower whereas the 

second value is slightly higher than reported above for the adsorption of these bottle-

brush polyelectrolytes from water, revealed by DPI.150 A further subsequent increase in 



Chapter 4                                                                                     Key Results & Discussions 
________________________________________________________________________ 

 38

polyelectrolyte concentration to 20, 50, and 100 ppm did not affect the adsorbed mass as 

illustrated in Figure 4.10b. Hence, full coverage of the surface was reached when both 

polyelectrolytes were adsorbed from 10 ppm solution, indicating a high affinity to the 

surface. The thickness of the layers, 11.0 nm for PEO45MEMA:METAC-25 and 7.3 nm 

for PEO45MEMA:METAC-50, was also not affected by the polyelectrolyte concentration 

in the investigated concentration range, and slightly lower than observed in salt-free 

water.  

 

4.2.2 Adsorption of Polyelectrolyte Complexes: Effect of Concentration and 
Polyanion Content 
 
Effect of PEC concentration. Adsorption of PEO45MEMA:METAC-25 / NaPSS and 

PEO45MEMA:METAC-50 / NaPSS complexes with stoichiometric and non-

stoichiometric compositions on silicon oxynitride surfaces was performed under identical 

experimental conditions as used in the adsorption experiments for the bottle-brush 

polyelectrolytes in Paper IV. As illustrated in Figure 4.11, the concentration of the PECs 

has no significant effect on the final adsorbed mass for any PEC composition. 

 

Adsorption of PECs: Effect of PEC composition 

Figure 4.12 clearly shows that the composition of the PECs has a pronounced effect on 

the adsorbed mass with cationic PECs adsorbing more than uncharged ones, and even less 

adsorption is achieved by the anionic PECs. This suggests that electrostatic forces are of 

major importance for the adsorption of these PECs to silicon oxynitride. For both 

stoichiometric and non-stoichiometric compositions the adsorbed amounts of the 

PEO45MEMA:METAC-50 / NaPSS4300 complexes were found to be lower than those 

obtained by the PEO45MEMA:METAC-25 / NaPSS4300 complexes.  

The adsorbed amount and layer thickness as a function of the ratio 

[PSS]/([PSS]+[METAC]) are illustrated in Figure 4.12. For both bottle-brush 

polyelectrolytes we note that the adsorbed mass and the layer thickness reach a maximum 

at a ratio of about 0.3, corresponding to 2:1 complexes. Maximum adsorption was 

obtained for positively charged complexes with composition 2:1, the numerical value was 

found to be 2.9 mg/m2 and the corresponding film thickness was 11.1 nm. A further 

increase in PSS content resulted in decreasing adsorbed mass, to about 0.2 - 0.3 mg/m2 

for anionic complexes, and layer thickness. Thus, it should be noted that anionic 
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complexes adsorb to some extent on the negatively charged surface. In contrast, no 

adsorption was detected for pure NaPSS. 
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Figure 4.11 Adsorbed mass as a function of a) PEO45MEMA:METAC-50 concentration  
in solutions containing NaPSS4300/ PEO45MEMA:METAC-50 complexes (closed symbols) 
and b) PEO45MEMA:METAC-25 concentration in solution containing NaPSS4300/ 
PEO45MEMA:METAC-25 complexes (open symbols). The adsorption isotherms were 
obtained by increasing the PEC concentration stepwise. 
 

The effect of the PSS content on the adsorption of PEO45MEMA:METAC-50 / 

NaPSS complexes show the same general pattern as observed for the complexes formed 

with PEO45MEMA:METAC-25 as the cationic component. However, both the adsorbed 

mass and thickness are significantly lower when PEO45MEMA:METAC-50 is used as the 

cationic component as compared to when PEO45MEMA:METAC-25 is employed (Figure 

4.12). 

Adsorption of cationic PEO45MEMA:METAC-X / NaPSS complexes. The cationic 

complexes formed between NaPSS and the cationic bottle-brush polyelectrolytes have an 

electrostatic affinity for the surface. Further, the conformation of the large bottle-brush 

polyelectrolyte is not significantly disturbed by association with the small PSS as 

demonstrated by dynamic light scattering measurements. Thus, for these complexes we 

expect the adsorption to be driven by both electrostatic forces and the side chain - surface 

affinity. Thus, one reason why the adsorption increases due to addition of a small amount 

of NaPSS is suggested to be that larger amount of polymer is needed in order to neutralize 
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the surface charge density. Furthermore, the brush polymer is expected to retain some of 

the PSS polyions even in it surface bound state, which further increases the adsorbed 

amount. The fact that the XPS analysis of the surface layer demonstrates that the complex 

composition changes in the direction towards less PSS in the adsorbed complexes does 

not invalidate this explanation. 
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Figure 4.12 Adsorbed mass and layer thickness as a function of PSS content in NaPSS / 
PEO45MEMA:METAC-25 and NaPSS / PEO45MEMA:METAC-50 complexes adsorbed on 
silicon oxynitride. Squares correspond to layer thickness, circles to adsorbed amount. 
Each data point was obtained from a separately prepared sample. The error bars show 
the standard deviation from 4 separate measurements. The concentration of the cationic 
polyelectrolyte was in each case 50 ppm. 
 

Adsorption of uncharged complexes.  The uncharged poly(PEO45MEMA) adsorbs 

significantly less than PEO45MEMA:METAC-25 to silicon oxynitride (Paper III). The 

uncharged complex formed between PEO45MEMA:METAC-X and NaPSS is similar to 

poly(PEO45MEMA) in that it is a close to uncharged entity, see mobility data in Figure 

4.6, with a typical bottle-brush conformation in bulk solution. Provided all PSS remained 

in the complex during adsorption, the complex would anyway be able to adsorb due to the 

affinity between the side-chains and the surface. Indeed, this seems reasonable 

considering that the adsorbed mass of the stoichiometric complexes, about 1 mg/m2, is 

comparable to that of poly(PEO45MEMA). However, the XPS results must also be 

considered, and they demonstrate a considerable loss of PSS from the complexes during 

the adsorption. Thus, the adsorption cannot be rationalized by only considering 

adsorption via the uncharged side chains. Rather, the XPS data suggests that the 
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adsorption process should be considered as being due to an ion exchange reaction, where 

negative surface sites and negative sites on PSS compete for binding to the positive 

charges on the bottle-brush polymer. Thus, the reduced adsorption for the stoichiometric 

complexes is primarily due to the competing binding possibility to PSS. 

 

Adsorption of negatively charged complexes. The data illustrate that adsorption also 

occurs in presence of negatively charged complexes, but to a significantly smaller extent 

than observed for the stoichiometric complexes. This is a consequence of the increased 

competition from the negative charges in PSS that counteracts binding to the negative 

surface sites. It was shown in Paper III that the surface - side chain affinity is of 

importance during the initial adsorption of PEO45MEMA:METAC-X on silicon 

oxynitride, and it is suggested that this is the case also for both stoichiometric and non-

stoichiometric complexes. It is conceivable that the side chain affinity to the surface 

allows anionic complexes to reside next to the surface, despite the electrostatic repulsion. 

When this occurs a fraction of the small PSS molecules desorbs from the complex and 

this facilitates some adsorption. Due to the low adsorbed amount achieved from solutions 

of anionic complexes, XPS data become unreliable and thus our suggestion of desorption 

of PSS from anionic complexes should be viewed as a logical extrapolation of the data 

obtained for cationic and uncharged complexes. 

 

4.2.3 Effect of Molecular Weight 
 
The effect of polyanion molecular weight on adsorption properties of 

PEO45MEMA:METAC-25(50) complexes was described in Paper V. The evolution of 

the adsorbed mass as a function of time during the initial stage of the adsorption process 

for PEO45MEMA:METAC-25/PSSx and PEO45MEMA:METAC-50/PSSx (x = 17.000 and 

150.000 g/mol) complexes with different mixing ratios are compared in Figures 4.13a-d. 

From the data presented it is clear that the adsorbed amount decreases in the order (2:1) > 

(1:1) > (1:2), i.e. with increasing amount of anionic polyelectrolyte in the complex. 

Furthermore, regardless of the PEC composition, PEO45MEMA:METAC-25 containing 

complexes adsorbed in larger amounts on silicon oxynitride compared to complexes 

containing the higher charge density bottle-brush polymer PEO45MEMA:METAC-50. 
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It is also of interest to consider the initial adsorption kinetics, as evaluated from 

the initial slope of the curves shown in Figures 4.13a-d. Under certain assumptions 

(ref),153, 154 the value of attachment rate constant km can, if all molecules that reach the 

surface adsorb, be determined from the initial slope of the adsorption curves 

d
dt









t0
illustrated in Figures 4.13a-d. Theoretically it is given by155 
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                                                                     (4.4) 

 

The prefactor in eq. 4.4 was determined for the cell used by Glaser.156 Dapp is the apparent 

diffusion constant, F the volumetric flow rate, h, w, and l are the height, width and length 

of the fluidic cell, respectively. 

However, due to the polydispersity of the bottle-brush polyelectrolyte a direct comparison 

between experimental and theoretical values for km is difficult (see the analysis in Paper 

III). Thus, instead we take the approach to compare the variation in the measured value 

of km to the change in Dapp
2 /3 and plot the ratio km /Dapp

2 /3 in Figure 4.14. A constant value 

of this quantity means that the attachment probability is unaffected, whereas a decreased 

value demonstrates a decreased attachment probability. The data shown in Figures 4.14, 

even considering the scatter, shows that the value of  km /Dapp
2 /3 decreases with PSS 

content in the PEC, and that this effect increases with increasing molecular weight of the 

PSS. This is not due to the increased size of the PEC, as this effect is taken into account 

in the factor km /Dapp
2 /3, but demonstrates that the adsorption probability of a PEC particle 

that collides with the surface decreases with PSS content and molecular weight. 
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Figures 4.13 Adsorbed mass as a function of time for a) PEO45MEMA:METAC-
25/NaPSS17000; b) PEO45MEMA:METAC-50/NaPSS17000; c) PEO45MEMA:METAC-
25/NaPSS150000 and d) PEO45MEMA:METAC-50/NaPSS150000 complexes on silicon 
oxynitride. The aqueous solution contained 5 mM NaCl. 
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Figures 4.14 The quantity km /Dapp
2 / 3, where km is the kinetic adsorption coefficient and D 

the diffusion coefficient, plotted as a function of PSS charge content for a) 
PEO45MEMA:METAC-50/NaPSSX and b) PEO45MEMA:METAC-25/NaPSSX complexes 
containing different molecular weight PSS. 

 

The analysis of data for the layer thickness (Paper 5) showed that regardless of complex 

stoichiometry, the thickness of the layers formed by PEO45MEMA:METAC-25 

containing PECs is larger than that obtained from PECs with PEO45MEMA:METAC-50. 

Furthermore, the thickness was found to decrease with PSS content and molecular weight.  

The adsorbed amount achieved from the different PEC containing solutions are 

plotted as a function of NaPSS molecular weight in Figures 4.15. The data illustrate that 

the adsorbed mass decreases when the NaPSS molecular weight is increased. This effect 

is pronounced independent of the PEC composition (from 5:1 to 1:5), and in terms of 

absolute values the decrease is most significant for positively charged complexes. 
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Figures 4.15 Adsorbed mass of complexes containing a) PEO45MEMA:METAC-25 and 
b) PEO45MEMA:METAC-50 as a function of PSS molecular weight. The solution 
contained 5 mM NaCl and 50 ppm of PEO45MEMA:METAC-25(50). The curved lines are 
plotted as guides for the eye. 

 

4.2.4 Driving Force for Adsorption  
 
The complexes formed can in principle adsorb through electrostatic interactions with the 

bottle-brush backbone and through the PEO45 side chains, whereas the PSS molecules 

within the complex are repelled from the surface. Thus, when a PEC collides with the 

surface it can adsorb if the PEO45 side chains or the bottle-brush backbone encounter the 

surface, but not if the encounter occurs through the PSS chain. The likelihood of 

adsorption is thus expected to decrease with PSS content of the PEC and with increasing 

molecular weight of PSS since these conditions favour extended PSS chains. The plots 

shown in Figures 4.15 show exactly these trends. 

 As was discussed in chapter 4.2.2 the adsorbed layers formed by 

PEO45MEMA:METAC-X/PSS4300 contain much less PSS than the complexes (Paper 

IV). In fact, so little that hardly any PSS could be detected by XPS analysis. This finding 

demonstrates that the low molecular weight PSS desorbs from the complex during 

adsorption and that adsorption proceeds through a competitive process where negative 
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surface sites compete with PSS for binding to the cationic sites on the bottle-brush 

polyelectrolyte. Provided the same mechanism prevails also for PECs formed using PSS 

with higher molecular weight, then one would expect the adsorbed layer to consist nearly 

exclusively of the bottle-brush polyelectrolyte and the layer thickness would then depend 

only on the adsorbed amount and not on from which PEC solution it was formed. This is 

indeed observed as illustrated in Figures 4.16. 
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Figure 4.16 Thickness as a function of adsorbed amount for a) PEO45MEMA:METAC-

25/NaPSSX b) PEO45MEMA:METAC-50/NaPSSX complexes. Filled enlarged squares 

represent data for the bottle-brush polyelectrolyte in absence of any PSS. 

 The lower adsorbed amount obtained for higher PSS content in the PEC, and for 

higher molecular weight of PSS for a given PSS content, is then attributed primarily to a 

shift in the equilibrium between surface bound and complex bound bottle-brush polymers 

towards the complex bound state. This is consistent with the adsorption data shown in 

Figure 4.13, which demonstrate that a plateau value for the adsorption is reached for each 
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PEC solution and thus the low adsorbed mass obtained for complexes with high PSS 

content is not due to slow adsorption kinetics.  

 
 

4.3 ADSORPTION OF CATIONIC BLOCK COPOLYMERS 
 
Adsorption kinetics of a series of cationic block copolymers, designated as PNIPAAM48-

b-PAMPTMA(+)X, where (x = 0, 6, 10, 14, 20) has been investigated. The molecular 

structure of constituting blocks of block copolymer is depicted in Figure 3.2. Adsorption 

studies of highly charged polyelectrolytes with similar structure to PAMPTMA(+)X 

showed that polyelectrolyte adsorb in flat conformations in silica-like substrate, resulting 

in low adsorbed amounts and very thin adsorbed layers,151 whereas adsorption studied of 

PNIPAAM48
157

 revealed affinity of this polymer to silica surface.123  

Adsorption of a series of cationic block copolymer PNIPAAM48-b-

PAMPTMA(+)X, where (x = 0, 6, 10, 14, 20) from water on silicon oxynitride substrates 

have been investigated by DPI. The time evolution of the adsorbed amount is illustrated 

in Figures 4.17. A common feature of all adsorption curves is that, in the initial stages of 

the adsorption, the adsorbed amount increases linearly with time. This is as expected for a 

diffusion-limited adsorption process.158, 159  

The initial adsorption rate is similar for all of the polymers investigated, but the 

time required to saturate the surface is slightly larger for the copolymers, PNIPAAM48-b-

PAMPTMA(+)X, compared to for PNIPAAM48. This indicates that slower 

rearrangements in the layer occur to accommodate the last adsorbing block 

copolyelectrolytes. The qualitative analysis of kinetic curves, in terms of transport of 

molecules and their attachment rates was performed and detailed in Paper VI. The results 

showed that strong reduction in adsorption rate is due to the steric hindrance imposed by 

the already adsorbed polymers. In case charge reversal occurs, electrostatic interactions 

also slow down adsorption due to development of a depletion layer. 160 
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Figure 4.17 Adsorbed mass as a function of time for PNIPAAM48-b-PAMPTMA(+)X 

adsorbed from water onto silicon oxynitride. The polymer concentration was 50 ppm. 

 

 The equilibrium adsorbed amount and thickness are shown in Figure 4.18. (Note 

that data for the first 200 s are shown in Figure 4.17, whereas the equilibrium adsorbed 

amount after about 10 min is shown in Figure 4.18).  At equilibrium the adsorbed mass of 

PNIPAAM is 0.6 mg/m2 and the layer thickness is 1.4 nm. This demonstrates that the 

PNIPAAM polymer exhibits affinity to the silicon oxynitride surface and adsorbs via 

non-electrostatic interactions. Incorporation of cationic block in the polymer structure 

increases the adsorbed amount and the maximum amount 1.1 mg/m2 is reached when the 

length of the cationic block in increased to 10 units. However, a further increase in the 

length of the cationic block results in a decrease in adsorbed amount down to 0.7 mg/m2 

for the polymer with a 20 unit long cationic block. The variation in layer thickness 

mimics that of the adsorbed amount in the sense that a maximum value is found for 

PNIPAAM48-b-PAMPTMA(+)10. However, for a similar adsorbed mass a slightly larger 

thickness is observed for the cationic-rich polymers compared to the cationic-poor ones.  

The adsorbed amounts in the plateau region can be recalculated in terms of 

number of adsorbed polymer charges and number of adsorbed polymers. The results from  
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Figure 4.18 Adsorbed mass () and thickness (d) plotted against number of charged 

segments in the PNIPAAM48-b-PAMPTMA(+)X copolymer. Open squares (□) correspond 

to film thickness, filled circles () to adsorbed amount. The polymer concentration was 50 

ppm and the surface was silicon oxynitride. 
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Figure 4.19 Number of chains (□) and number of charged units () per nm2 in adsorbed 

layers of PNIPAAM48-b-PAMPTMA(+)X on silicon oxynitride plotted against the number 

of charged segments in the block copolymer. 

 

these calculations are shown in Figure 4.19. Interestingly, for the copolymers with 10 or 

more cationic groups, the same number of charged groups is adsorbed. This is a strong 
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indication that the adsorption is predominantly driven by electrostatic interactions and 

proceeds until the electrostatic repulsion between the adsorbed chains counteracts further 

adsorption. The number of adsorbed chains is at a maximum value for PNIPAAM48-b-

PAMPTMA(+)10, whereas the number of adsorbed PNIPAAM48-b-PAMPTMA(+)20 

molecules is even lower than found for PNIPAAM48. Again, this is suggested to be a 

consequence of electrostatic repulsion between the adsorbed block copolyelectrolytes. 

Considering the strength of electrostatic interactions it is plausible to suggest that 

the cationic block of the copolymer is more strongly accumulated next to the surface than 

the PNIPAAM block. In line with this the thickness of the adsorbed layer is dictated by 

the extension of the PNIPAAM block. Analysis of layer structure detailed in Paper VI 

allows one to conclude that the molecules in the adsorbed layer are in the weak overlap 

regime, but not stretched to such an extent that the layer can be characterized as a brush.  
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5. CONCLUSIONS 
 
The thesis describes a systematic investigation of PECs formed by a series of cationic 

bottle-brush polyelectrolytes and a series of anionic linear polyelectrolytes in aqueous 

solution. Both solution and interfacial properties were considered. The pronounced effect 

of the side-chain density of the bottle-brush polyelectrolyte on the properties of 

stoichiometric and nonstoichiometric PECs was demonstrated. Formation of PECs by 

bottle-brush copolymers with high density of side-chains (>25%) results in small, water-

soluble, molecular complexes having nonspherical shape, independent of concentration. 

Whereas formation of PEC-aggregates was revealed by bottle-brush polyelectrolytes with 

low side chain density. It was demonstrated that the morphology and the charge of the 

PECs can by controlled by the (charge) ratio between the polyelectrolytes. The bottle-

brush polymers adopt a prolate shape in solution, and the complexation of these bottle-

brushes with PSS4300 and PSS17000 leads to a moderate increase in the hydrodynamic size 

and no change in polydispersity, which is consistent with the picture that several small 

linear polyelectrolyte molecules associate with the large bottle-brush. In contrast, when 

complexation occurs between PSS150000 and the bottle-brush polymers considerably larger 

PECs are formed and the polydispersity increases, consistent with several bottle-brush 

polymers associating with one high molecular weight polyanion. In large excess of 

polyanion both negatively charged complexes and free polyanion molecules exist in the 

solution. 

Adsorption kinetics of stoichiometric and nonstoichiometric PECs on negatively 

charged silicon oxynitride was investigated by DPI. In general, the adsorbed amount 

decreases with increasing PSS content of the complex, and at a given PSS content with 

the molecular weight of the polyanion. Further, the thickness of the layer formed scales 

with the adsorbed amount, and the same master curve was observed independent of PSS 

molecular weight. This finding is rationalized by removal of PSS from the complex 

during the adsorption event. The adsorbed mass achieved under a given condition is thus 

dictated by a competition between anionic surface sites and anionic sites on PSS for 

complexation with the cationic sites on the bottle-brush. This equilibrium is shifted 

towards the complex side with increasing PSS content and increasing PSS molecular 

weight. The PSS content and molecular weight also influences the initial adsorption 

kinetics above that expected by the different sizes of the complexes. A higher PSS 
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content and larger PSS molecular weight decreases the adsorption probability, which is 

due to the presence of extended PSS chains that counteract adsorption. 

 The adsorbed amount of cationic-PNIPAAM diblock copolymers was also 

investigated as a function of the length of the charged block. It was found that the cationic 

block did not significantly affect the adsorption kinetics, but it strongly affected the 

adsorbed mass in the plateau region. For large cationic blocks the adsorption was limited 

by electrostatic repulsion, whereas steric repulsion between the PNIPAAM chains limited 

the adsorption for short cationic blocks. 
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