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Abstract 

 

The swelling behaviour of polyelectrolyte brushes under aqueous conditions has attracted the attention of 

researchers working in the fields of fundamental and applied sciences. This research aims to shed light on 

the role of three under-investigated aspects of the swelling behaviour of polyelectrolyte brushes: vertical 

gradient of the charge fraction, the role of nonelectrostatic interactions, and specific ion effects. The results 

from this research are communicated in the form of three publications corresponding to these three subjects.  

Vertical gradient of the dissociation degree in a weak polyelectrolyte brush was studied experimentally. 

The results are reported in the first part of this thesis. A combination of the ellipsometry and quartz crystal 

microbalance with dissipation monitoring (QCM-D) technique was used to demonstrate that the degree of 

dissociation of weak polyelectrolyte brushes increases with increasing the distance from the substrate. 

Following this, the roles of nonelectrostatic, polymer–polymer and polymer–solvent, interactions were 

investigated experimentally and theoretically. Nonelectrostatic effects were systematically analysed by 

designing polyelectrolyte brushes having different side groups but with similar chain lengths, dispersities, 

grafting densities, and charge fractions. It was observed that nonelectrostatic interactions significantly 

affected the swelling behaviour of polyelectrolyte brushes. The results from a mean-field approach 

validated these experimental results. The third part of the thesis reports the effects of different types of ions 

on the swelling behaviour of polyelectrolyte brushes. Two different ion-specific mechanisms were 

experimentally demonstrated by studying the swelling behaviour of a strong polycationic brush with various 

counterions. Variation of the type of counterions influenced the osmotic pressure of counterions and the 

brush-solvent nonelectrostatic interactions. The results from the theoretical model and the experimental 

results were analysed to determine how the mechanisms are influenced by the properties of the brush and 

the medium, e.g. grafting density and ionic strength. As an extension to the third study, two sets of 

preliminary results, obtained when ion–polyelectrolyte interactions were investigated, are also discussed. 

These results raise new questions and suggest ideas for future work. 
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Resumѐ 

 

Tykkelsesændring af polyelektrolytbørster under vandige forhold har skabt interesse for forskere, der 

arbejder inden for grundlæggende og anvendt videnskab. Denne forskning sigter mod at kaste lys over tre 

parametres betydning for tykkelsesændringen af polyelektrolytbørsters: lodret gradient af 

ladningsfraktionen, betydningen af ikke-elektrostatiske interaktioner og specifikke ioneffekter. 

Resultaterne fra denne forskning formidles i form af tre publikationer svarende til disse tre emner. 

Lodret gradient af dissociationsgraden i en svag polyelektrolytbørste er blevet undersøgt eksperimentelt. 

Resultaterne er rapporteret i første del af denne afhandling. En kombination af ellipsometri og 

kvartskrystal mikrobalance med dissipationsovervågningsteknik (QCM-D) blev anvendt til at demonstrere, 

at graden af dissociation af svage polyelektrolytbørster øges med stigende afstand fra substratet. Efter 

dette blev effekten af ikke-elektrostatisk, polymer-polymer og polymer-opløsningsmiddel interaktioner 

undersøgt eksperimentelt og teoretisk. Ikke-elektrostatiske effekter blev systematisk analyseret ved at 

designe polyelektrolytbørster med forskellige sidegrupper, men med lignende kædelængder, 

dispersiteter, podningstætheder og ladningsfraktioner. Det blev observeret, at ikke-elektrostatiske 

interaktioner signifikant påvirkede polyelektrolytbørsternes tykkelsesændring. Resultaterne fra en 

middel-felt-tilgang validerede disse eksperimentelle resultater. Den tredje del af afhandlingen 

rapporterer virkningerne af forskellige typer ioner på polyelektrolytbørsternes tykkelsesændring. To 

forskellige ionspecifikke mekanismer blev demonstreret eksperimentelt ved at studere tykkelsesændring 

af en stærk poly-kationisk børste med forskellige mod-ioner. Variation af typen af mod-ioner påvirkede 

det osmotiske tryk af mod-ioner og børste-solvent ikke-elektrostatiske interaktioner. Resultaterne fra den 

teoretiske model og de eksperimentelle resultater blev analyseret for at bestemme, hvordan 

mekanismerne påvirkes af børstens og mediets egenskaber, f.eks. podningstæthed og ionstyrke. Som en 

udvidelse af den tredje undersøgelse diskuteres også to sæt foreløbige resultater, der blev opnået, da ion-

polyelektrolyt-interaktioner blev undersøgt. Disse resultater rejser nye spørgsmål og skaber ideer til 

fremtidigt arbejde. 
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1. Introduction 

 

Polyelectrolyte brushes consist of charged polymer chains that are tethered to a solid interface by at least 

one chain end. These systems show highly tunable physicochemical properties, resulting in tunable surface 

properties. The swelling behaviour of polyelectrolyte brushes under aqueous conditions is an interesting 

feature of the brushes. This behaviour results from a combination of various factors such as long-range 

electrostatic interactions, short-range excluded volume effects, osmotic pressure of counterions, and 

entropic chain elasticity. Early attempts towards understanding the behaviour of polyelectrolyte brushes 

have resulted in the development of scaling relations. The brushes were mainly assumed to be uniform 

layers of charged linear chains under Ɵ-conditions in the presence of point charges (counterions). This 

simplified description of a polyelectrolyte brush helped gain insight into the trend of brush thickness with 

ionic strength. However, the results obtained from experiments conducted with polyelectrolyte brushes 

often deviate (qualitatively and quantitatively) from the results predicted by scaling relations. Thus, it is 

important to gain insights into polyelectrolyte brushes to understand and predict the swelling behaviour of 

these systems.  

Therefore, this project aims to investigate the behaviour of polyelectrolyte brushes using a combination of 

systematically designed experiments and complementary theoretical approaches. The results obtained from 

these experiments are communicated in the form of three publications. In each of the papers, one of the 

three understudied effects that significantly influence the behaviour of polyelectrolyte brushes has been 

reported. The vertical gradient of the degree of dissociation, the nonelectrostatic (polymer–polymer and 

polymer–solvent) interactions, and the specific ion effects have been studied in detail.  

The background of the study is provided in Chapter 2. In this chapter, the relevant aspects of polymer 

chemistry and polymer brush synthesis are introduced. Prominent characteristics of polymer brushes have 

also been described in this chapter. Next, the physicochemical behaviour of polyelectrolyte brushes has 

been discussed based on previous theoretical and experimental studies. The areas requiring in-depth 

investigation have been identified and the three main research questions are accordingly defined.  

In Chapter 3, the experimental methods employed to synthesise and characterise the polyelectrolyte brushes 

have been discussed. The theoretical approach, based on a mean-field model, is described in Chapter 4. In 

this chapter, a brief introduction, the assumptions, and estimation of the parameters have been presented. 

The preliminary results obtained using the model have been presented and discussed in this section. This 

helps in understanding the main results discussed in the next section.  
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The results are provided in Chapter 5. This chapter presents the results of the experiments conducted on the 

three properties of the polyelectrolyte brushes (as mentioned before). The first part of this chapter presents 

the results obtained by studying the profile of dissociation degree in a weak polyelectrolyte brush. The 

vertical distribution of the polymer segments and the resulting vertical gradient of the degree of dissociation 

in a weak polyacid brush were investigated. Next, the influence of nonelectrostatic (polymer–polymer and 

polymer–solvent) interactions on the swelling behaviour of polyelectrolyte brushes were investigated. 

Polycationic brushes with similar charge fractions but different side groups were synthesised and their 

swelling behaviour were experimentally studied. A combination of the experimental and theoretical results 

was used to explain the role of nonelectrostatic interactions on the swelling behaviour of the polyelectrolyte 

brushes. In the third section, the effect of different types of ions on the swelling of strong polycationic 

brushes and the origin of this influence was investigated experimentally and theoretically. Based on the 

third study, two sets of preliminary investigations were conducted with focusing on polyelectrolyte–ion 

interactions. The results of these preliminary investigations raise new questions on the behaviour of 

polyelectrolyte brushes: 1. How does the polymer structure influence the formation of ion pairs in the brush? 

2. What is the effect of co-ions on the swelling behaviour of polyelectrolyte brushes?  

An overview of the results and the major conclusions are provided in Chapter 6. Chapter 7 details the 

perspectives of the studies. Based on the preliminary results in the previous section, new questions have 

been raised. These questions pave the way for future work. Finally, Chapter 8 lists the references. The 

publications are provided as appendices. 
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2. Background 

 

Most polyelectrolyte brushes under the current investigation were synthesised following the post-

polymerisation modification of neutral polymer brushes. Therefore, in this section, synthesis and 

characterisation of neutral polymer brushes are discussed. This section provides the necessary background 

information on how the study samples with various chemical and physical properties were designed, 

synthesised, and characterised. However, the main focus of the work is the physicochemical behaviour of 

polymer brushes specifically that of polyelectrolyte brushes. Therefore, in the next sections, the basics 

principles of the swelling behaviour of polyelectrolyte brushes have been summarised according to prior 

theoretical approaches. Following this, the experimental evaluations of these theoretical predictions and the 

deviations between the theoretical and experimental results have also been discussed. This discussion raises 

fundamental questions about the swelling behaviour of polyelectrolyte brushes that this project aims to 

answer. 

2.1. Polymers in solutions and at interfaces 

The concepts of polymer physics explain the behaviour of  polymers in solutions.1 The size of a polymer 

chain can be defined based on its radius of gyration (Rg). This can be directly measured through 

experiments. Rg
2 equals the average of the squared distance between the segments and the centre of mass 

of the polymer chain. Rg depends on the number of polymer segments, the size of each polymer segment, 

and the solvent quality of the solution in which the polymer chain is placed. Polymer chains swell in a 

solvent exhibiting a high affinity (a “good solvent”) towards the polymer chain, whereas they shrink in a 

solvent exhibiting a low affinity towards the polymer chain (a “poor solvent”). 

Surface-grafted polymer chains can adopt various conformations depending on the size of the chains (2Rg) 

and the average distance between the grafting points (d), as shown in Figure 2.1.2,3 If d > 2Rg, the polymers 

adopt a “random coil” conformation (similar to the conformation that they adopt in solution). In such a 

scenario, the conformation of the surface-grafted polymer is labelled as the “mushroom conformation”. 

When the polymer exhibits a high affinity towards the substrate surface, the chains on the surface adopt the 

so-called “pancake conformation”.4 Contrarily, when d < 2Rg, the polymers are forced to stretch despite the 

entropic elasticity. Polymer chains tethered to a substrate and adopting this stretched conformation are 

known as polymer brushes. 
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Figure 2.1. Schematic illustration of the mushroom conformation (a), the pancake conformation (b), and the brush 

conformation (c) of the surface-grafted polymers. 

2.2. Synthesis of polymer brushes 

Polymer brushes are primarily fabricated via two grafting methods: the “grafting to” and “grafting from” 

routes, see Figure 2.2.2,3 The grafting-to approach involves grafting the pre-synthesised polymer chains 

onto the substrate or functional groups of the substrate. The grafting-from approach involves the reaction 

between monomer molecules and the surface-grafted initiator, resulting in the growth of polymers on the 

surface. Although the molecular weight and chain dispersity (Đ) of the tethered polymers can be controlled 

by employing the grafting-to method, the grafting-from methods are more popular for the preparation of 

polymer brushes because the grafting density achieved using the grafting-to technique is lower than that 

achieved using the grafting-from technique. This is because the steric hindrance caused by the bulky 

polymer chains restricts the adsorption of polymer chains on the surface. In the grafting-from method, small 

molecules (monomers) are adsorbed on the surface and there is insignificant steric hindrance.2,3 

Nevertheless, in a grafting-from method, the monomer concentration is significantly low near the substrate; 

while it increases with increasing distance from the substrate. As a result of this monomer concentration 

gradient propagation of the long chains is faster compared to that of short chains, leading to a relatively 

high dispersity (Đ) of the brushes. To overcome this challenge, a third technique, the “passing through” 

technique, has recently been proposed. In this technique, the initiator molecules are grafted onto a 

permeable substrate.5,6 The monomers are introduced into the system from the opposite side of the substrate, 

resulting in an inverse concentration gradient. The monomer concentration decreases when the distance 
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from the substrate increases. Therefore, the propagation of long chains is slower than that of the short 

chains. This results in the formation of uniform layers that exhibit low dispersities. In the present studies, 

the grafting-from technique was used to synthesise all the polymer brushes because samples with high and 

tunable grafting densities were required for the experiments. Thus, the grafting-from or passing through 

techniques were appropriate. The impermeable substrate material limits the application of the passing-

through method; thus, the grafting-from technique was chosen.  

 
Figure 2.2. Schematic illustration of the grafting-to, grafting-from, and passing-through methods used for synthesising 

polymer brushes. 

Synthesis of the polymer brushes via the “grafting-from” method involves a surface-initiated 

polymerisation method. Controlled radical polymerisation (CRP) methods are the most popular methods 

for brush preparation. The surface initiated- atom transfer radical polymerization (SI-ATRP) is the most 

extensively utilised CRP method as a diverse range of functional groups can be tolerated in this method.2,7–

10  
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ATRP has two main advantages over free radical polymerisation: 1. the degree of polymerisation (i.e., 

molecular weight) can be controlled (depending on the polymerisation time). 2. Polymers with relatively 

low dispersities (narrow molecular weight distribution) are formed. These properties can be achieved by 

controlling the chain transfer and termination reactions through reducing the concentration of the free 

radicals during the polymerisation. In ATRP, the propagating radicals convert to dormant species 

reversibly. The rate constant of deactivation for the forward reaction is denoted by kdeact and the rate constant 

of activation for the backward reaction is denoted by kact.11 A transition metal complex is involved in this 

equilibrium. The complex in its lower oxidation state (activator) activates the radicals, whereas the complex 

in its higher oxidation state (deactivator) deactivates the propagating radicals. 

 

Scheme 2.1. ATRP equilibrium: the alkyl halide/macromolecular species (Pn-X) react with the activator (Mtm/L) to 

produce the propagating radical (Pn*) and the deactivator (X- Mtm+1/L). The radical reacts with monomer with the 

rate constant of propagation (kp). The rate constant for the termination reaction is denoted by kt. The radical reacts 

with the deactivator in the reverse reaction (kdeact). (Reprinted with permission from reported literature.11) 

The equilibrium controls the concentration of the propagating radicals and the rate of polymerisation is 

calculated as follows: 

 𝑅𝑝 = 𝑘𝑝[𝑀][𝑃𝑛 ∗] = 𝑘𝑝 𝐾𝐴𝑇𝑅𝑃  (
[𝑃𝑛𝑋] [

Mt𝑚

L
] [𝑀]

[
Mt𝑚+1

L
]

) (1.1) 

where Rp denotes the propagation rate, KATRP denotes the equilibrium constant (KATRP = kact/ kdeact), and [X] 

denotes the concentration of X. The rate of ATRP depends on KATRP that is significantly influenced by the 

structure of the catalyst complex and the reaction conditions (e.g., solvent and temperature) as shown in 

Figure 2.3.12,13 The chain dispersity (Đ) (in ATRP) can be estimated as follows, assuming a fast initiation 

and an absence of termination and chain transfer reactions: 

 Đ = 
𝑀𝑤
𝑀𝑛

= 1 +
1

𝐷𝑃𝑛
+ 𝐾𝐴𝑇𝑅𝑃  (

𝑘𝑝[𝑃𝑛𝑋]

𝑘𝑑𝑒𝑎𝑐𝑡 [
Mt𝑚+1

L
]

) (
2

𝑝
− 1) (2.2) 

where DPn is the degree of polymerisation and p denotes the monomer conversion. Accordingly, for the 

ATRP involving the same monomer, a catalyst with a higher deactivation rate results in a lower dispersity. 
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Various catalyst/ligand systems were examined, as shown in Figure 2.3, to optimise the rate of 

polymerisation and Đ of the synthesised polymer brushes.  

 

Figure 2.3. a) KATRP for reactions involving CuBr and various ligands in acetonitrile at 22 ℃. b) KATRP recorded in 

multiple solvents for the CuI/HMTETA system at 25 ℃. (Reprinted with permission from literature reports.12,13) The 

red dashed circles highlight the systems which are used in this project. 

Initiators should be first grafted onto the substrate surface to synthesise a polymer brush via ATRP reactions 

(Figure 2.4). The ATRP initiators are usually molecules bearing halide units that can generate radical 

species in the presence of a catalyst. The homolytic cleavage of the carbon–halogen bond leads to the 

formation of the radical species.2 The surface chemistry of the substrate dictates the initiator grafting. 

Silicon oxide surfaces are the most common substrates used for the synthesis of polymer brushes.3 A 

common approach to graft initiators onto the silicon oxide surface involves chemically anchoring 

organosilane reagents. In this process, the organosilane molecules react with the silanol groups on the 

surface to form Si–O–Si bonds through a condensation reaction.3 
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Figure 2.4. Schematic illustration of the steps involved in the synthesis of a polymer brush on silicon oxide surfaces 

using the SI-ATRP method. 

The chemistry of the grafting points influences the stability of the final polymer brushes. It has been 

previously reported that hydrolysis can lead to degrafting of polymers from the surface. The process can be 

potentially accelerated by stretching the polymer chains.14–16 Hydrolysis can occur at two different positions 

of the anchoring point: the ester/amide group and the siloxane bond. The amide groups are less likely to 

hydrolyse compared to the ester bonds.16 On the other hand, the higher the number of siloxane bonds, the 

more the number of anchoring points on the surface and the more stable the polymer brushes are.15 

Therefore, all the polymer brushes in this work have been synthesised using initiators based on trifunctional 

silane head-groups and amide functionalities to minimise chain degrafting during experiments.  

The polymers can be grown from the surface via the SI-ATRP technique once the initiators used in the 

ATRP reactions have been grafted onto the surface. Not all the immobilised initiators contribute to the 

formation of polymers. Thus, the grafting density of the polymer brush is not as high as the grafting density 

of the initiators on the surface. 17 For flat surfaces, the initiator concentrations, and thus the deactivator 

concentrations, are too low to allow controlled polymerisation.3 Free initiators (or deactivators) are added 

to the solution to overcome this challenge.18,19 Both these techniques were used to synthesise the brushes 

under investigation. Besides producing deactivators, the addition of free initiators leads to the formation of 

polymer chains that are simultaneously synthesised in solution. These polymers can be further characterised 

in terms of their molecular weight and dispersity to obtain an estimation of those parameters of the brush.  

Nevertheless, results from experimental studies reveal that the average molecular weights of the polymers 

grown on flat surfaces are different from those of polymers synthesised simultaneously in solution.20,21 This 

is because the reaction steps of the ATRP reactions occurring at the interface are more complex than the reaction 

steps of the ATRP reactions in solution. The propagation reaction is affected by the availability of the monomers. The 

high local concentration of polymer segments limits the concentration of available monomers (crowding effect). In 

addition to this, the termination reaction is influenced by the radical concentration present locally at the interface.17 
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As an example of these deviations, results from Monte Carlo simulations revealed that the rate of polymerisation was 

slower and the dispersity was higher at the flat interfaces (compared to the case when polymerisation occurs in 

solution).22 Furthermore, the brush dispersity increases with increasing grafting density.23,24  

After synthesis of polymer brushes, post-polymerisation strategies help modify the side-chains.2,25 These 

reactions are of interest in cases where the polymerisation conditions are not compatible with the targeted 

functionality. For example, the activities of ATRP catalysts are often affected by acidic monomers. Thus, 

polyacid brushes, such as poly(meth)acrylic acid brushes, are usually synthesised via the ATRP reactions 

involving a precursor monomer (such as tert-butyl(meth)acrylate). The process is followed by the 

hydrolysis reaction in acidic solutions.2 Another example of post-polymerisation strategies involves surface 

polymerisation of bulky monomers exhibiting a high grafting density.2 However, the degree of modification 

depends on both the physical and chemical properties of the reactant and the brush.2,25 When the grafting 

density increases, the degree of modification decreases and non-uniform distribution of the modified groups 

along the brush is observed.25 As another example, a longer reaction time is required to achieve a high 

degree of functionalisation in the presense of sterically hindered molecules compared to sterically 

unhindered ones.26 
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Figure 2.5. Schematic illustration of three examples of post-polymerisation modifications carried out on polymer 

brushes: a) hydrolysis (used in the first study), b) quaternisation (used in the second study), and c) counterion 

exchange (used in the third study) 

Three post-polymerisation modification methods were used in the current studies, as shown in Figure 2.5: 

1. Hydrolysis of poly(tert-butyl acrylate) to obtain poly(acrylic acid) brushes, 2. quaternisation of poly (2-

dimethylaminoethyl) methacrylate (PDMAEMA) brushes with various alkyl halides, and 3. counterion 

exchange for the preparation of poly (2-(1-butylimidazolium-3-yl)ethyl methacrylate hexafluorophosphate) 

brushes. Another advantage of the post-polymerisation reactions is a systematic variation in the chemical 

structure of the brush without affecting the chain length, dispersity, and grafting density (in cases where 

degrafting does not occur during the post-polymerisation reactions).27  

2.3. Characterisation of polymer brushes 

It is more challenging to characterise polymer brushes than to characterise ungrafted polymers in solutions 

because many of the analytical methods used in the field of polymer science are solution-based methods.3 

In some cases, a combination of techniques and assumptions is needed to study the properties of a polymer 

brush (for example, during the determination of grafting density).28 In this chapter, a brief introduction to 
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the characterisation of polymer brushes is provided. The emphasis has been on highlighting the important 

physicochemical properties of the brushes. Different methods to study these parameters (primarily on flat 

surfaces) have also been mentioned, whereas the details of the analytical techniques have been provided in 

the “Materials and Methods” section of the thesis. Figure 2.6 is a schematic illustration that reveals the most 

prominent chemical and physical characteristics of a polymer brush: The chemical structure of the polymer 

brush, its average chain length, chain dispersity, thickness, and grafting density. 

 

 
Figure 2.6. Schematic illustration of the brush properties: thickness, grafting density, number average molecular 

weight, molecular weight distribution, and chemical composition of a poly(tert-butyl acrylate) (PtBA) brush. 

The chemical structure of polymer brushes can be determined using spectroscopic techniques.29–38 As an 

example, The elemental composition of the polymer brushes can be determined by the X-ray photoelectron 

spectroscopy (XPS) technique.29–34 Furthermore, the XPS technique can be used to quantify the variations 

in the brush chemical structure during the post-polymerisation chemical modifications.29,33 This technique 

can also be used to obtain quantitative chemical information as a function of height along the polymer 

brushes (depth profiling).29,31 In the present research, the XPS technique has been used to determine the 

steps of the surface functionalisation process and study the polymer brush synthesis steps.   
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The thickness of a polymer brush is one of its most important properties. Many theoretical and experimental 

studies have been conducted to determine the thickness of the brushes as a function of various parameters 

such as chain length, grafting density, and solvent quality.39–42 However, definition and measurement of 

thickness requires a detailed discussion. Monodisperse polymers with a uniform distribution of polymer 

segments present a simplified structure of polymer brushes (Figure 2.7a).  

Figure 2.7. a) Simplified structure of a polymer brush with monodisperse polymers and uniform distribution of the 

polymer segments. b) Image of a polydisperse polymer brush exhibiting gradient local density for the polymer 

segment.  

From this structure, the thickness of a polymer brush can be easily defined by the height at which the 

polymer chains end. In real-life cases, the structure of polymer brushes deviate from this simplified structure 

due to two main reasons: 1. The controlled radical polymerisation techniques (such as ATRP) do not often 

produce completely monodisperse polymers in bulk. In surface-initiated polymerisation methods, an even 

broader distribution of polymer chain lengths is observed.20,22 2. Theoretical studies have revealed that even 

for a monodisperse polymer brush, a gradient of polymer segment density through the brush is observed 

where the local density of polymer segments decreases when the distance from the substrate increases.43–45 

Therefore, a real polymer brush can be better represented by the schematic representation presented in 

Figure 2.7b than the schematic representation presented in Figure 2.7a. Thus, the thickness of the brush can 

be defined in various ways. This fact should be particularly considered when the brush thickness is 

measured using experimental techniques such as ellipsometry and AFM because the thickness measured by 

various techniques might reflect different definitions depending on the mechanism used for the 

measurements and thus, the thicknesses determined by various techniques are often not identical.46 

Ellipsometry is a useful optical tool used for measuring the thickness of polymer brushes. The technique is 

based on the variation in the polarisation state of light (caused by the interaction of light with the sample). 

The thickness is obtained by fitting an optical model to the experimental data. Therefore, it is expected that 

the thickness measured by ellipsometry is the height at which the main contrast in optical properties 

(refractive index) between the brush and the medium is observed. Accordingly, it is suggested that for 
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polymer brushes, the estimated thickness from ellipsometry more resembles the dense part rather than the 

outer periphery.46,47 

The atomic force microscopy (AFM) technique can also be used to measure the brush thickness.48–50 A 

patterned brush is used in this technique where the thickness is determined as the difference in the height 

between a polymer brush and a bare substrate. One of the drawbacks of this method is that the applied load 

on the tip can potentially compress the brush. Thus, the determined thickness (value) is influenced by the 

measurement technique employed.49,51,52 

The thickness of a brush can also be estimated by analysing the data (using a suitable model) obtained using 

the quartz crystal microbalance with dissipation monitoring (QCM-D) technique.53–55 The changes in the 

resonance frequency and energy dissipation can be modelled (by making several simplifying assumptions) 

to determine the mass of the layer and the thickness. The QCM-D signals are affected to a greater extent 

(than the signals obtained using the ellipsometry technique) by the outer periphery of the brush.46 In this 

work, the thickness values are primarily determined using the ellipsometry technique. However, in the first 

study, where the variations of the dissociation degree was studied with respect to the distance from the 

substrate, QCM-D was used. 

The molecular weights and dispersities of the polymer brushes are invetigated next. Although, there are a 

few reports that have outlined the use of force spectroscopy to estimate the molecular weight of the 

brushes,50,56 most experimental techniques that have been used to measure the molecular weight and 

dispersity of polymers are solution-based methods.20,57,58 This indicates that the polymers should be cleaved 

and dissolved in a solvent to obtain the required information. However, the amount of polymer obtained 

(after cleavage of the polymer brushes from the flat surfaces) is too low for characterisation. An alternative 

approach is to carry out a polymerisation reaction in solution (using a sacrificial initiator in solution) under 

the conditions used for brush synthesis. The molecular weight and dispersity of the brush can be estimated 

from the polymers in the solution. The method relies on the assumption that the rates of polymerisation at 

the substrate surface and in solution are similar. However, as discussed in the previous section, theoretical 

and experimental studies revealed that this assumption is not generally valid.17,20,22–24 To overcome this 

challenge, new methods for cleaving the polymer brushes have been developed to efficiently characterise 

the samples. In one of the methods, a fluoride-containing compound, soluble in tetrahydrofuran (THF), was 

used.58,59 This method of cleavage resulted in a relatively high concentration of the polymers in THF which 

is required for solution-based characterisation methods (e.g., size exclusion chromatography (SEC)). A 

photo-cleavable group can be also introduced into the ATRP initiator, enabling the cleavage of the polymers 

in a dry state. The process can be followed by the dissolution of the sample in a small volume of the 

solvent.20,57,60 As these techniques are destructive and require a large surface area, in this research, the 
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molecular weights of the brushes were estimated based on the molecular weight of the simultaneously 

synthesised polymers in solution.  

Another important property of a polymer brush is the grafting density. The grafting density is defined as 

the number of grafted chains present in a certain surface area. Various methods, such as dry thickness 

measurements and swelling experiments, have been used to estimate the grafting density of polymer 

brushes.28 The grafting density (σ) could be estimated based on the brush thickness in the dry state (h), the 

number average molecular weight of the polymer (Mn), and the density of the polymer (ρ):61–63 

 𝜎 =  
𝜌ℎ𝑁𝐴
𝑀𝑛

 (2.3) 

where NA is Avogadro’s number (≈ 6.022 × 1023 mol–1). It is usually assumed that the density of the polymer 

segment is equal to that of the bulk polymer and thus the density of the bulk polymer is used (eq. 2.3) to 

calculate the grafting density. In some cases (for example, in polyelectrolyte brushes), the dry thickness can 

be determined only under specific conditions e.g., high temperature. This is because polyelectrolyte brushes 

swell in the presence of humid air, which affects the brush thickness.27,64,65 The grafting density of a polymer 

brush can also be estimated by determining the swelling ratio (swollen thickness/dry thickness) of the 

polymer brush in a solvent. The grafting density can be estimated as follows:66–68 

 𝜎 =  
𝑆
2𝑛
1−3𝑛

𝑎2
 

(2.4) 

 where a, S, and n represent the size of each repeating unit, the swelling ratio, and the swelling exponent, 

respectively. This method is based on the Alexander–de Gennes theory and the blob picture of a polymer 

brush (a blob contains a certain number of repeating units that adopt a conformation similar to that of a 

polymer in solution). It is assumed that the blob size is equal to the distance between the two grafting points 

(σ-1/2).28 The swelling exponent (n) reflects the solvent quality. In this research, eq. 2.3 was used to 

determine the grafting density of the brushes. The thicknesses of the brushes were determined before the 

post-polymerisation modifications were carried out, when the polymer brushes were neutral and thus less 

sensitive to humidity, to minimize the effect of humidity on the measurements.    

2.4. Swelling behaviour of polymer brushes 

In this section, the swelling behaviour of the neutral polymer brushes is discussed. The discussion can 

provide insight into the more complicated polyelectrolyte brush systems (samples under investigation). The 

seminal theoretical approaches that can help understand the physicochemical behaviour of polymer brushes 

were introduced by Alexander and de Gennes.69,70 Alexander considered a balance between the entropic 

cost of the chain stretch and the repulsive interactions present between the polymer segments (excluded 
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volume effects). The relation between the thickness of the brush (h), the number of polymer segments (N), 

and the grafting density was obtained as follows: 

 𝐻 ~ 𝑁 𝜎
1
3 (2.5) 

 A similar relationship was reported by de Gennes. In his work, the polymer was subdivided into blobs of 

size d, where d denotes the distance between two grafting points. At the scale of each blob, the correlation 

between the blob size and the number of repeating units is dominated by the excluded volume effects. The 

brush thickness is then obtained for a linear string of blobs.  

 

Figure 2.8. Schematic illustration of the blob for a strongly stretched polymer brush in a good solvent (an Alexander–

de Gennes brush). 

This is the most basic model that describes a polymer brush and is referred to as the Alexander–de Gennes 

brush (Figure 2.8).71 Equation 2.5 reveals that the thickness of a brush depends on the grafting density in 

contrast to the thickness in the “mushroom” conformation which is independent of the grafting density. 

This property can be potentially used to determine the grafting density at the point when the transition from 

the “mushroom” regime to the “brush” regime occurs.39,40 Further increase in grafting density can 

potentially result in the formation of the “concentrated brush”.41  

The effect of the polymer–solvent interactions was investigated by using a virial expansion describing the 

free energy of mixing of a semi-dilute polymer solution.  The expansion involved contributions from a 

solvent-dependent second virial coefficient and a constant third virial coefficient.72 The solvent quality did 

not affect the linear relationship between the thickness and chain length. However, the scaling power with 

respect to the grafting density was 1/3, 1/2, and 1 for good, Ɵ, and poor solvent conditions, respectively.  



16 
 

 
𝐻 ~ 𝑁 𝜎𝜗                           

   𝜗 =
1

3
                       𝑔𝑜𝑜𝑑 𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝜗 =
1

2
                        𝜃 − 𝑠𝑜𝑙𝑣𝑒𝑛𝑡

   𝜗 = 1                         𝑝𝑜𝑜𝑟 𝑠𝑜𝑙𝑣𝑒𝑛𝑡

 

 

(2.6) 

The effect of the solvent quality on the swelling behaviour of the poly(methyl methacrylate) brushes was 

investigated experimentally. The scaling power with respect to grafting density increased from ϑ = 0.33 in 

a good solvent to ϑ = 0.8 in a poor solvent.42 The results agreed qualitatively with the results predicted 

theoretically.42  

2.5. Polyelectrolyte brushes: Introduction and swelling behaviour 

Polyelectrolyte brushes are a subclass of polymer brushes and consist of charged polymers. Based on the 

nature of the charged units present in their structural units, polyelectrolytes are categorised as polyanions 

(with negative charges), polycations (with positive charges), polyampholytes, and zwitterionic polymers 

(with unbalanced and balanced positive and negative charges, respectively).73 Polyelectrolytes can be 

classified as “strong” and “weak” polyelectrolytes based on the ionic moiety. The former group consists of 

permanently charged polyelectrolytes, whereas the charge fraction in the latter group depends on various 

conditions such as the pH of the medium and ionic strength.  
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Table 2.1. Examples of strong (up), weak (down), anionic (left), and cationic (right) polyelectrolytes. The structures 

highlighted using red dashed lines represent the polyelectrolytes under study. 

 

Polyelectrolyte brushes are more complex systems compared to neutral polymer brushes. The complexity 

arises from the interplay between various additional interactions and factors such as long-range Coloumbic 

interactions and osmotic pressure of counterions.74–81 The charge of the polyelectrolyte is always 

compensated by the oppositely charged counterions. The electrostatic interaction between the charged 

species introduces length scales, such as Gouy–Chapmann length (λGC) and Debye screening length (κ–1).82 

A comparison of the Gouy–Chapmann length and the brush height dictates if the counterions are localised 

inside or (partly) outside the brush.83 In most experimentally relevant cases with dense, long, and highly 

charged chains, almost all the counterions are localised inside the brush, making the brush electroneutral.84 

A strong polyelectrolyte brush can be found in three regimes with respect to medium ionic strength: 

“Osmotic” brush, “salted” brush, and “quasi-neutral” brush regimes, as shown in Figure 2.9.74,77  
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Figure 2.9. Schematic illustration of the typical swelling behaviour of a strong and weak polyelectrolyte brush. 

Under conditions of low ionic strength, the localisation of counterions inside the brush leads to the 

generation of osmotic pressure (ion osmotic effect), which favours brush swelling. On the other hand, the 

entropic elasticity of the polymer chains favours a collapsed structure. A balance between these two forces 

helps determine the brush height (when the nonelectrostatic effects are ignored) as follows: 

 𝐻 ∝ 𝑁 𝑓1/2 (2.7) 

where N represents the number of polymer segments and f denotes the charge fraction. The brush height in 

this osmotic brush regime is independent of the grafting density because for each single chain in the brush, 

the ion osmotic effect and elasticity are not influenced by other chains. When the ionic strength is increased 

to reach a value comparable to the ion concentration inside the brush, a transition into the salted brush 

regime is observed. Under this condition, the addition of ions in the medium results in the reduction of the 

osmotic pressure of the counterions. Thus, the thickness decreases with increasing the ionic strength. The 

phenomenon can be depicted as follows:  

 𝐻 ∝ 𝑁 (
𝜎

𝑐𝑠
)1/3 (2.8) 

where σ is the grafting density and cs is the concentration of a monovalent salt in the medium, which is 

equal to the ionic strength of the medium. At very high ionic strength, a transition into the quasi-neutral 

brush regime is observed where the effect of the ion osmotic effect is negligible (compared to the effect of 
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the nonelectrostatic interactions). Thus, the thickness of the brush is dictated by a balance between the 

nonelectrostatic interactions and the chain elasticity similar to a neutral brush. 

Weak polyelectrolyte brushes are more complex systems than strong polyelectrolyte brushes. The 

complexity of the system can be attributed to the fact that the charge fraction depends on the properties of 

the brush and medium.76–78,81 Weak polyelectrolyte brushes consist of weak polyacids and/or polybases. 

Thus, the charge fraction is dictated by the pH of the system, where an equilibrium between the protonated 

and the deprotonated states of the acidic or basic groups has been reached. The pH at which half of the 

groups are in their dissociated state determines the pKa of the brush. A weak polyelectrolyte brush swells 

when the pH is varied over the pKa value of the brush and the brush becomes charged. This phenomenon 

can be attributed to the ion osmotic effect. However, the degree of dissociation of a weak polyelectrolyte 

brush (f) is different from the degree of dissociation of the weak polyelectrolyte in solution (fB). Even at a 

constant pH, the degree of dissociation of a weak polyelectrolyte brush is controlled by the charge 

regulation process, which depends on the local concentration of the ionisable groups in the brush and the 

ionic strength of the medium.  

Figure 2.10. Schematic illustration of a weak polyacid brush in an aqueous medium. The dissociation of the ionisable 

groups depends on the local concentration of the groups, pH, and ionic strength of the medium.  

The relationship between the degree of dissociation of a weak polyelectrolyte brush (f) and the degree of 

dissociation of the weak polyelectrolyte in solution (fB)  can be expressed as follows:77 

 
𝑓𝐵

1 − 𝑓𝐵
×
1 − 𝑓

𝑓
 − 

1 − 𝑓𝐵
𝑓𝐵

×
𝑓

1 − 𝑓
= 

𝑓𝑐𝑚
𝑐𝑠 + 𝑐𝐻

 (2.9) 
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where cm and cH denote the concentrations of the ionisable groups in the brush and the concentration of H+ 

in the medium, respectively. As demonstrated by eq. 2.9, the charge fraction of a weak polyelectrolyte brush 

is lower than that of an individual group in the solution. The magnitude by which the charge fractions differ 

in the two groups depends on the concentration of the ionisable groups and the concentration of ions in the 

medium. With increasing ionic strength and decreasing grafting density, the charge fraction of a weak 

polyelectrolyte brush increases and becomes closer to that of the individual groups in the solution. 

Accordingly, a weak polyelectrolyte brush should swell with increasing ionic strength and decreasing 

grafting density in the osmotic brush regime.77 The relationship can be expressed as follows: 

 𝐻 ∝ 𝑁 (
𝑐𝑠
𝜎
)1/3 (2.10) 

The behaviour of weak polyelectrolyte brushes in the salted and quasi-neutral brush regimes is similar to 

the behaviour of strong polyelectrolyte brushes. 

The results of eq. 2.7, 2.8, and 2.10 are known as scaling relations and provide the basic concepts of the 

swelling behaviour of polyelectrolyte brushes with respect to charge fraction, ionic strength, and grafting 

density. For a more detailed discussion on theoretical studies conducted on polyelectrolyte brushes, the 

reader is advised to refer to literature on advanced theoretical approaches based on, for example, self-

consistent field modelling,85–88 Monte Carlo simulation,89,90 and Molecular Dynamics simulation.91–94 

On the other hand, polyelectrolyte brushes have been experimentally investigated. The results have  often  

been compared to the results of the scaling relations. For strong polyelectrolyte brushes, the two regimes 

of osmotic brush and salted brush regimes are experimentally readily accessible.95–100 The quasi-neutral 

brush regime is barely reached experimentally for a hyaluronan (HA) brush.101 In some cases, the 

experimental results do not agree with the theoretically obtained results. A few experimental studies 

revealed that strong polyelectrolyte brushes can be found in their collapsed states at conditions of very low 

ionic strengths which contradicts the results obtained by analysing the scaling relations for the osmotic 

brush regime.102,103 Besides, results from experimental studies conducted on strong polyelectrolyte brushes 

reveal a more gradual decrease in the brush thickness with increasing ionic strength in the salted brush 

regime compared to theoretically predicted behaviour.104–106 Among them, Attili et al. reported that the 

excluded volume interactions and chain stiffness of the polymer chain must be taken into account to 

quantitatively predict the thickness of the HA brush as a function of ionic strength.104 With respect to 

grafting density, Ahrens et al. reported that the thickness of poly(styrene sulfonate) (PSS) brushes increases 

slightly with increasing grafting density in the osmotic brush regime using X-ray reflectivity 

measurements.98 They reported that such behaviour could be reproduced theoretically if the lateral 

distribution of the counterions and excluded volume effects were taken into account.  
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For weak polyelectrolyte brushes, the trend of thickness with ionic strength was experimentally 

verified.61,104,107–116 However, a more gradual increase was often found compared to the theoretically 

predicted power law relation (thickness vs. ionic strength).109,113,116 Additionally, several experimental 

studies reported that brushes swelled when the grafting density was increased in the osmotic brush regime 

which contradicted the theoretically predicted trend.107,109,111 Such discrepancies in the results have been 

attributed to various factors that were not accounted for in scaling relations such as the nonuniform 

distribution of the polymer segments along the brush, chain dispersity, and non-negligible nonelectrostatic 

effects.73,113,116–118  

Table 2.2. Scaling relations and experimental evaluation of polyelectrolyte brushes based on the type of 

polyelectrolyte brush, regime, and different variables under study. 

 

Overall, by employing a set of simplifying assumptions, the scaling relations help in obtaining valuable 

information regarding the swelling behaviour of polyelectrolyte brushes. Conversely, the experimental 

results exhibit qualitative and quantitative deviations from these predicted results, suggesting that the 

experimental conditions do  not always agree with the simplifying assumptions. Thus, a deeper 

understanding of these systems is required for the efficient prediction of the swelling behaviour of these 

systems. To this end, the properties of a polyelectrolyte brush (based on the scaling relations) are compared 

with the properties of a more realistic system of the same category, as shown in Figure 2.11. From this 

comparison three areas of investigation open up, which were not accounted for in the scaling relations. 

These three areas of studies form the basis of this thesis. 
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2.6. Problem definition 

Figure 2.11. Schematic illustration of a polyelectrolyte brush based on the assumptions of the scaling relations (left). 

A relatively realistic structure of a polyelectrolyte brush (right). 

A box-like model representing a uniform layer was considered while deriving the scaling relations. This is 

one of the simplifying assumptions that does not agree with real experimental conditions. Under real 

conditions, the brushes exhibit non-uniform layers along the lateral and vertical directions depending on 

the properties of the brush and the medium. For example, polyelectrolyte brushes form lateral morphologies 

(e.g., bundle formation) under poor solvent conditions.119–121 Aside from lateral inhomogeneity, even in a 

good solvent, the density of the polymer segments decreases with increasing distance from the 

substrate.44,45,122–127 Thus, the brushes are non-uniform in the direction normal to the substrate.  

This non-uniform distribution of the polymer segments is particularly important in the case of weak 

polyelectrolyte brushes, where the charge fraction depends on the concentration of the ionisable groups. On 

one hand, the concentration of the ionisable groups depends on the properties of the brush (such as the 

grafting density). Schϋwer and Klok reported that the extent of dissociation of poly(methacrylic acid) 

brushes increases with decreasing molecular weight and grafting density.128 On the other hand, the non-

uniform vertical distribution of the polymer segments in a polymer brush, induces a vertical gradient of the 

concentration of the ionisable groups. Thus, the degree of dissociation varies with the distance from the 

substrate. Theoretical studies revealed that the charge fraction of a weak polyelectrolyte brush increases 

when the distance from the substrate increases.129–132 Besides, Dong et al. reported that the degree of 

dissociation of the outer surface of poly(acrylic acid) and poly(methacrylic acid) brushes are higher than 

the average dissociation degree of the brush.133 However, the gradual change in the charge fraction with the 

distance from the substrate has not been experimentally verified. Section 5.1 deals with the density profile 
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of the polymer brushes and the resulting gradient observed for the degree of dissociation, in weak 

polyelectrolyte brushes.  

The nonelectrostatic (polymer–polymer and polymer–solvent) interactions are neglected during the 

derivation of the scaling relations. However, in real conditions, these interactions significantly affect the 

properties of the brushes. The impact of nonelectrostatic interactions on the properties of neutral polymer 

brushes is well known.101 Polymer segments in a brush occupy a space comparable to their finite volume. 

This effect, which is known as the excluded-volume effect, is the main cause of the stretching of polymer 

chains in a neutral polymer brush despite chain elasticity. The solvent quality also influences the excluded 

volume effects. The brush swells in a good solvent and collapses in a poor solvent. The scaling relations 

were derived for the polyelectrolyte brushes with small polymer segments and under Ɵ-solvent conditions 

and thus, the nonelectrostatic effects did not significantly influence the behaviour of the brushes, unlike the 

ion osmotic effect.74,77 

However, it was revealed that the nonelectrostatic effects influenced the behaviour of polyelectrolyte 

brushes.134–141 Previous studies have theoretically predicted the collapse and formation of lateral 

morphologies in polyelectrolyte brushes under poor solvent conditions.135–137,140 Experimentally, the 

variations in the swelling behaviour of a strong polyelectrolyte brush were studied as a function of the 

methanol content in a water/methanol solvent system.139 The nonelectrostatic effects were also shown to 

influence the dissociation of weak polyelectrolyte brushes. The theoretical studies revealed that at the same 

distance from the dissociation point (pH–pKa), the charge fraction of the brush decreases when the 

hydrophobicity increases.142 Willot et al. reported that an increase in the hydrophobicity of weak polybase 

brushes results in a reduced pKa of the brush.110 Simultaneously, an increase in the ionic strength at which 

the transition from the neutral to the osmotic brush regime occurs was also observed. However, the nature 

of interplay between the nonelectrostatic effects and the ion osmotic effects could not be fully understood. 

Section 5.2 focuses on the experimental and theoretical investigations on the role of the nonelectrostatic 

effects.  

Another assumption that does not agree well with real-life conditions involves the interaction of ions in 

polyelectrolyte brushes. Counterions have often been assumed to be point charges and thus, different 

properties of the ions have been neglected while deriving the scaling relations.74,77 However, results from 

experimental studies have revealed that the swelling behaviour of polyelectrolyte brushes is significantly 

influenced by the type of counterions present in the system. The trend of variation of the polycationic brush 

thickness with counterions followed the Hofmeister series (Figure 2.12).110,142–146  
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Figure 2.12. Schematic illustration of the effect that different types of anion exert on the behaviour of polycationic 

brushes. (Reprinted with permission from literature report.143) 

Polycationic brushes swelled up when the counterions were highly hydrated anions, while they collapsed 

in the presence of weakly hydrated anionic counterions. Willot et al. systematically studied the effect of 

acetate (Ac–), nitrate (NO3
–), and thiocyanate (SCN–) ions on the swelling behaviour of the three weak 

polybase brushes.110 The most hydrophobic poly(2-diisopropylamino) ethyl methacrylate brush, swelled in 

the osmotic brush regime and collapsed in the salted brush regime when NO3
– was the counterion. However, 

the brush did not collapse at high ionic strength when the counter ion was Ac-. Furthermore, SCN– made 

the brush almost completely collapsed independent of the ionic strength. To explain such behavior, it was 

proposed that the weakly hydrated counterions accumulate inside the brush because of their higher affinity 

towards the hydrophobic brush. Thus, a higher electrostatic screening in the presence of weakly hydrated 

anions results in a higher degree of brush collapse (compared to the degree of brush collapse when highly 

hydrated anions are present as the counterions). Later on, the same research group conducted theoretical 

studies and reported that the counterions did not accumulate inside the brush and therefore suggested an 

alternative explanation solely based on the hydrophobicity of the counterions.142 Later, Zimmermann et al. 

demonstrated various degrees of ion pair formation in a poly(2-(methacryloyloxy)ethyltrimethylammonium 

chloride) (PMETAC) brush depending on the type of the counterions.144 The number of osmotically active 

counterions decreases when ion pairs are formed and thus the brush collapses. Kou et al. reported that the 

specific ion effect could be attributed to the ion pairing interaction energies and the hydrophobicity of the 

ion pairs.146 Matsuno et al. calculated the ion pairing energies and showed that the interaction energies in 

highly hydrated ions are higher than the interaction energies in weakly hydrated ions. They hypothesised 

that the hydration energy of the ions is responsible for the generation of the specific ion effects in 

polycationic brushes. 147  

Overall, despite the observation of the same trend for ion specificity in polyelectrolyte brushes, various 

properties of the ions have been proposed to explain such behaviour. The third section of the thesis, section 
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5.3, reports the results of the mechanistic investigations on the specific ion effects in polyelectrolyte 

brushes. This section focuses on determining the mechanisms of specific counterion effects. The influence 

of the brush and the medium properties (such as grafting density and ionic strength) on the mechanism has 

also been studied. In addition to counterions, co-ions influence the thickness of a polyelectrolyte brush. 

Moya et al. reported that a PMETAC brush does not collapse at high ionic strength in the presence of a 

bulky co-ion in the system.148,149 The effect of co-ions on the swelling behavior of polyelectrolyte brushes 

has also been discussed in section 5.3. 
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3. Materials and Methods  

 

The materials used for the experiments are described in the appended manuscripts. Therefore, to keep the 

thesis brief, I have not provided the information on the materials used and have directly described the 

methods used for the studies. 

3.1. Surface functionalisation and grafting initiator 

The polyelectrolyte brushes were synthesised following the grafting-from technique (SI-ATRP).  The 

ATRP initiators were grafted onto the surface with controlled grafting densities. Following this, the polymer 

chains were grown from the substrate. The substrates used consisted of silicon covered with a surface layer 

of silica. To graft the initiator, the substrates were rinsed with water, ethanol, and acetone. Following this 

the substrates used were treated with plasma under water vapour (500 mTorr). Next, (3-

aminopropyl)triethoxysilane (APTES) was grafted onto the substrates using the vapour deposition 

technique over 24 h at room temperature. A solution of APTES in toluene (4 mL, 1:1 v/v) was used for 

vapour deposition. The amine-functionalised surfaces, fabricated in the previous step, were immersed in a 

solution containing triethylamine (960 mg, 9.5 mmol) and dichloromethane (20 mL) at 0 oC. This was 

followed by a dropwise addition of α-bromoisobutyrylbromide (1.85 g, 8.1 mmol) to graft the initiator. The 

grafting density was tuned using a mixture consisting of an inactive acyl bromide (propionyl bromide) and 

an active initiator (α-bromoisobutyrylbromide).150–152 Pure α-bromoisobutyrylbromide was added to the 

mixture to synthesise a brush with higher grafting density. A mixture of propionyl bromide (1.0 g, 7.3 

mmol) and α-bromoisobutyrylbromide (185 mg, 0.8 mmol) was used to synthesise a brush with a lower 

grafting density (Figure 3.1).  
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Figure 3.1. Schematic illustration of the synthesis method of surface-grafted initiators with varying grafting densities. 

 The possibility of degrafting of the polymer chains during the experiments was reduced by using a 

trifunctional siloxane compound bearing an amide bond.15,16 The initiator-grafted samples were washed and 

immediately used for polymerisation reactions.  

3.2. Synthesis of poly(acrylic acid) (PAA) brushes  

PAA brushes were synthesized by synthesis of poly(tert-butyl acrylate) P(tBA) followed by a post-

polymerisation hydrolysis.153 The molar ratio of the reactants used in the polymerisation reaction was 

[tBA]:[EBiB]:[CuBr]:[CuBr2]:[PMDETA] = 600:0.5:1:0.1:2. Various catalyst/ligand systems were 

examined to find the optimum system for polymerisation of tBA in solution. The reported catalyst/ligand 

system was found to be the best, see Figure 3.2. A solution of tert-butyl acrylate (28 mL) in 

dimethylformamide (DMF) (14 mL) was prepared and the initiator-grafted samples were placed in the 

solution. Following this, the sacrificial initiator (EBiB, 23.3 µL) and the ligand (PMDETA, 146.4 µL) were 

added to the mixture. The reaction mixture was purged with argon for 15 min, following which the 

deactivator (CuBr2, 7.2 mg) and the catalyst (CuBr, 45.6 mg) were added to the reaction mixture. The 

reaction mixture was stirred and purged with argon for another 15 min. The polymerisation reaction was 

initiated by placing the reaction mixture in a preheated bath at 75 oC. The reaction was allowed to proceed 

for 24 h. Hydrolysis was performed using a solution of trifluoroacetic acid (9 mL) in dichloromethane (33 

mL) at room temperature for 24 h.  

 

Figure 3.2. Conversion of the monomer as a function of time during the synthesis of PtBA using ATRP with various 

catalyst/ligand systems in solution. Data are partly reprinted with permission.  
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3.3. Synthesis of thick poly(2-methylamino) ethyl methacrylate (PDMAEMA) 

brush (used in the first study) 

SARA-ATRP was used to synthesise the thick PDMAEMA brush (results shown in Figure 5.1). Cu(II)Cl2 

(2.6 mg), ligand (PMDETA, 8.14 μL), and monomer (DMAEMA, 3.54 mL) were dissolved in the solvent 

(9.45 mL, H2O/MeOH, 1:1, v/v). The initiator-grafted surface was placed in the reaction mixture. The 

mixture was sealed using a rubber septum. A solution of the reducing agent (9.45 mg of Na2SO3 in 2 mL 

of the solvent) was injected into the reaction mixture to initiate the polymerisation reaction. The reaction 

was allowed to proceed for 120 min at room temperature. Following this, the sample was rinsed with the 

solvent, water, and ethanol and dried under air. A thick PDMAEMA brush was obtained (dry thickness: 

304 nm), which was subsequently used to investigate the polymer density profile using the ellipsometry 

technique. 

 

Figure 3.3. Thickness of a PDMAEMA brush as a function of polymerisation time using the SARA-ATRP method. 

Reprinted with permission.154  

3.4. Synthesis of PDMAEMA and quaternised PDMAEMA brushes  

PDMAEMA brushes were synthesised and subsequently converted to PDMAEMA-QC1, PDMAEMA-

QC4, and PDMAEMA-QC10 using the post-polymerisation quaternisation technique.33,155,156 The monomer 

(DMAEMA, 8.4 g) was dissolved in methanol (20 mL) taken in a 50 mL round bottom flask containing the 

initiator-grafted samples. The sacrificial initiator (EBiB, 11 mg) and the ligand (BPy, 166 mg) were added 

to the mixture and the reaction mixture was purged with argon for 40 min. Following this, the catalyst 

(CuBr, 77 mg) was added to the reaction mixture. The resulting reaction mixture was purged with argon 

for another 15 min. The reaction mixture was stirred for 24 h at 25 ℃. The molar ratio of the reactants was 

[DMAEMA]:[EBiB]:[CuBr]:[BPy] = 100:0.1:1:2. The quaternisation reaction was carried out using 

iodomethane (1000 mM), 1-bromobutane (100 mM), and 1-bromodecane (100 mM) in THF (10 mL) for 

the synthesis of PDMAEMA-QC1, PDMAEMA-QC4, and PDMAEMA-QC10, respectively. 
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3.5. Synthesis of poly (2-(1-butylimidazolium-3-yl)ethyl methacrylate 

hexafluorophosphate) (PBIM) brushes  

PBIM brushes were also synthesised using the SI-ATRP technique.30,157–159 The monomer (2-(1-

butylimidazolium-3-yl)ethyl methacrylate hexafluorophosphate) was synthesised.157,159 Methacryloyl 

chloride was reacted with 2-bromoethanol. The esterification reaction yielded 2-bromoethyl methacrylate. 

2-bromoethanol (35.0 g, 275 mmol) was dissolved in dichloromethane (DCM, 125 mL), to which a solution 

of methacryloyl chloride (26.0 g, 250 mmol) in DCM (25 mL) was added slowly at 0 oC. The solution was 

stirred for 30 min. A solution of triethylamine (27.5 g, 275 mmol) in DCM (25 mL) was added dropwise to 

this solution. The reaction mixture was stirred overnight at room temperature and then filtered. The filtrate 

was washed thrice with pure water (250 mL). Following this, the washed filtrate was dried using magnesium 

sulfate. The product was obtained by filteration and evaporation of the solvent under vacuum.  

A nucleophilic substitution was used to introduce the imidazolium functionality in the compound. 2-

bromoethyl methacrylate (17.1 g, 88 mmol) was mixed with 1-butylimidazole (11.3 g, 91 mmol) and a 

small amount of the inhibitor (2,6-di-tert-butyl-4-methylphenol, 7.5 mg). The reaction mixture was stirred 

for 40 h at 40 oC to obtain 2-(1-butylimidazolium-3-yl)ethyl methacrylate bromide. Finally, the counterion 

was exchanged and hexafluorophosphate was introduced. A solution of 2-(1-butylimidazolium-3-yl)ethyl 

methacrylate bromide (12.68 g, 40 mmol) in acetonitrile (24 mL) was added to a suspension of ammonium 

hexafluorophosphate (8.0 g, 49 mmol) in acetonitrile (50 mL). The solution was stirred at room temperature 

for 48 h, following which the reaction mixture was filtered. The solvent was evaporated under vacuum. The 

monomer was diluted with dichloromethane (200 mL) and passed through a silica gel column to extract the 

inhibitor. The purified monomer (2-(1-butylimidazolium-3-yl)ethyl methacrylate hexafluorophosphate) 

(BIM) was obtained when the solvent was evaporated.  

 

Figure 3.4. Chemical structure of the polymer brushes under investigation. 
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The brush was synthesised using the SI-ATRP technique.30,157–159 The ligand (2,2’-bipyridine (28.8 mg, 

0.18 mmol)), solvent (acetonitrile, 1.6 mL), and monomer (BIM, 3.5 g, 9.1 mmol) were taken in a dry glass 

vial (20 mL). The two initiator-grafted samples (one with a high initiator density and the other with a low 

initiator density) were placed into the reaction mixture. A glass slide was used to keep the two samples 

separated. The reaction mixture was continuously stirred and bubbled with argon for 15 min. Next, the 

catalyst (9.1 mg, 0.09 mmol) was added to the mixture and the reaction mixture was purged with argon for 

another 15 minutes. Following this, the reaction mixture was heated at 60 oC using a preheated oil bath. 

The polymerisation reaction was allowed to proceed for 60 h. The samples were exposed to a solution (80 

mL, 0.1 M) of the sodium salt (containing the desired counterion) while stirring for 30 min for counter 

exchange reactions. 

3.6. Synthesis of poly(1-vinyl imidazole) (PVIm) brushes  

In this research, the prior aim was to synthesise poly (ionic-liquid) brushes containing the 1-vinylimidazole 

unit and study their swelling behaviour before synthesising the brushes discussed in Sections 3.4 and 3.5. 

PVIm is commonly polymerised via the free radical polymerisation reactions.160–163 The polymers exhibit 

a relatively broad molecular weight distribution and limited control over the structure. In this 

polymerisation, the ratio of the rate of termination to the rate of propagation is high resulting in relatively 

low average molecular weights and high dispersities.164 Although the controlled radical polymerisation 

(CRP) methods can potentially provide a good solution for this problem, most of the CRP methods reported 

in the literature, based on ATRP, reversible addition–fragmentation chain transfer polymerisation (RAFT), 

and nitroxide-mediated radical polymerisation (NMP), have been limited in terms of maximum achieved 

molecular weights (< 10 kg mol–1).164–166 Initially, the ATRP method was carried out in this project but the 

maximum thickness of the PVIm brushes synthesised using SI-ATRP technique was approximately 8 nm. 

Table 3.1a shows the SI-ATRP methods used to synthesise the PVIm brushes. 

Table 3.1. a) SI-ATRP methods used to synthesise PVIm brushes. b) Polymerisation methods based on RAFT to 

synthesise the PVIm samples in solution.  
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Surface properties such as wettability can be studied using these thin brushes. However, ellipsometry and 

QCM-D techniques require thicker brushes to provide appropriate and reliable information. Another 

problem with ATRP is that the nitrogen atom present in the imidazolium ring can compete with the ligand 

to bind to the catalyst, resulting in a loss in control of ATRP reactions.164 As an alternative to this method, 

the RAFT polymerisation were carried out, which faced two major challenges. 1. High molecular weight 

PVim molecules were needed for the RAFT reactions in solution. 2. The grafting of the initiator molecule 

or a suitable chain transfer agent (CTA) onto the surface was required to grow the polymer chains from the 

substrate surface. A suitable CTA was identified to synthesise PVIm in solution and the monomer to CTA 

ratio was varied to control the molecular weight. Readers interested in the subject can refer to reviews on 

RAFT polymerisation reactions, where the mechanism, the effect of various components, and the influence 

of R and Z groups of the CTA are discussed.167–169 Figures 3.5a and 3.5b show the monomer conversion as 

a function of time and the molecular weights of the samples with varying CTA-to-monomer ratios, 

respectively. 

  

Figure 3.5. a) Conversion as a function of polymerisation time. b) Molecular weight distribution of the samples 5, 6, 

and 7. 

Therefore, PVIm samples exhibiting relatively high molecular weights and low dispersities were 

synthesised using the RAFT technique. The next challenge was to graft a suitable CTA onto the surface 

from its R group. A nucleophilic substitution reaction was carried out to graft a xanthate CTA onto the 

brominated surface. However, analysis of the results obtained using the XPS technique revealed that the 

surface could not be successfully functionalised (Figure 3.6). Owing to time constraints, methacrylate-based 

monomers were studied instead (discussed in Sections 3.4 and 3.5), although, a novel route was developed 
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to synthesise PVIm in solution using the RAFT technique and to characterise the molecular weight of PVIm 

using AF4-MALS. 

  

Figure 3.6. XPS profiles recorded after every step during the grafting of CTA onto the substrate surface.  
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3.7. Ellipsometry 

The spectroscopic ellipsometry technique was used to estimate the thickness and water content of the 

brushes. Spectroscopic ellipsometry is a non-destructive optical technique that has been widely used to 

study polymer thin films.170,171 The ellipsometry technique can be used to measure the change in the state 

of polarisation of polarised light upon reflection from a multilayer sample.170,171 A polariser sets the 

polarisation state of the incident light. The incident light can be linearly polarised, i.e., the amplitudes of 

the electric fields parallel (Eip) and perpendicular (Eis) to the plane of incidence are the same (Eip= Eis) and 

are “in phase”. The polarisation state of the reflected light changes as the incident light interacts with the 

multilayer sample. This indicates that the amplitudes of the reflected p and s waves change. These waves 

are “out of phase”, a feature that is characteristic of “elliptically” polarised light. This change in the 

polarisation state is related to the properties of the multilayer sample through the complex reflectance 

function (𝜌). The relation can be expressed as follows: 

 

𝑅𝑝

𝑅𝑠
=
𝐸𝑟𝑝/𝐸𝑖𝑝

𝐸𝑟𝑠/𝐸𝑖𝑠
= tan𝜓 . 𝑒𝑖𝛥 ≡ 𝜌(𝜃0, ℎ1, … , ℎ𝑗, 𝑁𝑎 , 𝑁𝑠, 𝑁1, … , 𝑁𝑗) 

      

(3.1) 

where psi (ψ) represents the ratio of the amplitude between the p- and s-polarisations and delta (∆) 

represents the phase difference between the two components. The complex reflectance ratio (ρ) is a function 

of the angle of incidence, thickness (h), and complex refractive index (N = n+ik) of the medium and each 

layer of the sample. n denotes the refractive index and k represents the extinction coefficient. In a typical 

spectroscopic ellipsometry test, psi and delta are obtained as a function of wavelength. Next, a suitable 

multilayer optical model is constructed, representing the thickness and optical properties of each layer. The 

optical model is fit to the experimentally obtained psi and delta values to estimate the unknown properties, 

such as thickness, of the layers. The accuracy of the results (determined thickness values) is significantly 

influenced by the optical model and depends on the validity of the assumptions.  

The variable angle spectroscopic ellipsometry (M-2000, J. A. Woollam Co., Inc.) technique was used in 

this study to investigate the properties of the samples. The wavelength was in the range 250–1000 nm. In 

the cases where NaSCN and NaNO3 solutions were used for the tests, the wavelength was in the range 400–

1000 nm. This is because these solutions absorb light at lower wavelengths. The standard liquid cell of the 

instrument (5 mL heated liquid cell) was used at 25 oC, at an angle of incidence of 75o, for the tests 

conducted in liquid phases. Experiments were conducted in-situ to determine optical information. In these 

tests, the thickness was monitored as a function of time (rate: 1 measurement per minute). After each 

variation, the brush was allowed to reach the equilibrium state, when the variation of thickness was lower 
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than 1% in 10 min. After reaching the equilibrium state, at least five measurements were conducted; the 

average of the thickness values obtained from these experiments is reported herein.  

The optical model used in this project (polymeric brushes on silicon wafers) consists of four layers: a thick 

silicon substrate with known optical properties, an intermediate layer composed of silicon and silica (known 

optical constants; thickness fixed at 1 nm), a silica layer (known optical constants, unknown thickness), and 

a polymer brush layer (unknown thickness and optical constants). Before synthesising the polymer brushes, 

the thickness of the silica layer (for the bare silicon wafers) was measured. The optical constants of the 

polymer layers, for transparent films, were described using the Cauchy relation as follows: 

 𝑛(𝜆) = 𝐴 +
𝐵

𝜆2
+
𝐶

𝜆4
 (3.2) 

where λ is the wavelength and A, B, and C can serve as adjustable fitting parameters. In this project, C was 

set to a value of 0; A and B were the adjustable parameters. In total, the model consisted of three “free” 

parameters (thickness, A, and B of the Cauchy relation for the polymer layer). The water content of the 

polymer films was determined by assuming a hydrated layer to be a mixture of the dry polymer (with known 

optical properties) and water. The volume fractions of the polymer and water were estimated using the 

Bruggeman effective medium approximation (BEMA) model as follows: 

 ∅𝑤
𝑛𝑤

2 − 𝑛2

𝑛𝑤
2 + 2𝑛2

+ (1 − ∅𝑤)
𝑛𝑝

2 − 𝑛2

𝑛𝑝
2 + 2𝑛2

= 0 (3.3) 

where ∅w denotes the volume fraction of water in the film and nw, np, and n are the refractive indices of 

water, dry polymer, and the swollen film, respectively.  

It is important to verify the validity of the model to obtain the “correct” data using the ellipsometry 

technique. Herein, the steps followed to determine the thickness of a hydrated PDAMEMA brush 

(PDMAEMA-H sample; section 5.2) in an aqueous solution (1.0 mM NaBr, pH 4.0) is presented (Figure 

3.7). Here, the optical properties of the medium were assumed to be similar to those of water as the 

concentration of the salt was relatively low (1.0 mM). The optical properties of the concentrated saline 

solutions will be discussed later. Thus, the three free parameters were thickness and Cauchy parameters (A 

and B) of the hydrated layer. The fitting resulted in A = 1.400, B = 0.00352 μm2, and thickness = 85.8 nm 

(Figure 3.7a). As the first check of the quality of the fitting results, the mean squared error (MSE) value 

was considered (MSE=13.2). The mean squared error (MSE) value is a measure of the quality of fitting. 

The lower the MSE, the better the fitting. In this project, the MSE value was lower than 20 (except for the 

results of the thick PDMAEMA brush, Figure 5.1). Thus, the experimentally obtained results agreed well 

with the results obtained using the model.  



35 
 

 

 

Figure 3.7. a) Psi and delta values obtained using the ellipsometry technique and fitting results for the PDMAEMA 

brush at pH = 4.0 in an aqueous NaBr solution (1.0 mM) obtained using the Cauchy model. b) Refractive index (n) 

and extinction coefficient (k) calculated based on the fitting results. c) Table of the cross-correlation parameters of 

the free parameters. d) Plot of MSE as a function of thickness for determining the uniqueness of the result.  
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However, to optimise the quality of the ellipsometry data, the fitting process was further evaluated, as 

shown in Figures 3.7b–d. In some cases, a set of values help minimise the MSE value that is not physically 

relevant for the sample under study. Thus, the refractive index of the layer was plotted (based on the fitting 

results) as a function of wavelength to investigate the validity of the fitting results. Figure 3.7b shows a 

physically meaningful shape for this plot for such transparent hydrated layers. The refractive index 

decreased with increasing wavelength (and absence of absorption; k = 0). Once physically meaningful 

results had been obtained, the cross-correlation of the free parameters (in fitting process) was evaluated, as 

shown in Figure 3.7c. A value close to 1 for a pair of free parameters indicates that the value of one 

parameter strongly influences the value of the other parameter in fitting process. In this research, the values 

of these parameters were found to be lower than 0.9 (except for the value obtained for PBIM-LD, where 

the thickness was less than 20 nm). Finally, the uniqueness of the results was evaluated. The fitting process 

generates a value that minimises the MSE value. However, the MSE value can be potentially minimised at 

several points, indicating the possibility of several different results. MSE was plotted as a function of the 

free parameter, as shown in Figure 3.7d to evaluate the uniqueness of the result. Only one minimum was 

observed in the studied region, indicating a unique result. 

The brush thickness as a function of ionic strength was determined multiple times during the studies. The 

same has also been reported in the literature. For a proper estimation of the thickness using the ellipsometry 

technique, it is important to correct the optical properties of the medium for each saline solution as the 

optical properties of the saline solutions depend on the type and concentration of the salt. However, the 

literature reports on the brushes often do not report the optical properties of these saline solutions. The 

optical properties of the saline solutions could be obtained using various techniques (such as refractometry). 

In this research, control ellipsometry experiments were performed at various salt concentrations to obtain 

the optical properties of the medium as a function of the wavelength. A bare silicon wafer was used for the 

experiments and the optical properties of the medium were obtained by fitting the Cauchy relation (for the 

medium) to the ellipsometric psi and delta values. As a verification test of this method, the results obtained 

from the test were compared with the results reported in literature that were obtained using other methods 

(such as the refractometry technique), at a particular wavelength.  
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Figure 3.8. a) Psi and delta values of a bare silicon wafer in the NaBr solutions (varying concentrations) obtained 

using the ellipsometric technique. b) Ellipsometric psi and delta values and the fitting results of a bare silicon wafer 

in NaBr solution (3.0 M). Partly reprinted from the submitted paper with permission from the American Chemical 

Society. 

As shown in Figure 3.8a, the ellipsometric psi and delta values of a bare silicon wafer were significantly 

influenced by variations in the NaBr concentration. As an example, the results of 3.0 M NaBr solution are 

shown in Figure 3.8b. The thickness of the silica layer was kept constant and the medium was modelled 

using a Cauchy relation. The effect of the adsorption of ions on the optical properties of the layer was 

neglected. The optical properties of the saline solutions obtained by this method have been presented in 

Table 3.2. 
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Table 3.2. Optical properties (A and B of the Cauchy relation) of the NaCl, NaBr, NaNO3, and NaSCN solutions as a 

function of salt concentration. Data are partly from the submitted paper with permission from the American Chemical 

Society. 

 

This method of estimating the refractive index of saline solutions was validated by determining the 

refractive index at a particular wavelength (589.3 nm). The obtained results were compared with the results 

reported in the literature that were estimated using other techniques (Figure 3.9).  

 

Figure 3.9. Refractive index of the aqueous saline solutions as a function of the molar fraction of the salt, calculated 

at 589.3 nm based on the values in Table 3.2. The slopes of the fitted lines are written in each box and the values in 

parentheses are the slope values obtained from literature reports (a172, b173). 
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Figure 3.9 reveals that the refractive index of the saline solutions exhibits a linear correlation with the molar 

fraction of the salt. The magnitudes of the slopes obtained by this method are in agreement with the 

magnitude of the slopes reported in the literature.172,173  

To show the importance of this correction for the refractive index of the solution, the results of fitting based 

on the values in Table 3.2 were compared with the obtained results when the optical properties of the 

medium were assumed to be equal to those of pure water. Figure 3.10 shows the thickness of the 

PDMAEMA brush in a solution of NaBr at a pH of 4.0. The thickness estimated for the corrected medium 

properties and the uncorrected medium were significantly different from each other at high salt 

concentrations. The results highlighted the importance of correcting the refractive index of the solution.  

 

Figure 3.10. Thickness of the PDMAEMA brush at pH = 4.0 as a function of NaBr concentration estimated based on 

the optical properties of the system (Table 3.1 (blue)) and water (red). Reprinted from the submitted paper with 

permission from the American Chemical Society. 

Often thin layers (˂200 nm) have been used for the experiments in this work. For those thin layers, a 

uniform model was used to fit the ellipsometric data (Figure 3.11a). However, the results presented in figure 

5.1, have been obtained using a graded model (Figure 3.11b). In this case, a thick PDMAEMA brush (dry 

thickness of 304 nm and hydrated thickness of 650 nm) was examined. For this sample, uniform models 

could not fit to the experimental data properly. The graded model was used to study the variations of water 

content as a function of the distance from the substrate.  
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Figure 3.11. Schematic illustration of a hydrated layer. (a) Uniform model. (b) Graded model. 

3.8. Quartz crystal microbalance with dissipation monitoring (QCM-D) 

The QCM technique is based on the inverse piezoelectric effect, which is the mechanical deformation of 

crystalline materials resulting from the application of an electric potential.174 The application of an 

alternating voltage results in an oscillatory motion. A standing wave is generated inside the crystal when 

the applied voltage frequency matches the resonance frequency of the crystal. Under the conditions of 

resonance, the antinodes of the standing waves are located at the crystal surfaces (Figure 3.12). The 

resonance frequencies are given by fn = nc/2d, where n stands for the overtone order and c and d denote the 

speed of sound and the crystal thickness, respectively. During the experiments, the applied voltage is turned 

off intermittently and the decay of oscillation was recorded as dissipation (D).  

 

Figure 3.12. a) An AT-cut quartz crystal (Q-sense) with a resonance frequency of 4.95 MHz. b) Schematic illustration 

of the standing wave inside the crystal, through the brush, and the liquid medium. (Reprinted with permission from 

reference.174) 

 The QCM-D technique is often used to study the swelling behaviour of polymer brushes in liquid media. 

As a polymer brush swells, the resonance frequency typically decreases and dissipation increases. These 
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variations in frequency (∆f) and dissipation (∆D) are measured by the QCM-D technique. According to the 

Sauerbrey model, for a homogeneous, thin, and rigid film, ∆f and the mass variation (∆m) exhibit a linear 

relation which can be expressed as follows:175 

 
∆𝑓

𝑛
= −𝐶 ∆𝑚 (3.4) 

where C is a function of the fundamental frequency of the quartz crystal, the thickness (h0), and the density 

(ρ0) of the quartz plate.54 However, swollen polymer brushes are not rigid and homogeneous. For 

viscoelastic films in liquid media, the results of eq. 3.4 do not agree well with the experimental results.176 

For viscoelastic films, assuming homogeneous film, under a no-slip boundary condition at the quartz/film 

interface, ∆f and ∆D are obtained as follows: 

 Δ𝑓 =
𝐼𝑚(𝛽)

2𝜋𝜌0ℎ0
 (3.5) 

 Δ𝐷 = −
𝑅𝑒(𝛽)

𝜋𝑓𝜌0ℎ0
 (3.6) 

where β is related to the shear elasticity and shear viscosity of the film.177,178  

The shear waves decay rapidly in a liquid medium (Figure 3.12b). Thus, the QCM-D technique can be 

regarded as an interface-specific technique. The characteristic decay length (δ) is an overtone-dependent 

parameter which shows how shear waves decay as a function of the distance from the quartz crystal surface 

(Figure 3.13). It can be expressed as follows: 

 𝛿 = √
2𝜂𝐿
𝜌𝐿𝜔

 (3.7) 

 where, ω = 2πf, and ηL and ρL denote the viscosity and the density of the liquid, respectively.179 As the 

overtone of the frequency increases, the characteristic decay length decreases.  
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Figure 3.13. Schematic illustration of the propagating shear waves (in QCM-D technique) for various overtone 

harmonics. (Reprinted with permission.112) 

This property could be exploited to study the properties of a thin film as a function of distance from the 

solid/film interface.112,180 In the first study, such concept was used to study the variation in the degree of 

dissociation of a weak polyelectrolyte brush as a function of the distance from the substrate. 

In this work, a Q-Sense E1 QCM-D equipped with a standard Q-Sense flow module (Biolin Scientific, 

Gothenburg, Sweden) and sensors (QSX335, Biolin Scientific, Gothenburg, Sweden) was used. An 

example of a QCM-D experiment conducted on a PAA brush in NaCl solution (10 mM) at varying pH 

conditions has been presented in Figure 3.14. The values of Δf and ΔD were determined after the brush 

reached the equilibrium state (for each experimental condition).  
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Figure 3.14. Example of a QCM-D test conducted on a PAA brush at varying pH conditions (pH range: 2.0–9.0). 

Experiments were performed in a solution of NaCl (10 mM). Frequency shift (left axis) and dissipation shift (right 

axis) were plotted as a function of time for n = 3, 5, and 7. 

3.9. Other characterisation techniques (AF4-MALS, GPC, XPS, and NMR) 

In addition to the aforementioned methods, other characterisation techniques were used to obtain 

complementary information. However, as these techniques were used as analytical tools and standard 

experimental procedures were followed, the detailed theories behind these techniques were not mentioned. 

The molecular weights of the PtBA samples used in the first study were determined using the gel permission 

chromatography (GPC) technique.181 The system was equipped with a light scattering detector. The 

molecular weights of the other polymer samples (PDMAEMA and PVIm) were determined using the 

asymmetric flow field flow fractionation (AF4) and multi-angle light scattering (MALS) technique.181–184 

Elemental analyses of the samples were carried out using the XPS technique.185–187 This technique was used 

to investigate different synthetic steps (such as surface functionalisation, grafting of the initiators, and 

synthesis of the polymer brushes). Finally, the nuclear magnetic resonance spectroscopy (NMR) technique 

was used to determine the extent of monomer conversion of the polymerisation reactions in solution. In the 

third study, the NMR technique was used to verify the chemical structure of the synthesised monomer 

(BIM). Figure 3.15 shows representative results obtained from the experiments conducted on a PDMAEMA 

sample in solution (AF4-MALS) and a PDMAEMA brush (XPS).  
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Figure 3.15 a) Molecular weight determination method using the AF4-MALS technique. b) Schematic illustration of 

the principle of XPS experiment (left) and the results obtained from the XPS experiment conducted on a PDMAEMA 

brush (right). 
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4. Mean-field model 

 

A theoretical model was developed in this research to better understand the swelling behavior of 

polyelectrolyte brushes. This model is based on the mean-field theory and expands the idea of scaling 

relations by accounting for nonelectrostatic effects and the finite extensibility. In this section, the method 

of deriving the model, various assumptions, and the method of estimating the parameters are introduced. 

Finally, the preliminary results obtained using the model are discussed. This discussion helps in 

understanding the main results which will be discussed in the next section of this thesis (Section 5.2 and 

5.3).  

4.1. Derivation of the model, assumptions made, and estimation of the parameters  

The charge of a polyelectrolyte brush is compensated by the counterions. The counterions are localised 

within a layer, the thickness of which is proportional to the Gouy–Chapmann length ( λGC =
1

2𝜋 𝑓 𝑁 𝜎 𝑙𝐵
). 

Here f denotes the charge fraction, N is the number of repeating units in each chain, σ represents the grafting 

density, and lB is the Bjerrum length (lB =
𝑒2

ε 𝑘𝐵 T
).83 Accordingly, the swelling behaviour of polyelectrolyte 

brushes can be described by four different regimes under salt-free conditions depending on their charge 

fraction and grafting density.74,77,188 When the average distance between the two grafting points is larger 

than the chain dimension, the brush is found in the mushroom regime. A transition into the “polyelectrolyte 

(pincus) brush” regime occurs when the Gouy–Chapmann length is larger than the brush height, indicating 

that the counterions are located partially outside the brush. In this regime, the long-range electrostatic 

repulsion interactions result in the stretching of the polyelectrolyte chains. Here, the forces due to the 

electric double layer and the electrostatic repulsion between the polyelectrolyte chains play a role. In the 

“osmotic brush” regime, the Gouy–Chapmann length is smaller than the brush height. In this case, the 

counterions are mainly localised inside the brush. The high concentration of counterions inside the brush 

screens the electrostatic repulsion between the chains. In this regime, the osmotic pressure generated by the 

counterions (the ion osmotic effect) results in the generation of an additional force in the system. When the 

short-ranged nonelectrostatic interactions present in the polymer segments govern the properties of the 

brush, the brush exists in the “quasi-neutral” brush regime.  

The polyelectrolyte brushes studied in this work (Sections 5.2 and 5.3) consist of highly charged and long 

polyelectrolytes grafted densely onto the surface indicating that the Gouy-Chapmann length is significantly 

lower than the brush thickness. Therefore, the brushes are assumed to be in the “osmotic brush” regime 
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under salt-free conditions. Accordingly, a balance between the three types of pressures is achieved and the 

equilibrium state of the brush is expressed as follows: 

 𝜋𝑖𝑜𝑛 + 𝜋𝑁𝐸 + 𝜋𝑒𝑙 = 0  (4.1) 

where πion, πNE, and πel represent the osmotic pressure of ions (the ion osmotic effect), the osmotic pressure 

of the polymer segments (nonelectrostatic effects), and the pressure due to the chain elasticity, respectively. 

A box-like model with a uniform distribution of polymer segments (assumption) is used to solve eq. 4.1. It 

should be noted that this assumption limits the application of the model in Section 5.1, where the main 

focus is on the polymer density profile. The electrostatic persistence length is assumed to be negligible 

compared to the nonelectrostatic persistence length and the chains are assumed to be flexible regardless of 

the ionic strength. Thus, the segment length (Kuhn length) is equal to the length of each repeating unit (a = 

0.25 nm). Based on this assumption, it can be concluded that the number of polymer segments is equal to 

the degree of polymerisation. Considering that the medium contains only monovalent ions, πion is obtained, 

by assuming brush electroneutrality and a Boltzmann distribution of the mobile ions, as follows:77,188 

 
𝜋𝑖𝑜𝑛
𝑘𝐵𝑇

= 2𝑐𝑠[√
𝑓𝑐𝑚
2𝑐𝑠

+ 1 − 1] (4.2) 

 𝑐𝑚 = 
𝜎𝑁

𝐻
=
𝜎

𝑎𝑟
 (4.3) 

where kB, T, cs, f, cm, and H represent the Boltzmann constant, absolute temperature, molar concentration 

of the monovalent salt (which is equal to the ionic strength), charge fraction, molar concentration of 

repeating units, and brush thickness, respectively. The relative height (r) was defined as 𝑟 =
𝐻

𝑎𝑁
. At two 

extreme conditions of 𝑐𝑠 ≪ 𝑓𝑐𝑚 and 𝑐𝑠 ≫ 𝑓𝑐𝑚, the right side of eq. 4.2 can be simplified to 𝑓𝑐𝑚 and 

(𝑓𝑐𝑚)
2/𝑐𝑠, respectively.  

The entropic elasticity of the polymer chains can be described by a Gaussian approximation (eq. 4.4) or by 

considering the finite extensibility of the chains (eq. 4.5) as follows:189,190 

 
𝜋𝑒𝑙
𝑘𝐵𝑇

≈
−3𝜎𝑟

𝑎
 (4.4) 

 

 
𝜋𝑒𝑙
𝑘𝐵𝑇

=
−𝜎𝑟

𝑎

3 − 𝑟2

1 − 𝑟2
 (4.5) 
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Equation 4.5, in the low stretching regime (𝑟 ≪ 1), is reduced to the Gaussian approximation. When the 

nonelectrostatic effects are neglected, the brush thickness can be estimated (by a balance between πion and 

πel) as follows: 

 𝜋𝑖𝑜𝑛 + 𝜋𝑒𝑙 = 0  (4.6) 

Using the Gaussian approximation for πel and the simplifications for πion, eq. 4.6 can be solved explicitly to 

provide r as a function of f, σ, and cs. The relevant equations are as follows: 

 𝑟~𝑓
1
2                                         𝑙𝑜𝑤 𝑠𝑎𝑙𝑡 (4.7) 

  𝑟~(
𝑓2𝜎

𝑐𝑠
)1/3                           ℎ𝑖𝑔ℎ 𝑠𝑎𝑙𝑡 (4.8) 

Equations 4.7 and 4.8 represent the results of the scaling relations for the osmotic brush regime and the 

salted brush regime of strong polyelectrolyte brushes. As the first modification, πel and πion are considered 

in their general form. Thus, r can be obtained from an implicit solution of the following equation:  

 2𝑐𝑠 [√
𝑓𝜎

2𝑐𝑠𝑎𝑟
+ 1 − 1] + 

−𝜎𝑟

𝑎

3 − 𝑟2

1 − 𝑟2
= 0 (4.9) 

Equation 4.9 takes finite extensibility into account for a polyelectrolyte brush in the absence of 

nonelectrostatic effects. This equation is solved to obtain the thickness of a pure ion osmotic brush. One 

step further, the nonelectrostatic interactions are taken into account using Flory–Huggins theory of semi-

dilute polymer solutions:77,135,191–194 

 
𝜋𝑁𝐸
𝑘𝐵𝑇

=
1

𝑎3
(
∅

𝑁
− ln(1 − ∅) − ∅ − χ∅2) (4.10) 

 ∅ = 𝑐𝑚 𝜐𝑚 (4.11) 

where ∅, χ, N, and υm are the local volume fraction of the polymer segments, Flory-Huggins interaction 

parameter, number of polymer segments, and the volume of each polymer segment, respectively. For large 

N and low ∅, eq. 4.10 can be written in the form of a virial expansion as follows: 

 
𝜋𝑁𝐸
𝑘𝐵𝑇

=
1

𝑎3
(−
1

2
𝜏∅2 +

1

3
𝜔∅3) (4.12) 

 where 𝜏 = 2𝜒 − 1 and 𝜔 = 1 are the second and third virial coefficients, respectively and χ reflects the solvent 

quality. For a good solvent χ < 0.5. χ = 0.5 corresponds to the Ɵ solvent conditions and χ > 0.5 represents poor solvent 

conditions. Thus, the nonelectrostatic effects include two terms: the second virial term, which could be positive or 

negative depending on the solvent quality and the third virial term, which is always positive. Therefore, eq. 4.1 can be 
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rewritten with contributions from four terms. The contribution is a dimensionless parameter that corresponds to the 

pressure (𝐶 =
𝜋

𝑘𝐵𝑇
×
𝑟2𝑎

𝜎
). The relevant equations have been summarised as follows: 

 𝐶𝑖𝑜𝑛 + 𝐶𝑁𝐸2 + 𝐶𝑁𝐸3 + 𝐶𝑒𝑙 = 0 (4.13) 

  𝐶𝑖𝑜𝑛 =
𝜋𝑒𝑙
𝑘𝐵𝑇

×
𝑟2𝑎

𝜎
= 𝑓𝑟 [√(

2𝑐𝑠𝑎𝑟

𝑓𝜎
)2 + 1 −

2𝑐𝑠𝑎𝑟

𝑓𝜎
] (4.14) 

 
𝐶𝑁𝐸2 =

−𝜏∅2

2𝑎3
×
𝑟2𝑎

𝜎
=
−(χ −

1
2
)𝜗𝑚

2

𝜎

𝑎4
 

(4.15) 

 𝐶𝑁𝐸3 =
𝜔∅3

3𝑎3
×
𝑟2𝑎

𝜎
=
𝜗𝑚

3𝜎2

3𝑎5𝑟
 (4.16) 

 𝐶𝑒𝑙 =
𝜋𝑒𝑙
𝑘𝐵𝑇

×
𝑟2𝑎

𝜎
= −𝑟3

3 − 𝑟2

1 − 𝑟2
 (4.17) 

Equation 4.13 exhibits the balance between Cion, CNE2, CNE3, and Cel, which represent the contributions of 

the ion osmotic effect, second virial term of nonelectrostatic effects, third virial term of nonelectrostatic 

effects, and entropic elasticity, respectively. It is assumed that the addition of salt in the solvent does not 

change the solvent quality (χ is independent of cs). From eq. 4.13, r is obtained as a function of ionic 

strength, grafting density, charge fraction, solvent quality, and the volume of each polymer segment. The 

absolute thickness can also be obtained from the total number of polymer segments (𝐻 = 𝑁𝑎𝑟).  

4.2. Preliminary results of the model 

In Section 5.2, the results of the model have been discussed in relation to PDMAEMA and quaternised 

PDMAEMA brushes. The volume of the polymer segment was estimated (𝜗𝑚 =
𝑀𝑊𝐷𝑀𝐴𝐸𝑀𝐴

𝜌𝐷𝑀𝐴𝐸𝑀𝐴
= 0.28 𝑛𝑚3). 

The calculations were performed for brushes with two different grafting densities (σ = 0.086 nm–2 and σ = 

0.257 nm–2), similar to the estimated values for the experimental samples. Equation 4.13 was solved to obtain the 

relative height as a function of χ for a highly charged strong polyelectrolyte brush (f = 1). In addition to the 

thickness, the contributions of the effects were calculated as a function of χ from eqs. 4.13–4.17. Based on 

the experimental results, it was believed that the side groups influenced the solvent quality. Therefore, the equations 

were solved to determine a relation between the contributions and the solvent quality to rationalise the experimental 

results.  
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Figure 4.1. Contribution of ion osmotic effect (Cion), the second and third virial terms of nonelectrostatic effects (CNE2, 

CNE3) and the entropic elasticity (Cel) as a function of the Flory–Huggins interaction parameter (χ) when cs=0.001 M 

and the grafting density was (a) 0.086 nm-2 and (b) 0.257 nm-2. Partly reprinted from the submitted paper with 

permission from the American Chemical Society. 

Figures 4.1a,b reveal that the sum of all the contributions is always 0 under conditions of equilibrium, while 

the extent of contribution from the different factors vary with the solvent quality. Cion and CNE3 are always 

positive, favouring brush swelling, whereas Cel is negative favouring brush collapse. CNE2 is 0 under the Ɵ 

solvent conditions, positive under good solvent conditions favouring swelling, and negative under poor 

solvent conditions favouring brush collapse.  

Figure 4.1a represents the behaviour of a brush under conditions of low grafting density (σ = 0.086 nm–2). 

At Ɵ solvent conditions, the brush behaviour is primarily controlled by a balance between Cion and Cel. This 

indicates that the behaviour of the brush is comparable to the behaviour of a pure ion osmotic brush 

(described by eq. 4.9). However, the relative contribution of the nonelectrostatic effects becomes more 

pronounced when the solvent quality is varied. Under good solvent conditions, CNE2 progressively increases 

when χ value decreases. Thus, the effect of the nonelectrostatic effects on the brush swelling increases. On 

the opposite side, under poor solvent conditions, the magnitudes of CNE2 and CNE3 increase and the 

magnitudes of Cion and Cel decrease with increasing χ leading to a growth in relative contribution of 

nonelectrostatic effects.  

Figure 4.1b reveals the contributions on the brush swelling behaviour under conditions of a higher grafting 

density (σ = 0.257 nm–2). For the high grafting density brush, the contributions show similar trends with 

variation of solvent quality as to the low grafting density brush. Nevertheless, the magnitude of the 
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nonelectrostatic effects are even higher in the whole range of solvent quality compared to the lower grafting 

density brush due to higher concentration of the polymer segments. The nonelectrostatic effects 

significantly contribute to the swelling behaviour of the brush with the high grafting density, even under Ɵ 

solvent conditions. 

The results of the theoretical model has been also presented in Section 5.3 where the the specific counterion 

effects have been investigated. Section 5.3 describes the role of specific ion effects in determining the 

swelling behaviour of strong polyelectrolyte brushes. The hypothesis was that the counterions influence the 

ion osmotic effects and the nonelectrostatic effects differently and thus the specific counterion effects 

depend on of the interplay between these two effects. Therefore, the model was used to investigate the 

contribution of these effects as a function of ionic strength and grafting density. The volume of the polymer 

segment was assumed to be 0.28 nm3 (𝜗𝑚 = 0.28 nm
3) and the charge fraction and the Flory-Huggins 

parameter were assumed to be constant (f = 1, χ=0.65). 

 

Figure 4.2. a) Plot of the contributions (Cion, CNE2, CNE3, and Cel) vs. ionic strength at f = 1, χ = 0.65, and σ = 0.06 

nm–2. b) Plot of the contributions (Cion, CNE2, CNE3, and Cel) vs. grafting density at f = 1, χ = 0.65, and cs = 0.001 M.  

Figure 4.2a shows how the various contributions are affected by ionic strength. With increasing ionic 

strength, the magnitudes of Cion and Cel decrease while CNE2 remains constant and that of CNE3 increases. 

Therefore, the relative contribution of the nonelectrostatic effects progressively increase with increasing 

ionic strength. The variations in the magnitudes of the ion osmotic effect with the ionic strength can be 

observed in the three brush regimes (the osmotic, salted, and quasi-neutral brush regimes). The influence 

of grafting density is shown in Figure 4.2b. As the grafting density increases, the magnitude of Cion remains 

constant whereas the magnitudes of nonelectrostatic contributions (CNE2 and CNE3) and Cel increase. Thus, 

the influence of the nonelectrostatic effects on brush behaviour progressively increases with increasing 

grafting density. Here, the relative contribution of the nonelectrostatic effects is defined as the ratio of the 
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nonelectrostatic swelling contribution to the total swelling contributions (
𝐶𝑁𝐸3

𝐶𝑖𝑜𝑛+𝐶𝑁𝐸3
). This parameter is 

plotted in figure 5.12 as a function of ionic strength and grafting density. 
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5. Results 

 

Herein, the results obtained from the different experiments conducted are presented. The three factors (the gradient of 

the degree of dissociation, nonelectrostatic effects, and specific ion effects in polyelectrolyte brushes) that have been 

investigated have been presented in Section 5.1, 5.2, and 5.3, respectively. The results of each section includes the 

results presented in the corresponding paper and complementary results.  

5.1. Charge fraction gradient in a weak polyelectrolyte brush 
 

The first part is a study on the polymer density profile with an emphasis on its effect on the charge fraction profile in 

a weak polyelectrolyte brush. The polymer density profile was experimentally studied and the results have been 

presented as a proof of concept. The focus is on a specific result of such profile in the case of a weak polyelectrolyte 

brush, which leads to the charge fraction gradient along a weak polyelectrolyte brush. This forms the basis of the study 

presented in paper 1.  

5.1.1. Density profile in a polymer brush 

 

Theoretical studies demonstrated that the density of the polymer segments (in polymer brushes) gradually 

changes as a function of the position normal to the substrate surface.43–45 Such gradual variation has also 

been experimentally validated using neutron reflectometry experiments.122,124,125,127 Here, as a proof of 

concept, this variation in a thick polymer brush was investigated using the ellipsometry technique (Figure 

5.1). To the best of my knowledge, this is the first report where such variations have been experimentally 

investigated using the ellipsometry technique.  
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Figure 5.1. a) The experimental psi and delta (blue), psi and delta of a uniform model (red) and those of a graded 

model (black). b) Refractive index of the graded layers as a function of wavelength. c) Water content of the graded 

layers as a function of distance from the substrate. d) Schematic illustration of the brush with a gradient of water 

content with respect to the distance from the substrate. 

Figure 5.1 shows the results of an ellipsometry experiment conducted with a thick PDMAEMA brush (dry 

thickness: 304 nm) in an aqueous solution at pH = 9.0. The sample under study was practically uncharged. 

The experimentally determined psi and delta values and those determined from the model are shown in 

Figure 5.1a. It was observed that the graded model (with five sublayers) better fits the experimental psi and 

delta values (MSE = 33) compared to the uniform model (MSE = 130), suggesting that the brush was 

vertically non-uniform. The refractive indices of the five sublayers are plotted in Figure 5.1b. The further 

the layer from the substrate, the lower the refractive index. As the polymer layer exhibited a higher 

refractive index compared to water, the lower refractive index of the hydrated layer can be attributed to a 

higher water content. The water content (volume fraction) of each layer was determined using the BEMA 

model. The optical properties of the dry polymer layer (A = 1.498, B = 0.00655 μm2, estimated from an 

ellipsometry test in the dry state) and those of water were known. As shown in Figure 5.1c, the water content 

of the layer closest to the substrate was approximately 45%. However, as the distance from the substrate 

increases, the water content increases. The percentage of water in the topmost layer was approximately 

65%. This indicated that the polymer volume fraction decreased as the distance from the substrate increased 

(from ≈55% at the bottom layer to ≈35% at the top layer). This, as a proof of concept, clearly indicated that 
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the polymer segments were not evenly distributed in a brush layer and the concentration of the polymer 

segments depended on the distance from the substrate (Figure 5.1d). Therefore, the brush properties that 

are influenced by the concentration of the polymer segments are expected to be also influenced by the 

distance from the substrate.  

5.1.2. Gradient of charge fraction in a weak polyelectrolyte brush (paper 1) 

 

The charge fraction of a weak polyelectrolyte brush is expected to depend on the distance from the substrate. 

This is because the dissociation degree of a weak polyacid brush, for example, in the osmotic brush regime, 

is influenced by the local concentration of the carboxylic acid groups at a constant pH and ionic strength. 

To investigate the relationship between the degree of dissociation and the distance from the substrate, the 

range of ionic strengths which corresponds to the osmotic brush regime, was determined for a PAA brush 

(Mn= 34.9 kg mol–1, σ = 0.6 nm–2). 

 

Figure 5.2. Relative height (thickness/contour length) of the PAA brush as a function of ionic strength in aqueous 

NaCl solutions at pH values of 6.0 (red) and 9.0 (blue). (Reprinted with permission.112) 

Figure 5.2 shows the relative brush height (thickness/contour length) as a function of ionic strength in an 

aqueous NaCl solution at pH 6.0 and 9.0. It was observed that at both pH values, the PAA brush exhibited 

the typical weak polyelectrolyte brush behaviour: an increase in thickness with increasing ionic strength in 

the osmotic brush regime and a decrease in the thickness with increasing ionic strength in the salted brush 

regime. At pH 9.0, the variation of brush thickness in the osmotic brush regime was less pronounced 

compared to the variation observed at pH 6.0. This is because, at a high pH, most of the acidic groups were 

in their dissociated state even under conditions of low ionic strength. One can expect that at high pH, PAA 

remains in its almost fully charged state and thus, the charge fraction is almost independent of the ionic 
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strength, similar to a strong polyelectrolyte brush.  As the second observation, the ionic strength at which 

the maximum thickness was observed increased with increasing pH (0.1 M at pH = 6.0 compared to 0.2 M 

at pH 9.0). This is because, at a higher pH, the charge fraction and thus, the ion concentration inside the 

brush is higher which requires larger ionic strength for the transition into the salted brush regime compared 

to a lower pH. When the ionic strength was lower than 0.1 M, the brush was found in the osmotic brush 

regime at both pH values. Therefore, the rest of the experiments were conducted at this range of ionic 

strength to focus on the variation of the charge fraction in the osmotic brush regime. 

The dissociation of a PAA brush with the same grafting density (Mn = 18.9 kg mol–1, σ = 0.6 nm–2) was 

studied using the ellipsometry technique. The brush thickness was measured, as shown in Figure 4.3, as a 

response related to the average degree of dissociation of the brush. The higher the degree of dissociation, 

the higher was the brush thickness. Based on these data, the average dissociation point (apparent pKa value) 

of the brush could be estimated from the deflection point of a sigmoid function (the experimentally obtained 

data were fitted to this function). Notably, the pKa value obtained here was based on the average response 

of the whole layer (swelling), not the local information of the degree of dissociation. 

 

Figure 5.3. Relative height of a PAA brush as a function of pH at ionic strengths of 1 mM (black), 10 mM (red), and 

100 mM (blue). (Reprinted with permission.112) 

The brush swelled as the pH increased (at all ionic strengths, Figure 5.3). With increasing ionic strength, 

the swelling transition shifted to lower pH values, indicating that the dissociation was enhanced as the ionic 

strength was increased. The average pKa values were obtained as 6.4, 5.2, and 4.6 when the ionic strengths 

were 1 mM, 10 mM, and 100 mM, respectively.  
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The local dissociation of the carboxylic acid groups was studied using the QCM-D technique with various 

overtone harmonics exhibiting varying characteristic decay lengths. Taking advantage of this fact, the 

dissociation degree was studied as a function of the distance from the substrate.  

 

Figure 5.4. Dissipation shift (left) and frequency shift (right) of the PAA brush (Mn = 18.9 kg mol–1, σ = 0.6 nm–2) as 

a function of pH at ionic strengths of (a, b) 1mM, (c, d) 10 mM, and (e, f) 100 mM. (Reprinted with permission.112)  

Figure 5.4 shows the variation in dissipation and resonance frequency as a function of pH at various ionic 

strengths. Generally, dissipation increased and resonance frequency decreased with increasing pH. This can 

be attributed to brush swelling and thus, the change in frequency and dissipation could be considered as 

other responses of the brush layer, which were related to dissociation of acid groups in the brush. The pH 

at which the swelling transition occured depended on the overtone harmonic and ionic strength. The 

apparent pKa values were obtained by fitting a sigmoid function to the data. The apparent pKa values were 

plotted as a function of the decay length of the various overtone harmonics (Figure 5.5). 
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Figure 5.5. (a) Apparent pKa and (b) dissociation degree at pH = 5.0 of the PAA brush as a function of decay length 

of the QCM-D overtone harmonics at ionic strengths of 1 mM (blue), 10 mM (green), and 100 mM (red). (Reprinted 

with permission.112)  

Two main trends are observed in Figure 5.5a. First, the apparent pKa decreased with increasing decay 

length, indicating that the closer the carboxylic acid groups to the substrate, the higher the apparent pKa 

value. Second, with increasing ionic strength, the apparent pKa values decreased and the dependency of the 

apparent pKa values on the decay length became less pronounced. This indicated that the degree of 

dissociation exhibited a more uniform distribution as the ionic strength increased. The dissociation degree 

of the carboxylic acid groups was calculated and plotted (Figure 5.5b), assuming that the local pH was 5.0. 

It was observed that at a certain pH value, the dissociation degree of the carboxylic acid groups strongly 

depended on the ionic strength and the local position in the brush. Whereas the carboxylic acid groups were 

almost uncharged at low ionic strength and close to the substrate, the acidic groups at the outer surface of 

the brush were almost fully charged (≈90%) at high ionic strength. 

Overall, it was observed that the polymer segments were not uniformly distributed along the brush. The 

gradient of polymer concentration, in the case of weak polyelectrolyte brushes, resulted in a gradient of the 

degree of dissociation in the osmotic brush regime. At certain pH and ionic strength, the degree of 

dissociation increases with increasing distance from the substrate. However, as the ionic strength increases, 

the average degree of dissociation increases and the gradient of the dissociation decreases (leading to a 

more uniform degree of dissociation along the weak polyelectrolyte brush).  
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5.2. Nonelectrostatic effects on polyelectrolyte brush behaviour (paper 2) 

 

The second part of this project investigates the nonelectrostatic (polymer–polymer and polymer–solvent) 

interactions in polyelectrolyte brushes and determines the pathway through which the interactions 

contribute to the brush swelling behaviour. The original scaling relations were based on the assumption that 

the effect of the nonelectrostatic interactions were negligible compared to the effects of other factors such 

as the osmotic pressure of counterions (ion osmotic effects) and chain elasticity.74,77,79,188 In a few studies, 

the deviations from scaling relations were attributed to the nonelectrostatic effects (e.g., the excluded 

volume effects).73,113,116–118 However, the influence of nonelectrostatic interactions on the swelling 

behaviour of polyelectrolyte brushes has not been systematically studied. 

Here, the contribution of nonelectrostatic effects is systematically investigated using a combination of 

experimental and theoretical methods. To this end, polyelectrolyte brushes with varying side groups were 

designed to systematically study the influence of nonelectrostatic interactions, while charge density, chain 

length, and grafting density were kept constant. This was achieved by synthesising two PDMAEMA 

brushes differing in the grafting densities (PDMAEMA-L: Mn = 105 kg mol–1, σPDMAEMA-L= 0.086 nm–2, and 

PDMAEMA-H: Mn=105 kg mol–1, σPDMAEMA-H= 0.257 nm–2) followed by the post-polymerisation 

quaternisation using various alkyl halides. Figure 5.6 shows a schematic illustration of the samples used in 

this study.  
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Figure 5.6. PDMAEMA brushes (top) with low and high grafting densities (PDMAEMA-L: Mn=105 kg mol–1, 

σPDMAEMA-L=0.086 nm–2, and PDMAEMA-H: Mn=105 kg mol–1, σPDMAEMA-H=0.257 nm–2). Quaternised PDMAEMA 

(bottom) brushes with varying side groups (methyl (PDMAEMA-QC1), butyl (PDMAEMA-QC4), and decyl 

(PDMAEMA-QC10)) but chain length and grafting density similar to those of PDMAEMA brushes. Reprinted from 

the submitted paper with permission from the American Chemical Society. 

To effectively study the effect of nonelectrostatic interactions, the charge fraction in all the brushes should 

be equal. Thus, the PDMAEMA brushes should be examined when the brushes are highly charged, 

independent of the ionic strength, and exhibit a constant charge fraction similar to that of strong 

polyelectrolyte brushes. Therefore, the swelling behaviour of PDMAEMA brushes was studied as a 

function of pH and ionic strength (Figure 5.7). 
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Figure 5.7. Change in the thicknesses of the PDMAEMA brushes at high (PDMAEMA-H) and low (PDMAEMA-L) 

grafting densities as a function of (a) pH when the ionic strength was 10 mM and (b) as a function of ionic strength 

at pH 6.0. Reprinted from the submitted paper with permission from the American Chemical Society. 

As shown in Figure 5.7a, PDMAEMA brushes exhibited a typical weak polybasic brush behaviour. The 

thickness increased with decreasing pH. This can be attributed to the protonation of amine groups. 

Protonation increases the charge fraction of the brush and induces a swelling force (ion osmotic effect). In 

both cases, the thickness at pH 4.0 was almost similar to that at pH 5.0, indicating that the brush was almost 

fully charged at pH 5.0 and further decrease in pH did not significantly affect the charge fraction of 

PDMAEMA.  

The PDMAEMA brushes exhibited ionic strength properties (at pH 6.0) that are typical of weak 

polyelectrolyte brushes (Figure 5.7b). At very low ionic strength (˂ 0.1 mM), the brushes were found in the 

neutral brush regime where the brushes were almost uncharged and the brush thicknesses were comparable 

to the brush thicknesses at pH = 9.0 (≈25 nm for PDMAEMA-L and ≈62 nm for PDMAEMA-H). With 

increasing ionic strength, the brushes swelled in the osmotic brush regime (up to ≈45 nm for PDMAEMA-

L at 30 mM and ≈85 nm for PDMAEMA-H at 100 mM). This was followed by a decrease in the brush 

thicknesses in the salted brush regime (at higher ionic strengths).  

It should be noted that PDMAEMA-H was always thicker than PDMAEMA-L in the entire range of pH 

and ionic strength. This observation contradicts the results obtained from the original scaling relations of 

weak polyelectrolyte brushes. It was predicted that the thickness should decrease with increasing grafting 

density in the osmotic brush regime. This discrepancy could be attributed to the contribution of the 

nonelectrostatic effects that result in an increased extent of brush swelling when the grafting density 

increases. In other words, the charge fraction of a weak polyelectrolyte brush under osmotic brush regime 
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decreases as the grafting density is increased. This results in a weaker ion osmotic effect for the higher 

grafting density brush. However, the nonelectrostatic effects becomes stronger when the grafting density is 

increased due to increasing the concentration of polymer segments. Therefore, when the nonelectrostatic 

effects are taken into account, it is observed that the increase in grafting density results in enhanced 

swelling. 

Considering the results shown in Figure 5.7a, pH 4.0 was chosen as a condition in which PDMAEMA was 

in its almost fully charged state. It was expected that the charge fraction was independent of ionic strength 

at this pH, similar to that of a strong polyelectrolyte brush.  

 

Figure 5.8. Thickness of (a) PDMAEMA, (b) PDMAEMA-QC1, and (c) PDMAEMA-QC4/QC10 brushes as a function 

of ionic strength. The solid and dashed lines guide the eyes for the data for brushes with lower and higher grafting 

densities, respectively. Reprinted from the submitted paper with permission from the American Chemical Society. 

Figure 5.8a shows the variation in the thicknesses of the PDMAEMA brushes as a function of ionic strength 

at pH 4.0. In both samples, the thicknesses were almost constant in the osmotic brush regime, indicating 

that the charge fraction was almost independent of ionic strength (similar to the case of strong 

polyelectrolyte brushes). The brushes were found in a relatively swollen state when the ionic strength was 

low (≈45 nm for PDMAEMA-L and ≈85 nm for PDMAEMA-H). With increasing ionic strength (˃ 100 
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mM), the brushes entered the salted brush regime, where brushes collapsed as the ionic strength was 

increased. Notably, the contribution of the nonelectrostatic  effects on the brush thickness was demonstrated 

by the larger thickness of PDMAEMA-H (compared to PDMAEMA-L) in the whole range of ionic strength 

under investigation. Thus, the swelling behaviour of the PDMAEMA brush was influenced by both ion 

osmotic and nonelectrostatic effects. 

Next, the swelling behaviour of PDMAEMA-QC1 is shown in Figure 5.8b. Both the brushes (PDMAEMA-

QC1-H and PDMAEMA-QC1-L) exhibited three regimes of swelling behaviour: the osmotic brush regime 

at low ionic strengths (up to approximately 10 mM), salted brush regime at intermediate ionic strengths 

(from 10 mM up to approximately 800 mM), and quasi-neutral brush regime at higher ionic strengths. In 

the osmotic brush regime, the thickness exhibited a slight dependence on the grafting density. This indicated 

that the brush thickness was dominated by the ion osmotic effect in this regime. However, with increasing 

ionic strength, the ion osmotic effect decreased in the salted brush regime giving rise to relative contribution 

from the nonelectrostatic effects. As a result, a steeper decrease in thickness in the salted brush regime and 

a lower thickness in the quasi-neutral brush regime were observed in PDMAEMA-QC1-L (compared to 

PDMAEMA-QC1-H).  

The effect of nonelectrostatic interactions could be determined when the properties of the highly charged 

PDMAEMA-QC1 were compared to the properties of PDMAEMA, because both brushes were highly 

charged. PDMAEMA-QC1 swelled more than PDMAEMA under conditions of similar grafting densities 

and ionic strengths. At the maximum ionic strength studied here (3.0 M), the thicknesses of PDMAEMA-

QC1-H and PDMAEMA-QC1-L were 97 nm and 63 nm, respectively, which were significantly higher than 

those of PDMAEMA-H and PDMAEMA-L (73 nm and 35 nm, respectively). Here, the swelling was 

dominated by nonelectrostatic effects as PDMAEMA brushes were found in the quasi-neutral brush regime. 

The significant difference in the thickness is attributed to the better solvation ability of PDMAEMA-QC1 

in water compared to the solvation ability of PDMAEMA. This effect caused an increased swelling for the 

PDMAEMA-QC1 brushes compared to the PDMAEMA brushes over the entire range of ionic strengths. 

As the second important observation, the grafting density did not significantly impact the thickness of 

PDMAEMA-QC1, in the osmotic brush regime, while a significant influence of the grafting density was 

observed on the thickness of PDMAEMA brushes in the same region. This indicated that the swelling 

behaviour of PDMAEMA-QC1 was dominated by the ion osmotic effects in the osmotic brush regime, 

whereas the swelling behaviour of PDMAEMA was affected by both the ion osmotic and nonelectrostatic 

effects. The relationship between the contributions of the ion osmotic and the nonelectrostatic effects and 

the solvent quality will be discussed later using a theoretical approach.  
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Figure 5.8c shows the thicknesses of the PDMAEMA-QC4 and PDMAEMA-QC10 brushes as a function 

of ionic strength. Various side groups were expected to influence brush behaviour due to variations in 

hydrophobicity and steric effects. As the first observation, the thicknesses of all these brushes were slightly 

influenced by the ionic strength, indicating that the ion osmotic effects did not significantly contribute to 

the swelling behaviour due to a hydrophobic collapse. Therefore, the nonelectrostatic effects dominated the 

brush behaviour, leading to a higher thickness for the brushes with higher grafting densities (≈82 nm for 

PDMAEMA-QC4-H and ≈90 nm for PDMAEMA-QC10-H) compared to the brushes with lower grafting 

densities (≈32 nm for PDMAEMA-QC4-L and ≈49 nm for PDMAEMA-QC10-L). Besides, at a certain 

grafting density, PDMAEMA-QC10 brushes were thicker than PDMAEMA-QC4 brushes. This could be 

explained by the fact that the decyl groups in PDAMEMA-QC10 were bulkier than the butyl groups in 

PDMAEMA-QC4, resulting in higher steric effects.  

The experimental results revealed a significant influence of the side groups on the brush thickness. The side 

groups were also found to influence the contributions from ion osmotic and nonelectrostatic effects. Next, 

a theoretical approach (based on the mean-field theory) was employed to quantify the contribution of these 

effects and to determine the relationship between solvent quality and brush swelling behaviour. The details 

of the background theory, assumptions made, and variables of the model were discussed in Section 4. 
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Figure 5.9. (a) Relative height and (b) the contributions as a function of the Flory–Huggins interaction parameter at 

f=1, σ=0.086 nm-2, and cs=0.001 M. c) Relative height as a function of ionic strength for various Flory–Huggins 

interaction parameters (χ = 0.5 (left, blue), χ = 0.75 (middle, black), and χ = 1.0 (right, red)) at two different grafting 

densities (σHD = 0.257 nm–2 and σLD = 0.086 nm–2). Reprinted from the submitted paper with permission from the 

American Chemical Society. 

Figure 5.9a shows the variation in the thicknesses of the brushes in the presence and absence of 

nonelectrostatic effects in the osmotic brush regime as a function of χ. Although the thickness of the pure 

ion osmotic brush is independent of χ, the thickness of the brush under the influence of nonelectrostatic 

effects decreases with increasing χ. The nonelectrostatic effects can cause brush swelling or collapse 

depending on the solvent quality. As the polyelectrolytes are hydrophobic, I focussed on the poor solvent 

conditions (χ > 0.5) to study the effect of solvent quality on the contributions, as shown in Figure 5.9b. It 

is observed that with increasing χ, the magnitudes of Cion and Cel decrease whereas those of CNE2 and CNE3 

increase. As a result, the relative contribution of nonelectrostatic effects increases with increasing χ. The 

brush behaviour is mainly determined by a balance between Cion and Cel at χ values approaching 0.5 (Ɵ 

solvent conditions). Under this condition, the observed brush behaviour matches relatively well with the 

behaviour predicted by the scaling relations (pure ion osmotic brush). Under very poor solvent conditions, 
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as the χ values approach 1, the brush behaviour is primarily determined by a balance between the second 

and third virial terms of nonelectrostatic effects. However, between these two extreme conditions, the brush 

behavior is resulted by a mixed contribution of all the factors (Cion, Cel, CNE2, and CNE3).  

To compare the results of the model with the experimental results, Figure 5.9c shows the swelling behaviour 

of the brushes at three different χ values representing the three swelling behaviours mentioned earlier. It is 

observed that with increasing χ, the influence of ionic strength on the relative height becomes weaker 

whereas the effect of the grafting density on the relative height becomes more pronounced. The theoretical 

and experimental results are compared. It is observed that the behaviour of the PDMAEMA brush is similar 

to the behaviour of the brush observed at χ = 0.75, where the brush behaviour is affected by both ion osmotic 

and nonelectrostatic effects. The swelling behaviour of the PDMAEMA-QC1 brush is similar to the 

behaviour observed when χ = 0.5 with a major contribution of ion osmotic effects and a minor contribution 

of nonelectrostatic effects. The thicknesses of the PDMAEMA-QC4 and PDMAEMA-QC10 brushes 

remained constant (similar to the case when χ = 1.0). Therefore, the swelling behaviour of these 

polyelectrolyte brushes could be explained based on the solvent quality in an aqueous solution with the 

trend: PDMAEMA-QC1>PDMAEMA>PDMAEMA-QC4≈PDMAEMA-QC10.  

 

Figure 5.10. Relative height as a function of ionic strength for brushes with segment volume of υm= 0.3 nm3 (red), υm= 

0.5 nm3 (black), and υm= 0.7 nm3 (blue) at f = 1, grafting density of σHD= 0.257 nm-2 (solid line) and σHD= 0.086 nm-

2 (dashed line), and χ = 1.0. Reprinted from the submitted paper with permission from the American Chemical Society. 

Furthermore, the higher thickness of PDMAEMA-QC10 compared to PDMAEMA-QC4 can be attributed 

to steric effects (the decyl group produces higher steric effects compared to the butyl group). This effect 

was confirmed by the results of the theoretical model by varying the volume of the polymer segments 

(Figure 5.10). At a constant χ, the brush thickness increases when the bulkiness of the polymer segments 

increases.  
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Overall, in this study, the crucial influence of nonelectrostatic effects on the swelling behaviour of 

polyelectrolyte brushes has been demonstrated. Brushes with similar charge densities but varying side 

groups exhibited fundamentally different swelling behaviours depending on the polymer–polymer and 

polymer–solvent interactions. When the solvent quality was decreased, the brush collapsed and the relative 

contribution of nonelectrostatic effects became more pronounced. Thus, these contributions should be taken 

into account during the analysis of the swelling behaviour of polyelectrolyte brushes.  

5.3. Specific ion effects in polyelectrolyte brushes 

 

The third study deals with the effects of the counterions and the co-ions on the swelling behaviour of 

polyelectrolyte brushes. It should be noted that only monovalent ions are discussed in this section. At the 

onset, the influence of the counteranions on the swelling behaviour of a strong polycationic brush was 

experimentally and theoretically studied. These results have been documented in manuscript 3. The aim of 

the study was to understand the mechanisms through which counterions influence the swelling behaviour 

of a strong polyelectrolyte brush. Following this, the two sets of results regarding new aspects of ion 

specificity have been briefly discussed. The effect of the polyelectrolyte structure on ion pairing and the 

effect of co ions on the swelling behaviour of polyelectrolyte brushes were investigated. These results, 

obtained by analysing experimental data (at the level of proof of concept), demonstrate significant 

contributions that have not yet been systematically studied. Based on these results, new research problems 

are defined and the course of future work is suggested.  

5.3.1. Specific counterion effects on polyelectrolyte brush behaviour (paper 3) 

 

The thickness of polycationic brushes is affected by the type of counterions present in the brush.110,143,145–

147 Whereas the brushes remain in their swollen state in the presence of highly hydrated anions (e.g., Ac–), 

a relatively collapsed state is found in the presence of weakly hydrated anions (e.g., SCN– and ClO4
–). 

Previous studies proposed various explanations based on the ion properties, although the same trend of ion 

specificity was observed experimentally. Besides, The relationship between the mechanisms of ion 

specificity and the characteristics of the brush and medium have not yet been discussed. 

Herein, a mechanistic study of ion specificity in polycationic brushes is presented. The results obtained in 

the second study revealed that the swelling of a polyelectrolyte brush is influenced by the ion osmotic and 

nonelectrostatic effects. Counterions potentially influence both these effects. For example, ions have 

various osmotic activities due to, for example, various degrees of ion pair formation. Thus, the osmotic 

pressure of counterions is influenced by the type of the counterions. The nonelectrostatic effects, on the 
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other hand, are related to the hydration degree of the ions and their influence on the hydration of the 

polyelectrolyte chains. The former (the influence on the osmotic pressure of counterions) is referred to as 

“mechanism I” and the latter (the influence on the brush-solvent nonelectrostatic effects) as “mechanism 

II” of ion specificity. Besides, the contribution of the ion osmotic effect and the nonelectrostatic effects 

depend on the characteristics of the brush and the medium (e.g. grafting density and ionic strength). Thus, 

it is expected that the specific counterion effects depend on the brush grafting density and ionic strength. 

To test this hypothesis, imidazolium-based polycationic brushes were designed with two different grafting 

densities and the properties were examined in a wide range of ionic strengths. Based on the dry thickness 

measurement (HPBIM-HD= 46 nm, HPBIM-LD= 14 nm), the ratio of the grafting densities was estimated to be 

3.3 (
𝜎𝑃𝐵𝐼𝑀−𝐻𝐷

𝜎𝑃𝐵𝐼𝑀−𝐿𝐷
= 3.3). It can be roughly stated that the range of grafting densities studied in this work were 

similar to those studied in section 5.2. The rough estimation can be made from the fact that the method of 

grafting the initiator was the same.  
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Figure 5.11. Thicknesses of a) brush with higher grafting density (PBIM-HD, solid lines) and b) brush with lower 

grafting density (PBIM-LD, dashed lines) as a function of ionic strength: NaCl (black), NaBr (green), NaNO3 (blue), 

and NaSCN (red). 

Figure 5.11 shows the thicknesses of the brushes with higher and lower grafting densities (PBIM-HD and 

PBIM-LD, respectively) with various counterions as a function of ionic strength. PBIM-HD brushes 

exhibited a relatively high and constant thickness under conditions of low ionic strength in the presence of 

Cl–, Br–, and NO3
– followed by a decrease in thickness with increasing ionic strength at high ionic strengths. 

Nevertheless, in the presence of SCN–, the brush was found in a collapsed state (≈65 nm) at all ionic 

strengths. This indicated that the ion osmotic effect was negligible in this case, which could be explained 

by the passivation of counterions (through ion pair formation). In the case of NO3
-, the brush was 

significantly thicker at low ionic strength (≈135 nm) compared to the brush thickness in the presence of 

SCN–. However, at high ionic strengths, where the nonelectrostatic effects dominated, the brush thicknesses 

in the cases of NO3
- and SCN– were comparable (≈68 nm for PBIM-HD-NO3

-). This indicated that although 

both PBIM-HD-SCN– and PBIM-HD-NO3
– exhibited similar nonelectrostatic effects, the influence of the 

ion osmotic effect was significantly higher in PBIM-HD-NO3
– due to higher osmotic activity of NO3

–, 
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confirming mechanism I of ion specificity. The behaviour of PBIM-HD-Br- shed light on a new aspect of 

ion specificity. The thickness of the PBIM-HD-Br- brush was significantly higher than those of PBIM-HD-

SCN- and PBIM-HD-NO3
– at high ionic strength. This indicated that the nonelectrostatic effects were 

significantly influenced by the type of counterions, demonstrating mechanism II of ion specificity. This 

could be explained by higher hydration degree of Br- compared to NO3
- and SCN–, which resulted in 

increased swelling of the brush due to nonelectrostatic effects. Finally, PBIM-HD-Cl- showed higher 

thicknesses in the entire range of ionic strength studied here, which could be explained by a combination 

of mechanisms I and II.  

PBIM-LD (Figure 5.11b) behaved in a similar way in the presence of SCN– and NO3
–. In the presence of 

SCN–, the brush collapsed (≈14 nm) irrespective of the ionic strength. PBIM-LD-NO3
- existed in a swollen 

state at low ionic strength (≈42 nm) while the thickness was comparable to the thickness in the presence of 

SCN– at high ionic strength. However, in the presence of Br-, PBIM-LD was less swollen than what was 

expected based on the results of the brush with higher grafting density. PBIM-LD-Br- was thinner (≈33 nm) 

than PBIM-LD-NO3
– at low ionic strength. At high ionic strength, PBIM-LD-Br- was thicker (≈19 nm) than 

PBIM-LD-NO3
– and PBIM-LD-SCN– but the difference was less pronounced compared to the similar 

difference in the case of PBIM-HD. This effect could be explained by the fact that, with decreasing grafting 

density, the nonelectrostatic effects are reduced. As a result, the nonelectrostatic effects has a minor 

contribution to the brush swelling behaviour. Thus, the higher hydration degree of Br- had less influence on 

the swelling behaviour of the brush with lower grafting density compared to the higher grafting density 

brush. The thickness of PBIM-LD-Cl- was higher than the brushes containing other counter anions. This 

could be explained by a combination of the two mechanisms (a major contribution of mechanism I and a 

minor contribution of mechanism II).  

The two mechanisms of ion specificity have been demonstrated herein. It is difficult to decouple the two 

mechanisms experimentally by choosing ions that only affect one of the mechanisms. However, these two 

mechanisms can be separately studied using the theoretical model. The model has been used to analyse the 

results of each mechanism on the swelling behaviour of brushes. To this end, mechanism I was investigated 

using brushes with different active charge fractions (f), keeping the other parameters constant. In other 

words, the influence of counterions on the ion osmotic pressure was investigated by variation of the active 

charge fraction in the brush. Mechanism II was investigated using brushes differing in the Flory–Huggins 

interaction parameters (χ), while other properties were similar. Thus, the influence of counterions on the 

nonelectrostatic effects was investigated through variations of solvent quality of the brush; the ions with 

higher hydration degrees result in lower Flory–Huggins interaction parameters (χ).  
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Figure 5.12 a) Relative height of brushes with varying charge fractions as a function of ionic strength at σ=0.1 nm-2 

and χ = 0.65. b) Relative height of brushes with varying the Flory–Huggins interaction parameter as a function of 

ionic strength at σ = 0.1 nm-2 and f = 0.5. c) Relative contribution of the nonelectrostatic effects for a brush with f=0.5 

and χ=0.65 as a function of ionic strength and grafting density. 

Figure 5.12a reveals how the swelling behaviour of brushes is affected by the variation in the active charge 

fraction (mechanism I of ion specificity). It is observed that an increase in the charge fraction increases the 

extent of brush swelling at low ionic strengths while keeping the thickness constant, at high ionic strength. 

On the other hand, a variation in the Flory–Huggins parameter affects the swelling behaviour under the 

entire range of ionic strengths (Figure 5.12b). As the magnitude of the Flory-Huggins parameter increases, 

the brush collapses and the thickness dependency on the ionic strength becomes less pronounced.  

The model was also used to investigate the contribution of each mechanism as a function of ionic strength 

and grafting density. A brush with a certain active charge fraction and the Flory–Huggins interaction 

parameter (f = 0.5 and χ = 0.65) was chosen and the relative contribution of the nonelectrostatic effects  

(
𝐶𝑁𝐸3

𝐶𝑁𝐸3 + 𝐶𝑖𝑜𝑛
) was plotted as a function of grafting density and ionic strength (Figure 5.12c). When ionic 
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strength increases, the contribution of ion osmotic effects decreases and thus the relative contribution of 

nonelectrostatic effects increases. The nonelectrostatic effects also increase with increasing the grafting 

density. Thus, the relative contribution of the nonelectrostatic effects increases with increasing ionic 

strength and grafting density. This indicates that the contribution of each mechanism of ion specificity (for 

a certain brush structure) depends on the ionic strength and grafting density. At low ionic strength and low 

grafting density, the brush behaviour is dominated by the ion osmotic effects. Thus, mechanism I 

predominantly contributes to determining the brush behaviour. At the other end of the spectrum, at high 

grafting density and high ionic strength, the nonelectrostatic effects dominate. Hence, under these 

conditions, ion specificity can be attributed to mechanism II. These results agree well with results obtained 

when the PBIM-HD and PBIM-LD brushes were investigated, as the contribution of mechanism II 

decreased with decreasing grafting density. 

Next, an attempt was made to determine “what properties of the ions can be correlated with these 

mechanisms”. The mechanism I of ion specificity is influenced by the osmotic activity of counterions. This 

indicates that at a certain charge fraction, various counterions can generate different osmotic pressure due 

to their different osmotic activities. For example, when anions form ion pair with the cationic group on the 

polyelectrolyte chain, the counterions become osmotically passive and thus their osmotic activity decreases. 

Theoretical studies have suggested that the osmotic coefficient of ions are related to their polarisability.195 

Therefore, mechanism I can potentially be correlated to ion polarisability. On the other hand, mechanism 

II involves the brush-solvent nonelectrostatic interactions which depend on the type of counterion. More 

hydrophilic counterions (ions with higher hydration degrees) absorb more water into the brush layer 

compared to less hydrophilic ones, at a certain ion concentration. Therefore, mechanism II can potentially 

be correlated to hydrophilicity of the ions.  

To test this hypothesis, the experimental results should be divided into two groups that mainly reflect each 

mechanism of ion specificity, separately. Group I presents the data on the variation of brush thicknesses as 

a function of ion type at low ionic strength and low grafting density (PBIM-LD at 0.1 mM), and Group II 

presents similar data at high ionic strength and high grafting density (PBIM-HD at the highest ionic 

strength). Based on the theoretical results, it is expected that Groups I and II should reflect mechanisms I 

and II of ion specificity, respectively.  
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Figure 5.13. Thickness of PBIM-LD brush at 0.1 mM (blue) and PBIM-HD brush at maximum ionic strength (3.0 M 

for Cl- and Br-, 1.6 M for NO3
- and SCN-) (red) as a function of (a) ion polarisability and (b) hydration enthalpy. 

Figure 5.13 presents the two groups of experimental data as a function of ion polarisability and hydration 

enthalpy. A strong correlation was found between ion polarisability and the thickness of the PBIM-LD 

brush at low ionic strength, while the thickness of the PBIM-HD brush at high ionic strength does not follow 

the order of ion polarisability. On the other hand, hydration enthalpy can be well correlated to the thickness 

of PBIM-HD at high ionic strength, while the thickness of PBIM-LD at low ionic strength does not follow 

the order of hydration enthalpy of the ions. The results indicate that mechanism I can be correlated to the 

polarisability of the ions, while mechanism II can be correlated to the hydration enthalpy of the ions.   

Overall, the results of this part reveal that the brush swelling is significantly affected by the type of 

counterion. The two mechanisms of ion specificity were investigated and the relationship between the 

contribution of these mechanisms and the brush conditions (grafting density and ionic strength) was 

obtained. Furthermore, ion polarisability and hydration enthalpy were found to be correlated with 

mechanisms I and II of ion specificity, respectively. Briefly, it can be concluded that the counterions 

influence the brush behaviour by varying the osmotic pressure (related to ion polarisability) and the brush-

solvent nonelectrostatic interactions (related to hydration enthalpy). Therefore, specific counterion effects 

depend on the parameters that affect the interplay of ion osmotic and nonelectrostatic effects (e.g., grafting 

density and ionic strength). 

5.3.2. Other effects of ions on polyelectrolyte brushes 

 

As an extension to the third study, two sets of experiments were conducted and the results have been 

presented here. Analysis of the results raises new questions on the effect of ions. These are preliminary 
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results that have been presented as proof of concept. However, the possible reasons behind the observed 

results have been discussed in this section. The first effect is the influence of polyelectrolyte structure on 

the formation of ion pairs. As disussed earlier ion pair formation is a possible cause of mechanism I of ion 

specificity. This phenomenon is a result of interactions between the ionic groups on the polyelectrolyte 

chains and the counterions. As the chemical structure of the polyelectrolyte was not varied in the previous 

discussion, the results were discussed with respect to the ion properties, solely. However, variations in the 

polyelectrolyte chemical structure can also affect formation of ion pairs and thus influence the osmotic 

activity of the counterions. To test this hypothesis, a PDMAEMA brush (with a dry thickness of 23 nm) 

was synthesised and subsequently quaternised with iodomethane to obtain a sample similar to PDMAEMA-

QC1. Its swelling behaviour was examined in the presence of Br- and SCN-. 

 

Figure 5.14. Thickness of a PDMAEMA-QC1 brush in the presence of SCN– (red) and Br– (green) as counterions as 

a function of ionic strength.  

Figure 5.14 reveals the thickness of the PDMAEMA-QC1 brush in the presence of Br- and SCN- as 

counterions. The brush in the presence of Br- was slightly thicker than the brush in the presence of SCN- at 

low ionic strengths. As the ionic strength was increased, a steeper collapse was observed in the salted brush 

regime in the presence of SCN- compared to that of the case of Br-. This revealed that the nonelectrostatic 

effects in the presence of Br- were stronger than those in the presence of SCN-. This can be attributed to the 

greater degree of hydration of Br- ions, as discussed earlier. Here, the behaviour of PBIM brushes (Figure 

5.11) can be compared to that of the PDMAEMA-QC1 (Figure 5.14) brush with a certain counterion (SCN-

). Despite the negligible contribution of the ion osmotic effects on the swelling of PBIM brushes in the 

presence of SCN-, PDMAEMA-QC1 reveals a significant contribution of the ion osmotic effects. This 

observation demonstrates that the passivation of SCN- ions is significantly influenced by the structure of 

the polyelectrolyte. SCN- ions show a negligible osmotic activity in PBIM brushes, whereas in the 
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PDMAEMA-QC1 brush they show a significant osmotic activity. As a proof of concept, these results reveal 

that mechanism I of ion specificity is influenced by both counterion and polyelectrolyte structures. To 

explain this behaviour it can be assumed that SCN- ions form a higher degree of ion pairs with the 

imidazolium groups in PBIM compared to the quaternary ammonium groups in PDMAEMA-QC1. The 

mechanism of ion pair formation can be explained by the law of matching water affinity (LMWA), which 

suggests that cations and anions with similar degrees of hydration have a higher tendency to form ion pairs 

compared to the ones with dissimilar degrees of hydration.196,197 Another explanation for the ion pair 

formation is based on dispersion interactions between the anions and cations.196,198,199 Specific ion effects 

have been explained by taking the dispersion interactions into account, in addition to the electrostatic forces. 

However, a complete understanding of such effects in polyelectrolyte brushes requires further 

investigations. 

The second set of results is based on the hypothesis that the co-ions can also affect the brush swelling 

behaviour. Here, the effects of counterions and co-ions have been studied in a weak polycationic brush 

(PDMAEMA). The swelling behaviour was investigated, when a bulky and weakly hydrated cation 

(tetrabutylammonium, TBA) was used as the co-ion. The results were compared to the case when sodium 

was used as the co-ion (Figure 5.15). 

 

Figure 5.15. Thickness of the PDMAEMA brush at pH=6.0 in the presence of NaBr (green), NaSCN (red), and 

tetrabutylammonium bromide (TBAB) (blue). 

First, the brush behaviour in NaBr was compared to the brush behaviour in NaSCN. Thus, the effect of 

using a weakly hydrated counterion on the brush behaviour was studied. In the presence of NaSCN, the 

brush entered the osmotic brush regime at a higher ionic strength compared to the case of NaBr. Moreover, 
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the extent of brush swelling in the case of NaSCN was less than the extent of brush swelling in the presence 

of NaBr. These observations (the effect of counterions) can be explained as before. When TBAB and NaBr 

were used, the counterion was constant (Br-), whereas the co-ion in TBAB is tetrabutylammonium, which 

is a bulkier and less hydrated ion compared to sodium in NaBr. The co-ion did not significantly affect the 

brush behaviour in the osmotic brush regime. However, it significantly influenced the brush behaviour in 

the salted brush regime. When the concentration of NaBr was increased, the brush collapsed in the salted 

brush regime. Nevertheless, the brush thickness remained almost constant when the concentration of TBAB 

was increased in the salted brush regime. At the level of proof of concept, this reveals that the co-ions can 

significantly influence the behaviour of the polyelectrolyte brushes. There can be various ways of 

explaining such behaviour. One possible explanation is that the bulky co-ions inside the brush occupies a 

higher volume compared to the small ions. This prevents brush collapse at high salt concentrations. Another 

possible explanation is that the absorption of these hydrophobic co-ions occurs due to dispersion 

interactions. As a result of electroneutrality, a large number of counterions accumulate inside the brush, 

which compensate the decrease in the osmotic pressure of counterions in the salted brush regime. The third 

scenario can be that the weakly hydrated co-ions affect the solubility of the polyelectrolyte chains and 

increase the nonelectrostatic effects, similar to the case of specific ion effects in neutral polymer brushes. 

However, determining the true mechanism of the effect of co-ions requires more systematically designed 

experiments using co-ions of varying size and hydrophilicity. 

Overall, these two sets of results reveal that there are relevant questions (on the effect of ions in 

polyelectrolyte brushes) that are still unanswered. These subjects will be further discussed to pave the way 

for future work. 
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6. Conclusions 

 

This project aimed to shed light on the under-investigated aspects of the swelling behaviour of 

polyelectrolyte brushes by using a combination of experimental and theoretical methods. The three major 

effects that significantly influence the swelling behaviour of polyelectrolyte brushes were studied.  

At the onset, the effect of the density profile of polymer segments and the resulting gradient in the charge 

fraction of a weak polyelectrolyte brush were studied. It was observed that at a constant pH, the local charge 

fraction of a weak polyelectrolyte brush is significantly influenced by the ionic strength of the medium and 

the position of the ionisable groups (the distance from the substrate). The dissociation degree of a weak 

polyelectrolyte brush increases by increasing the distance from the substrate. When the ionic strength is 

increased, the average degree of dissociation increases and the gradient of dissociation degree decreases. 

In the second study, the nonelectrostatic (polymer–polymer and polymer–solvent) interactions in 

polyelectrolyte brushes were studied. The interplay between the nonelectrostatic interactions and the 

osmotic pressure of the ions was studied experimentally and theoretically. It was found that when the 

solvent quality is decreased, the relative contribution of nonelectrostatic effects become more pronounced 

which significantly influence the swelling behaviour. The results revealed that, although it is commonly 

ignored, the nonelectrostatic effects are one of the important factors that significantly affect the behaviour 

of polyelectrolyte brushes.  

The interactions between the ions and the polyelectrolyte chains were the subject of the third study. Based 

on the results of the second study, two mechanisms were proposed for specific counterion effects in 

polyelectrolyte brushes: influence on the osmotic pressure (mechanism I) and nonelectrostatic effects 

(mechanism II). Using a combination of theoretical and experimental approaches, it was revealed that the 

specific ion effects could reflect both mechanisms at varying degrees depending on the grafting density and 

ionic strength. Mechanism I was correlated with the polarisability of the ions, whereas mechanism II was 

correlated with the hydration enthalpy of the ions. 

These new insights into the polyelectrolyte brush have helped answer many questions on the behaviour of 

polyelectrolyte brushes. However, two sets of preliminary results were presented at the end of the results 

section that have raised new fundamental questions on the behaviour of these systems.  
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7. Perspectives 

 

Although this project has resulted in important insights into the swelling behaviour of polyelectrolyte 

brushes, there are questions on the behaviour of such systems that have not yet been answered.  

A relevant subject can be the influence of polyelectrolyte structure on the formation of ion pairs.  Such 

study can be conducted on brushes varying in their chemical structures in the presence of various ions. It 

can be hypothesised that the formation of an ion pair depends on the chemical nature of both the cation and 

anion. It was demonstrated that, depending on their polarisabilities, different ions exhibit different abilities 

to form ion pairs (section 5.3). On the other hand, a comparison of the results presented in Figure 5.13 (for 

PDMAEMA-QC1) and those presented in figure 5.10 (for PBIM) revealed an influence different degrees 

of ion pair formation (with PBIM and PDMAEMA-QC1) in the presence of SCN-. However, “how the 

degree of ion pair formation depends on the chemical structure of the polyelectrolytes” remained unknown. 

This question can be answered in two ways.196,198,199 First, a more polarisable ion always exhibits a higher 

tendency to form ion pairs than the ion that exhibits lower polarisability (due to distortion of the electron 

cloud). Second, the empirical law of matching water affinity (LMWA) predicts that ion pairs primarily form 

between ions that have similar degrees of hydration. To investigate the ion pair formation in polyelectrolyte 

brushes, it is suggested that the structure of the polyelectrolyte brush should be systematically varied (with 

a post-polymerisation modification as described in section 5.2) and their swelling behaviour should be 

studied in the presence of counterions of varying polarisabilities and hydration degrees. Based on the results 

of the third study, it is further suggested that the thicknesses of the brushes with a low grafting density 

(constant for all samples) should be measured under conditions of low ionic strength so that the ion 

specificity can be primarily defined by mechanism I (which is related to ion pair formation). A 

complementary study (e.g., conductivity experiments) can also be conducted as a complementary 

experiment to estimate the degree of ion pair formation. Both conductivity and osmotic pressure of 

counterions are responses of the brush that depend on the number of mobile counterions. Thus, both 

experiments provide information about the degree of ion pair formation. 

Another interesting aspect that has been less explored is the influence of the co-ions on the behaviour of 

polyelectrolyte brushes. The hypothesis is that in the salted brush regime, the concentration of the 

counterions inside the brush should be higher than that is needed to compensate the brush charge. To 

maintain electroneutrality inside the brush, co-ions should be present inside the brush together with extra 

counterions. These co-ions can influence the swelling behaviour of the polyelectrolyte brush in different 

ways. The preliminary results presented in Figure 5.14 show that the co-ions influence the swelling 
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behaviour of a PDMAEMA brush in the salted brush regime. Three different scenarios were proposed to 

explain this behaviour, none of which were further evaluated. One challenge was that the cation that was 

used as the co-ion was bulkier and more hydrophobic than sodium and thus the effect of bulkiness was not 

decoupled from the effect of co-ion hydrophobicity. Most of the well-known chaotropic cations in the 

Hofmeister series are quaternary ammonium salts with varying alkyl groups. The degree of hydration of 

these ions follows the same trend as the ion size. Therefore, it is difficult to systematically decouple these 

two effects. Another disadvantage is that the observed specific ion effects in the case of cations are less 

pronounced than the effects produced in the presence of anions. Therefore, I suggest that the effect of co-

ions on the thickness of a polyanion brush should be studied. For example, the behaviour of a PSS brush in 

the presence of sodium salts with varying anions can be investigated (salts similar to Section 5.3).  

To date, the most widely used solvent for studying polyelectrolyte brushes is water. However, the study of 

the swelling behaviour of polyelectrolyte brushes in other media has also revealed interesting results.134,139 

The solvent can potentially affect numerous parameters. For example, the Debye length and the Gouy-

Chapmann length can be varied by varying the dielectric constant of the medium. Thus, the electrostatic 

effects can potentially play a role in the swelling behaviour of the brushes. In addition to this, a variation 

in the solvent influences both the polyelectrolyte–solvent interactions (similar to Section 5.2), counterion–

solvent, and polyelectrolyte–counterion interactions (similar to Section 5.3). One practical challenge faced 

when organic solvents are used is that it is difficult to solubilise numerous common salts (e.g., sodium 

halides) in organic solvents. However, salts with bulky and hydrophobic ions, such as ionic liquids, are 

soluble in some organic solvents. Common polyelectrolyte brushes can also be replaced by polyionic liquid 

brushes, which are more soluble in organic solvents. It is suggested that imidazolium-based polyionic 

liquids can be synthesised (continuation of the system discussed in Section 3.6) and the synthesis should 

be followed by post-polymerisation quaternisation using various alkyl halides. These brushes can be used 

as samples to study the influence of solvents on the behaviour of brushes consisting of various 

polyelectrolytes and counterions.  
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ABSTRACT: A weak polyelectrolyte brush is composed of a layer of polyacids or
polybases grafted by one end of their chains to a substrate surface. For such brush layers
immersed in an aqueous solution, the dissociation behavior of the acidic or basic groups
and the structural and physical properties of the brush layer will thus be strongly
dependent on the environmental conditions. For a polyacid brush layer consisting of,
e.g., poly(acrylic acid), this means that the chains in the brush layer will be charged at
high pH and uncharged at low pH. However, theoretical scaling laws not only foresee
the structural changes occurring in response to the pH-induced dissociation behavior
but also how the dissociation behavior of the brush layer depends on the ionic strength
of the aqueous solution and the density of acidic groups within the brush layer. We have
herein employed spectroscopic ellipsometry and a quartz crystal microbalance with
dissipation monitoring (QCM-D) to experimentally evaluate the theoretically predicted
dissociation and structural behavior of PAA brushes. Spectroscopic ellipsometry allows
us to study the brush thickness as a function of pH and ionic strength, while QCM-D gives us an opportunity to investigate the
swelling behavior of PAA brushes at various penetration depths of propagating acoustic waves. Our studies show that the
dissociation degree of the carboxylic acid groups in a PAA brush increases with increasing distance from the substrate. Moreover, the
ionic strength enhances carboxylic acid dissociation, such that a higher ionic strength leads to a narrower distribution and higher
average dissociation degree. In conclusion, our results provide an experimental verification of the theoretically predicted gradient in
the degree of dissociation of the acid groups in weak polyacid brush layers and shows that at a pH value equal to approximately the
average pKa value of the brush, the state of the acid groups varies from being almost uncharged to almost fully dissociated depending
on the ionic strength and vertical position in the brush.

■ INTRODUCTION
Since the first theoretical description of polymer brush layers
by Alexander and de Gennes,1,2 such molecular structures have
attracted major interest due to their simple nature and very
complex structural behavior. From a theoretical perspective,
polymer brush layers constitute attractive systems with well-
defined fixed conditions, such as monomeric chemistry,
grafting density, chain contour length, and some well-defined
system variables such as solvent quality, ionic strength, and pH,
which allow for predictions about the polymer brush structure
and, in particular, the brush height. To this end, a number of
scaling relations between the polymer brush height and the
fixed conditions and system variables have been derived for
brush layers of neutral polymers, strong polyelectrolytes, and
weak polyelectrolytes.1−10 From an experimental perspective,
the interest in these structures has been two-fold. First,
experimental tests of the theoretical scaling relations are
attractive because variations in some starting conditions, i.e.,
monomeric chemistry, grafting density, and polymer contour
length, can be controlled during brush layer preparation, while
variables such as solvent quality, ionic strength, and pH can be
controlled after brush layer preparation.11−19 Second, polymer
brush layers constitute novel functionalities such as low

friction,20−22 high loadbearing capacity,23,24 antifouling behav-
ior,25−27 and responsive nature28−31 and have many potential
applications.32−34

Weak polyelectrolyte brushes, in general, demonstrate a
more complex structural behavior than layers composed of
strong polyelectrolytes. Starting from a simple monomeric
structure with an acidic or basic group and a well-defined pKa

value, the situation already becomes more complicated when
these groups are constrained to the polymer backbone where
the dissociation of a specific group depends not only on the
solution pH but also on the state of neighboring dissociable
groups and the local electrostatic environment. However, the
most complex situation is found in the brush layer structure,
where the degree of dissociation will depend on the solution
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pH, the concentration of added salt, and the local polymer
concentration.
Experimental investigation of the degree of dissociation in a

weak polyelectrolyte brush layer is not as straightforward as for
weak polyelectrolytes in solution, where the solution can be
titrated by acidic or basic solutions and the pH can be
monitored. For polymer brush layers, one way to obtain direct
information about the degree of dissociation is via a
spectroscopic approach, for example, grazing-angle reflectance
(GAR) Fourier-transform infrared spectroscopy (FTIR).
However, so far this has not been done directly in a pH-
adjusted solution but in a dry state after the chemical structure
was quenched at a given pH value.35 Thus, as consequence of
the difficulties in obtaining direct chemical information for
weak polyelectrolyte brush layer at the relevant experimental
condition, it has been common to study how different physical
parameters like brush wettability, brush height, or viscoelas-
ticity using techniques like contact angle measurement,35,36

ellipsometry,13,18,19,37−43 neutron reflectometry,44,45 or QCM-
D43,46−48 varies as a function of pH. A drawback of such an
approach is that one cannot automatically ensure a 1:1
correspondence between the change in dissociation and the
physical response to the change in dissociation. This, for
example, means that the midpoint of a structural change, which
occurs in response to the change in the degree of dissociation,
does not necessarily correspond to the true pKa value. For that
reason, in this work we will refer to such a value as the
“apparent pKa value”.
For both direct and indirect methods, in addition to note

above, one has to be aware that the measured signal does not
necessarily represent a response to the dissociation behavior of
all acidic or basic groups in the brush layer. Instead, such
measurements reflect the behavior of either the groups in the
outer part of the brush layer (contact angle measurements) or
a (differently) weighted average of all the groups in the brush
layer (typically all other techniques). While this information
might be sufficient if one aims to test the established scaling
relations or wants to apply the brush as a stimuli responsive
surface, it does not reveal full information about the
dissociation behavior in a weak polyelectrolyte brush layer.
In particular, such measurements do not carry any information
about local variations in the dissociation behavior related to an
uneven vertical polymer density profile through the brush
layer. To this end, experimental studies have demonstrated an
uneven polymer density profile in neutral and charged polymer
brushes,45,49−51 confirmed by theoretical studies,4,52−54 and
variation of this profile with pH, salt, and temperature for
stimuli-responsive brushes.45,55 This means that the polymer
density indeed changes with the vertical distance from the
grafting points. Dissociation of acid groups in a weak
polyelectrolyte brush, on the other hand, depends on the
polymer density9 and on the vertical position in the brush,
consequently. In this regard theoretical modeling has shown
that at a fixed pH value the degree of dissociation generally
increases with increasing distance from the surface grafting
point.6,56,57 Further, a comparison between the apparent pKa
values obtained by contact angle measurements and grazing-
angle reflectance FTIR demonstrate a higher degree of
dissociation at the outer part of the brush layer compared to
the average degree of dissociation.35 However, more detailed
insight into the dissociation behavior of weak polyelectrolyte
brush layers has so far been experimentally inaccessible.

In this work, we use ellipsometry and QCM-D for indirect
studies of the dissociation behavior of poly(acrylic acid)
(PAA) brush layers as a function of pH and ionic strength. To
this end, ellipsometry shows variations in the optical properties
and the thickness of the brush as a function of increasing pH,
which we use to estimate an average apparent pKa value for the
PAA brush. On the other hand, the quartz crystal microbalance
with dissipation (QCM-D) technique is an acoustic method
that can be used to measure the viscoelastic properties of the
brush layer; this method is extremely sensitive to conformation
changes that influence the water content of the layer or its
dissipative behavior.43,46 We are, however, focused on the fact
that the propagations of the shear acoustic waves representing
the different overtone harmonics have varying magni-
tudes.58−60 This explicitly means that higher overtone
harmonics exhibit shorter decay lengths than lower overtone
harmonics and that the various overtone harmonics sense
dissimilar penetration depths for the brush layer. Here, we
utilize this knowledge as an indirect tool to probe the
dissociation behavior as a function of the vertical position in
the brush layer.

■ EXPERIMENTAL SECTION
Materials. Dichloromethane, 2-bromoisobutyryl bromide, triethyl-

amine, toluene, N,N-dimethylformamide (DMF), N,N,N′,N′,N″-
pentamethyldiethylenetriamine (PMDETA), tert-butyl acrylate
(tBA), ethyl α-bromoisobutyrate (EBiB), copper(II) sulfate pentahy-
drate, sodium sulfite, and trifluoroacetic acid were obtained from
Sigma-Aldrich and used as received. Copper(II) bromide (CuBr2)
and (3-aminopropyl)triethoxysilane (APTES) were purchased from
Riedel-de Haen̈ and the Tokyo Chemical Industry, respectively.
Ultrapure water with a resistance of 18.2 MΩ·cm (Sartorius Arium
Pro) was used for the preparation of all the aqueous solutions.
Solutions for ellipsometry experiments were prepared using ultrapure
water and NaCl to adjust the ionic strength. HCl and NaOH were
used to adjust the pH values.

Synthesis of Poly(acrylic acid) Brushes on Solid Surfaces.
Thermally oxidized silicon wafers (Wafer Net, USA) and a QCM-D
sensor (QSX335, Biolin Scientific, Gothenburg, Sweden) were used to
prepare the PAA brushes. Prior to functionalization, the silicon wafers
were rinsed with acetone, ethanol, and deionized water three times.
The surfaces were subsequently plasma-cleaned (Harrick Plasma) for
3 min under 500 mTorr water vapor to produce hydroxyl groups on
the wafer surfaces. Vapor deposition was applied to functionalize
wafer surfaces with amine groups; the surfaces were kept in a
desiccator, where a solution of APTES and toluene (volume ratio:
1:1) had been placed for 24 h. Afterward, the wafer surfaces were
washed with toluene, ethanol, and acetone and dried under a stream
of argon. The QCM-D sensor and the silicon wafer were placed in the
same reaction mixture in every step. A Teflon fixture was used to
cover the backside of the QCM-D sensor in the reaction mixture. To
graft the initiators onto the surface, functionalized surfaces were
placed into a mixture of dichloromethane (40 mL) and triethylamine
(1.9 g, 19 mmol) at 0 °C; then, 2-bromoisobutyryl bromide (3.7 g, 16
mmol) was added dropwise. The reaction mixture was stirred at room
temperature for 12 h. After they were rinsed and dried under argon,
the initiator grafted surfaces were used immediately for the
polymerization reaction.

Poly(tert-butyl acrylate) (PtBA) was synthesized using surface-
initiated atom transfer radical polymerization (SI-ATRP) following
the procedure by Ikkala et al.61 The catalyst, copper(I) bromide
(CuBr), was synthesized through reduction of copper(II) sulfate
pentahydrate by sodium sulfite. Monomethyl ether hydroquinone
(inhibitor) was removed from tert-butyl acrylate by passing it through
an alumina column. Initiator grafted surfaces from the previous step
were placed into a solution of tert-butyl acrylate (24.5 g, 190 mmol) in
DMF (14 mL). Subsequently, EBiB (23.3 μL, 0.16 mmol) and
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PMDETA (146.4 μL, 0.7 mmol) were dissolved, and the mixture was
purged with argon for 15 min. Afterward, CuBr (45.6 mg, 0.32 mmol)
and CuBr2 (7.2 mg, 0.032 mmol) were added to the reaction mixture.
Then, the reaction mixture was purged with argon for 15 min and
finally placed in a preheated water bath at 75 °C to initiate the
polymerization. The molar ratio of reactants was [tBA]:[EBiB]:
[CuBr]:[CuBr2]:[PMDETA] = 600:0.5:1:0.1:2.2. The P(tBA)
brushes were finally hydrolyzed in an acidic solution of trifluor-
oaceticacid (9 mL) in dichloromethane (33 mL) at room temperature
for 24 h.
Two samples with high grafting density (0.62 chain/nm2 and 0.58

chain/nm2), low dispersity (1.12 and 1.10), and different molecular
weights were synthesized in this study (one with a relatively higher
molecular weight suitable for ellipsometry-based studies of the effect
of ionic strength and one with a relatively lower molecular weight
suitable for QCM-D and ellipsometry-based studies of the effect of
pH). The molecular weights of the PtBAs synthesized in solution
were 62100 g/mol (so that the thickness-ionic strength test could be
used to obtain a sensible variation in thickness) and 33700 g/mol (for
the pH titration tests). The molecular weight and dispersity were
determined using GPC (see Supporting Information, section S2), and
the grafting density was calculated according to the equation

σ = ρhN
M

A

n
, assuming that the number-average molecular weight of

the polymer chains synthesized in the solution phase is equal to that
for chains tethered to the surface.11 The controlled nature of the
polymerization was verified by the linearity of the conversion-time
plot for the polymerization reaction (see Supporting Information,
section S3).
Ellipsometry. Variable angle spectroscopic ellipsometry (M-2000,

J. A. Woollam Co., Inc.) was employed to assess the thickness of the
P(tBA) and PAA brush layers. The standard liquid cell of the
instrument (5 mL heated liquid cell) was used for the measurements
in solution. The measurements were conducted over a wavelength
range between 250 and 1000 nm and at an angle of incidence of 75°.
For the titration test, the brush was kept in each pH for 40 min, which
is longer than the estimated maximum time required for the PAA
brush to reach equilibrium.36

In such experiments, p- and s-polarizied light waves are illuminated
onto a sample.62,63 The light−matter interaction varies the polar-
ization state of the reflected light, which is quantified in terms of
ellipsometric ψ(λ) (amplitude ratio) and Δ(λ) (phase shift). These
two parameters are related to the sample properties through the
complex reflectance function (ρ):

ψ ρ θ× ≡Δ h h N N N Ntan e ( , , ..., , , , , ..., )i
j a s j0 1 1 (1)

Accordingly, the change in the polarization state of the reflected
light depends on the angle of incidence (θ0), the thickness of the
layers (hj), as well as the complex refractive indices (Nj = nj + ikj) of
the layers, the ambient medium (Na), and the substrate (Ns).
Therefore, one has to construct an appropriate optical model
describing the nominal structure of the sample with information on
thickness and optical constants of all the components. Based on this
model, the Fresnel coefficients of reflection for p- and s-waves can
describe the changes in amplitude and phase at the interface. Next,
the best match is found between the calculated and experimental ψ(λ)
and Δ(λ) through regression. The analysis of the data herein was
conducted using the instrument software CompleteEASE (J.A.
Woollam Co., Inc.).
The optical model herein comprises a thick Si substrate, an

intermediate layer with a thickness of 1 nm, a SiO2 layer, and a
transparent polymer layer. Before the brush layer was grafted, the
thickness of the silicon oxide layer was determined in air. The optical
dispersion of the polymer layer is described using the empirical
Cauchy relation (n = A + B/λ2). For experiments in water and saline
solutions with concentrations up to 100 mM, optical constants of pure
water were used for the medium (Cauchy parameters of A = 1.322
and B = 0.00327). For saline solutions with higher concentrations, the
difference in refractive index compared to water was calculated
according to previous studies.64,65 Since both thickness and optical

constants of the polymer film were unknown, the model comprises a
total number of three free parameters (thickness, A, and B of the
polymer layer). Uniqueness of the estimated thickness values was
checked using thickness-mean square error (MSE) plots. In addition,
including roughness, thickness nonuniformity, grading, and anisotropy
did not significantly improve the fitting quality (the modeling data are
available in the Supporting Information, section S1).

Quartz Crystal Microbalance with Dissipation (QCM-D).
Changes in the viscoelastic properties of the PAA brush in response to
varying pH and ionic strength were studied using a Q-Sense E1 quartz
crystal microbalance with dissipation (QCM-D) equipped with a
standard Q-Sense flow module (Biolin Scientific, Gothenburg,
Sweden).

For a QCM sensor surface (QSX335, Biolin Scientific, Gothenburg,
Sweden) with an attached viscoelastic polymer layer (the PAA brush)
immersed in saline solution, the measured changes in resonance
frequency, Δf, and energy dissipation, ΔD, can be modeled by the so-
called Voigt model.66−68 Here, the polymer layer attached to the
QCM sensor surface is represented as a film of uniform thickness and
density coupled to a Newtonian fluid under nonslip conditions and is
characterized by a given elastic shear modulus and shear viscosity.
The relationship between the measured values of Δf and ΔD,
respectively, and the physical properties of the system is given by

β
π ρ

Δ =f
t

Im( )
2 q q (2)

β
π ρ

Δ =D
ft

Re( )

q q (3)

where

β
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− −
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i h
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1

1 1 1
2

1 1
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2
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ξ
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η

= i2
2

2 (7)

By plotting eqs 2 and 3 as a function of the polymer layer thickness,
one will observe that for given values of ρs, ρp, ηs, ηp, and μp, Δf and
ΔD are highly sensitive to changes in film thickness up to a certain
thickness. However, there exists a range of layer thicknesses beyond
which Δf and ΔD become relatively insensitive to further increases in
layer thickness.60 The film thicknesses where Δf and ΔD are either
sensitive or insensitive to changes in the film thickness have in
previous work been referred to as the limited cases of thin and thick
films, respectively.69 Physically, the change in sensitivity of Δf and ΔD
are related to the situations where the polymer layer is either much
thinner or much thicker than the characteristic decay length, δ, of the
shear wave traveling in the normal direction from the QCM sensor
surface through the polymer layer and the overlaying fluid.70 The
decay length is defined as

δ
η

ρ ω
=

2 x

x (8)

where ηx and ρx here refer to the shear viscosity and density of either
the fluid or the polymer layer depending on whether one is solving for
the limited case of a thin or a thick film, respectively.
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For a PAA brush layer in aqueous solution the decay length can be
estimated to approximately 250 nm for the fundamental frequency of
the propagating wave and approximately 70 nm for the 13th overtone
of the propagating wave. For these calculations the density was set to
1043 kg/m3 [corresponding to the density of our PAA brush layer
with a 70% water content (derived from our ellipsometry data of the
PAA brush at intermediate pH by use of the BEMA model) and by
assuming ideal mixing of water and PAA]. The viscosity was set to 1
mPa·s corresponding to the shear viscosity previously reported for a
38 nm PAA brush.60 Thus, for brush layers with thicknesses of the
order of 100 nm, neither the conditions for the limited cases of thin
nor thick films are fulfilled; therefore, the different overtones will
respond differently to changes in the film thickness.60 As will be
demonstrated further in the results section, in this work, we have
taken advantage of this fact to probe different depths of the polymer
layer by using the different measured overtones of frequency and
dissipation. It should, however, be stressed that the decay lengths are
numbers reflecting the decay rate of the acoustic waves of the different
overtone harmonics and not numbers related to exact vertical
positions in the brush. The various overtone harmonics thus sense the
layer with a different weighted average where the higher overtone
harmonic mainly senses the inner part of the brush layer and the
lower overtone harmonic sense both the inner and more outer part of
the brush layer.

■ RESULTS AND DISCUSSION

As described in the experimental sections, we have synthesized
PAA brush layers with a fixed grafting density, and in the
following, we will discuss how such brush layers respond to
changes in pH and ionic strength. However, before presenting
our experimental results, we briefly recapitulate the theoret-
ically expected behavior of polyelectrolyte brushes, particularly
the behavior of weak polyelectrolyte brushes. For further
theoretical considerations, the reader is referred to the original
works and some newer summaries.3,5,6,8−11,30,57

For a strong polyelectrolyte brush at moderate-to-high
grafting density and at low salt concentration, ϕs, the
counterions will be restricted to the volume of the brush
layer, which leads to a swollen brush, where the osmotic
pressure of the counterions is balanced by chain contraction
and where the brush height, H, scales as

∝H Nf 1/2
(9)

Here, N is the number of chain segments and f is the fraction
of monomers carrying a permanent charge. In this regime, the
brush height is thus independent of the grafting density, σ, and
the salt concentration, ϕs. However, when ϕs exceeds a certain
value, the brush enters the salted brush regime where the
added salt significantly starts to screen the electrostatic
interactions in the brush layers and the osmotic pressure is
reduced. In this salted brush regime, the brush height scales as

σ
φ

∝
i

k
jjjjj

y

{
zzzzzH N

f

s

1/3
2 1/3

(10)

Thus, in the salted brush regime, the layer will shrink by
increasing ϕs until the influence of electrostatic interactions
diminishes and the excluded volume effects determine the
brush structure. By equating the scaling laws for the osmotic
and the salted brush regimes, the crossover between these
regimes is found to be

φ σ∝ fs
1/2

(11)

The behavior of a weak polyelectrolyte brush is unlike that
of a strong polyelectrolyte brush because the charge fraction is
not constant but depends on the degree of dissociation of acid
or basic groups. In our case of a polyacid, the degree of
dissociation, α, is given by the acid−base equilibrium

⇆ +− +HA A H (12)

and α then becomes

α =
+ [ ]+
K

K H
D

D (13)

Here, KD is the dissociation constant for the acid−base
equilibrium and [H+] = 10−pH is the proton concentration. For
a polyacid brush layer, this simple relation directly implies that
the degree of dissociation in the brush is not only a function of
the polymer chemistry but also a function of the local pH
value, which again is controlled by the bulk pH, ionic strength,
and local polymer density.
In the salted brush regimes, where there exists an excess of

salt in the bulk, the concentration of protons in the brush
becomes approximately equal to the concentration of protons
in the bulk; the internal degree of dissociation is thus
approximately the same as it would be for a diluted chain.
Hence, in the salted brush regime of a weak polyelectrolyte, the
brush height follows a similar scaling relation as for a strong
polyelectrolyte:

σ α
φ

∝
i

k
jjjjj

y

{
zzzzzH N

s

1/3
2 1/3

(14)

where the brush height, however, scales with the dissociation
degree of an isolated chain in the bulk, α, instead of with the
fixed charge fraction, f.
On the other hand, in the osmotic brush regime, the activity

of the counterions is too low to substitute all the protons in the
brush originating from dissociation of the acid groups; the
concentration of protons in the brush will thus be higher than
in the bulk. In response to this unfavorable condition, the
brush will undergo a charge regulation process, which leads to
a dissociation degree, α0, that is lower than expected from the
bulk pH value (α0 < α). Consequently, α0 will increase with
increasing ionic strength, and, in this regime, the brush height
of a weak polyelectrolyte (polyacid) will scale as

σ α
α

φ∝
−

[ ] +− +i
k
jjj

y
{
zzzH N

1
( H )s

1/3
1/3

1/3

(15)

where α again is the dissociation degree of a diluted chain in
the bulk, [H+] is the proton concentration in the bulk, and ϕs
is the concentration of added salt, while the local polymer
concentration in this approach is indirectly given by the
grafting density, σ.
In the following, we have experimentally evaluated how the

PAA brush height is affected by the bulk pH and the ionic
strength in accordance with eq 15, as well as how the local
degree of dissociation supposedly varies with the vertical
position in the brush. To compare experiments conducted on
different prepared brush layers, we present the brush heights
normalized by the PAA chain contour lengths (see Supporting
Information, section S5). This can be done because the brush
height, according to eqs 14 and 15, scales linearly with the
number of monomers, N, in both the salted brush and osmotic
brush regimes.
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Effect of Ionic Strength at Fixed pH. As a first step, we
employed in situ spectroscopic ellipsometry to measure the
height of the PAA brush as a function of ionic strength at fixed
bulk pH values of 6 and 9, respectively. After each change in
environmental condition (ionic strength or pH) the in situ
ellipsometry signals were followed, and the equilibrium
thickness was defined as the thickness measured over a time
interval of 10 min where the variation in thickness was less
than 0.1 nm. As seen in Figure 1, the brush height at both pH

values is a nonmonotonic function of the ionic strength. At low
ionic strength, where the brush is found in the osmotic brush
regime, the brush height increases with increasing ionic
strength because of the increasing degree of dissociation.
Oppositely, at high ionic strength, where the brush is found in
the salted brush regime, the brush height decreases with
increasing ionic strength because of increased electrostatic
screening. By comparing the results obtained at the two
different pH values, three interesting observations can be
made. First, it is observed that the brush layer at all ionic
strengths is significantly more stretched at pH 9 compared to
at pH 6. This indicates a higher dissociation degree and, thus, a
larger osmotic pressure at the higher pH value. This behavior is
to be expected for a polyacid. Second, it is observed that the
relative change in brush height is much smaller at pH 9 than at
pH 6. This behavior occurs along the same lines, because the
charge regulation process in the osmotic brush regime is much
smaller at a pH value far above the pKa value compared to that
at a pH value close to the pKa value. Third, it is observed that
the ionic strength, which gives rise to the maximum brush
height at each respective pH value is higher at pH 9 compared
to at pH 6. This observation is in agreement with the scaling
prediction (eq 11). The fact that the crossover between the
osmotic brush regime and the salted brush regime is found at
approximately 100−200 mM NaCl also means that for studies
of the effect of varying ionic strength on the degree of
dissociation, one should operate at salt concentrations below
this level.
Effect of pH at Fixed Ionic Strength. Next, we

investigated the effect of bulk pH value on the relative PAA
brush height at three fixed ionic strengths, which are chosen
such that the brush is expected to be found in the osmotic

brush regime in all three cases. Figure 2 presents the relative
PAA brush height as a function of pH in aqueous solutions of 1

mM, 10 mM, and 100 mM NaCl measured with spectroscopic
ellipsometry. At all three ionic strengths, similar trends are
observed, and the trends, which are due to the charging of the
brush, are in agreement with previous studies on PAA brush
layers18 ,19 ,37 ,38 ,42 and other weak polyelectrolyte
brushes.13,18,39−41,43 At low pH, where the brush can be
assumed to be almost uncharged, the brush height is reduced
to approximately 40% of its maximum value and is only weakly
dependent on pH. Oppositely, at high pH, where the brush can
be assumed to be highly charged, the brush height is increased
to approximately 75% of its maximum value and is again only
weakly dependent on pH. At intermediate pH values, one finds
the transition zone, where the PAA chains undergo a charge
regulation process which, according to the above-presented
theory, should depend on the bulk pH, ionic strength, and the
local polymer concentration. As a first observation, one notes
that the relative brush height starts to increase at lower pH for
higher ionic strength compared to for lower ionic strength.
This is in agreement with the scaling relation for a weak
polyacid in the osmotic brush regime (eq 15). Next, as the
increase in the relative brush height results from the increased
number of dissociated acid groups and the subsequent
increased osmotic pressure in the brush, we assume that the
apparent pKa value of the brush layer to a first approximation
can be determined from the midpoint of a sigmoid function
fitted to the relative brush height versus bulk pH values (see
Supporting Information, section S4). By using this approach,
we determined the apparent pKa values to be 6.4, 5.2, and 4.6
at 1, 10, and 100 mM NaCl, respectively. It should again be
stressed that we use the term apparent pKa because the value is
taken relative to the bulk pH value and not the local pH value
in the brush and because it is related to the inflection point of
the swelling transition, which does not necessarily correspond
to the situation where 50% of the acid groups are dissociated.

Local Dissociation Degree through the Brush. In
addition to the dependence on the bulk pH and ionic strength,
the degree of dissociation and, therefore, the apparent pKa
value also depend on the proximity to other dissociable groups,
i.e., the local polymer density. As discussed in relation to eq 15,

Figure 1. Ellipsometry-based normalized PAA brush height measure
as a function of ionic strength at pH 6 (blue) and pH 9 (red). Lines
are guides to the eye.

Figure 2. Ellipsometry-based normalized PAA brush height as a
function of pH at 1 mM (blue), 10 mM (green), and 100 mM (red)
NaCl.
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the local PAA density can thus be tuned by the grafting
density, and it is known that an increased grafting density can
lead to a decreased degree of dissociation at a constant ionic
strength and bulk pH value.46 In our case where the grafting
density is constant, one can, however, expect a variation in the
local PAA density as a function of the vertical position in the
brush due to the expected approximately parabolic density
profile. However, although such a variation in the degree of
dissociation is expected from basic considerations and has been
demonstrated in theoretical studies, it has never been
experimentally verified.6,56,57

To probe the local variation in the dissociation degree
through the brush layer vertically, we employed QCM-D. As
discussed in the details in the Experimental Section, we here
take advantage of the fact that the PAA brush layer thickness is
comparable to the magnitude of the decay length of the shear
wave propagating in the normal direction to the QCM sensor
surface. In such a case, the measured frequencies and
dissipation values associated with different overtones of the
oscillation of the QCM sensor with the attached PAA brush
probe different parts of the brush layer with different weights,
as illustrated in Figure 3. Thus, for any overtone number, the
sensitivity will decrease with the distance from the sensor
surface. However, due to the different decay lengths of the
different overtones, the lower overtone numbers will probe a
relatively larger fraction of the outer part of the brush layer,
compared to the higher overtone numbers.
Figure 4 shows the overtone dependence of the frequency

and dissipation as a function of bulk pH at 1, 10, and 100 mM
NaCl. The dissipation value is dependent on the conforma-
tional changes in the brush layer and will, in general, increase
with increasing brush height. Thus, the overall appearance of
the dissipation as a function of bulk pH for any overtone and at
any ionic strength has a similar shape as the brush height as a

function of pH obtained by ellipsometrywith a low and
approximately constant value at low pH, a high and
approximately constant value at high pH, and a rapid changing
value at intermediate pH values. The change in frequency is
mainly related to the change in the sensed mass, which
increases when the brush layer swells, as seen in Figure 4.
Thus, the overall appearance of the frequency as a function of
bulk pH follows an opposite trend compared to the change in
dissipation. The growth in dissipation and decline in frequency
with increasing pH is in agreement with previous QCM-D data
reported in the literature for PAA brush layers.71−75 This is due
to formation of charges, which makes the weak polyelectrolyte
brush highly hydrated. Similar trends have been observed for
other weak polyelectrolyte brushes as well.40,43,46−48,76

To compare the apparent pKa values at different decay
lengths with the apparent pKa values found from the
ellipsometry data, we fitted the same sigmoid function to the
dissipation versus bulk pH data at three different ionic
strengths. A similar analysis based on the frequency data is
presented in the Supporting Information, section S6. However,
as discussed in section S6, the dissipation values are mostly
related to the structural changes in the brush layer, and the
apparent pKa values obtained from the dissipation values are
thus more comparable to the apparent pKa values obtained
from the ellipsometry data. The results of this exercise are
shown in Figure 5(a), and three main observations can be
made. As a first observation, the apparent pKa decreases with
increasing decay length at all three ionic strengths. As the
brush layer is expected to show a higher density deep into the
brush and a decaying density closer to the outer part of the
brush (approximately parabolic profile),4,52−54 this observation
is in agreement with that expected and with results from
previous theoretical calculations.6,56,57 As a second observa-
tion, the apparent pKa value at any decay length decreases with
increasing ionic strength. This observation is in agreement with
the scaling prediction (eq 15), where the results are based on
the ellipsometry measurements and previous experimental
results.38 As a third observation, the variation in the apparent
pKa as one moves vertically through the brush is much more
significant at low ionic strength compared to that at high ionic
strength. The reason for this is that the electrostatic interaction
leading to increased discharging at higher local PAA densities
is more effectively screened at higher ionic strength when the
charge regulation is less significant. This point is further
illustrated in Figure 5(b), where the dissociation degree at pH
5.0 (which corresponds to the average pKa value across all
decay lengths and ionic strengths) is plotted against the decay
length. The dissociation degrees were here calculated by using
the equilibrium constants derived from the apparent pKa values
presented in Figure 5(a) and the [H+] concentration in bulk.
From Figure 5(b), it is seen that the charge fraction varies from
0.02 to approximately 0.49 at 1 mM NaCl, while it varies from
approximately 0.65 to approximately 0.87 at 100 mM NaCl.
Notably, this means that at this intermediate pH value, the acid
groups can be either almost completely protonated or almost
fully deprotonated depending on the ionic strength and vertical
position in the brush layer. For future studies we suggest that
the vertical counterion distribution should be investigated as a
function of pH. Previously, contrast variant neutron reflectivity
and small-angle X-ray scattering have been employed to study
counterion distributions in layers of weak and strong
polyelectrolyte.77−79 Thus, by assuming some degree of local
charge neutrality, one could speculate that the counterion

Figure 3. Schematic illustration of the acoustic wave decay for various
oscillatory modes.
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distribution should be correlated to the vertical dissociation
profile in the brush.

■ CONCLUSION
In this work, we investigated the structural and mechanical
variations in a PAA brush as a function of pH and ionic
strength. The overarching goal of this investigation was to
provide experimental evidence for variation in the dissociation
behavior of a brush layer in the vertical direction. To do so, we
first had to identify the osmotic brush regime by measuring the
brush thickness as a function of ionic strength at different pH
values. Thereafter, the properties of the osmotic brush were

investigated as a function of pH at three different ionic
strengths. By taking advantage of the variation in penetration
depth of various overtone harmonics in QCM-D, we showed
that the degree of dissociation increases with increasing
distance from the substrate for a given value of pH and ionic
strength. Moreover, increasing the ionic strength increases the
average degree of dissociation and lowers the variation in the
degree of dissociation in the brush in the vertical direction. As
an example of the significant effects of these parameters, we
showed that at an intermediate pH (approximately pH 5), the
response from the acidic groups indicates that they can be
almost uncharged or almost fully charged depending on the
ionic strength and vertical position in the brush.
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S1: Analysis of the Ellipsometry Data
Optical dispersions of the PAA brushes are described using the empirical Cauchy relation. and 
Bruggeman effective medium approximation (BEMA) models. Figures S1-S3 demonstrate the 
modeling data at three different pH values (2.0, 4.75, 9.0) and figures S4-S6 are the results of 
fitting the same data points to the BEMA model. The difference between the results of the Cauchy 
model and the BEMA model is smaller than 1 nm. 

Fit Results
MSE = 6.735
Thickness # 3 = 46.19 ± 0.237 nm
A = 1.377 ± 0.00037078
B = 0.00329 ± 2.8033E-05
Total Thickness = 149.19 ± 0.237 nm

Optical Model

Experimental and Model Generated Data Fits

Figure S1. Modelling data from Cauchy relation for the PAA brush at pH 9.0 and an ionic strength 
of 100 mM.
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Fit Results
MSE = 7.235
Thickness # 3 = 37.31 ± 0.256 nm
A = 1.385 ± 0.00055993
B = 0.00347 ± 3.8533E-05
Total Thickness = 140.31 ± 0.256 nm

Optical Model

Experimental and Model Generated Data Fits

Figure S2. Modelling data from Cauchy relation for the PAA brush at pH 4.75 and an ionic strength 
of 100 mM .
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Fit Results
MSE = 9.023
Thickness # 3 = 26.20 ± 0.280 nm
A = 1.412 ± 0.001205
B = 0.00401 ± 7.1765E-05
Total Thickness = 129.20 ± 0.280 nm

Optical Model

Experimental and Model Generated Data Fits

Figure S3. Modelling data from Cauchy relation for the PAA brush at pH 2.0 and an ionic strength 
of 100 mM.
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Fit Results
MSE = 12.532
Thickness # 3 = 46.59 ± 0.417 nm
EMA % (Mat 2) = 74.3 ± 0.25
Total Thickness = 149.59 ± 0.417 nm

Optical Model

Experimental and Model Generated Data Fits

Figure S4. Fitting optical constants according to BEMA model for the PAA brush at pH 9.0 and 
an ionic strength of 100 mM.
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Fit Results
MSE = 11.015
Thickness # 3 = 37.96 ± 0.369 nm
EMA % (Mat 2) = 69.9 ± 0.30
Total Thickness = 140.96 ± 0.369 nm

Optical Model

Experimental and Model Generated Data Fits

Figure S5. Fitting optical constants according to BEMA model for the PAA brush at pH 4.75 and 
an ionic strength of 100 mM.
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Fit Results
MSE = 10.728
Thickness # 3 = 26.90 ± 0.316 nm
EMA % (Mat 2) = 55.8 ± 0.53
Total Thickness = 129.90 ± 0.316 nm

Optical Model

Experimental and Model Generated Data Fits

Figure S6. Fitting optical constants according to BEMA model for the PAA brush at pH 2.0 and 
an ionic strength of 100 mM.
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S2: Determination of the sample molecular weight
Molecular weight of the poly (tert-butyl acrylate) synthesized in the solution has been measured 
by GPC and the grafting density has been calculated assuming that the molecular weight of the 
polymer chains, which are synthesized in the solution by sacrificial initiator, is equal to grafted 
chains on the surface. This is not the best assumption since the propagation and termination rate 
of polymerization in solution might be different from those of polymerization on the surface. To 
this end, previous studies have shown there will exist a difference between the molecular weight 
and dispersity of the polymers synthesized in solution and on the surface, respectively.1,2 However, 
this assumption has been used in the cases that direct measurement of the molecular weight is not 
possible due to a limited number of chains on the surface (planar surfaces).3,4 Further, because the 
grafting density is not a variable in our work a small uncertainty in the estimated grafting density 
measurement does not have any influence on the results and conclusions. Figure S7 shows the 
chain length distribution as a function of retention volume. The relatively low signal to noise ratio 
is due to the low value of the dn/dc of the poly (tert-butyl acrylate) in THF. 

Figure S7. Light scattering signal as a function of retention volume for synthesized PtBA (blue) 
and poly styrene standards (red)
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S3: Conversion-time plot for the controlled radical 
polymerizatrion
Figure S8 shows the logarithm of the ratio between the initial and current monomer concentration 
for the tert-butyl acrylate polymerization as a function of time. Approximate linearity of data 
confirms the controlled radical polymerization mechanism. 

Figure S8. Change in the relative monomer concentration as a function of polymerization time.
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S4: Fitting data points to the sigmoid function to find the 
pKa value
In order to determine pKa value, all experimental data are fitted to a sigmoid function 
mathematically expressed as:

𝑓(𝑥) =
𝐿

1 +  𝑒 ―𝑘(𝑥 ― 𝑥0)

Where the function, f, in this case is either brush height, Δf or ΔD; L is the maximum value of f; 
k is the logistic growth rate;  x is the variable – in this case the pH value; and x0 is the x-value of 
the sigmoid midpoint – in this case the apparent pKa value.

Fitting results of the dissipation data are presented in table S1.

Table S1- Fitting results of the dissipation data to logistic function.

Ionic strength 
(mM)

Overtone 
number

L k x0 R2

100 3 27.36 3.081 4.145 0.997
100 5 31.99 2.718 4.295 0.998
100 7 35.83 2.496 4.415 0.998
100 9 40.44 2.287 4.554 0.996
100 11 36.09 2.152 4.565 0.996
100 13 35.45 2.362 4.702 0.997
10 3 44.39 2.49 4.372 0.992
10 5 48.24 2.192 4.596 0.995
10 7 51.64 1.971 4.787 0.996
10 9 55.24 1.878 4.964 0.996
10 11 49.56 1.684 5.082 0.994
10 13 48.71 1.829 5.231 0.997
1 3 57.55 1.932 5.000 0.994
1 5 54.26 1.737 5.307 0.994
1 7 53.88 1.532 5.576 0.992
1 9 55.42 1.380 5.847 0.987
1 11 51.18 1.090 6.226 0.986
1 13 52.38 1.048 6.599 0.985
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S5: Relative height calculation
The relative height reported in the paper has been defined as follows:

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 =
𝐵𝑟𝑢𝑠ℎ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑛𝑚)

𝐶ℎ𝑎𝑖𝑛 𝑐𝑜𝑛𝑡𝑜𝑢𝑟 𝑙𝑒𝑛𝑔𝑡ℎ (𝑛𝑚)

With the chain contour length calculated as:

𝐶ℎ𝑎𝑖𝑛 𝑐𝑜𝑛𝑡𝑜𝑢𝑟 𝑙𝑒𝑛𝑔𝑡ℎ = 𝑁 × 𝑙

Where N is the degree of polymerization (measured for polymers which are synthesized in solution 
– see section S2) and l is the length of each monomer unit in all-trans conformation which is 
calculated as follows:

𝑙 = 𝑙(𝐶 ― 𝐶)2 × (2 ― 2cos (109.5))

in which l(C-C) is the length of a carbon- carbon bond (0.15 nm). 
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S6: Obtaining apparent pKa values from frequency data
In the main manuscript, we used the dissipation data to obtain apparent pKa values of the PAA 
brush as a function of vertical position. This was done for two reasons. First, the shape of the 
dissipation data where similar to the shape of the brush height versus pH data obtained with 
ellipsometry. Secondly, the apparent pKa values obtained from the dissipation data where in 
overall agreement with the values obtained from the ellipsometry data. Here, we have however 
performed the same analysis based on the frequency data and although the apparent pKa values 
differ from the ones obtained from the dissipation and ellipsometry data, all trends are similar to 
the dissipation. Thus we stress that the discussions and conclusions based on the dissipation data 
are also valid if one apply frequency instead of dissipation. 

Figure S9. pKa value and dissociation degree as a function of decay length at 1, 10, and 100 mM 
NaCl solution determined from the QCM-D data presented in fig. 4 b, d and f.
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Crucial Nonelectrostatic Effects on Polyelectrolyte Brush Behavior
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ABSTRACT: Polyelectrolyte brushes have received extensive attention due to their swelling behavior in aqueous solutions, which 
is a result of their ionic nature and nonelectrostatic (polymer-polymer and polymer-solvent) interactions. While the nonelectrostatic 
contributions are typically assumed to be negligible compared to the ion osmotic pressure, we present herein a systematic 
investigation of how the nonelectrostatic interactions dramatically affect the swelling behavior of polyelectrolyte brushes. Using a 
modular synthesis procedure, polyelectrolyte brushes with similar chain lengths, grafting densities and charge densities but with 
various side chains were synthesized. The swelling behaviors of the brushes were then thoroughly investigated as a function of 
grafting density and ionic strength using ellipsometry. A theoretical mean-field approach was also developed to quantify the 
contributions of the ion osmotic and nonelectrostatic effects. Accordingly, it was both experimentally and theoretically demonstrated 
how fundamentally different swelling behaviors can exist depending on the relative contributions of ion osmotic and 
nonelectrostatic effects. This new insight reveals new opportunities for applications of polyelectrolyte brushes based on their 
tunable hydrophobicity and provides new ideas for fundamental investigations of these systems.

1 INTRODUCTION
The swelling behavior of a polyelectrolyte brush in an 

aqueous medium is the result of a balance between various 
forces, such as the osmotic pressure of counterions (the ion 
osmotic effect), solvent-dependent excluded-volume effects 
(nonelectrostatic effects), and chain elasticity.1–3 The 
swelling behavior of polyelectrolyte brushes has been 
theoretically described by scaling relations, which suggest 
various regimes depending on the brush grafting density 
(σ), chain charge fraction (f) and ionic strength (cs) of the 
solution.4–9 These scaling relations are typically obtained 
for θ-solvent conditions and thus neglect the contributions 
of nonelectrostatic interactions and describe the brush 
thickness (h) within three regimes of swelling behavior 
with respect to ionic strength. The so-called osmotic brush 
regime (h ~ cs

0 σ0 and h ~ cs
1/3 σ-1/3 for strong and weak 

polyelectrolyte brushes, respectively) is found at low ionic 
strength; the salted brush regime (h ~ σ1/3 cs

-1/3) is found at 
intermediate ionic strength; and the “quasineutral” brush 
regime is found at high ionic strength. However, 
experimental studies of polyelectrolyte brushes have rarely 
been performed under θ-solvent conditions and thus often 
show deviations from the theoretical predictions.10–18 In 
contrast to predictions based on the scaling laws, 
experimental studies of weak polyelectrolyte brushes 
demonstrate an increase in the thickness with the grafting 
density in the osmotic brush regime and a more gradual 
variation in thickness with ionic strength in the osmotic and 
salted brush regimes.10–15 Besides, the experimental data for 
strong polyelectrolyte brushes have lower exponents for 
the relation between the thickness and ionic strength, 
compared with the theoretically predicted behavior.16,18 
Both quantitative and qualitative discrepancies between 
the theoretical and experimental data have mainly been 

attributed to an interplay between nonelectrostatic effects 
(which under most real conditions, cannot be neglected) 
and the ion osmotic pressure (which was originally 
assumed to dominate the polyelectrolyte brush swelling 
behavior).2,11,13,19,20

With respect to nonelectrostatic effects, theoretical 
studies of polyelectrolyte brushes predict a transition from 
the swollen to the collapsed state under poor solvent 
conditions.21,22 Further, the formation of lateral 
morphologies (e.g., cylindrical aggregates) has been shown 
under poor solvent conditions using molecular dynamics 
simulations.23,24 Several experimental studies have 
demonstrated an impact of nonelectrostatic effects by 
varying either the solvent quality for a certain 
polyelectrolyte brush25–27 or the brush chemistry.28–31 Wang 
et al.27 have shown that the swelling and collapse of a 
polyelectrolyte brush become less pronounced by 
increasing the methanol content in a water/methanol 
mixture. Willot et al.30 investigated the swelling behavior of 
three weak polyelectrolyte brushes of varying monomer 
hydrophobicities. With enhanced monomer 
hydrophobicity, the thickness in the neutral brush regime 
was reduced, and the transition from the neutral to the 
osmotic brush regime was shifted to larger ionic strengths. 
However, despite these scattered observations, the 
interplay between the ion osmotic effect and the 
nonelectrostatic effects is still poorly understood. Thus, 
instead of providing additional experimental evidence for 
the deviation between the original scaling law and real 
brush behavior, we aim to deliver a full but relatively simple 
explanation for the swelling behavior of polyelectrolyte 
brushes.

In this study, we employed a modular synthesis method 
that enabled a systematic comparison of brushes with 
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various chemical structures. The polyelectrolyte brushes 
were obtained by synthesizing poly(2-dimethylaminoethyl) 
methacrylate (PDMAEMA) brushes with controlled grafting 
densities followed by postpolymerization quaternization 
with various alkyl halides. Consequently, the chain length, 
chain dispersity, grafting density, and charge density were 
all fixed, whereas the side chains were systematically 
varied. This rational molecular design enables a direct 
experimental investigation of the nonelectrostatic effects 
on polyelectrolyte brushes. Additionally, a simple mean-
field model was developed that accounts for both ion 
osmotic and nonelectrostatic effects. With this direct 
comparison between experimental data and theoretical 
predictions, we are able to quantify the relationships among 
the molecular structure, solvent quality and swelling 
behavior of polyelectrolyte brushes.
2 EXPERIMENTAL SECTION
2.1 Materials

(3-Aminopropyl)triethoxysilane (APTES), toluene, 
dichloromethane, tetrahydrofurane (THF), α-
bromoisobutyrylbromide, triethylamine, methanol, 2,2’- 
bipyridine (BPy), (2-dimethylaminoethyl) methacrylate 
(DMAEMA), ethyl α-bromoisobutyrate (EBiB), copper (I) 
bromide (CuBr), iodomethane, 1-bromobutane, 1-
bromodecane, hydrogen bromide (HBr), sodium hydroxide 
(NaOH), and sodium bromide (NaBr) were obtained from 
Sigma Aldrich and were used as received. Propionyl 
bromide was purchased from Tokyo Chemical Industry Co. 
(TCI) and used as received. Aqueous solutions were 
prepared using ultrapure water with a resistance of 18.2 
MΩ.cm (Sartorius Arium Pro). Sodium bromide was used to 
adjust the ionic strength, and sodium hydroxide/hydrogen 
bromide was used to adjust the pH.
2.2 Synthesis of PDMAEMA brushes and quaternization

Thermally oxidized silicon wafers (Wafer Net, USA) were 
washed with acetone, ethanol, and deionized water 3 times 
followed by plasma cleaning for 3 minutes (Harrick Plasma) 
under 500 mTorr water vapor. Afterwards, a solution of 
APTES in toluene (volume ratio: 1:1) was used to 
functionalize the silicon wafers with amine groups via 
vapor deposition for 24 h. The samples were then washed 
with toluene, ethanol, and acetone and dried under a stream 
of argon. The grafting density of the samples was adjusted 
by using a mixture of an inactive acyl bromide (propionyl 
bromide) and an active initiator (α-
bromoisobutyrylbromide).32–34 For the higher grafting 
density sample, a mixture of dichloromethane (20 mL) and 
triethylamine (960 mg, 9.5 mmol) was prepared, and then 
α-bromoisobutyrylbromide (1.85 g, 8.1 mmol) was added 
dropwise at 0 °C. For the lower grafting density sample, a 
similar procedure was employed, but a mixture of propionyl 
bromide (1.0 g, 7.3 mmol) and α-bromoisobutyrylbromide 
(185 mg, 0.8 mmol) was used instead of pure α-
bromoisobutyrylbromide. The reaction mixture was stirred 
at room temperature overnight. After rinsing with 
dichloromethane, acetone, and ethanol, the initiator grafted 
surfaces were dried under argon and used immediately for 
the polymerization reaction.

PDMAEMA was synthesized using surface-initiated atom 
transfer radical polymerization (SI-ATRP).35–37 The 

monomer (DMAEMA) was purified by passing it through an 
alumina column. Initiator-grafted surfaces from the 
previous step were placed into a solution of DMAEMA (8.4 
g, 53 mmol) in methanol (20 mL). Subsequently, the 
sacrificial initiator (EBiB) (11 mg, 0.06 mmol) and the 
ligand (BPy) (166 mg, 1.1 mmol) were dissolved, and the 
mixture was bubbled with argon for 40 minutes. 
Afterwards, the catalyst (CuBr) (77 mg, 0.54 mmol) was 
added to initiate polymerization. The reaction mixture was 
purged with argon for an additional 15 minutes and stirred 
under a positive pressure of argon at 25 °C. The molar ratio 
of reactants was 
[DMAEMA]:[EBiB]:[CuBr]:[BPy]=100:0.1:1:2.

Conversion of the weak polyelectrolyte brushes 
(PDMAEMA) to the strong polyelectrolyte brushes was 
carried out via quaternization of the amine groups by using 
excessive amounts of alkyl halides.31,38–40 The strong 
polyelectrolyte brush with the methyl side group 
(PDMAEMA-QC1) was synthesized using 1000 mM 
iodomethane in 10 mL THF at 40 °C for 18 hours. To employ 
bromide as the counterion, the sample was subsequently 
exposed to an ion exchange process using 3 cycles of 
immersion in a 100 mM NaBr solution for 10 minutes 
followed by rinsing and then 3 cycles of immersion in 3.0 M 
NaBr solution for 10 minutes followed by rinsing with 
copious amounts of water.41,42 Strong polyelectrolyte 
brushes with longer side groups (PDMAEMA-QC4 and 
PDMAEMA-QC10) were synthesized using 100 mM 1-
bromobutane and 1-bromodecane, respectively, in 10 mL 
THF at 40 °C. The quaternization reaction was continued 
until the samples showed no significant effect of unreacted 
basic groups, as verified by the pH response (Supporting 
Information, S2). Based on the dry thicknesses and the 
estimation of the grafting density in a swollen brush, we 
confirmed that no degrafting occurs during the 
quaternization reaction (Supporting Information, S3).

In total, 8 samples were examined in this study, including 
two sets of samples with a lower or higher grafting density 
(L or H), and in each set, there were 4 samples (PDMAEMA, 
PDMAEMA-QC1, PDMAEMA-QC4, and PDMAEMA-QC10). 
To distinguish between the samples, the nomenclature 
PDMAEMA(-QCx)-L/H is used, where x denotes the number 
of carbon atoms in the side group (1, 4 or 10) and L and H 
stand for the lower grafting density and higher grafting 
density, respectively.
2.3 Ellipsometry

The thickness of the brushes was determined using 
spectroscopic ellipsometry (M-2000U, J. A. Woollam Co., 
Inc.). The instrument's standard liquid cell (5 mL heated 
liquid cell) was used for the measurements in solution. In 
situ measurements were conducted over a wavelength 
range between 245 and 1000 nm and at an angle of 
incidence of 75°. The brush was considered to be under 
equilibrium when the variation in thickness was lower than 
0.2 nm over a 10-minute period. The ionic strength studies 
were conducted at pH 6.00 ± 0.05 unless otherwise stated. 
The data analysis was conducted using the instrument 
software (CompleteEASE, J.A. Woollam Co., Inc.). The 
employed optical model comprises a thick Si substrate, an 
intermediate roughness layer, a SiO2 layer (99.0 nm, as 
obtained from the bare wafer data), and a transparent 
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polymer layer with unknown thickness and optical 
constants. The Cauchy relation (n = A + B/λ2) was used to 
describe the optical dispersion of the hydrated brush. The 
optical dispersions of the saline solutions were estimated 
from measurements on a bare silicon wafer (Supporting 
Information, S4). The cross-correlation factors for the 
model parameters were always lower than 0.9; in addition, 
the uniqueness of the estimated thickness was investigated 
using thickness-mean square error (MSE) plots, and the 
reproducibility of the ellipsometry results was verified 
(Supporting Information, S5).
3 RESULTS AND DISCUSSION
3.1 Experimental results

Figure 1 summarizes the synthesis route of the 
investigated brush samples. Two PDMAEMA brushes were 
first synthesized with an estimated number-average 
molecular weight (Mn) of 105 kg·mol-1, one with a low 
grafting density (PDMAEMA-L, 0.086 chain·nm-2) and the 
other with a high grafting density (PDMAEMA-H, 0.257 
chain·nm-2) (Supporting Information, S1). Next, each 
PDMAEMA brush was converted to strong polyelectrolyte 
brushes with varying side chains using postpolymerization 
quaternization with C1, C4, and C10 alkyl halides (Supporting 
Information, S2). The employed synthesis design enables 
controlled variation of the side group hydrophobicity and 
bulkiness, which allows for a systematic investigation of 
nonelectrostatic effects on the swelling behavior of the 
polyelectrolyte brushes.

Figure 2 summarizes the swelling behavior of all the 
brushes studied as a function of ionic strength. Since 
PDMAEMA should be fully charged at pH 4, the number of 
charges are independent of ionic strength, and we can thus 
directly compare the swelling behavior of PDMAEMA 
brushes at pH 4 to the swelling behavior of the strong 
polyelectrolyte brushes (see details of the analysis of the 
PDMAEMA brush as a function of pH and ionic strength in 
Supporting Information, S6). Figure 2a displays the 
thickness of PDMAEMA brushes at pH 4.0 as a function of 
ionic strength. Here, it is seen that both the PDMAEMA-H 
and PDMAEMA-L brushes are found in the swollen osmotic 
brush regime at ionic strengths lower than 10 mM. For ionic 
strengths above 100 mM, the brush enters the salted brush 
regime, where the thickness decreases with increasing ionic 
strength. Here, it should be noted that the thickness of 
PDMAEMA-H is greater than that of PDMAEMA-L regardless 
of the ionic strength, which contradicts the predictions from 
the simple scaling relations for the osmotic brush regime.6 
This effect of grafting density can be explained by the 
interplay between the ion osmotic effect and the 
nonelectrostatic effects, which were not included in the 
original scaling relations. Thus, increased grafting density 
results in a higher local concentration of repeating units, 
leading to increased nonelectrostatic effects.

Next, PDMAEMA is converted to a strong polyelectrolyte 
brush with methyl side groups (PDMAEMA-QC1), as shown 
in Figure 2b. This conversion not only changes each of the
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Figure 1. Synthesis route and schematic illustration of the polyelectrolyte brush samples; starting from the substrate, the initiator 
was grafted with two different grafting densities. SI-ATRP was conducted on the samples to obtain PDMAEMA brushes. Next, 
PDMAEMA brushes were converted to PDMAEMA-QC1, PDMAEMA-QC4, and PDMAEMA-QC10 brushes.

Figure 2. a) Thickness of PDMAEMA-H (solid line, ○) and PDMAEMA-L (dashed line, □) as a function of ionic strength at pH=4.0, b) 
thickness of PDMAEMA-QC1-H (solid line, ○) and PDMAEMA-QC1-L (dashed line, □) as a function of ionic strength and c) thickness 
of PDMAEMA-QC4-H (solid line, ○), PDMAEMA-QC4-L (dashed line, □), PDMAEMA-QC10-H (solid line, ○), and PDMAEMA-QC10-L 
(dashed line, □) as a function of ionic strength.

basic groups to have a permanent charge but also changes 
the polymer-polymer and polymer-solvent interactions in 
the brush. Thus, when comparing the swelling behavior of 
the PDMAEMA-QC1 brushes with the PDMAEMA brushes at 
pH 4 (when they are fully charged), we expect the 
differences to mainly be due to nonelectrostatic 
interactions. For each grafting density of the PDMAEMA-
QC1 brushes, three brush regimes are observed, i.e., the 
osmotic brush regime, the salted brush regime, and the 
quasineutral brush regime. At the highest ionic strength 
studied (3.0 M), the thickness of PDMAEMA-QC1 is 
evidently greater than that of PDMAEMA for similar grafting 
densities (PDMAEMA-QC1-H (97 nm) > PDMAEMA-H (73 
nm) and PDMAEMA-QC1-L (63 nm) > PDMAEMA-L (35 
nm)). Since the ion osmotic effect is negligible in the 
quasineutral brush regime, the significant difference in the 
thickness could be attributed to a better solvent quality of 
PDMAEMA-QC1 than of PDMAEMA under aqueous 
conditions. Even in the osmotic brush regime, the thickness 
of PDMAEMA-QC1 is significantly higher than that of 
PDMAEMA, demonstrating the significant effect of solvent 
quality in the osmotic brush regime.

Moreover, in the osmotic brush regime, the grafting 
density seems to have a minor effect on PDMAEMA-QC1 
thickness, which suggests that compared to the case of the 
PDMAEMA brushes, in the case of PDMAEMA-QC1, the ion 
osmotic effect dominates significantly over nonelectrostatic 
contributions. To this end, we propose that PDMAEMA 
could have stronger intrachain and interchain interactions 
than those in PDMAEMA-QC1 due to its extensive ability to 
form hydrogen bonds. For PDMAEMA-QC1, this ability is 
partially lost, which is why the ion osmotic effect dominates. 
However, with increasing ionic strength, the ion osmotic 
effect is weakened, so the relative contribution of 
nonelectrostatic effects becomes progressively more 
pronounced. This is shown by a steeper collapse in the 
brush thickness in the salted brush regime for the sample 
with the lower grafting density than with the higher grafting 
density (where nonelectrostatic interactions naturally play 
a larger role). Similarly, in the quasineutral regime, the 
grafting density also has a notable effect, i.e., PDMAEMA-
QC1-H shows a greater thickness.

Finally, strong polyelectrolyte brushes with longer alkyl 
side groups, i.e., PDMAEMA-QC4 and PDMAEMA-QC10 with 
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butyl and decyl side groups, are investigated (Figure 2c). A 
longer alkyl side group is expected to affect the 
nonelectrostatic interactions in two ways: (i) an increased 
polymer hydrophobicity, favoring a collapsed brush 
conformation (“phase separation”), and (ii) an enhanced 
bulkiness, giving rise to larger steric effects and swelling. In 
general, our experimental results reveal that the ion 
osmotic effects on the brush thicknesses are negligible, 
suggesting that the first nonelectrostatic effect 
(hydrophobic collapse) is the controlling factor. However, 
while the collapse appears to be due to the hydrophobicity 
of the side groups, the actual collapsed brush thickness 
appears to be controlled by the second nonelectrostatic 
effect (steric repulsion), which first is shown by the higher 
grafting density brushes (PDMAEMA-QC4-H and 
PDMAEMA-QC10-H) having greater thickness than the 
lower grafting density brushes (PDMAEMA-QC4-L and 
PDMAEMA-QC10-L) at all ionic strengths and second is 
shown by the brush thickness increasing from PDMAEMA-
QC4 with side groups that are less bulky to PDMAEMA-
QC10 with side groups that are bulkier.
3.2 Mean-field approach including nonelectrostatic 
contributions

From the results presented in Figure 2, we demonstrate 
that nonelectrostatic effects, i.e., steric, polymer-polymer, 
and polymer-water forces, can notably contribute to the 
polyelectrolyte brush behavior. The original scaling 
relations of polyelectrolyte brushes were obtained by 
solving a force balance equation accounting for the ion 
osmotic effect and the chain elasticity.6,9 Later, an improved 
mean-field model was developed based on the original 
theory by taking into account the finite extensibility of 
chains and the excluded volume effects in a good solvent.43 
The results of the model were in good agreement with the 
data generated by the simulation methods. In this work, we 
extended this model by taking the full effect of 
nonelectrostatic contributions into account (a detailed 
discussion of the used assumptions, estimation and 
variables are provided in the Supporting Information, S7). 
Briefly, we introduce a pressure balancing equation 
including a term describing the nonelectrostatic 
contributions, which are based on the Flory-Huggins free 
energy for a semidilute polymer solution: 6,21,44–47

(1)𝜋𝑖𝑜𝑛 + 𝜋𝑁𝐸 + 𝜋𝑒𝑙 = 0

with

(2)
𝜋𝑁𝐸

𝑘𝐵𝑇 =
1

𝑎3( ―
1
2𝜏∅𝑚

2 +
1
3𝜔∅𝑚

3)

Here, , , and  are the ion osmotic pressure, the 𝜋𝑖𝑜𝑛 𝜋𝑁𝐸  𝜋𝑒𝑙
osmotic pressure due to nonelectrostatic effects, and the 
elastic pressure due to chain stretching, respectively.  is 𝜏
the excluded volume parameter (second virial coefficient) 
that is negative for good solvents and positive for poor 
solvents,  is the polymer volume fraction, and  is the ∅𝑚 𝜔
third virial coefficient. Therefore,  accounts for two 𝜋𝑁𝐸
contributions, i.e., the second and third virial terms. The 
latter term is always positive, whereas the former term 
could be positive or negative depending on the solvent 
quality. For small values of ∅m, the coefficients can be 
estimated by  and , where χ is the Flory-𝜏 = 2χ ―1 𝜔 = 1

Huggins parameter, which accounts for the variation in 
solvent quality, i.e., χ increases with decreasing solvent 
quality. Rearranging eq. 1 after decoupling the two 
contributions of the nonelectrostatic effects and converting 
the pressure values to dimensionless contributions (C) 
gives the main balancing equation:

(3)𝐶𝑖𝑜𝑛 + 𝐶𝑁𝐸2 + 𝐶𝑁𝐸3 + 𝐶𝑒𝑙 = 0

(4)𝐶𝑖𝑜𝑛 =
𝜋𝑒𝑙

𝑘𝐵𝑇 ×
𝑟2𝑎
𝜎 = 𝑓𝑟[ (

2𝑐𝑠𝑎𝑟
𝑓𝜎 )

2
+ 1 ―

2𝑐𝑠𝑎𝑟
𝑓𝜎 ]

(5)𝐶𝑁𝐸2 = ―
𝜏∅2

2𝑎3 ×
𝑟2𝑎
𝜎 =

― (χ ―
1
2)𝜗

𝑚

2
𝜎

𝑎4

(6)𝐶𝑁𝐸3 =
𝜔∅3

3𝑎3 ×
𝑟2𝑎
𝜎 =

𝜗𝑚
3𝜎2

3𝑎5𝑟

(7)𝐶𝑒𝑙 =
𝜋𝑒𝑙

𝑘𝐵𝑇 ×
𝑟2𝑎
𝜎 = ― 𝑟33 ― 𝑟2

1 ― 𝑟2

Here, Cion, CNE2, CNE3, and Cel represent the contributions of 
the ion osmotic pressure, the second virial term, the third 
virial term, and the polymer elasticity, respectively. The 
parameters f, r, cs, a, σ, and νm are the charge fraction, the 
relative height (thickness/contour length), the salt 
concentration in the medium, the size of the polymer 
segment, the grafting density, and the volume of each 
repeating unit, respectively. By solving eq. 3 for a given 
grafting density and ionic strength, the relative height is 
then obtained as a function of χ.

Figure 3a shows the calculated relative brush height for a 
brush with and without the nonelectrostatic terms as a 
function of solvent quality in the osmotic brush regime 
(ionic strength of 1 mM) and for a grafting density of σ = 
0.086 chain⋅nm-2 (similar to the experimental samples with 
low grafting density). Accordingly, the nonelectrostatic 
effects could result in swelling or collapse of the brush in the 
osmotic brush regime, depending on the solvent quality. 
Under good solvent conditions (χ <0.5), the brush is found 
in a more swollen state compared to the pure ion osmotic 
brush. In contrast, the poorer the solvent, the more 
collapsed the brush is compared to the pure ion osmotic 
brush.

Since our experimental brush samples show partial 
hydrophobicity, we focus on the magnitude of the different 
relative contributions in the region of poor solvent 
conditions, χ >0.5 (see Figure 3b). At relatively low χ values 
(close to θ-solvent conditions), the ion osmotic and elastic 
terms dominate. However, with increasing χ, the relative 
contributions from the ionic and elastic terms notably 
decrease, whereas the contributions from the two 
nonelectrostatic terms progressively increase. This means 
that the brush behavior is closer to the behavior predicted 
by the scaling relations for χ values approaching 0.5 (θ-
solvent conditions). For high χ values (χ≈1.0), 
nonelectrostatic effects dominate, and the brush collapses 
to a thickness where the second and third virial terms are 
balanced. However, at intermediate χ values, both the ion 
osmotic pressure and nonelectrostatic effects contribute 
significantly, and the brush swelling behavior becomes 
complex.
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In an attempt to correlate this complex swelling behavior 
to our experimental observations (Figure 2), we use eq. 3 to 
predict the brush thickness changes as a function of ionic 
strength for three χ-values (χ = 0.5, 0.75, and 1.0), which 
represent the three scenarios discussed above (see Figure 
3c). With this approach, the modeling data enable a more 
quantitative evaluation of the experimental swelling data 

(Figure 2) in terms of ion osmotic and nonelectrostatic 
contributions. From this data, PDMAEMA appears to have a 
swelling behavior similar to the theoretical brush with an 
intermediate χ value (χ=0.75), where both the ion osmotic 
and nonelectrostatic effects comparably influence the brush 
thickness. PDMAEMA-QC1 demonstrates swelling behavior 
similar to the theoretical brush with a relatively small χ 

Figure 3. a) Relative height (r) as a function of χ for a polyelectrolyte brush with a grafting density of σLD = 0.086 chain·nm-2 at an 
ionic strength of 1 mM and with nonelectrostatic interactions (red) and a pure ion osmotic brush (blue). b) Contributions of the ion 
osmotic effect (Cion), the second virial term of nonelectrostatic effects (CNE2), the third virial term of nonelectrostatic effects (CNE3), 
and the chain elasticity (Cel) as a function of χ (σLD = 0.086 chain·nm-2 and cs= 1 mM). c) Relative height (r) as a function of ionic 
strength with χ=0.5 (blue), χ=0.75 (black), and χ=1.0 (red) for brushes with grafting densities of σHD = 0.257 chain·nm-2 and σLD = 
0.086 chain·nm-2.

value (χ=0.5), i.e., a significant contribution of the ion 
osmotic effects and a minor contribution of nonelectrostatic 
effects in the osmotic brush regime. Finally, the behavior of 
PDMAEMA-QC4 and PDMAEMA-QC10 brushes resembles 
that of the theoretical brush with a relatively large χ value 
(χ=1.0). Therefore, the various swelling behaviors of the 
brushes could be explained by the effect of solvent quality 
with the trend of PDMAEMA-QC1>PDMAEMA>PDMAEMA-
QC4≈PDMAEMA-QC10. Last, in relation to the results 
presented in Figure 2, we speculated that the slightly higher 
thickness of PDMAEMA-QC10 than of PDMAEMA-QC4 is due 
to larger steric effects. This idea was also confirmed by the 
theoretical model, i.e., by varying the volume of the 
repeating unit (see the Supporting Information S8).
4 CONCLUSION

We systematically tuned the nonelectrostatic effects of a set 
of polyelectrolyte brushes while the charge fraction, chain 
length, chain dispersity, and grafting density (at two 
different values) were held constant to demonstrate the 
crucial impact of the nonelectrostatic effects on the swelling 
behavior of polyelectrolyte brushes. Additionally, we 
developed a simple mean-field model to quantify the ionic 
and nonelectrostatic effects on a polyelectrolyte brush as a 
function of solvent quality. Overall, we showed that 
increasing hydrophobicity (decreasing solvent quality) in 
polyelectrolyte brushes not only causes brush collapse but 
also decreases the relative contribution of the ion osmotic 
effects. Based on the experimental and theoretical results, 
we observed regimes of hydrophobicities/solvent qualities 
in which either the ion osmotic effects or the 
nonelectrostatic effects or a combination of the two govern 
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the brush behavior. We believe this new insight increases 
the general understanding of polyelectrolyte brush 
behavior and the importance of nonelectrostatic 
contributions to brush swelling behavior. Furthermore, this 
work offers both a simple theoretical tool to predict and an 
experimental route to tune the swelling behavior of 
polyelectrolyte brushes based on nonelectrostatic effects.
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S1: Determination of the molecular weight and the grafting 

density

Analysis of the polymer synthesized in solution using AF4 provides the number-average molecular 

weights (Mn) of 114 and 132 kg/mol with a dispersity of 1.57 and 1.38 for PDMAEMA-L and 

PDMAEMA-H, respectively. 
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Figure S1. AF4-MALS characterization of sacrificial polymers synthesized together with the 

PDMAEMA-H brush. Debye plot (Zimm formalism) of a fraction of sample at 15.4 min (left) and 

distribution of polymer fractions as a function of elution time (right).

Traditionally it has been assumed that the molecular weight of the polymers synthesized in solution 

is equal to that of the brush, although both experimental studies and theoretical approaches show 

deviations from this assumption1–5. Spencer et al. found an empirical correlation between the 

grafting density and the ratio of molecular weight of polymers in the solution to that of polymers 

on the surface (Mn, sol/ Mn, surf) for polyacrylates and polymethacrylates.1 Based on that, instead of 

equality, we have assumed a linear relation between the ratio of the molecular weight and the 
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grafting density. On the other hand, another relation between grafting density and molecular 

weight of the brush is obtained, having the brush thickness at dry state and polymer density.

𝑀𝑛, 𝑠𝑜𝑙

𝑀𝑛, 𝑠𝑢𝑟𝑓
= 1 +  𝜎 (

𝑐ℎ𝑎𝑖𝑛
𝑛𝑚2 ) (S1)

𝜎 =  
𝜌ℎ𝑁𝐴

𝑀𝑛, 𝑠𝑢𝑟𝑓
(S2)

Eq. S1 and eq. S2 are two independent equations for solving two parameters, i.e., molecular weight 

( ) and grafting density ( ), using the values of molecular weight of polymers synthesized in 𝑀𝑛, 𝑠𝑢𝑟𝑓 𝜎

solution, the thickness of the brushes at dry state (  and ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐻 = 34 𝑛𝑚 ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐿

), and polymer density ( ). Using this method, the molecular weight = 11 𝑛𝑚 𝜌𝑃𝐷𝑀𝐴𝐸𝑀𝐴 = 1.32
𝑔

𝑚𝑜𝑙

and the grafting density of samples were determined  and 𝑀𝑛,𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐻 = 105 𝑘𝑔/𝑚𝑜𝑙

 for PDMAEMA-H and  and 𝜎𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐻 = 0.257 𝑐ℎ𝑎𝑖𝑛/𝑛𝑚2 𝑀𝑛,𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐿 = 105 𝑘𝑔/𝑚𝑜𝑙

 for PDMAEMA-L. 𝜎𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐿 = 0.086 𝑐ℎ𝑎𝑖𝑛/𝑛𝑚2
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S2: Verification of the quaternization reaction

We measured the response of the brushes to the variation of pH to confirm the conversion of the 

weak to the strong polyelectrolyte brushes.6

Figure S2. a) Thickness at pH=4.0 (red) and at pH=9.0 (blue) for the weak (PDMAEMA-L) and 

strong polyelectrolyte brushes (PDMAEMA-QC1-L, PDMAEMA-QC4-L, PDMAEMA-QC10-L) 

and b) Thickness at pH=4.0 (red) and at pH=9.0 (blue) for the weak (PDMAEMA-H) and strong 

polyelectrolyte brushes (PDMAEMA-QC1-H, PDMAEMA-QC4-H, PDMAEMA-QC10-H) 

Figure S2 shows that the thickness of the strong polyelectrolyte brushes has an insignificant 

response to pH in contrast to the weak polyelectrolyte brushes, which show a drastic response to 

the variation of pH. This demonstrates that the basic amine groups have successfully reacted 

through the quaternization reaction.
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S3: Evaluation of possible degrafting

Degrafting could occur due to hydrolysis of the ester/amide bond close to the initiating center or 

the siloxane bond, and it could also be enhanced by stretching of the polymer chains (swelling).7,8 

Degrafting of the chains cause a decrease in the grafting density and a possible variation in the 

average molecular weight of the brush. Our brushes are designed to minimize the degree of 

degrafting by using a trifunctional siloxane and amide bond to graft the initiator (which are less 

likely to hydrolyze compared to monofunctional siloxane and ester bond, respectively).8 By 

demonstrating the reproducibility of our ellipsometry data with the same sample, we showed that 

variation of thickness during an ellipsometry test was mainly due to variation of ionic strength, not 

degrafting (supporting information S5). 

Another possible situation could be that degrafting occurs during the quaternization reaction. In 

this case, the grafting density of the brushes with different chemistries will not be the same so 

systematic comparison of the nonelectrostatic effects on the brush thickness will become 

complicated. In previous studies, it has been assumed that no degrafting occurs during the 

quaternization reaction.9 In addition, it has been shown that degrafting does not occur in a dry 

solvent.8 Although the quaternization was performed in THF, and we do not expect degrafting, we 

evaluate the possible occurrence of degrafting by measuring the grafting density before and after 

quaternization (comparing PDMAEMA-QC1 with PDMAEMA). Following eq. S2, the ratio of 

grafting density of PDMAEMA-QC1-H and PDMAEMA-H could be estimated:

𝜎𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝑄𝐶1 ― 𝐻

𝜎𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐻
=  

ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝑄𝐶1 ― 𝐻

ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝐻
×

𝜌𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝑄𝐶1

𝜌𝐷𝑀𝐴𝐸𝑀𝐴
×

𝑀𝐷𝑀𝐴𝐸𝑀𝐴

𝑀𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝑄𝐶1
(S3)

Where h is the brush thickness in dry state ( , ),  ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝑄𝐶1 ― 𝐻 = 43 𝑛𝑚 ℎ𝑃𝐷𝑀𝐴𝐸𝑀𝐴 = 34 𝑛𝑚 𝜌

is the density of the monomer (  (estimated based on chloride 𝜌𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝑄𝐶1 = 1.14 𝑔/𝑐𝑚3

counterion), ), and M is the molecular weight of the monomer (𝜌𝐷𝑀𝐴𝐸𝑀𝐴 = 0.93 𝑔/𝑐𝑚3 𝑀𝐷𝑀𝐴𝐸𝑀𝐴

, ). Here we have assumed that the ratio of the = 157.2 𝑔/𝑚𝑜𝑙 𝑀𝐷𝑀𝐴𝐸𝑀𝐴 ― 𝑄𝐶1 = 252.1 𝑔/𝑚𝑜𝑙

monomer density is similar to that of polymer density. Based on Eq. S3, the ratio of the grafting 

densities is 0.97, which means that the grafting density of PDMAEMA-QC1-H is almost the same 

as that of PDMAEMA-H. Since this method is based on the estimation of the brush density and 

dry thickness (which could be difficult to determine due to swelling in the presence of water 
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vapor), we suggest an alternative method to estimate the grafting density of the two samples based 

on the volume fraction of polymer segments in a swollen state: 

∅ =  
𝜎𝑁𝜗𝑚 

𝐻
(S4)

Where  is the local volume fraction of polymer in the brush,  is the number of repeating units ∅ 𝑁

in a polymer chain (N=668),  is the volume of each repeating unit, and  is the brush thickness. 𝜗𝑚 𝐻

We solve equation S4 to compare the grafting density of PDMAEMA (before quaternization) with 

PDMAEMA-QC1 (after quaternization). For this comparison, the volume of the repeating units 

have been assumed equal (neglecting the volume of the methyl group) and estimated by the volume 

of DMAEMA, . The volume fraction of polymer could be determined 𝜗𝑚 =
𝑀𝑊𝐷𝑀𝐴𝐸𝑀𝐴

𝜌𝐷𝑀𝐴𝐸𝑀𝐴
= 0.28 𝑛𝑚3

by analysis of ellipsometry data using the effective medium approximation. To obtain the volume 

fraction of polymers, we first determined the refractive index of the PDMAEMA-QC1 and 

PDMAEMA.

Figure S3. Ellipsometry based optical properties of a) PDMAEMA-H,  b) PDMAEMA-QC1-H 

and c) PDMAEMA-QC1-L at 0.001 M NaBr solution.

Figure S3 shows the analysis data using the effective medium approximation (EMA) model. First, 

we compared the grafting density before and after quaternization (Figure S3(a,b)). Based on the 

thickness (HPDMAEMA-H = 85.4 nm and HPDMAEMA-QC1-H = 112.7 nm) and the volume fraction of the 

polymer (obtained as , ∅PDMAEMA-H = 0.441 and ∅PDMAEMA-QC1-H = 0.329) we ∅ =  
100 ― 𝐸𝑀𝐴% 

100

obtained σPDMAEMA-H = 0.201 chain.nm-2 and σPDMAEMA-QC1-H = 0.198 chain.nm-2. These similar 
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values show that the grafting density is almost constant after quaternization, demonstrating that no 

chain has been degrafted. The deviation of the absolute grafting density obtained by this method 

(σPDMAEMA-H = 0.201 chain.nm-2) and the method based on the dry thickness measurements 

(σPDMAEMA-H = 0.257 chain.nm-2) could be attributed to the errors in the estimation of the density 

of the polymer segments, dry thickness, and the volume of the repeating units.   

Second, the ratio of the grafting densities (σPDMAEMA-QC1-H / σPDMAEMA-QC1-L) could be checked by 

the estimation of the grafting density for PDMAEMA-QC1-L using the same method. Figure 

S3(b,c) compares the results of PDMAEMA-QC1-H and PDMAEMA-QC1-L. While the 

thicknesses of the two brushes are in the same range (HPDMAEMA-QC1-H = 112.7 nm and HPDMAEMA-

QC1-L = 106.8 nm), the volume fraction of polymer is ∅PDMAEMA-QC1-H = 0.329 and ∅PDMAEMA-QC1-L 

= 0.101) for PDMAEMA-QC1-H and PDMAEMA-QC1-L, respectively. Therefore, the grafting 

density of PDMAEMA-QC1-L was obtained σPDMAEMA-QC1-L= 0.057 chain.nm-2, and the ratio of 

the grafting densities were obtained σPDMAEMA-QC1-H / σPDMAEMA-QC1-L = 3.4, which is in agreement 

with the ratio of grafting densities before quaternization (calculated based on dry thickness) 

σPDMAEMA-H / σPDMAEMA-L = 3.1.
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S4: Determination of the refractive index of the saline solutions

In this work, the thicknesses of the brushes are obtained by fitting an optical model to the 

ellipsometric data (psi and delta). The optical model contains several input parameters, such as 

optical properties of the medium and the substrate, as well as three free parameters, i.e., the brush 

thickness and the Cauchy parameters of the brush (A and B). Notably, the optical properties of the 

medium (saline solution) depend on the salt concentration.10–12 However, the literature studies 

often assume that the refractive index of the saline solutions are similar to that of water, which can 

provide inaccurate estimations of the brush thickness. We herein suggest a method to estimate the 

refractive indices of the saline solutions.

Figure S4. a) Spectroscopic psi and delta for a bare silicon wafer in NaBr solutions with various salt 

concentrations, b) A and B of the Cauchy relation obtained from the control test on a bare silicon wafer 

as a function of NaBr concentration c) Refractive index of the NaBr solutions calculated based on A 

and B obtained from the control test on a bare silicon wafer with various salt concentration at a 

wavelength of 589.3 nm. 

Figure S4(a) shows psi and delta for a bare silicon wafer in NaBr solutions with varying salt 

concentrations. With increasing salt concentration, psi decreases at all wavelengths, while delta 
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decreases mostly at short wavelengths ( ). To estimate the refractive index of the saline ≤ 400 𝑛𝑚

solutions, we assume that the refractive index of the medium could be described by a Cauchy 

model ( ). Assuming that adsorption of salt has minor effect on the measured data, A and 𝑛 = 𝐴 +
𝐵

λ2

B values can be obtained for each salt concentration (Figure S4(b)). The refractive index of NaBr 

solutions was calculated at a single wavelength (589.3 nm) to compare with the literature data 

(Figure S4(c)). Accordingly, a linear relation between the refractive index and molar fraction of 

the salt in solution with the slope of 0.684 is found. The literature values (determined using 

refractometry) also showed a linear relation with a slope of 0.704, which agrees with the estimated 

data herein.12 Next, we study how various input values for the refractive index of the medium 

result in different quality of fitting for the brushes.

In this work, the A and B values of Cauchy model which were obtained in figure S4, were used to 

obtain the thickness of the brush in saline solutions. To show the significance of this correction, 

the next step is to determine at what range of salt concentrations the assumption of pure water for 

the refractive index of the medium results in a significant error in determination of brush thickness.  

Figure S5. Thickness of the polymer brush as a function of ionic strength using the values from figure S1 

(blue) and the values of pure water (red) for the refractive index of the medium.
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Figure S5 shows the estimated thickness values of PDMAEMA at pH=4.0 as a function of ionic 

strength, using the values of pure water (red) and the values from figure S4 (blue) for the refractive 

index of the medium. It is seen that for this brush, the deviation of the thickness values starts 

around a salt concentration of 0.4 M, and it increases with increasing salt concentration. At high 

salt concentrations ( ), using the Cauchy parameters of water even results in a different ≥ 1.2 𝑀

trend of thickness with ionic strength.
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S5: Reproducibility of the experimental results

To demonstrate the reproducibility of our data, three samples were chosen (PDMAEMA-QC1-L, 

PDMAEMA-QC10-H and PDMAEMA-QC10-L). The reproducibility was first investigated by 

means of reproducing the thickness results through a new ellipsometry test on a single sample (for 

PDMAEMA-QC1-L and PDMAEMA-QC10-H). Secondly, by synthesizing a new sample of 

PDMAEMA-QC10-L(r), the ellipsometry results were compared to the previous PDMAEMA-

QC10-L.   

Figure S6. Thickness of PDMAEMA-QC1-L (blue), PDMAEMA-QC10-H (green), and 

PDMAEMA-QC10-L (red) as a function of ionic strength to check the reproducibility of the 

data. 

This comparison confirms the reproducibility of the trend of results with a maximum deviation of 

around 5 nm in absolute thickness.



12

S6: Characterization of the weak polyelectrolyte (PDMAEMA) 

brush with respect to pH and ionic strength

Figure S7. a) Thickness of PDMAEMA-H (solid line, ○) and PDMAEMA-L (dashed line, □) as a 

function of pH at 0.010 M NaBr and b) Thickness of PDMAEMA-H (solid line, ○) and 

PDMAEMA-L (dashed line, □) as a function of ionic strength at pH=6.0.

Figure S7 summarizes the thickness variations of the weak PDMAEMA brushes. Figure S7(a) 

presents the thickness of the brushes as a function of pH for a fixed ionic strength of 0.01 M. Both 

brushes show the typical pH-responsive swelling of a polybase. The brushes are found in a 

relatively collapsed state at high pH values (uncharged state), whereas they progressively swell 

with decreasing pH due to the protonation of the amine groups (pKa ~ 7), the subsequent increase 

in the concentration of the counterions within the brush, and ultimately the gain in the osmotic 

pressure of the counterions. Below pH 5, no significant variation in the thickness is observed, 

indicating that PDMAEMA is nearly fully charged. Figure S7(b) displays the brush thickness as a 

function of the ionic strength at pH 6.0. At relatively low ionic strengths (≤ 0.1 mM), the brush 

thickness is almost independent of the ionic strength and is also comparable to that at pH=9.0 
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(PDMAEMA-L ~ 25 nm, PDMAEMA-H ~ 62 nm). Thus, the brush is nearly uncharged (neutral 

brush) herein. With increasing ionic strength (≥ 0.1 mM), the brushes progressively swell due to the 

protonation of the amine groups (osmotic brush regime). For ionic strengths > 100 mM, the brushes 

collapse with the addition of salt (salted brush regime). However, the thickness of PDMAEMA-H 

is significantly higher than PDMAEMA-L in the whole regardless of pH and ionic strength, which 

contradicts scaling relation solely based on balancing chain contractions and ionic osmotic 

pressure. This could be explained by the interplay of the ionic and nonelectrostatic effects similar 

to the explanation given for PDMAEMA brush behaviour at pH=4 in the main paper. Increasing 

the grafting density results in a higher local concentration of the repeating units leading to larger 

nonelectrostatic interactions. 
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S7: Theoretical model

A quantitative description of the swelling behavior of polyelectrolyte brushes has been reached 

upon the development of scaling models.13–20 There are four main scaling regimes of 

polyelectrolyte brushes under salt-free conditions identified by Pincus and Borisov et al.,  

respectively.21,22 1) the mushroom regime at which the mean distance between two grafting points 

is higher than chain size; 2) the polyelectrolyte brush regime (Pincus brush) at which 

polyelectrolytes are stretched due to intermolecular electrostatic repulsion; 3)  the osmotic brush 

at which counterions are localized inside the brush, and the net charge is almost fully compensated; 

4) the quasi-neutral brush regime at which the brush behaviour is governed by the nonelectrostatic 

forces of polymer repeating units. Because of relatively high grafting densities and high charge 

fraction of the brushes studied in this work, we assume that the Debye length is much smaller than 

the brush height and thus the counterions are localized inside the brush. Therefore, the electrostatic 

repulsion is fully compensated by the counterions and the brushes are considered in the osmotic 

brush regime at low salt concentrations. Therefore, we consider a balance of three main effects to 

describe the brush behaviour: osmotic pressure of ions ( ), nonelectrostatic effects ( ), and 𝜋𝑖𝑜𝑛 𝜋𝑁𝐸

entropic elasticity ( ):𝜋𝑒𝑙

𝜋𝑖𝑜𝑛 + 𝜋𝑁𝐸 +  𝜋𝑒𝑙 = 0   (S5)

To solve eq. S5, we assume a box-like model for a monodisperse polyelectrolyte brush so the 

polymer segments are assumed to be uniformly distributed in the brush. The chain is assumed to 

be flexible so the size of each segment (Kuhn length) is equal to the length of each repeating unit 

and thus  (length of two carbon-carbon bonds with an angle of 109.5o). The 𝑎 = 0.25 𝑛𝑚
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electrostatic persistence length and thus the chain flexibility depends on the ionic strength but here, 

for simplicity it has been assumed that the chain electrostatic persistence length is negligible 

compared to the bare (nonelectrostatic) persistence length and thus the chain flexibility is 

independent of ionic strength.23,24 The polyelectrolyte brush is assumed to be composed of strong 

polyelectrolytes with a fully charged structure ( ) in a medium that contains only monovalent f = 1

salts. Two different grafting densities have been chosen ( chain nm-2 and  σ𝑙 = 0.086 σℎ = 0.257

chain nm-2 similar to the experimental samples). Assuming a Boltzmann distribution of the mobile 

ions and the brush electroneutrality,  is obtained:20,25𝜋𝑖𝑜𝑛

𝜋𝑖𝑜𝑛

𝑘𝐵𝑇 = 2𝑐𝑠[
𝑓𝑐𝑚

2𝑐𝑠
+ 1 ― 1] (S6)

𝑐𝑚 =  
𝜎𝑁
𝐻 =

𝜎
𝑎𝑟

(S7)

Where  is the Boltzmann constant, T is the temperature,  is the concentration of monovalent 𝑘𝐵 𝑐𝑠

salt in the medium,  is the molar concentration of repeating units,  is the brush height, and  is 𝑐𝑚 𝐻 𝑟

the relative height ( ). The right side of eq. S6 could be reduced to   when   , 𝑟 =
𝐻

𝑎𝑁 𝑓𝑐𝑚 𝑐𝑠 ≪ 𝑓𝑐𝑚

and   when . The entropy cost for stretching the polymer chains, , is derived (𝑓𝑐𝑚)2/𝑐𝑠 𝑐𝑠 ≫ 𝑓𝑐𝑚 𝜋𝑒𝑙

from the free energy of a freely jointed chain:26,27

𝜋𝑒𝑙

𝑘𝐵𝑇 =
―𝜎𝑟

𝑎
3 ― 𝑟2

1 ― 𝑟2
(S8)

Which in the low stretching regime ( ) simplifies to the Gaussian approximation:𝑟 ≪ 1
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𝜋𝑒𝑙

𝑘𝐵𝑇 ≈
―3𝜎𝑟

𝑎
(S9)

In eq. S8 the finite extensibility of the chains is considered, while it is not considered in the 

Gaussian approximation. For a pure ion osmotic brush, the effect of nonelectrostatic interactions 

is neglected. Therefore the equilibrium is described by the contribution of  and :𝜋𝑖𝑜𝑛 𝜋𝑒𝑙

𝜋𝑖𝑜𝑛 + 𝜋𝑒𝑙 = 0   (S10)

This equation is solved explicitly using the Gaussian approximation for the elastic force and the 

simplifications for the ionic force as it is described above:

𝑟~𝑓
1
2                                         𝑙𝑜𝑤 𝑠𝑎𝑙𝑡 (S11)

 𝑟~  (
𝑓2𝜎
𝑐𝑠

)
1/3

                           ℎ𝑖𝑔ℎ 𝑠𝑎𝑙𝑡 (S12)

These results are in agreement with the scaling relations for a strong polyelectrolyte brush in the 

osmotic brush regime (eq. S11) and salted brush regime (eq. S12). Moreover, eq. S10 is written in 

the general form when it is solved implicitly to provide  as a function of . 𝑟 𝑐𝑠

2𝑐𝑠[ 𝑓𝜎
2𝑐𝑠𝑎𝑟 + 1 ― 1] +  

―𝜎𝑟
𝑎

3 ― 𝑟2

1 ― 𝑟2 = 0 (S13)

We have solved eq. S13 to obtain relative height for a pure ion osmotic brush (considering solely 

the ion osmotic effect and the elastic force). To consider nonelectrostatic interactions, the 

contribution to the osmotic pressure is described using the Flory Huggins free energy for a 

semidilute polymer solution:20,28,29

𝜋𝑁𝐸

𝑘𝐵𝑇 =
1

𝑎3(
∅
𝑁 ― ln (1 ― ∅) ― ∅ ― χ∅2) (S14)
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Where  is the local volume fraction of polymer segments. Assuming large number of segments ∅

(N) and low volume fraction ( ), equation S14 could be written in the form of a virial expansion:∅

𝜋𝑁𝐸

𝑘𝐵𝑇 =
1

𝑎3( ―
1
2𝜏∅2 +

1
3𝜔∅3) (S15)

Here  is the excluded-volume parameter (second virial coefficient), which is related to the Flory 𝜏

Huggins parameter ( ) and  is the third virial coefficient ( ). Thus  includes a 𝜏 = 2𝜒 ― 1 𝜔 𝜔 = 1 𝜋𝑁𝐸

collapsing effect (the effect of second virial term) and a swelling effect (the effect of third virial 

term). Although variation of salt concentration can influence the solvent quality,30,31 here for 

simplicity, it is assumed that the nonelectrostatic interactions are independent of ionic strength. 

Therefore we have, in total, four contributions to the equilibrium of the brush; we define the 

dimensionless contribution of each effect as pressure multiplied by the fraction :(
𝑟2𝑎
𝜎 )

𝐶𝑖𝑜𝑛 +  𝐶𝑁𝐸2 +  𝐶𝑁𝐸3 +  𝐶𝑒𝑙 = 0 (S16)

  𝐶𝑖𝑜𝑛 =
𝜋𝑒𝑙

𝑘𝐵𝑇 ×
𝑟2𝑎
𝜎 = 𝑓𝑟[ (

2𝑐𝑠𝑎𝑟
𝑓𝜎 )

2
+ 1 ―

2𝑐𝑠𝑎𝑟
𝑓𝜎 ] (S17)

𝐶𝑁𝐸2 =
―𝜏∅2

2𝑎3 ×
𝑟2𝑎
𝜎 =

― (χ ―
1
2)𝜗

𝑚

2

𝜎

𝑎4

(S18)

𝐶𝑁𝐸3 =
𝜔∅3

3𝑎3 ×
𝑟2𝑎
𝜎 =

𝜗𝑚
3𝜎2

3𝑎5𝑟
(S19)

𝐶𝑒𝑙 =
𝜋𝑒𝑙

𝑘𝐵𝑇 ×
𝑟2𝑎
𝜎 = ― 𝑟33 ― 𝑟2

1 ― 𝑟2
(S20)

Where Cion, CNE2, CNE3, and Cel represent the contributions of the osmotic pressure of ions, the 

second virial term, the third virial term, and the polymer elasticity, respectively. Eq. S16 has been 

solved implicitly to calculate relative height (r) as a function of solvent quality (χ) and ionic 

strength (cs). The volume of each repeating unit has been estimated by the volume of DMAEMA 

. The values of relative height (r) can be converted to the absolute 𝜗𝑚 =
𝑀𝑊𝐷𝑀𝐴𝐸𝑀𝐴

𝜌𝐷𝑀𝐴𝐸𝑀𝐴
= 0.28 𝑛𝑚3
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thickness values having the number of polymer segments. Based on the molecular weight of the 

brush, the number of polymer segments is calculated N=668 which gives 

. 𝐻 = (668 × 0.25 𝑛𝑚) × 𝑟

In the main paper, the magnitude of the four contributions were shown as a function of χ in the 

poor solvent region (χ>0.5). To have a wider picture of those contributions, here they are plotted 

in the whole range of solvent quality (χ=0 to χ=1.0) (see figure S8).

Figure S8. Contribution of the ion osmotic effect (Cion), the second virial term of nonelectrostatic 

effects (CNE2), the third virial term of nonelectrostatic effects (CNE3), and chain elasticity (Cel) as a 

function of χ (σLD = 0.086 chain·nm-2 and cs= 1 mM). The sum of all the contributions is always 

zero to maintain equilibrium in the brush, whereas the magnitude of each contribution varies with 

χ.

The region of poor solvent is discussed thoroughly in the main paper, so here we focus on the good 

solvent region. As expected, in the good solvent, the second virial term is positive which means 

that this contribution favors swelling of the brush. Starting from Ɵ-solvent, χ=0.5, with improving 

solvent quality, decreasing χ, the contribution of Cion and CNE3 is almost constant while the 
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magnitude of CNE2 and Cel grow. This is because decreasing χ causes swelling in the brush which 

increases the entropy cost of the stretching. The relative contribution of Cion decreases with 

improving solvent quality since the contribution of CNE2 grows. For this specific grafting density 

that figure S8 is plotted (0.086 chain·nm-2), the contribution of Cion is comparable to CNE2 in a 

good solvent. However, at conditions that CNE2 is intensified, low χ values and high grafting 

density, one could expect that CNE2 dominates over Cion and the brush equilibrium is mainly 

determined by CNE2 and Cel which is similar to the case of a neutral brush in a good solvent.



20

S8: The effect of bulkiness of the repeating units

By solving eq. S16, the effect of solvent quality (χ) on the swelling behaviour of the brush has 

been examined in this study. Besides, this model can be used to describe the brush thickness as a 

function of the bulkiness of the repeating unit. To this end, we have assumed a constant solvent 

quality (χ=1.0) and varied . 𝜗𝑚

Figure S9. Thickness as a function of ionic strength for brushes with repeating units with a 

volume of  (red),  (black),  and  (blue).𝜗𝑚 = 0.3 𝑛𝑚3 𝜗𝑚 = 0.5 𝑛𝑚3 𝜗𝑚 = 0.7 𝑛𝑚3

Figure S9 shows that growth in the bulkiness of the repeating units increases the brush thickness 

although it does not influence the relative contribution of the ionic effect and nonelectrostatic 

effects. The comparison between the experimental results of PDMAEMA-QC4 and PDMAEMA-

QC10 can thus be explained by the effect of the bulkiness of the repeating unit as seen in figure 

S8 since decyl side groups in PDMAEMA-QC10 are bulkier compared to butyl side groups in 

PDMAEMA-QC4. 
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Abstract 

We consider specific counterion effects on the swelling behaviour of polycationic brushes by a dual mechanism where 

the ion osmotic pressure depends on the counterions osmotic activity and the brush-solvent nonelectrostatic 

interactions depends on the hydration degree of the counterions. Accordingly, we demonstrate how specific counterion 

effects depend on the interplay of the ion osmotic and nonelectrostatic effects by varying the brush grafting density 

and the ionic strength. However for certain brush designs and certain environmental conditions we also demonstrate 

how one of the effects can dominate over the other. I.e., at low grafting density and low ionic strength a strong 

correlation is found between the brush thickness and ions polarizability at, while at high grafting density and high 

ionic strength, the brush thickness is well-correlated to the hydration enthalpy of ions. Finally, by employing a mean-

field model, we rationalize and quantify the contribution of the ion osmotic and nonelectrostatic effects as a function 

of ionic strength and grafting density and analyse the two mechanisms of specific counterion effects, separately.  
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Introduction 

Decades of research have demonstrated how specific ion effects influence the hydration of macromolecules in bulk 

and at interfaces.1–9 In polyelectrolyte brushes, specific ion effects on the brush swelling behavior arise from the 

presence of counterions inside the brush, which compensate the charge of the polyelectrolyte . The localization of the 

counterions inside the brush builds up an osmotic pressure (the ion osmotic effect) which favours brush swelling and 

thus stretching of the chains despite their entropic elasticity. Additionally, the confinement of the chains enhance chain 

stretching due to polymer-polymer and polymer-solvent interactions (nonelectrostatic effects).10 Accordingly, specific 

counterion effects in these systems refer to the ability of counterions to alter the physicochemical behavior of the 

brushes, which can ultimately affect their functionality.11–16 Although it has been experimentally observed that specific 

counterion effects on the swelling behaviour of polyelectrolyte brushes follow the Hofmeister series, various 

explanations, e.g. ion hydrophobicity/hydrophilicity and ion-pair formation between counterions and immobile 

charges on the polyelectrolytes, have been used to rationalize the observations.17–23 Kou et al. for example suggests 

that ion-pairing is the determining parameter for weakly hydrated counterions while ion hydrophilicity is the 

determining parameter for strongly hydrated counterions and it was discussed that ion-pairing is mostly observed at 

low ionic strength (where the ion osmotic effect is pronounced).21 In other studies it was found that the specific 

counterion effect could solely be explained by ion hydration or ion pairing, but here the effects were only studied at 

low ionic strength.22,23  

However, attempting to attribute all specific counterion effects in polyelectrolyte brushes to a certain ion property is 

in our opinion not a fruitful route. This is because both ion osmotic effects and nonelectrostatic effects are influenced 

by the counterion type. The osmotic pressure of counterions depend on their osmotic activity, which can be influenced 

by, for example, ion-pair formation. On the other hand, various counterions have different hydration degrees, which 

influence the brush-solvent interactions. Moreover, even for a certain counterion, the interplay between the ion 

osmotic effect and nonelectrostatic effects depend on the brush and medium properties. For example, increasing 

medium ionic strength decrease the osmotic pressure of counterions resulting in the so called osmotic, salted, and 

quasi-neutral brush regimes and the influence of nonelectrostatic effects grow with increasing brush grafting density. 

Therefore, it is our key hypothesis that different specific counterion effects can dominate for brushes with different 

grafting densities (where the contributions from nonelectrostatic effects have different weights) and for a brush with 
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a fixed grafting density depending on the scaling regime (where the contributions from ion pairing and contributions 

to nonelectrostatic effects will have different weights.  

Results and discussion 

Variation in brush height with ionic strength. Two strong cationic polyelectrolyte brushes (see figure 1) with 

different grafting densities but similar chain contour lengths were synthesized using SI-ATRP (the grafting densities 

are estimated 0.25 nm-2 and 0.08 nm-2, based on a similar previous study10). In order to test our hypothesis, we have 

in the following investigated how the swelling behaviour of these two brushes changes by addition of four different 

counterions (Cl-, Br-, NO3
- and SCN-) with different osmotic activities and different hydration degrees. The brush 

thicknesses as a function of ionic strength, controlled by sodium salts of the four different anions, are plotted in figure 

1.  

  

Figure 1. Thickness of poly [2-(1-butylimidazolium-3-yl)ethyl methacrylate] with low (left) and high grafting densities (right) in 

the presence of Cl- (black), Br- (green), NO3
- (blue), and SCN- (red) as a function of ionic strength. 
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Starting with the low grafting density brush with Cl-, Br-, and NO3
- as counterions, the brush thicknesses qualitatively 

follow a typical swelling behaviour with three distinct regimes observed as a function of increasing ionic strength. 

That is, at low ionic strength, a regime with a highly swollen brush with a thickness which is independent of ionic 

strength; at intermediate ionic strength, a regime where the brush thickness decreases with ionic strength; and at high 

ionic strength, a regime with lower thickness which again is independent of ionic strength. When SCN- is the 

counterion, the brush however shows a relatively low and constant thickness in the whole range of ionic strength. This 

atypical behaviour is in agreement with previous observations of other  polycationic brushes in the presence of SCN- 

and ClO4
-,17,19,21 and demonstrates a negligible osmotic activity of the counterions. The low osmotic activity is 

suggested to be a result of strong ion pairing between SCN- and the imidazolium cationic groups on the polyelectrolyte 

chain.  At high ionic strength, where the ion osmotic effect is always negligible and nonelectrostatic effects dominate, 

similar thicknesses are found when SCN- and NO3
- are counterions, suggesting that the nonelectrostatic effects are in 

the same range in both cases. However, in the presence of NO3
- the brush swells significantly at low ionic strength 

compared to the case with SCN-, demonstrating that the ion osmotic effect is dramatically stronger in the case of NO3
- 

compared to SCN-. This suggests that the osmotic activity is higher for NO3
- than for SCN- which can be due to lower 

degree of ion pair formation between the imidazolium cationic group and NO3
- compared to SCN-. Comparing the 

brush behaviour with Br- counterions to the case with NO3
- counterions, illustrates another aspect of the counterion 

effects. At low ionic strength, the brush with Br- counterions show a lower thickness compared to the brush with NO3
- 

counterions, thus demonstrating a lower ion osmotic activity. At high ionic strength we however observe an opposite 

trend where the brush with Br- counterions is slightly thicker than the brush with NO3
- and SCN- counterions. This 

suggest, different ionic contributions to the nonelectrostatic effect, which we link to a higher hydration degree of Br- 

compared to NO3
- and SCN-.  Finally, for the brush with Cl- counterions, the brush have significantly higher 

thicknesses compared to the brushes with the three other counterions, both at low and at high ionic strength, which 

suggest that Cl- exhibit the highest osmotic activity and the largest hydration degree. Thus, comparing the specific 

counterion effects for this low grafting density brush, we importantly observe different effects of the counterions at 

low and high ionic strength, which we explain by different ionic properties (and therefore different ranking of the 

ions) dominating during these conditions.  

For the high grafting density brush, we first note that independently of the ionic strength and the type of counterions, 

the brush thicknesses are significantly higher compared to the case of the low grafting density brushes illustrating that 
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nonelectrostatic interactions play a major role for brush thickness even at low ionic strength. Thus, oppositely to the 

low grafting density brush where the effect of osmotic activity on the ion osmotic pressure dominated at low ionic 

strength and where influence of the ionic hydration degree on nonelectrostatic effects dominated at high ionic strength, 

we expect that for the high grafting density brush, the contribution from ion hydration degree on the nonelectrostatic 

effect will be in play in the entire range of ionic strength.  

Using SCN- and NO3
- as counterions shows as qualitatively similar behaviour for the high grafting density brush as 

for the low grafting density brush. With SCN- as counterions, the brush as expected shows no ionic strength 

dependence, due to the low osmotic activity of SCN- regardless of the grafting density. The brush with NO3
- 

counterions swells as expected significantly at low ionic strength due to the higher osmotic activity. At high ionic 

strength the brush with NO3
- counterions shrinks to the same thickness as the brush with SCN- counterions, which as 

discussed for the low grafting density brush indicates that the two counterions have similar influence on the 

nonelectrostatic effects.  

Like, for the low grafting density brush, the high grafting density brush with Br- counterions show a larger thickness 

at high ionic strength compared to with NO3
- counterions. In the case of the high density brush, the relative difference 

in thickness is however significantly larger, which again is expected since the influence of counterions on the 

nonelectrostatic interactions naturally is larger at high grafting density compared to at low grafting density. Next, at 

low ionic strength the low and high grafting density brushes with NO3
- and Br- counterions shows a qualitative 

difference. While the thickness of the low density brush with Br- counterions had a lower thickness at low ionic 

strength compared to the low density brush with NO3
- counterions, the opposite is the case for the high grafting density 

brush. As, previously discussed, the thickness of the brush at low ionic strength is dictated by a combination of the 

effect of the ion osmotic pressure and the nonelectrostatic effects. Thus, when comparing the specific counterion 

effects of NO3
- and Br-, two different ionic properties with different influence on the brush thickness will be in play. 

For the low grafting density brush the effect, of osmotic activity dominates over the specific counterion contribution 

to the nonelectrostatic effects why the brush with NO3
- counterions is thicker than the brush with Br- counterions 

(because of the lower osmotic activity of Br- ). However, for the high grafting density brush, the specific counterion 

contribution to the nonelectrostatic effects dominates over the effect of osmotic activity why the brush with Br- 

counterions is thicker than the brush with NO3
- counterions (because of the higher hydration degree of Br- compared 

to NO3
-). Finally, as for the low grafting density brush, the high grafting density brush with Cl- counterions 
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demonstrates a larger thickness at all ionic strengths compared to the brush with any of the other counterions as 

expected from the highest osmotic activity and the highest hydration degree of Cl- ions.   

 

 

Figure 2. a) Thickness of the brush with low grafting density and at ionic strength (0.1 mM) measured with the four different 

counterions, plotted against ion polarizability of the different counterions. b) Thickness of the brush with high grafting density and 

at high ionic strength (3.0 M for Br- and Cl-, 1.6 M for NO3
- and SCN-) plotted against  ion hydration enthalpy for the different 

counterions. Polarizability and hydration enthalpy data are obtained from Marcus 24 Smith 25, respectively. 

Correlation between brush structure and ion properties. By analysing our experimental results, we have been able 

to qualitatively explain the specific counterion effects on the swelling behaviour of a polyelectrolyte brush by a 

combination of the osmotic activity and the hydration degree of the counterions. Attempting to link the brush swelling 

to just one of these properties lead to contradicting results, since different ionic properties can dominate when either 

comparing different brushes at similar environmental conditions or similar brushes at different environmental 

conditions. However, our experimental design, where both the grafting density, the ionic strength and the type of 

counterions are systematically varied, allows for a direct comparison between different parts of our data and specific 

ionic properties. For the low grafting density brush at low ionic strength, we have a strong contribution from the ion 

osmotic effect and the weakest contribution from nonelectrostatic effects. This means, that specific counterion effects 

on the thickness of the low grafting density brush at low ionic strength should be mostly linked to the osmotic activity 

of the counterions which is influenced by the ability of counterions to form ion pairs. In the other end of the spectra, 

we have the high grafting density brush at high ionic strength, where we have the strongest nonelectrostatic 
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interactions and no contribution from the ion osmotic pressure. This mean that specific counterion effects on the 

thickness, of the high grafting density brush at high ionic strength, should be mostly linked to the hydration degree of 

the counterions. On that background, the brush thicknesses measured for the two different extreme conditions are, in 

figure 3, thus plotted against polarizability and the hydration enthalpy for the four studied counterions. As seen in this 

figure, there is  a good correlation between the thickness of the low grafting density brush at low ionic strength and 

the ion polarizabilities following the order Cl->NO3
->Br->SCN- while the hydration enthalpy of the ions do not follow 

the same order. Oppositely, there is a good correlation between the thickness of the high grafting density brush at high 

ionic strength and the hydration enthalpy of the ions following the order Cl-> Br-> NO3
-≈SCN- while the ion 

polarizabilities do not follow the same order. A further discussion of correlations between brush heights and ion 

properties are found in Supporting Information S2. 

Theoretical mean-field approach. So far we have managed to qualitatively explain the specific counterion effects of 

polyelectrolyte brush swelling behaviour and to correlate the brush thickness to two specific ionic properties under 

some extreme structural and environmental conditions. However, in most situations the different ionic properties, 

simultaneously affects the brush behaviour and it will thus not be possible to decouple the effect of different ionic 

properties experimentally. Here, we have therefore applied a theoretical framework to quantify the contribution of 

each effect as a function of ionic strength and grafting density. To this end, a recently-developed mean-field approach, 

which takes both ion osmotic and nonelectrostatic effects into account is adopted (see further details in supporting 

information S3).10 Briefly, a pressure balance equation is established to obtain the equilibrium brush thickness: 

 
𝑓𝑟 [ √(

2𝑐𝑠𝑎𝑟

𝑓𝜎
)
2

+ 1 −
2𝑐𝑠𝑎𝑟

𝑓𝜎
]

⏟                  

ion osmotic pressure

− 
(χ −

1
2
) 𝜗𝑚

2

𝜎

𝑎4
+ 
𝜗𝑚

3𝜎2

3𝑎5𝑟⏟              

nonelectrostatic effect 
(2. and 3. virial term)

 − 𝑟3
3 − 𝑟2

1 − 𝑟2⏟      

chain elasticity

= 0  
 

The four terms in this equation represent the contributions of the ion osmotic effects, the second and the third virial 

terms of nonelectrostatic effects, and the chain elasticity, respectively. The parameters f, r, cs, a, σ, χ, and νm are the 

charge fraction, the relative thickness (brush thickness/chain contour length), salt concentration in the medium, the 

size of the polymer segment, grafting density, the Flory-Huggins parameter, and volume of each repeating unit, 

respectively. This model can now be used to predict how changes in the active charge fraction (f) (e.g. due to different 

osmotic activity of the counterions) and changes in effective solvent quality (χ) (e.g. due to different hydration degrees 

of the counterions) affect the brush thickness as a function of ionic strength.   
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Figure 3. a) Relative contribution of the nonelectrostatic effects as a function of grafting density and ionic strength at f=0.5 and 

χ=0.65. b) Relative thickness as a function of ionic strength at χ=0.65, grafting density of 0.1 nm-2 and various charge fractions. c) 

Relative thickness as a function of ionic strength at a charge fraction of f=0.5, grafting density of 0.1 nm-2 and various χ values.  

First, we use the model to generalize the relative contribution of the ion osmotic and nonelectrostatic effects as a 

function of grafting density and ionic strength as shown (see figure 2a). While the ion osmotic effect dominates at low 

ionic strength and low grafting densities, the relative contribution of nonelectrostatic effects progressively grows with 

increasing ionic strength and grafting density. Accordingly, the origin of the specific counterion effects vary depending 

on these parameters and in some extreme cases, as achieved by our experimental design, one can expect that the 

counterion effects on brush swelling behavior at low ionic strength and low grafting density are dominated by the 

changes in the ion osmotic effect, while at high ionic strength and high grafting density it is dominated by changes in 

nonelectrostatic interactions. Next we will visualize how the specific counterion effects can materialize at these 

extreme conditions.  
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Figure 2b shows the relative thicknesses of brushes with varying ion osmotic activity (charge fraction) but with 

constant solvent conditions (χ=0.65) and in terms of specific counterion effects this corresponds to the hypothetical 

case for counterions with different ion pairing strength but with identical effects on nonelectrostatic interactions. For 

this situation it is observed that that the relative brush thicknesses varies significantly at low ionic strength (the osmotic 

regime) while being identical at high ionic strength (the quasineutral regime). It is also seen that the relative brush 

thicknesses become independent of ionic strengths when the ion osmotic activity becomes low (f≤0.2). Next, figure 

2c shows the relative thicknesses of brushes with constant ion osmotic activity (f=0.5) but with varying solvent quality, 

which in term of specific counterion effects then corresponds to the hypothetical case of counterions with different 

effects on nonelectrostatic interactions but with identical ion pairing strength. For this situation it is observed that that 

the relative brush thicknesses are shifted both at low and high ionic strengths and it is also seen that the relative brush 

thicknesses become independent of ionic strengths for very low solvent qualities (χ≥0.7). By comparing the 

experimental results with the theoretical results, it is observed that low grafting density brush shows a more similar 

behaviour to figure 2a, which reflects the larger relative influence on the ion osmotic effects while the high grafting 

density brush resembles a combination of the two theoretical results. Overall, the results of the model help in predicting 

the swelling behaviour of brushes with varying polyelectrolyte structures and various counterions by quantifying the 

impact of ions on the contributions from the ion osmotic and nonelectrostatic effects.  

 

Conclusion 

In this work, we have experimentally and theoretically demonstrated that specific counterion effects on the structural 

behavior of polycationic brushes originate from the simultaneous influence of counterions ion osmotic pressure and 

nonelectrostatic effects. By varying the brush grafting density and ionic strength, we tuned the interplay between the 

ion osmotic pressure and the nonelectrostatic effects and qualitatively explained how specific counterion effects vary 

accordingly. At two extreme conditions, where one of the effects dominates over the other, we correlated the brush 

thickness to specific ion properties, i.e. polarizability and hydration enthalpy of ions. Finally, by adopting a mean-

field model, we quantified the interplay between ion osmotic effects and nonelectrostatic effects with respect to ionic 

strength and grafting density and systematically showed how the counterion osmotic activity and hydration degree 

influences the brush thickness separately.  
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S1: Materials and experimental methods 

Dichloromethane, acetonitrile, acetone, and ethanol were purchased from VWRTM. Methacryloyl chloride (97% 

stabilized with 200 ppm monomethyl ether hydroquinone), 2-bromoethanol, trimethylamine, 1-butylimidazole, 2,6-

di-tert-butyl-4-methylphenol, toluene, 3-aminopropyltriethoxysilane (APTES), α-bromoisobutyrylbromide, 2,2’-

bipyridine, copper (II) chloride dihydrate, sodium sulphite, ammonium hexafluorophosphate, sodium bromide, 

sodium nitrate, sodium chloride, and sodium thiocyanate were obtained from Sigma Aldrich and used as received. 

Propionyl bromide was purchased from Tokyo Chemical Industry. Ultrapure water with a resistance of 18.2 MΩ.cm 

(Sartorius Arium Pro) was used to prepare aqueous salt solutions.   

Nuclear magnetic resonance tests were conducted using a Brucker 400 MHz NMR spectrometer.  

Synthesis of the monomer 2-(1-butylimidazolium-3-yl)ethyl methacrylate hexafluorophosphate 

 

Figure S1. Synthesis method of 2-(1-butylimidazolium-3-yl)ethyl methacrylate hexafluorophosphate 

2-(1-butylimidazolium-3-yl)ethyl methacrylate (BIM) was synthesized as it is shown in figure S1.1–5 First, 2-

bromoethyl methacrylate was synthesized by the esterification of methacryloyl chloride using 2-bromoethanol. A 

solution of methacryloyl chloride (26.0 g, 250 mmol) in 25 mL dichloromethane was added slowly to a solution of 2-

bromoethanol (35.0 g, 275 mmol) in 125 mL dichloromethane at 0 oC. After stirring for 30 min, a solution of 

triethylamine (27.5 g, 275 mmol) in dichloromethane was added dropwise at 0 oC and the reaction mixture was stirred 

overnight at room temperature. Next, the solution was filtered and the filtrate was washed with 250 mL pure water 

three times. After drying with magnesium sulfate and filtration, the solvent was evaporated in vacuum and the product 

2-bromoethyl methacrylate was obtained. 1-butyl imidazole (11.3 g, 91 mmol) and 2,6-di-tert-butyl-4-methylphenol 

(7.5 mg) were added to 2-bromoethyl methacrylate (17.1 g, 88 mmol) and the reaction mixture was stirred for around 

40 h at 40 oC to obtain 2-(1-butylimidazolium-3-yl)ethyl methacrylate bromide as a viscous liquid. In order to 
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exchange the counterion, the salt (12.68 g, 40 mmol) was dissolved in 24 mL acetonitrile and was added to a 

suspension of ammonium hexafluorophosphate (8.0 g, 49 mmol) in 50 mL of acetonitrile. After stirring for 48 h at 

room temperature, the solution was filtered and the filtrate was concentrated. Afterwards, it was diluted with 

dichloromethane (200 mL) and passed through a silica gel column. By evaporating the solvent, the monomer 2-(1-

butylimidazolium-3-yl)ethyl methacrylate hexafluorophosphate (BIM) was obtained. Figure S2 shows H-NMR of 

BIM in DMSO-d6.  

 

Figure S2. H-NMR spectrum of the monomer 2-(1-butylimidazolium-3-yl)ethyl methacrylate hexafluorophosphate (BIM).   

Synthesis of the polyelectrolyte brushes (PBIM-HD and PBIM-LD) 

Two pieces of silicon wafer were washed with copious pure water, ethanol and acetone three times, dried and cleaned 

using water vapour plasma (500 mTorr). The clean silicon wafers were functionalized through vapour deposition using 

a solution of 3-aminopropyl triethoxysilane (APTES) in toluene (1:1 v/v) overnight. After rinsing the samples with 

toluene, acetone and ethanol three times, the initiator was grafted to the functionalized surfaces. The different grafting 

densities were targeted for the samples.6–8 For the higher grafting density sample (PBIM-HD), the sample was placed 

in a solution of triethylamine ( 960 mg, 9.5 mmol) in 20 mL dichloromethane followed by addition of -
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bromoisobutyryl bromide (1.85 g, 8.1 mmol) at 0 oC . For the lower grafting density sample (PBIM-LD), a similar 

procedure was used but a mixture of propionyl bromide (1.0 g, 7.3 mmol) and 2-bromoisobutyryl bromide (185 mg, 

0.8 mmol) was added instead of pure 2-bromoisobutyryl bromide. The reaction mixtures were stirred overnight and 

the samples were rinsed with dichloromethane, acetone and ethanol three times and dried. Both samples were put in a 

single polymerization mixture.  

The brushes were synthesized using SI-ATRP.2,4,9 2,2’-bipyridine (28.8 mg, 0.18 mmol) was weighted in a dry 20 mL 

glass vial followed by addition of 1.6 mL acetonitrile. Next, BIM (3.5 g, 9.1 mmol) was charged into the vial and the 

initiator-grafted surfaces were placed into the reaction mixture. A glass slide was used to separate the two samples. 

The mixture was stirred and bubbled with argon for 15 min. Then, copper chloride (9.1 mg, 0.09 mmol) was added 

and the reaction was bubbled for another 15 minutes and finally placed into a preheated bath at 60 oC for 60 h. After 

washing and drying the brushes, the samples were stored in the fridge. After each ellipsometry test with various 

counterions, an ion exchange process was conducted using a 100 mM solution of NaSCN to store the brushes with 

SCN- as counterions.  

Ellipsometry 

Thickness of the brushes were measured using spectroscopic ellipsometry (M-2000, J. A. Woollam Co., Inc.) equipped 

with a standard liquid cell (5 mL heated liquid cell). The measurements were conducted over a wavelength range 

between 250 to 1000 nm and at an angle of incidence of 75o. The spectroscopic data were analysed using the instrument 

software CompleteEase (J. A. Woollam Co., Inc.). The optical model comprised a Si substrate, an intermediate layer 

with a thickness of 1 nm, a SiO2 layer with the thickness of 99 nm (thickness of this layer was measured before brush 

synthesis), and a transparent polymer layer. The empirical Cauchy relation with two parameters (n = A + B/λ2) was 

used to describe the polymer layer. The refractive index of the saline solutions were determined using ellipsometry 

with a bare silicon wafer following our previous procedure.10 Table S1 shows the Cauchy parameters for the saline 

solutions. 
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Table S1. A and B parameters of the Cauchy model for the saline solutions of NaCl, NaBr, NaNO3, and NaSCN as a function of 

concentration. 

 

To verify the Cauchy parameters obtained by this method, the refractive index of the solutions at a single wavelength 

(589.3 nm) was calculated and compared to the literature data. 

 

Figure S3. Refractive index of the aqueous NaCl (black), NaBr (green), NaNO3 (blue) and NaSCN (red) solutions calculated at 

589.3 nm based on the measured Cauchy parameters. The numbers at each curve show the slope of the fitted line and the numbers 

in parentheses are the dn/dx values reported in the literature. a) dn/dx value is given in the reference11 for the refractive index at 

589.3 nm.  b) dn/dx value was obtained based on the experimental values given for the refractive index at 589.3 nm in the 

reference12.  c) dn/dx value was calculated based on dn/dc value given for 0.6 M NaSCN in the reference13.  
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Figure S3 shows a linear relation between solution refractive index and the concentration which is in agreement with 

the literature data reported for the refractive index of the solutions11,12 and the slopes are also in a good agreement 

with literature data. This verifies the method used for determination of the refractive index in this work.  

The model used to measure the thickness in ellipsometry measurements comprised of in total three free parameters 

(thickness, A and B of the Cauchy layer). The wavelength range for fitting was considered 250-1000 nm for NaCl and 

NaBr solutions. We have considered the wavelength range of 400-1000 nm to fit the ellipsometric data for the NaSCN 

and NaNO3 solutions because these solutions absorb light at low wavelengths. We verified that the variation of 

wavelength range does not affect the fitting results. The cross correlation function of the independent fitting parameters 

was lower than 0.9 except for extreme thin films conditions (PBIM-LD with thickness lower than 20 nm). The 

thickness values plotted in figures are the result of three measurements after reaching equilibrium state with the 

deviation of maximum ±0.5 nm which is smaller than the symbols used in the figures.  

The thickness of the samples at dry state were measured at the interval between the two tests in the presence of SCN 

as the counterion to monitor the degree of degrafting which could potentially influence the grafting density of the 

sample.  
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Table S2. The thickness of PBIM-HD and PBIM-LD with SCN at dry state at the interval between the ellipsometry tests. 

 

The results in table S4 demonstrate that the degrafting has not occurred so the thickness of the sample in different tests 

are comparable. The slight difference in the thickness of the samples (<5%) could be due to variation of the relative 

humidity or temperature of the environment.14   

The ion exchange has been performed before ellipsometry tests by immersing the brush in a 100 mM solution of NaX 

(X=Cl, Br, NO3, and SCN) for 30 minutes while stirring. 
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S2: Correlation with ion properties 

The ion osmotic effect and the nonelectrostatic effects are influenced by the type of counterions. The influence of the 

type of counterions on the osmotic pressure is related to their ability to form ion pairs. Counterions can form ion pairs 

with the ionic groups on the polyelectrolyte chain and become osmotically passive. Naturally, ion pair formation 

depends on the properties of both the anion and the cation as e.g. described through the law of matching water 

affinities.15–18 Thus, while a weakly hydrated ion like SCN- form strong ion pairs with the imidazolium group in the 

studied polyelectrolyte systems it might have a less strong ion pairing effect for a more strongly hydrated (hydrophilic) 

polyelectrolyte structure. However, since most studied polyelectrolyte brushes are actually of rather hydrophobic 

nature, the trend will in most case likely be the same. We adopt the approach developed by Ninham and coworkers 

where the osmotic coefficient of the ions is linked to their polarizability such that more polarizable ions tend to have 

lower osmotic activities.19 

On the other hand, the counterions can influence the brush-solvent nonelectrostatic interactions. Counterions are 

always present inside the brush to compensate the charges on the polyelectrolyte chain. At a certain concentration of 

counterions (dictated by the brush electroneutrality and electrostatic effects), counterions with different hydrophilicity 

are expected to drag different amount of water inside the brush and thus influence the hydration and thickness of the 

brush differently. The counterion hydrophilicity can be described by a Flory-Huggins parameter for ion-water 

interactions. This interaction parameter is linked to the hydration enthalpy of the ions. Therefore, the influence of the 

counterions on the brush-solvent nonelectrostatic interactions is related to hydration enthalpy of the ions. 

Based on the theoretical description of mechanism I and II, the polarizability and hydration enthalpy of ions were 

chosen to explain the experimental results. In the main paper, a strong correlation was found between the brush 

thickness at the two extreme conditions, representing the two mechanisms, and these properties of the ions. In figure 

S4, other properties of the ions are evaluated to compare the correlation with the cases of polarizability and hydration 

enthalpy.  
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Figure S4. Thickness of PBIM-LD at low ionic strength (0.1 mM) (blue) and that of PBIM-HD at high ionic strength (3.0 M for 

Br- and Cl-, 1.6 M for NO3
- and SCN-) (red) as a function of ions hard sphere radius (a), hydration enthalpy (b), Partition coefficient 

(c), partial molar volume (d), and polarizability (e). 

It is observed that the ion polarizability is the only parameter, among these ion properties, that follows the trend of 

thickness for PBIM-LD at low ionic strength (Cl- > NO3
- > Br- > SCN-). Besides, the thickness of PBIM-HD shows 

the strongest correlation with the hydration enthalpy of the ions. Notably, partial molar volume is another property 

that shows a similar trend (but a weaker correlation compared to hydration enthalpy). This is rational since the partial 

molar volume of ions is linearly related to their free energy of hydration which reflects both enthalpic and entropic 

contributions to the hydration of ions.20 Therefore, partial molar volume and hydration enthalpy are related. 
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S3: Theoretical model 

We have adopted a recently developed mean-field approach, which accounts for both ion osmotic effects and 

nonelectrostatic effects: 

 𝐶𝑖𝑜𝑛 + 𝐶𝑁𝐸2 + 𝐶𝑁𝐸3 + 𝐶𝑒𝑙 = 0 (S1) 

  𝐶𝑖𝑜𝑛 = 𝑓𝑟 [√(
2𝑐𝑠𝑎𝑟

𝑓𝜎
)2 + 1 −

2𝑐𝑠𝑎𝑟

𝑓𝜎
]  (S2) 

 𝐶𝑁𝐸2 =
−(𝜒 −

1
2
)𝜗𝑚

2𝜎

𝑎4
 

(S3) 

 𝐶𝑁𝐸3 =
𝜗𝑚

3𝜎2

3𝑎5𝑟
 (S4) 

 𝐶𝑒𝑙 = −𝑟
3
3 − 𝑟2

1 − 𝑟2
 (S5) 

 

Here 𝐶𝑖𝑜𝑛, 𝐶𝑁𝐸2, 𝐶𝑁𝐸3, 𝐶𝑒𝑙  represent the contributions of the osmotic pressure of ions, the second and third virial 

terms of nonelectrostatic effects, and the effect of polymer elasticity, respectively. Eq. S1 has been solved implicitly 

to calculate relative height (𝑟 =
𝐻

𝑁𝑎
), where H is the brush thickness, N is the number of polymer segments and a is 

the segment length, as a function of ionic strength (cs), charge fraction (f), grafting density (σ), volume of a polymer 

segment (νm), and the Flory-Huggins parameter (χ), respectively. 

To solve eq. S1, a box-like model is used and the brush is assumed to contain monodisperse, flexible (Kuhn length = 

a = 0.25 nm) and highly charged chains. The volume of polymer segment (νm) is assumed 0.28 nm3. 

Electroneutrality condition in the osmotic brush regime requires that the total number of counterions inside the brush 

is almost equal to the number of charged repeating units. Although the total number of ions does not depend on the 

counterion type, various counterions have different degrees of ion pair formation which makes them osmotically 

passive.21–25 Therefore, the total number of osmotically active counterions depends on the ion type. This effect of 

counterions could be modelled through variation of the charge fraction (f) of the polyelectrolyte brush. This is 

modelling of what we call mechanism I in the main paper.  
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On the other hand, various ions could affect the nonelectrostatic interactions differently. In an imaginary case, let 

assume that two counterions with the same degree of ion pair formation but various degrees of hydration exist. 

Although the ion osmotic effects are equal for both brushes, the brush that contains highly hydrated counterions will 

be more swollen in aqueous solution compared to the one with weakly hydrated counterions. In addition to that, 

various counterions can affect the hydrophilicity of the polyelectrolyte backbone differently. This phenomenon is 

similar to the effect of ions on hydration of neutral polymers (e.g. PNIPAM).26–30 Therefore, the polyelectrolyte-

solvent and counterion-solvent interactions are affected by the type of counterions which in our mean-field model can 

be summarized in a single parameter (χ). Therefore, to model the mechanism II of ion specificity, χ is varied while all 

other parameters are kept constant. This is how plots in figure 2a,b are obtained.  

Additionally, for a single polymer brush and fixed counterion (constant f and χ), the model is used to quantify the four 

contributions as a function of grafting density and ionic strength as shown in figure S5.  

Figure S5. a) The contribution of the ion osmotic effect (Cion), the second (CNE2) and the third (CNE3) virial terms of nonelectrostatic 

effects, and the chain elasticity (Cel) as a function of ionic strength at χ=0.65, f=1, σ=0.06 nm-2. b) The contribution of the four 

effects as a function of grafting density at at χ=0.65, f=1, cs=0.001 M.  

The sum of all the contributions is always 0 which is required in equilibrium conditions. The χ value of 0.65 chosen 

to plot these figures which is higher than 0.5 representing poor solvent conditions. In such conditions, the 

nonelectrostatic effects includes a positive (CNE3) and a negative (CNE2) contributions which favour swelling and 

collapse, respectively. Additionally, Cion is always positive favouring swelling while Cel is always negative favouring 

collapse of the brush. In figure S3a, it is observed that the magnitude of Cion and Cel decrease with increasing ionic 
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strength while CNE2 is constant and CNE3 increases. As a result, with increasing ionic strength, the relative contribution 

of nonelectrostatic effects progressively grows. A similar trend is observed in figure S3b with respect to grafting 

density. Here, the ionic effect is constant but the magnitude of nonelectrostatic effects (CNE2 and CNE3) increases with 

grafting density. Consequently, the nonelectrostatic effects become more pronounced with increasing grafting density. 

We define the relative contribution of nonelectrostatic effects (
𝐶𝑁𝐸3

𝐶𝑖𝑜𝑛+𝐶𝑁𝐸3
) representing the magnitude of 

nonelectrostatic swelling contribution normalized by the total swelling contributions. This parameter adopt values 

between 0 and 1; the lower the value, the higher the relative contribution of ion osmotic effects. The relative 

contribution of nonelectrostatic effects is plotted in figure 2c in the main paper as a function of grafting density and 

ionic strength.  

References: 

1. Yu, B., Zhou, F., Hu, H., Wang, C. & Liu, W. Synthesis and properties of polymer brushes bearing ionic 

liquid moieties. 53, 487–494 (2007). 

2. Sun, K. et al. Preparation of Tunable Wettability Polymer (Ionic Liquid) Brushes at Rough Substrate using 

Surface Initiated Atom Transfer Radical Polymerization. 22, 478–483 (2011). 

3. He, X., Liu, Z. & Fan, F. Poly ( ionic liquids ) hollow nanospheres with PDMAEMA as joint support of highly 

dispersed gold nanoparticles for thermally adjustable catalysis. 1–10 (2015).  

4. Ding, S., Tang, H., Radosz, M. & Shen, Y. Atom Transfer Radical Polymerization of Ionic Liquid 2- ( 1- 

Butylimidazolium-3-yl ) ethyl Methacrylate Tetrafluoroborate. 5794–5801 (2004).  

5. Pei, X., Xia, Y., Liu, W., Yu, B. O. & Hao, J. Polyelectrolyte-Grafted Carbon Nanotubes : Synthesis , 

Reversible Phase-Transition Behavior , and Tribological Properties as Lubricant Additives. 46, 7225–7237 

(2008). 

6. Brown, A. A., Khan, N. S., Steinbock, L. & Huck, W. T. S. Synthesis of oligo(ethylene glycol) methacrylate 

polymer brushes. Eur. Polym. J. 41, 1757–1765 (2005). 

7. Bao, Z., Bruening, M. L. & Baker, G. L. Control of the density of polymer brushes prepared by surface-

initiated atom transfer radical polymerization. Macromolecules 39, 5251–5258 (2006). 



176 
 

8. Barbey, R. et al. Polymer brushes via surface-initiated controlled radical polymerization: synthesis, 

characterization, properties, and applications. Chem. Rev. 109, 5437–5527 (2009). 

9. Zoppe, J. O., Ataman, N. C., Mocny, P., Wnag, J., Moraes, J., Klok, Harm-Anton. Surface-Initiated Controlled 

Radical Polymerization: State-of-the-Art Opportunities, and Challenges in Surface and Interface Engineering 

with Polymer Brushes. Chem. Rev. 2017, 117, 3, 1105-1318. 

10. Ehtiati, K., Moghaddam, S. Z., Daugaard, A. E. & Thormann, E. Crucial Nonelectrostatic Effects on 

Polyelectrolyte Brushes. (Submitted). 

11. An, N., Zhuang, B., Li, M., Lu, Y. & Wang, Z. G. Combined Theoretical and Experimental Study of Refractive 

Indices of Water-Acetonitrile-Salt Systems. J. Phys. Chem. B 119, 10701–10709 (2015). 

12. Li, M., Zhuang, B., Lu, Y., Wang, Z. G. & An, L. Accurate Determination of Ion Polarizabilities in Aqueous 

Solutions. J. Phys. Chem. B 121, 6416–6424 (2017). 

13. Delgado, J. D. & Schlenoff, J. B. Static and Dynamic Solution Behavior of a Polyzwitterion Using a 

Hofmeister Salt Series. Macromolecules 50, 4454–4464 (2017). 

14. Galvin, C. J., Dimitriou, M. D., Satija, S. K. & Genzer, J. Swelling of polyelectrolyte and polyzwitterion 

brushes by humid vapors. J. Am. Chem. Soc. 136, 12737–12745 (2014). 

15. Duignan, T. T., Parsons, D. F. & Ninham, B. W. Collins ’ s rule , Hofmeister effects and ionic dispersion 

interactions. Chem. Phys. Lett. 608, 55–59 (2014).16. Parsons, D. F., Bostrom, M., Lo Nostro, P., Ninham, 

B. W. Hofmeister effects: interplay of hydration, nonelectrostatic potentials, and ion size. Phys. Chem. Chem. 

Phys. 13, 12352–12367 (2011). 

17. Salis, A. & Ninham, B. W. Models and mechanisms of Hofmeister effects in electrolyte solutions, and colloid 

and protein systems revisited. Chem. Soc. Rev. 43, 7358–7377 (2014). 

18. Mazzini, V. & Craig, V. S. J. Volcano Plots Emerge from a Sea of Nonaqueous Solvents: The Law of 

Matching Water A ffi nities Extends to All Solvents. ACS Cent. Sci. 4, 1056-1064 (2018). 

19. Kunz, W., Belloni, L., Bernard, O. & Ninham, B. W. Osmotic coefficients and surface tensions of aqueous 

electrolyte solutions: Role of dispersion forces. J. Phys. Chem. B 108, 2398–2404 (2004). 



177 
 

20. Zhang, Y. & Cremer, P. S. The inverse and direct Hofmeister series for lysozyme. Proc. Natl. Acad. Sci. U. 

S. A. 2009, 106, 15249–15253. 

21. Muthukumar, M. Theory of counterion condensation on flexible polyelectrolytes: Adsorption mechanism. J. 

Chem. Phys. 120, 19, 9343-9350 (2004). 

22. van der Vegt, N. F. A., Roke, S., Zheng, J., Lund, M. & Bakker, H. J. Water-Mediated Ion Pairing : Occurrence 

and Relevance. Chem. Rev. 116, 7626-7641 (2016)Muthukumar, M. Theory of counterion condensation on 

flexible polyelectrolytes: Adsorption mechanism. J. Chem. Phys. 120, 19, 9343-9350 (2004). 

23. Zimmermann, R., Gunkel-Grabole, G., Bunsow, J., Werner, C., Huck, W. T. S., Duval, J. F. L. Evidence of 

Ion-Pairing in Cationic Brushes from Evaluation of Brush Charging and Structure by Electrokinetic and 

Surface Conductivity Analysis. J. Phys. Chem. C 2017, 121, 2915–2922. 

24. Rumyantsev, A. M., Pan, A., Roy, S. G., De, P. & Kramarenko, E. Y. Polyelectrolyte Gel Swelling and 

Conductivity vs Counterion Type , Cross-Linking Density , and Solvent Polarity. Macromolecules 49, 17, 

6630-6643 (2016). 

25. Stassen, H. K., Ludwig, R., Wulf, A. & Dupont, J. Imidazolium Salt Ion Pairs in Solution. Chem. Eur. J. 21, 

8324–8335 (2015). 

26. Zhang, Y., Furyk, S., Bergbreiter, D. E., Cremer, P. S. Specific Ion Effects on the Water Solubility of the 

Macromolecules: PNIPAM and the Hofmeister Series. J. Am. Chem. Soc. 2005, 127, 14505-14510. 

27. Moghaddam, S. Z. & Thormann, E. The Hofmeister series: Specific ion effects in aqueous polymer solutions. 

J. Colloid Interface Sci. 2019, 555, 615–635. 

28. Zhang, Y., Furyk, S., Sagle, L. B., Cho, Y., Bergbreiter, E. B., Cremer, P. S. Effects of Hofmeister Anions on 

the LCST of PNIPAM as a Function of Molecular Weight. J. Phys. Chem. C. 2007, 111, 25, 8916-8924. 

29. Zhang, Y. & Cremer, P. S. Chemistry of hofmeister anions and osmolytes. Annu. Rev. Phys. Chem. 61, 63–

83 (2010). 

30. Thormann, E. On understanding of the Hofmeister effect : how addition of salt alters the stability of 

temperature responsive polymers in aqueous solutions. RSC Advances 2, 8297–8305 (2012). 



178 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



179 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Technical University of Denmark  

Department of Chemistry 

Group for Polymers and Functional Interfaces 

 

Kemitorvet 

Building 206 

2800 Kgs. Lyngby 

Denmark 

 

Tel (+45) 45 25 24 19 

www.kemi.dtu.dk 


	Blank Page



