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Abstract 
 
This thesis has the dual purpose of raising awareness of the importance of the mixing protocol on 
the end products of polyelectrolyte-oppositely charged surfactant systems, and to contribute to a 
better understanding of the properties of bottle-brush polyelectrolytes when adsorbed onto 
interfaces.  
In the first part of this thesis work, the effects of the mixing protocol and the mixing procedure on 
formed polyelectrolyte-oppositely charged surfactant aggregates were investigated. It was shown 
that the initial properties of the aggregates were highly dependent on the mixing parameters, and 
that the difference between the resulting aggregates persisted for long periods of time.  
The second part of the studies was devoted to the surface properties of a series of bottle-brush 
polyelectrolytes made of charged segments and segments bearing poly(ethylene oxide) side chains; 
particular attention was paid to the effect of side chain to charge density ratio of the 
polyelectrolytes. It was shown that the adsorbed mass of the polyelectrolytes, and the corresponding 
number of poly(ethylene oxide) bearing segments at the interface, went through a maximum as the 
charge density of the polyelectrolyte was increased. Also, it was found that bottle-brush 
polyelectrolyte layers were desorbed quite easily when subjected to salt solutions. This observation 
was rationalized by the unfavourable excluded volume interactions between the side chains and the 
entropic penalty of confining them at an interface, which weaken the strength of the binding of the 
polyelectrolytes to the interface. However, it was shown that the same side chains effectively 
protect the adsorbed layer against desorption when the layer is exposed to solutions containing an 
oppositely charged surfactant. Investigation of the lubrication properties of the bottle-brush 
polyelectrolytes in an asymmetric (mica-silica) system also related the observed favourable 
frictional properties to the protective nature of the side chains. The decisive factor for achieving 
very low coefficients of friction was found to be the concentration of the side chains in the gap 
between the surfaces. Interestingly, it was shown that a brush-like conformation of the bottle-brush 
polyelectrolyte at the interface has little effect on achieving favourable lubrication properties. 
However, a brush-like conformation is vital for the resilience of the adsorbed layer against the 
competitive adsorption of species with a higher surface affinity. 
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Preface 
 
Time has come to sum up my five year PhD studentship; something that I have dreaded for a long 
time. It is with immense sadness that I see the end of a great journey, which has been as much a 
scientific as a spiritual one, and to be forced to pick bits and pieces of it. I wish there was a way to 
record all my experiences, both good and bad, for the dual purpose of me to remember and for 
others to draw lessons from.  
I regard this thesis as a kind of testimonial for the “scientific afterworld”. Therefore as custom is, I 
highlight the achievements that I hope to be remembered by. It is said that scientific advances are 
made through strikes of genius or through accidents/mistakes; my “greatest” contribution belongs 
not very surprisingly to the latter category. My “mistake” resulted in a series of publications which 
highlighted the importance of the mixing protocol on the bulk properties of polyelectrolyte-
surfactant systems, and the resulting non-equilibrium effects. However, investigating 
polyelectrolyte-surfactant systems was not my main project as I was originally employed to study 
the surface properties of bottle-brush copolymers. Our (group’s) work in this field resulted in a few 
publications, among which I consider the manuscript dealing with desorption properties of the 
mentioned polymers as a milestone in the field. However, my all-time favourite among (all) the 
publications is the manuscript that deals with the lubrication properties of the bottle-brush 
copolymers; as putting the interesting results aside, it generated some exciting questions which in 
my opinion merit further investigations.  
I believe that the following outline for my thesis will allow the reader to get a good overview of the 
goals and a better understanding of the outcome of the presented work: This thesis is started by 
presenting the outcome of the studies, in the form of a list of resulting publications and a short 
summary of the aims and the outcomes of them. This is followed by an introduction to the aims of 
this Ph-D project, and the nature of the systems that were studied. Thereafter, the interaction forces 
and processes that are believed to be at play in the investigated systems are shortly reviewed; this 
will allow the reader to follow the reasoning behind the interpretation of the results. Next, in the 
materials section, the different substances used in the investigations are accounted for. Further 
along in the text, in the methods section, I will list the principal instruments that I have used in my 
studies. Thereafter, I will present and discuss some of the most interesting research results. And 
finally, in the last chapter of the thesis, I will highlight some issues that I believe deserve further 
investigation.     



   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“Experience is that marvellous thing that enables you to recognize a mistake when 
you make it again “ 

 
                                                            Franklin Jones  
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1 Summary of Papers 
 
The two first publications in this thesis are devoted to the effect of the mixing protocol and the 
mixing procedure on the stability of polyelectrolyte-surfactant aggregates.  
In Paper I light scattering and turbidity measurements were employed to show that in a 
polyelectrolyte-surfactant system, depending on the polyelectrolyte-surfactant ratio, aggregates 
of different sizes are formed, when the order of addition of the mentioned components is 
changed. It was further demonstrated that the aggregates persist for a long time in their non-
equilibrium state. Based on the results it was proposed that in a system with excess surfactant, 
small and stable aggregates are produced if the surfactant is added last, while in a system with 
excess polyelectrolyte small and stable aggregates are formed when the polyelectrolyte is added 
last.  
In Paper II the above studies were expanded to also include the effect of mixing procedure on 
the non-equilibrium state of polyelectrolyte-surfactant aggregates. The mixing procedures that 
were examined consisted of mixing two dilute solutions (separately containing the two different 
components) by hand, and through vigorous stirring. It was shown, as could be expected, that 
also the mixing procedure has an impact on the non-equilibrium state of the aggregates. However 
in this particular setting, the effects of the different mixing procedures were less dramatic than 
what was observed when the order of mixing of the components was changed; this was related to 
a more homogenous distribution of the different components in the system (achieved through 
dilution and vigorous mixing). 
Papers III-VII, deal with the interfacial properties of bottle-brush polymers adsorbed (in the 
majority of cases) onto highly charged substrates, in an aqueous environment. The mentioned 
polymers consist of permanently charged segments, which enable anchoring of the polymer 
chain onto the oppositely charged substrates, and segments with poly(ethylene oxide) side chains 
giving the copolymers their brush characteristics. The different segments are assumed to be 
close-to randomly distributed, based on the fact that it has been shown that the reactivity ratios of 
poly(ethylene oxide)-based macromonomers and low molecular weight monomers of similar 
structure (e.g. acrylamide) differ no more than by a factor of 2. However, this difference will 
result in some blockiness. 
In Paper III, the adsorption properties of bottle-brush polyelectrolytes, with different side chain 
to charged segment ratios (SCR), on mica, and the surface interactions between two (bottle-
brush) polyelectrolyte-coated mica surfaces were investigated; several interesting results were 
obtained. It was shown that a minimum polyelectrolyte charge density is needed to allow 
adsorption of bottle-brush polyelectrolytes onto mica; however this charge density is much 
higher than what has been observed for linear polyelectrolytes. Another outcome of the 
investigations was that the adsorbed mass and the corresponding number of side chains adsorbed 
at the interface, go through a maximum, when SCR is altered; also in this respect the maximum 
occurs at a higher (bottle-brush) charge density than for linear polyelectrolytes. Finally it was 
shown that the formed brush layers are non-homogenous on a molecular scale; with the side 
chains protruding in different direction with respect to the interface. 
The lubrication properties of bottle-brush polyelectrolytes (with different SCR-values) were 
investigated in Paper IV with the means of AFM, in an asymmetric mica-silica system. It was 
shown that the primary factor for achieving favourable lubrication properties is the concentration 
of the non-adsorbing side chains in the gap between the surfaces. In the studied asymmetric 
system, it was further shown that a high adsorbed mass of the bottle-bush polyelectrolytes (high 
number of non-adsorbing side chains) on the silica surface is imperative for lowering the 
frictional force; as when not fully covered, the poly(ethylene oxide) side chains of the opposing 
polymer layer will bridge onto the silica substrate. Finally, and surprisingly, it was shown that a 
brush-like polymer layer structure (as described above) is of minor importance (at least in the 
investigated asymmetric system) for lowering the frictional force. 
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Paper V deals with the surface interactions of preadsorbed bottle-brush polyelectrolyte layers 
(on mica) when immersed in high ionic strength solutions, and in the presence of an associating 
surfactant (sodium dodecyl sulphate, SDS). Examination of the force profiles showed, as 
expected, that the stability of the polyelectrolyte layers in the different environments increases 
with increasing charge density of the polyelectrolytes. Furthermore, it was concluded that bottle-
brush polyelectrolytes desorb more readily in salt solutions as compared to linear 
polyelectrolytes. This is because of their weaker anchoring to the interface due to, among others, 
the lateral repulsion between the side chains. Interestingly however, the force profiles of the 
(bottle-brush) polyelectrolytes, specially at high SCR-values, showed little change in presence of 
SDS, even at the highest surfactant concentration (about 17 mM). This was attributed to the 
protective effect of the side chains. 
Bottle-brush polymer layers can potentially also be destabilized (desorbed) in environments 
where species with higher surface affinity exist. However, there are no known investigations (at 
the time of writing this thesis) that deal with competitive desorption in bottle-brush polymer 
systems. This lack of knowledge was addressed in Paper VI, in which bottle-brush 
polyelectrolytes with two different SCR-values were adsorbed onto a highly charged silica 
substrate. The idea was to investigate whether the side chains, which in Paper V were shown to 
protect the bottle-brush layer from desorption in presence of SDS, would also protect the layer in 
presence of a species that competes for the surface-adsorption-sites (a relatively “small” 100% 
charged polyelectrolyte was chosen as competing species for this purpose). It was revealed that 
the layer formed by the bottle-brush polyelectrolyte with the higher SCR readily desorbed in 
presence of the linear polyelectrolyte, whereas the bottle-brush polyelectrolyte with a much 
lower SCR did not. It was concluded that the bottle-brush polyelectrolyte with the higher SCR 
forms an extended layer at the interface through which poly(MAPTAC) chains can easily 
diffuse. This is not the case for the brush polyelectrolyte with the lower SCR, which forms a 
compact, homogeneous and void-free brush layer.  
Finally, as a spin-off project (Paper VII) the layer structures of a linear and bottle-brush 
poly(ethylene oxide) based polymer were investigated by QCM-D and AFM. The results 
indicated, in agreement with available simulation studies, that the linear polymer forms a thicker 
layer than the bottle-brush polymer. Furthermore, it was shown that the comb polymer could 
readily displace the linear equivalent. This was attributed to the decrease in the free energy of the 
system due to the formation of higher number of anchoring points between the polymer and the 
adsorbent.  
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2 Introduction 
 
Polyelectrolytes constitute a subclass of polymers which are renowned for their strong 
interaction with oppositely charged interfaces. Their adsorption is widely viewed1 as 
“irreversible”. Even though this property is highly desired from an application point of view, as 
the usefulness of the polyelectrolytes depends on their ability to remain at the interface, it can 
also be of great concern. If care is not taken during the association process to control the 
production parameters, the resulting product may become entrapped in a non-equilibrium 
(kinetically trapped) state. The properties of this state may be very different from what was 
originally desired, and the formed entities may remain “trapped” for prolonged times due to their 
slow relaxation (caused by the strong interactions involved). Non-equilibrium states in 
polyelectrolyte adsorption have long been recognized and studied2, 3. However, it is only quite 
recently that their presence in other polyelectrolyte-based associating systems has started to 
receive the deserved interest from the research community4-6. Though not being part of the 
original objectives of this PhD-project, our group managed to stumble upon non-equilibrium 
effects in the area of polyelectrolyte-oppositely charged surfactant systems. The investigations 
that followed revealed some interesting results, which make up part of this thesis.  
The main focus of this thesis lies on the effect of molecular architecture on the interfacial 
properties of a subclass of polyelectrolytes known as bottle-brush (or comb) polyelectrolytes. A 
detailed description of these polyelectrolytes will be given in later sections of this thesis. 
However, for now it suffice to know that these polymeric systems, which are characterized by 
densely packed side chains (of different chemistries, and grafted onto a polyelectrolyte 
backbone), have shown great promise in areas such as steric stabilization7 of suspensions, 
lubrication8, 9 of shearing interfaces, and production of surfaces with low non-specific10, 11 
binding of proteins and for achieving bio-compatibility12. These attractive properties are the 
result of the protective nature of the side chains. However, the side chains also have a negative 
effect on the adsorption of the comb polyelectrolytes (the reasons for this will become clear in 
the later sections of the thesis), which as mentioned earlier is imperative for their performance. 
This was the basis of this PhD-project – to investigate the effect of the molecular structure in the 
form of the number of side chains on interfacial properties of bottle-brush polyelectrolytes. To 
this end, bottle-brush polyelectrolytes with different ratios of side chain bearing- to charged 
segments were prepared by our collaborators. The polyelectrolyte backbone was chosen to be 
cationic, as many naturally occurring charged surfaces are negatively charged. And the side 
chains of the comb polyelectrolyte were made of poly(ethylene oxide), PEO, as this chemistry 
has been shown to induce bio-compatibility12 and reduce10, 11 the attachment of e.g. proteins to 
surfaces; properties which are interesting for future application of these polyelectrolytes. Our 
group investigated the effect of the side chain- to charge density ratio on interfacial properties 
like adsorption, surface interactions between bottle-brush polyelectrolyte coated surfaces, ability 
to lubricate interfaces, the structure of the formed (polyelectrolyte) layers at interfaces, and the 
integrity of the layers in different environments. Even though not specifically looked for, also 
during these studies, the authors encountered non-equilibrium effects. These were clearly 
noticeable in e.g. the evolution of the (bottle-brush) polyelectrolyte layer thickness, which was 
found to be highly dependent on the adsorption path, and the variation of the layer thickness with 
time. Hence, non-equilibrium effects are very relevant to this PhD-project, and the inclusion of 
the earlier-mentioned non-equilibrium effect studies (in polyelectrolyte-surfactant systems) to 
this thesis serves as a reminder of this.  
The remainder of this section will be devoted to introduce the reader to the different systems that 
were studied in this work. The introduction will be general in nature, but at the same time 
restricted to cover only those aspects of the systems that are necessary for understanding the 
presented results. 
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2.1 Polyelectrolytes 
 
Polyelectrolytes refer to polymers with charge-bearing segments. Positively charged 
polyelectrolytes are referred to as cationics, while anionics denote those with a net negative 
charge. Depending on the nature of the charged groups, they are divided further into weak- or 
strong polyelectrolytes. The latter group denotes those with permanently charged segments, 
while the former refers to polymers with groups that can be ionized when the pH of their 
environment is altered. In this thesis, both weak and strong cationic polyelectrolytes have been 
employed. 
The charge density of polyelectrolytes is imperative for the strength of their interactions, which 
is often strongly dominated by electrostatic forces. The effect of charge density is most 
noticeable when polyelectrolytes are adsorbed onto oppositely charged interfaces; hence, this 
will be used to illustrate some points. Confinement of polyelectrolytes at an interface results in a 
loss in the translational- and a decrease in the conformational entropy, both of which increase the 
free energy of the system and hence are unfavourable. This can however be turned around if the 
free energy of the system is decreased through the favourable adsorption energy that is gained by 
e.g. the electrostatic interaction between the charged groups of the polyelectrolyte and those at 
the interface. It should be noted that polyelectrolyte adsorption also leads to the release of 
counterions (of both the polyelectrolyte and the surface), which increases the entropy of the 
system and thus promotes adsorption. It can therefore be understood that a minimum charge13 
density is needed to attach polyelectrolytes to charged surfaces, and that the magnitude of it is 
dependent on parameters such as flexibility, molecular weight, solubility of the adsorbing 
polyelectrolytes, and whether there are additional non-electrostatic affinity (e.g. hydrogen-
bonding or hydrophobic interactions) between the polyelectrolyte and the surface. 
Low-charge density polyelectrolytes “generally” (see below for the justification of the word) 
exhibit higher adsorbed masses than the higher charge density equivalents13-15. The larger 
adsorbed mass for low charged polyelectrolytes arises from the fact that the system strives for 
charge-neutrality, which is achieved when a larger number of chain segments (charged and 
uncharged) are adsorbed at the interface. The charge density parameter also dictates the layer-
thickness of the adsorbing polyelectrolytes. Polyelectrolytes with a low charge density exhibit14 
thick layers, as due to entropic reasons it is unfavourable to confine non-adsorbing polymer 
segments at the interface. It is noted that the formation of thick polymer layers may have 
negative consequences on the charge-neutrality of the system, as full compensation of the 
surface charges may not be achieved16 as not enough polyelectrolyte chains can reach the surface 
due to the steric hindrance imposed by protruding polymer segments. On the other hand, thin 
polymer layers are formed when highly charged polyelectrolytes adsorb at surfaces having a high 
net opposite charge1, 16-19 under low ionic strength conditions. Furthermore, it has been shown 
that it is sufficient with a small bulk concentration of these polyelectrolytes to neutralize the 
surface. The rationalization16 behind these observations is that the electrostatic interactions 
between the oppositely charged groups (and the release of the associated counterions) become 
maximized when the polyelectrolyte chains attain a flat conformation at the interface. Based on 
these discussions one can suspect that the adsorbed mass and the layer thickness of 
polyelectrolytes should exhibit a maximum value when the charge density of the system is 
altered; as a too low charge density value prevents adsorption while a too high value leads to a 
very low adsorbed mass and small layer thickness. This has indeed been observed for linear 
polyelectrolytes13. In passing, it is noted that adsorption of highly charged polyelectrolytes can 
bring about a charge reversal. This has been shown for instance, when adsorption occurs from 
concentrated solutions17, or when there is a non-electrostatic affinity (e.g. hydrophobic 
interactions) between the polyelectrolyte and the interface20. But, as a rule the magnitude of the 
charge reversal is small16 due to the strong electrostatic repulsion force that hinders similar 
charges to accumulate in excess. It will be shown later that the charge reversal mechanism is not 
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restricted to the adsorption of the polyelectrolyte onto charged surfaces, and that it can occur 
when e.g. polyelectrolytes associate with oppositely charged surfactants.  
This short introduction to polyelectrolytes is wrapped up by some remarks on the effect of the 
ionic strength of the environment on the desorption properties of polyelectrolytes. Systems that 
are governed by electrostatic interactions are highly susceptible to the ionic strength of their 
environments – polyelectrolytes adsorbed onto oppositely charged interfaces are no exception. 
The susceptibility is due21 to the screening effect of the ions, which decreases the range of the 
electrostatic interactions, and the competition of the small ions with the charged groups of the 
polyelectrolytes for the adsorption sites at the interface1. Both of these effects decrease the 
strength of the polyelectrolyte-interface interactions. It is often found that the polyelectrolyte 
layers swell, and desorb to different extents when the ionic strength of their environment is 
increased. The resilience of the polyelectrolyte layers in presence of salt is of course dependent 
on the charge density of the polyelectrolytes. Polyelectrolytes with very low charge densities 
eventually desorb completely14 when the ionic strength is increased sufficiently, while 
polyelectrolytes with moderate to high charge densities remain14 at the interface (to different 
degrees), when the salt concentration reaches concentrations in the order of few hundred 
millimolar.  
 

2.2 Bottle-Brush Polyelectrolytes 
 
It is the belief of this author that the introduction of bottle-brush polyelectrolyes to the reader is 
best served by a preceding description of polymer brushes. The latter are often described22 as 
polymeric chains which at one end are anchored to an interface. An ideal brush layer is viewed 
as a system where all the anchoring points are in the very close vicinity of the interface, while 
the non-adsorbing polymer segments protrude (in an extended conformation) away, in the 
normal direction of the surface (Figure 1). The protrusion of the polymer chains is the combined 
consequence of the osmotic pressure that arises from the high segment density at the interface, 
the desired maximization of the polymer segment-solvent interactions and the lateral repulsion 
between the highly solvated polymer chains. However, it is noted that the polymer chains cannot 
extend indefinitely into the solution, as this is opposed by an elastic free energy when the chains 
become stretched. It can therefore be understood that the extent of the protrusion of the chains is 
governed by parameters such as the number of brush chains accumulated at the interface (chain 
density), and their segment size and molecular weight. The chain density of the polymers defines 
the extension and the “pore size” of the polymer layer – which are imperative for the 
attractiveness of polymer brushes in different industrial applications. The formation of a thick 
polymer layer is vital for steric stabilization of colloidal particles (which are subjected to 
flocculation by attractive van der Waals forces (see section 3.1)) and for lubrication of surfaces, 
by hindering their intimate contact. Lubrication is expected to also be governed by the pore size 
of the polymer layer; as when not tightly packed, chains from opposing surfaces can penetrate 
each other and through the resulting entanglement effects increase the frictional force. The pore 
size of the layers is also important for the production of easily cleaned surfaces, a property which 
is achieved by hindering the attachment of macromolecules like proteins on surfaces (through the 
formation of a tightly packed brush layer). 
Polymer brush layers are formed through either physisorption or chemisorption. The latter 
denotes the anchoring of the polymer chains (to the interface) through the formation of a 
covalent bond. It has been shown23 that the grafting from procedure is the route to take for 
production of tightly packed “ideal” brush layers. However, the complicated steps that are 
involved make the method impractical for many applications. Therefore, the (simpler) self-
assembly (physisorption) of amphiphilic polymers, by subjecting the adsorbing interface to a 
(amphiphilic) polymer-containing solution, has become the route of choice in many instances. 
Probably the easiest strategy to form brush layers is through physisorption of diblock 
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copolymers. These anchor to the adsorbing interface through the polymer block with high 
surface affinity, while the non-adsorbing block escapes the interface by protruding into the 
solution - forming the brush. There is however at least one disadvantage involved when using 
diblock copolymers. It is very likely that diblock polymers, due to the low molecular weight of 
the anchoring block will be easily desorbed from the interface. This can occur e.g. when the 
solvent conditions1 are changed, when higher surface affinity species24 are introduced into the 
system, or when the brush layers are subjected25 to high normal and/or shearing forces (which 
are the conditions in demanding lubrication applications). 
 

s

L

 
 
Figure 1. Schematic presentation of an “ideal” polymer brush layer. The abbreviation s denotes the distance 
between two brush chains, while L denotes the length of the brush (see section 3.4). 
 
To circumvent the shortcomings of block-copolymers, the strategy of using highly grafted 
polymers with an adsorbing backbone and non-adsorbing side chains can be employed. A special 
class of these polymeric systems is cylindrical- or bottle-brush (also known as comb) polymers 
(Figure 2). These refer to polymers composed of an adsorbing linear backbone chain, and 
densely grafted non-adsorbing side chains (which are shorter than the backbone). Adsorption of 
bottle-brush polymers brings several non-adsorbing chains to the interface, at the same time as 
the adsorbing, high molecular weight backbone ensures their confinement at the interface. Due to 
the high side chain density, the bottle-brush polymers have a stretched conformation26, 27 in 
solution, which is kept during the adsorption process – each adsorbed bottle-brush chain 
provides hence a much higher surface coverage, compared to an adsorbed diblock copolymer 
chain. A negative aspect of bottle-brush polymers is however their expected very slow 
adsorption process. This is because the newly arriving bulky bottle-brush chains have to move 
through the polymer layer of already adsorbed chains to reach the interface. The diffusion 
process is further slowed down by the inflexibility of bottle-brush chains which counteracts a 
reptation-like motion, as is more likely for linear flexible polymer chains. To the knowledge of 
this author, there are no available data for the magnitude of time that is needed to reach full 
coverage of an adsorbate when bottle-brush polymers are adsorbed. However, investigations on 
(bulky) block-copolymers have shown24, 28 that adsorption times in order of days are needed to 
reach full surface coverage (when adsorption occurs from low-concentration polymer solution). 
It is noted that an adsorption time of one hour from a dilute (10 ppm) solution was employed in 
the investigations presented in this thesis; possible consequences of this will be revealed and 
discussed in the results and discussions section. 
 

 

 
 
Figure 2. Schematic presentation of a bottle-brush (cylindrical) polymer. 
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2.3 Surfactants 
 
Surfactants denote29 low molecular weight species, which comprise a nonpolar and a polar 
moiety. The nonpolar part of a surfactant is most often made of hydrocarbon-based chain(s), 
while the hydrophilic part can be made of e.g. poly(ethylene oxide) chains, polysaccharide 
groups or carry positively or negatively charged segments (cationic and anionic surfactant, 
respectively).  
Surfactants are known for their surface activity, which arises from the fact that water-water 
interactions are more favourable than those between water and the non-polar moiety of the 
surfactant. As a mean to minimize water-hydrocarbon contacts, the surfactant monomers 
concentrate at the air-water interface, with their nonpolar moiety protruding into air while the 
charged group remains in the solution. This accumulation of surfactant monomers at the air-
water interface brings about a reduction in the surface tension of the solution. The surface 
tension of the system continues to decrease with increasing surfactant content of the system, until 
a critical surfactant concentration denoted as the critical micelle concentration (CMC) is reached. 
Above this concentration, the surface tension of the system remains practically constant, as the 
added surfactants (above the CMC-value of the system) become accumulated in water-soluble 
surfactant clusters known as micelles. The driving force for micelle formation is the same as for 
accumulation of the surfactant monomers at the interface, which is to decrease the (relatively 
speaking) unfavourable water-nonpolar group contacts. In brief, it is noted that the same driving 
force is recognized as one of the main reasons behind the polymer-surfactant association; a 
subject that will be dealt with in section 3.6.  
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3 Surface Forces 
 
The purpose of this section is to list some of the main interactions that were encountered in the 
studies. It is assumed that the reader has certain familiarity with the covered interactions; hence, 
the nature of these will be discussed only briefly. However, for an in-depth description of these, 
the interested reader is referred to the many text books30, 31 available in the area. 
 

3.1 van der Waals Forces 
 
Van der Waals interactions is the collective term that is used30 when referring to the interactions, 
with an electromagnetic origin, that exist between all surfaces. These forces can be calculated the 
easiest, by following the so-called Hamaker approach, but a more accurate calculation of the van 
der Waals forces can be made by the Lifshitz theory31. For example, the van der Waals (FvdW) 
force at a distance D between two half-cylinders with the local mean radius R, crossed at 90°, is 
given31 by: 
 

26D
A

R
FvdW −=                                               (1) 

 
where A is the Hamaker constant, having energy units. In most experimental conditions, 
including those in this thesis, equation (1) gives sufficiently accurate predictions of the 
magnitude of the van der Waals interactions. In passing, it is noted that also the Lifshitz 
approach makes use of equation (1) to calculate the van der Waals force; but as mentioned 
earlier the method of calculating the value of the Hamaker constant is different. Finally, it is 
mentioned that FvdW is always attractive between identical surfaces, but it can be repulsive for 
dissimilar surfaces under certain conditions30. 
 

3.2 Electrical Double-Layer Forces 
 
When immersed in aqueous solutions, most surfaces acquire a net charge through different 
charging mechanisms. As a result, counterions accumulate near the surface to compensate for the 
surface charges. However, not all of the counterions bind to the surface; they form rather an 
extended layer, commonly known as the diffuse layer. The diffuse layer is the resulting 
compromise between the endeavour of the system to increase its entropy, at the same time as its 
charge neutrality has to be maintained. When two charged identical surfaces move towards each 
other in an electrolyte solution, their diffuse layers start to overlap, giving rise to a repulsive 
double-layer force (FD). The origin of the double-layer force is therefore entropic, as the 
confinement of the counterions to the surface in the gap restricts their movement. The distance-
dependence of the force (FD/R) for two identical half-cylindrical surfaces (with the local mean 
radius R), crossed at 90°, is at large separations given30 by: 
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where D denotes the separation between the surfaces, ε0 is permittivity of vacuum, εr is the 
relative permittivity of the medium, kB is the Boltzmann constant, T is the temperature, zi is the 
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valency of ion i and ci0 is the number density of ion i. C1 is a function of (among others) the 
temperature of the system, the valency of the ions in the solution, and the magnitude of the 
electrostatic potential at the surfaces. Equations (2) and (3) reveal that at large separations the 
double-layer force decreases exponentially with distance, that the decay rate increases and the 
range over which the force acts decreases as the ionic strength of the environment increases. In 
the publications that have been included in this thesis, a numerical method was employed to 
calculate the double-layer force in the non-linear Poisson Boltzmann approximation, providing a 
more accurate evaluation of the double-layer force than expected by equation (2). 
 

3.3 DLVO-Theory 
 
In the 1940s two research groups, in the former Soviet Union and in the Netherlands, 
independently proposed a theory for the fundamentals of the colloidal stability - a theory which 
has shaped our view in this field ever since; the proposed relation, dubbed the DLVO-theory32, 33 
bears the initials of the major contributors to the theory. In brief, the relation assumes30 that the 
interactions in colloidal systems are dominated by the van der Waals force (which is always 
attractive for identical systems) and the double-layer forces (when surface charges are present); 
this force is repulsive between identical surfaces. Therefore, the magnitude of the force (in an 
electrolyte solution) for identical surfaces with a “crossed cylinder” configuration can be 
approximated by the summation of equations (1) and (2). In Figure 3, the calculated DLVO-
force (using a more accurate formula than the approximated double-layer force relation 
presented in relation (2)) for the observed interactions between mica surfaces in a low ionic 
strength solution has been presented. The figure captures many of the characteristic features of 
the different forces that were covered previously. For example, it can be seen that the force at 
large distances (beyond 50 Å) is purely repulsive and decays exponentially at large distances. 
This force constitutes of course the double-layer force of the DLVO-interaction. It is also noted, 
but not shown, that the magnitude of the decay length (κ-1) of the double-layer force is very close 
to the calculated one as described by equation (3). When the separation between the surfaces 
decreases to about 50 Å, the magnitude of the force reaches its maximum; at closer distances the 
strength of the attractive van der Waals force surpasses that of the double-layer force and the 
surfaces attract each other. Experimentally, this is noted as a jump into adhesive contact. 
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Figure 3. Force normalized by radius as a function of surface separation between mica surfaces, measured by SFA 
in 0.1 mM NaNO3 solution. The solid line represents the calculated DLVO-force, while the arrow denotes the jump 
of the surfaces into adhesive contact. 
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Finally, it is noted that the DLVO-forces become less important in e.g. polymer-containing 
systems where strong steric or bridging forces come into play. Some of these forces will be the 
topic of the coming sections. 
 

3.4 Steric Forces 
 
Under good solvent conditions, which is the situation of interest in this thesis, the non-adsorbing 
segments of a surface-attached polymer protrude into the solution in order to minimize the free 
energy of the system. When two polymer-covered entities approach each other, their polymer 
layers begin to overlap. The confinement of the polymer segments is unfavourable as it increases 
the segment density in the gap and restricts the configurational entropy of the chains; hence a 
repulsive interaction denoted as a steric force is observed. This is the basis behind stabilization 
of colloidal particles by adsorption of polymers, one of the application areas where brush 
polymers have shown great potential.  
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Figure 4. Force normalized by radius as a function of surface separation between mica surfaces coated with the 
PEO45MEMA:METAC-50 bottle-brush polyelectrolyte; the measurements were conducted with the SFA in 0.1 mM 
NaNO3 solution. Filled symbols denote the force profile upon compression, while the unfilled symbols represent the 
force curve obtained upon separation of the surfaces. The solid line represents the calculated Alexander-deGennes 
force (equation (4)). 
 
There are different theories34-36 attempting to describe the interactions between two brush-coated 
surfaces. The most renown relation is the one proposed by Alexander34 and deGennes35, which 
despite its simplicity captures most of the characteristics of brush interactions. The popularity of 
the Alexander-deGennes (AdG) relation can also be traced to its satisfactory24, 37-39 agreement 
with experimental data, which was also observed in the investigations of this report (see Figure 
4). The success of the AdG-relation is however surprising, as the assumptions that make the 
fundaments of the theory are not valid in many of the investigated brush systems. For example, 
the Alexander-deGennes relation views the concentration profile of the brush as step-like, with 
the chains uniformly stretched and their ends localized at the outer edge (this constitutes an 
“ideal” brush, see Figure 1). In reality, the segment density distribution profile of a brush (in a 
good solvent) shows a parabolic feature with an exponentially decaying tail. However, under 
compression the segment density of a “parabolic brush” will approach that of an “Alexander-
deGennes brush”. According to the AdG-relation, the surface interaction between two opposing 
brush layers (in crossed cylinder configuration) is described by35: 
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for D< L2        
 

where ξ is a prefactor of the order of unity and kB is the Boltzmann constant. Further, D denotes 
the surface separation, D0 the finite site of the anchoring point of the chain (e.g. the thickness of 
the adsorbing backbone for bottle-brush polyelectrolytes), L the brush thickness (see Figure 1), 
and s the average distance between two brush polymers at the adsorbing interface (Figure 1). It is 
noted that, L and s are treated as fitting parameters when relation (4) is fitted to the experimental 
results. 
 

3.5 Bridging Interaction 
 
Bridging forces are associated with surface interactions that arise when segments (in the loops 
and tails) of a polymer chain become attached to two or more surfaces. However, in charged 
systems (that is polyelectrolyte-oppositely charged interfaces) the chain segments do not have to 
attach directly to both surfaces to facilitate bridging. In fact, in these systems40 bridging is made 
possible if some of the polymer segments cross the midplane of the two interacting surfaces, as 
the crossing polyelectrolyte segments can interact with the opposite surface due to the long-range 
nature of the electrostatic interactions. The driving16 force for the bridging interaction has been 
proposed to be the decrease in the free energy of the system due to increasing conformational 
entropy of the bridging chains, which when “bridged” are no longer confined at one surface. 
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Figure 5. Force normalized by radius as a function of surface separation between a mica and a silica surface coated 
with the bottle-brush polyelectrolyte PEO45MEMA:METAC-90 (squares), and the linear polyelectrolyte 
poly(METAC) (triangles). The measurements were conducted with AFM in 0.1 mM NaNO3 solution and at neutral 
pH conditions. Filled symbols denote the force profile upon compression, while the unfilled symbols represent the 
force curve obtained upon separation of the surfaces.  
 
The range of the bridging force (in both charged and uncharged systems) is largely determined 
by the polymer layer extension. Studies41, 42 on charged systems have shown that polyelectrolyte 
layers characterized by large loops and tails are more effective in facilitating bridging than layers 
with a flat conformation at the interface. This is realized by the fact that the loops and tails of an 
adsorbed polyelectrolyte layer can reach beyond the range of the stabilizing repulsive double 
layer force of the other interface. Therefore a low41, 43 polyelectrolyte charge density, a rather 
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stiff44, 45 polyelectrolyte architecture and a close-to fully polyelectrolyte-covered40, 42 interface 
will increase the range of bridging interactions. However, it is pointed out that the strength of the 
bridging force decreases by the two first-mentioned parameters as they have a negative impact 
on the number of contact points between the bridging chains and the surface to which they 
bridge. Figure 5 is used to illustrate these points. The figure contains the force curves of mica-
silica surfaces coated with a linear polyelectrolyte (poly(METAC)) and a bottle-brush 
polyelectrolyte (PEO45MEMA:METAC-90), with poly(ethylene oxide) side chains. It is noted 
that under the experimental conditions (see the figure text of Figure 5), the charged segments of 
the polyelectrolytes have affinity for both surfaces, while the poly(ethylene oxide) chains can 
only adsorb onto silica. It is clear from the figure that bridging occurs from a longer distance for 
the comb- than the linear polyelectrolyte, which is due to the longer reach of the protruding side 
chains. However, the strength of the bridging force is less for the comb- than for the linear 
polyelectrolyte, which is likely due to the higher number of anchoring points and the stronger 
interaction between the charged surface groups and the charged segments of the polyelectrolyte 
as compared to the non-electrostatic interaction between the poly(ethylene oxide) segments and 
the silica surface.  
 

3.6 Polymer-Surfactant Association 
 
As briefly touched upon in section 2.3, micellization of surfactants occurs as a means (in the 
relative sense) to decrease unfavourable interactions between the solvent (in this thesis water) 
and the lyophobic (read hydrophobic) parts of the surfactants. However, micellization does not 
occur until the chemical potential of the surfactant is sufficiently high, as micellization is 
counteracted29 by for example the strong electrostatic repulsion that exists between the 
headgroups of ionic surfactants (the surfactants used in this thesis) which are concentrated at the 
periphery of the micellar aggregates. Also, because of packing constrains, it is not possible to 
shield completely the hydrocarbon chains of the surfactants from water. For example, NMR-
measurements46 have shown that the carbon atoms closest to the headgroup of SDS (sodium 
dodecyl sulphate) are exposed to water when the surfactant is in micellar form. Therefore, it is 
not surprising that polymer-surfactant association is in most cases promoted, as this process 
relieves the surfactant aggregates from at least one of the above-mentioned strains. For 
instance29, when the nonionic poly(ethylene oxide) associates with ionic surfactant aggregates, 
the hydrophilic part of the polymer surrounds and thereby moderates the unfavourable 
interactions between the charged headgroups. The association leads also to the incorporation of 
the hydrophobic part of the polymer onto the surface of the surfactant micelle, which decreases 
the contact of the hydrophobic moiety of the surfactant chains with water. The polymer-
surfactant aggregation is promoted29 further by the release of the polyelectrolyte counterions, 
which decreases the free energy of the system. This process is in fact the main driving force 
(together with the shielding of the hydrophobic part of the surfactants) for aggregation of 
oppositely charged polyelectrolytes and surfactants. It is worth noting that for ionic surfactants, 
CMC decreases with ionic strength whereas CAC (the critical association concentration between 
the surfactant and the oppositely charged polyelectrolyte) increases with increasing ionic 
strength. Both these effects are due to the screening of electrostatic interactions. 
As in most instances, the polymer-surfactant association is governed29 by several parameters; 
examples given are the ionic strength of the solution (as mentioned above), the length of the 
surfactant hydrocarbon chains, and the charge density, length, and flexibility of the polymer 
chains. The importance of the two last parameters for a nonionic polymer is realized by the facts 
that a minimum chain length is needed for the polymer to be able to wrap around a micellar 
aggregate; and that the contact between the polymer segments and the micellar surface becomes 
more intimate with increasing flexibility of the polymer chain. For example, studies47-49 have 
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shown that a minimum molecular weight in the range of 900-1500 g/mol is needed for the 
poly(ethylene oxide)-SDS association to occur.  
 

3.7 Lubrication of Interfaces through Adsorption of Bottle-Brush Polyelectrolytes 
 
Sliding of solid surfaces that are in intimate contact leads to their undesirable wear, and 
ultimately to their damage. In the limit of surfaces that are interacting through a lubricating layer, 
the frictional force (FFric) is usually described by50:  
 

LAFFric µσ +=                         (5) 
 
where σ denotes the shear strength of the interacting surfaces, A stands for the contact area 
between the surfaces, µ is the coefficient of friction and L is the externally applied load. The first 
term in equation (5) describes the effect of adhesive forces (e.g. attractive van der Waals 
interactions), while the second term relates the effect of an external load on the frictional force. 
Relation (5) reveals that in a load-dominated system favourable lubrication properties can be 
achieved only by decreasing µ; e.g. by keeping a lubricating medium, which can withstand the 
pressure of the applied load, between the surfaces. This can be achieved by holding the 
interacting surfaces apart through e.g. repulsive electrostatic forces (a strategy which is 
applicable only in a charged system) or by short-range hydration forces. It is clear though, that 
the “electrostatic” approach is effective only in highly charged systems; hence, other strategies 
have to be sought for uncharged systems. An approach that has been extensively used is the 
formation of polymer layers on shearing surfaces. The advantage of using polymeric films is that 
not only the layers keep the interacting surfaces apart through steric forces, but they also reduce 
FFric in an adhesion-controlled system through their low shear51 strengths. However, the use of 
polymer layers is not straightforward. For example, using a homopolymer with affinity for the 
interacting surfaces can actually increase FFric of the system through bridging interactions (the 
first term in relation (5) increases), if the surfaces are not fully covered. Also, it can be expected 
of physisorbed polymers with low affinity for the surface (e.g. too low molecular weight or too 
few anchoring points) to escape the lubricating interface under high shear52, 53 stresses or with a 
change in solvent conditions. These shortcomings can however be overcome by employing 
bottle-brush polymers. Simulation and experimental studies54-57 have shown that comb 
(homo)polymers produce layers with higher surface coverage and with higher number of 
attachment points between the polymer and interface, when compared with linear equivalents. 
The observed reduction of frictional forces that follows their adsorption (in good solvent 
conditions) has been proposed58 to be the outcome of at least two factors. One of these is the 
high resistance of (dense) brush layers against mutual interpenetration (under moderate 
compressions). This is a very interesting point, since one would expect that interpenetration 
would be a favoured process since it increases the configurational entropy of the chains. 
However, the resistance against interpenetration has been justified by the compression process 
leading to a lesser increase in the free energy of the system, as it decreases the elastic energy of 
the chains. The second factor (behind the observed attractive friction properties) is the high 
resistivity of the brush layers against compression (which also decreases the extent of 
interpenetration) due to the build-up of the osmotic pressure when the polymer segment density 
in the compressed layers increases. The combination of these factors results in the formation of 
an interfacial region that is rather dilute in interpenetrating chains (it is the viscous drag of these 
in the interfacial zone that is the major molecular reason for the friction force59), which results in 
minimal friction during the shearing process. Even though the mentioned factors seem to give 
intuitive and plausible explanations for the attractive lubrication properties of brush-forming 
systems, they do not provide the full picture. For example, it has been shown37 for a poly(L-
lysine)-PEO based bottle brush polyelectrolyte (PLL-PEO), with a PEO molecular weight of 2 
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kg/mol and a PEO surface density of about 0.5 chains/nm2, that considerable mutual 
interpenetration (> 20%) occurs already at very low compressions. In this context it is mentioned 
that also simulation studies have shown60 that interdigitation of opposing brush layers occurs (at 
the outermost region of the brush layers). However, the same simulation studies60, 61 explain the 
lubrication properties of brush systems by the change in the conformation of the brush polymer 
chains that occur when the brush layers are moved relative each other. According to the obtained 
results, the shearing motion forces the chains to attain an extended conformation and to align in 
the direction of the shearing motion. This brings about a decrease in the number of chains in the 
perpendicular direction relative to the surfaces, which decreases the number of chain segments in 
the interfacial zone – a reduction in interpenetration of the brush layers and hence friction 
occurs.   
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4 Materials 
 

4.1 Polymers 
 
The molecular structures of the linear polyelectrolytes used in this work have been gathered in 
Figure 6. The poly(vinyl amine), PVAm, used was supplied by BASF; the polyelectrolyte has a 
molecular weight of about 90 kg/mol (supplier specifications). PVAm is a weak polyelectrolyte, 
and its charge density under the experimental conditions (Paper II) was in the range62 of 50-
60%. Poly([2-(propionlyoxy)ethyl]trimethylammonium chloride), PCMA, was received as a gift 
from Université Pierre et Marie Curie, Paris. This polyelectrolyte has one charged group per 
monomer segment and a molecular weight of approximately 1600 kg/mol. Poly(3-(2-
methylpropionamido)propyl]trimethylammonium chloride), poly(MAPTAC), was synthesized 
and received as a gift from Laboratoire de Physico-Chimie Macromoleculaire (Paris). The 
polyelectrolyte has a molecular weight of 240 kg/mol, and contains one charged group per 
monomer segment.  
 
                                                                  
 
 
 
 
 
 
  
 
 
 
 
 
                    
 
Table 1. Physical characteristics of PEO45MEMA:METAC-X polymers as obtained through light scattering 
measurements. Mw stands for the weight average molecular weight, while Rg is the z-average radius of gyration.  
 
The investigated bottle-brush polyelectrolytes (denoted as PEO45MEMA:METAC-X) of this 
work were synthesized by free-radical co-polymerization of PEO45MEMA (poly(ethylene 
glycol) methyl ether methacrylate), Figure 7, and METAC (methacryloxyethyl 
trimethylammonium chloride) monomers (Figure 6); a detailed description of the polymerization 
procedure has been provided in Paper III. In the comb polyelectrolyte representation “X“ stands 
for the molar percentage of METAC segments, which constitute the permanently charged 
moieties of the copolymer. The molecular weight of the poly(ethylene oxide) component 
(PEO45) of the PEO45MEMA monomer is well-defined (polydispersity index 1.1) and equals to 2 
kg/mol, but the molecular weight distribution of the synthesized polyelectrolytes is large 
(polydispersity index ≈ 2-3). Some of the characteristics of the PEO45MEMA:METAC-X 
polyelectrolytes have been summarized in Table 1. Finally it is noted that throughout the studies 
it has been assumed that PEO45MEMA and METAC have a close-to random distribution along 
the polyelectrolyte chain. But, the validity of this assumption is not clear as it is known63, 64 that 
the reactivity of PEO-based macromonomers is lower than low molecular weight monomers of 
similar structure, due to the lower mobility of the macromonomers and the reduced accessibility 
of the double bonds. However, the difference63 in reactivity is not very high; hence, a close-to 
random-like distribution (with some block character) of the monomers in the copolymer can be 
expected.                                                                                       

polymerBrush  wM
)( 1−kgmol

 

gR  
)(nm

 
Poly(PEO45MEMA) 410 25 

PEO45MEMA:METAC-2 490 23 
PEO45MEMA:METAC-10 760 35 
PEO45MEMA:METAC-25 660 39 
PEO45MEMA:METAC-50 680 42 
PEO45MEMA:METAC-75 520 35 
PEO45MEMA:METAC-90 235 25 

poly(METAC) 145 28 
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The linear poly(ethylene oxide) employed in the investigations of Paper VII (referred to as 
PEO500) was purchased from Polymer Laboratories. It has a molecular weight (Mw) of 527 
kg/mol and a polydispersity index of less than 1.1. 
                                             
            

 
 
 
 
 
 
 
 
 
 
 
Figure 6. Molecular structures of from left: PVAm, PCMA, poly(MAPTAC) and poly(METAC). 
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Figure 7. Molecular structure of  PEO45MEMA. 
                                                                                 

4.2 Surfactants 
 
The anionic surfactant used in this thesis was Sodium dodecyl sulphate, SDS. As the name 
implies, the surfactant has a hydrocarbon moiety of 12 carbon atoms and a sulphate head group. 
The CMC of SDS in water is approximately30 8.3 mM.  
 

4.3 Substrates 
 

4.3.1 Muscovite Mica 
 
Mica is a layered aluminiumsilicate, with each layer being highly negatively charged due to the 
isomorphous substitution of aluminium for silicon atoms. The charge density of  the mica layers 
has been shown65 to be 2.1*1018 lattice charges/m2. In the substrate, these charges are 
compensated for by mainly potassium and to a smaller extent sodium ions that reside between 
the sheets. However, upon immersion of the substrate into aqueous solution, the ions located on 
the surface dissolve, which leads to the creation of surface charges. It is noted that the surface 
charge density that is measured14 in aqueous solutions is much lower than the above-mentioned 
charge density, due to the adsorption of e.g. H3O+ ions onto the surface.    
The attractiveness of mica as substrate lies in the observation that its dimensions do not change 
upon immersion in solvents like water. Also, the substrate provides highly smooth and thin 
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(micrometer-thick) layers, which is a prerequisite in e.g. SFA-measurements (described in the 
methods section). 
  

4.3.2 Silica 
 
Anyone who has tried to study the works of e.g. Yaminsky66 et al. has quickly realized that silica 
is not an ideal substrate due to the history-dependence of many of its surface properties. These 
properties have also been shown67 to be highly dependent on the manufacturing route of the 
substrate; as the manufacturing routes affect the number of silanol groups, which act as 
adsorption sites for e.g. poly(ethylene oxide). Nevertheless, silica (functioning as model) 
substrate has been used in part of the investigations covered in this work, as a means to draw 
advantage of the extensive68, 69 studies that have been done by our group on the adsorption 
properties of bottle-brush polyelectrolytes on silica.  
It is known15, 70 that the silanol groups dissociate with increasing pH and ionic strength of the 
solution. At high pH-values (pH = 8-9) the silica substrate is believed15, 70 to be highly charged, 
and to be charge-neutral at pH ≈ 2-3. One can therefore take advantage of the pH-dependence of 
the silica charge density to force bottle-brush polyelectrolytes to adsorb mainly with their 
charged backbone or through their side chains; this opportunity was utilized in Paper VI and 
VII.  
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5 Methods 
 
The purpose of this section is to list the different instruments that were employed by this author 
in his studies. Here, a certain familiarity of the reader with the different techniques has been 
assumed, allowing the author to focus only on the justification of their usage. 
 

5.1 Surface Force Apparatus (SFA) 
 
By (interferometric) SFA71 a multitude of information, e.g. surface forces, adhesion, layer 
thickness, compressibility and the refractive index of the formed layers, can be obtained. Under 
ideal conditions, the accuracy50 in the determination of surface forces and surface separation are 
about 10-8 N and 0.1 nm respectively. In this thesis SFA (Mark IV model) was primarily used to 
determine the nature of the surface interactions between two polyelectrolyte-coated surfaces (in 
“crossed cylinder” configuration). However, by monitoring the onset of the surface forces, the 
hysteresis in the observed forces during repeated measurements and the compressibility of the 
layers, conclusions could also be drawn regarding the structure of the formed polyelectrolyte 
layers (Paper III). Finally, it is noted that the choices of the type of liquids and solutions that 
can be used in SFA-measurements are endless, however the narrow-limit of the substrates that 
can be employed (due to the requirements on the smoothness and transparency of the surfaces) is 
considered as a major limitation of the SFA. 
 

5.2 Atomic Force Microscopy (AFM) 
 
Atomic force microscopy72 can be used to among others study frictional forces, with an 
accuracy50 of about 10-11 N, and measure surface interactions (accuracy of about 10-12 N). 
However, on the contrary to SFA, it is not possible to determine the absolute distance between 
the interacting surfaces; neither is it possible to directly measure the contact area between the 
surfaces. In this thesis, AFM was mainly used to study the effect of polymer architecture on the 
lubrication properties of bottle-brush polymers (Paper IV). But, the instrument was also 
employed to obtain information about the layer structure of the investigated systems (Paper VII) 
by comparing the onset of their steric forces. 
 

5.3 Quartz Crystal Microbalance with Dissipation Monitoring Ability (QCM-D) 
 
The build-up of e.g. a polymer layer can be monitored in real time by QCM-D73. The 
information gained by the instrument are the sensed mass (which is sum of the “dry mass” of the 
polymer layer and the amount of solvent that oscillates with the sensor) and the viscoelasticity of 
the adsorbed layer. The sensed mass can be measured with an accuracy of 1 ng/m2. QCM-D was 
used to among others compare the layer structure of different systems (Paper VI and VII). It is 
noted that more detailed conclusions (e.g. about the amount of solvent in the layer) can be drawn 
from QCM-D measurements if the actual adsorbed mass (dry mass) of the adsorbing species is 
known. This information cannot be obtained by QCM-D; therefore complementary 
measurements with e.g. reflectometry have to be conducted. Finally, as another complicating 
factor involved with QCM-D studies, it is mentioned that the value of the sensed mass is 
dependent on the model74, 75 that is chosen for analysing the data. 
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5.4 Dynamic Light Scattering (DLS) 
 
Dynamic76 light scattering was mainly used to determine the size and polydispersity of 
polyelectrolyte-surfactant aggregates (Paper I and II). However, this could be done only in 
systems which exhibited low turbidity (due to “multiple scattering”), which is one limitation of 
the method.    
 

5.5 Turbidimeter 
 
Turbidity measurements can be used to obtain qualitative (but not easily quantitative) 
information about aggregation processes. This ability was used to investigate the stability of 
polyelectrolyte-surfactant aggregates as a function of time (Paper I and II).  
 

5.6 Electrophoretic Mobility 
 
Electrophoretic mobility measurements were conducted to obtain information about the sign, and 
to qualitatively compare the magnitude of the mobility of a series of charged entities (Paper I 
and II). It is noted that the actual magnitude of the zeta-potential is not possible to obtain without 
knowledge of the shape of the investigated objects. 
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6 Results and Discussion 
 
The focus of this section will be on elaborating the results that this author finds particularly 
interesting. For the full coverage of the obtained results in this PhD-project, the reader is referred 
to the produced papers, attached in the end of this thesis. 
 

6.1 Non-Equilibrium States 
  

6.1.1 Non-Equilibrium Effects in Polyelectrolyte-Oppositely Charged Surfactant Systems 
 
In Paper I and II, two simple mixing protocols denoted as STP (Surfactant added To 
Polyelectrolyte solution) and PTS (Polyelectrolyte added To Surfactant solution) were used to 
prepare polyelectrolyte-surfactant complexes from solutions with varying surfactant to 
polyelectrolyte concentration ratios. It was shown that in the extremes of the investigated SDS 
concentration range, the bulk properties of the formed aggregates differed significantly between 
the different methods. This has been illustrated in Figure 8, which shows the initial turbidity of 
solutions containing a mixture of highly charged polyelectrolyte (PCMA) and an anionic 
surfactant (SDS), in 10 mM NaCl. The reader is reminded of that each presented point in the 
curves is a system that has been mixed and prepared separately, and therefore is not the result of 
the continuous increase in the surfactant concentration. The fact that different mixing protocols 
lead to aggregates with different properties is an evidence for the aggregates being in a 
kinetically entrapped state. In Paper I and II the following mechanisms were put forward as 
explanations for the above observations. In the low SDS concentration range (Figure 8) when 
STP is used, due to the locally high surfactant concentration charge-neutral polyelectrolyte-
surfactant aggregates or aggregates with excess negative charges are created. In the former case 
when the electrostatic barrier is removed, the aggregates are postulated to associate with other 
polyelectrolyte chains through hydrophobic interactions. In passing it is noted, that the existence 
of these hydrophobic interactions among polyelectrolyte chains have been shown42 for 
poly(MAPTAC) which structurally is very close to PCMA. In the case of complexes with excess 
negative charges, they will associate with positively charged polyelectrolytes through attractive 
electrostatic interactions. On the other hand, in the high SDS concentration range, when a large 
volume of highly concentrated SDS solution is added (into a diluted polyelectrolyte solution), 
the SDS disperses easily among the polyelectrolyte chains. This leads to the creation of (highly) 
negatively charged aggregates, which resist the formation of larger entities.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Turbidity of solutions containing PCMA and SDS in 10 mM NaCl. The values were obtained 15 minutes 
after their preparation. The solutions were prepared through the STP method (unfilled symbols) and the PTS method 
(filled symbols). 

 

0.1 1 10
0

10

20

30

40

50

60

70

∆ 
Tu

rb
id

ity
 (N

TU
)

SDS [mM]



 21

In the low SDS concentration range, when the PTS method is used, the diffusion of the highly 
mobile SDS monomers through the polyelectrolyte chains (which keep a large distance relative 
to each other due to repulsive electrostatic interactions) leads to a more even distribution of the 
surfactant monomers among the polyelectrolyte chains. This results in the formation of smaller 
complexes (as compared to when STP is employed). But when the concentrated polyelectrolyte 
stock solution is added in the high SDS concentration range, larger aggregates as compared to 
when STP is employed are created as the polyelectrolyte chains cannot disperse quickly enough 
in the solution before complexation occurs. This is in part due to the lower diffusion rate of the 
larger polyelectrolyte chains when compared to SDS monomers and micelles. 
Non-equilibrium states of systems are problematic since firstly they result in properties which 
differ from what were originally intended, and secondly their relaxation towards equilibrium 
results in a continuous change in their properties, and hence in the performance in the intended 
applications. The changes in turbidity with time of the PCMA-SDS aggregates (formed through 
different methods) are illustrated in Figure 9. Several features in the figure are worth pointing 
out. First, the PCMA-SDS aggregates seem to relax towards a phase separating state, which in 
the majority of cases is reached within about 30 days. Second, and as expected, the stability of 
the aggregates towards phase-separation increases with the excess amount of either of the 
components in the aggregates. However, it is clear from the results that the SDS and PCMA 
components display different stabilizing efficiencies. In Paper I it was hypothesized that this is 
due to the ease in the displacement of the excess SDS monomers in the protective shell of the 
aggregates compared to the excess charges of the polyelectrolytes-stabilized aggregates (in 
which the charges are chemically bound), during inter-aggregate collisions. At this point a 
comment on these results is in order. It is the belief of this author that the reduction in the 
turbidity of solutions with SDS concentrations up to 0.08 mM are not due to a phase separation 
process. This conclusion is based on the observations that no flocculation (which is indicated by 
an increase in the turbidity) occurs before the down-turn in turbidity, the absence of sediments 
on the bottom of the containers, and the non-existence of a bulk phase separation (into an 
aggregate-rich and an aggregate-poor region). Rather, the decrease in turbidity is believed to be 
due to the dissociation of the aggregates into smaller entities. This is suggested to be due to a 
slow exchange of SDS between polyelectrolyte chains leading to a close to equal distribution of 
surfactants on the different chains after long time.   
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Figure 9. Turbidity of solutions containing PCMA and SDS in 10 mM NaCl as a function of time. The solutions 
were prepared through the STP method (a) and the PTS method (b). 0.04 mM ( ), 0.08 mM ( ), 0.17 mM ( ), 
0.33 mM ( ), 0.83 mM ( ), 4.15 mM ( ), 8.33 mM ( ). 
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6.1.2 Non-Equilibrium Effects in Adsorbed Polymer Layers 
 
Non-equilibrium states are not restricted to only multi-component systems, but are also found in 
the simplest of polymeric systems e.g. polymers adsorbed at interfaces. An example given is the 
very slow desorption process of highly charged polyelectrolytes which has earned1 them the 
epithet “irreversibly adsorbed”. The study of non-equilibrium effects in bottle-brush systems 
were not among the aims of this thesis and hence not specially looked for. Nevertheless, they 
were frequently encountered during the course of the project, which is the motivation behind 
their inclusion in this thesis. An example of non-equilibrium effects has been displayed in Figure 
10 (unpublished data), which shows the QCM-D properties of a preadsorbed 
PEO45MEMA:METAC-50 layer on silica. It is clear that a slow change of the layer properties 
occurs during prolonged times (> 24 h). At the time of the writing of this thesis, possible reasons 
behind the appearance of these effects were still debated in our group. One possible explanation 
could be that the observed changes in the layer properties are due to relaxation of the 
polyelectrolyte layer through the formation of a more extended structure. This is probably 
occurring due to the fact that PEO45MEMA:METAC-50 is a highly charged polyelectrolyte, 
which due to its stiff close-to rod shape conformation initially adsorbs in a flat conformation on a 
low charge density substrate. This process leads to an overcompensation of the surface charges, 
since the distance between the polyelectrolyte- and surface charges are not closely matched; 
which in turn leads to a slow relaxation to a “loopier” layer conformation as the accumulation of 
charges in the close vicinity of a non-adsorbing interface in unfavourable. This can be viewed as 
a first step towards desorption of the polyelectrolytes. 
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Figure 10. QCM-D results (obtained from the third overtone) for changes in sensed mass (filled symbols) and 
dissipation (unfilled symbols) versus time for the PEO45MEMA:METAC-50 bottle-brush polyelectrolyte system. 
The brush polyelectrolyte layer was formed through the injection of a 100 ppm solution (at pH 10) into the chamber 
at ca 0.3 days, and the subsequent rinse with background solution (pH 10) at ca 0.4 days, to remove the non-
adsorbed polyelectrolyte chains.  
 

6.2 Surface Properties of Bottle-Brush Polyelectrolytes 
 

6.2.1 Effect of Polymer Architecture on Adsorption 
 
The investigations in Paper III were devoted to relate the effect of polymer architecture to 
among others adsorption properties of bottle-brush polyelectrolytes. The parameter of interest in 
these studies was the relative number of side chains and charged segments in the polymers 
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(abbreviated here by SCR (side chain to charged segment ratio)). The basis behind this particular 
choice was that this parameter simultaneously defines the number of protective side chains that 
are brought to the interface by each adsorbing polymer chain, and the strength of the attachment 
of the polymer as a whole at the surface. It was anticipated that a polymer with a high number of 
charged segments (low SCR) would readily adsorb onto an (oppositely) charged interface, but 
that this would occur on the expense of the number of side chain brought to the interface. On the 
other hand, in the other extreme of SCR it was anticipated (in accordance to what is known for 
linear polyelectrolytes) that a minimum charge density would be required to adsorb a highly 
grafted polymer. However, in this range the strength of the anchoring of the chains would be 
weak since the adsorption process is counteracted by the entropy decrease that results when the 
highly mobile side chains are confined to an interface, and the lateral repulsion between the side 
chains along the same and neighbouring (bottle-brush) chains. The study of bottle-brush 
polyelectrolytes with SCR values in the range of ∞-0 revealed that the investigated polymers 
start to adsorb (onto mica) when SCR decreases to approximately 9, which equals to a charge 
density value of about 10%. This value is significantly higher than what is required for 
adsorption of linear polyelectrolytes with comparable13, 14 molecular weights. The higher 
required charge density value observed for comb polyelectrolytes is a consequence of the above-
described effects that oppose the adsorption process. The investigations further revealed that the 
adsorbed mass and number of chains at the interface as a function of SCR exhibit discontinuous 
trends in their evolution (Figure 11), having their maximum values located around SCR = 1. 
Apparently, near this ratio the driving force for adsorption and the forces opposing the process 
find their optimal balance for creating a brush layer. It is pointed out that the discontinuous 
feature in the adsorbed mass of bottle-brush polyelectrolytes is nothing unique but is also found13 
among linear polyelectrolytes. However, the maximum in adsorbed mass for linear 
polyelectrolytes occurs at much lower charge densities13, due to the lower crowding effects and 
penalty in entropy that are involved. 
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Figure 11. Adsorbed mass (filled symbols) of PEO45MEMA:METAC-X bottle-brush polyelectrolytes on mica, 
measured with phase-modulated ellipsometry (Paper III), and the corresponding number of PEO45 side chains 
(unfilled symbols) as a function of side chain to charged segment ratio (SCR).  
 

6.2.2 Effect of Polymer Architecture on Layer Structure 
 
It falls natural to continue the discussions in the previous section by commenting on the effect of 
polymer architecture (read SCR) on layer properties, as an increase in the adsorbed mass is 
known to (among others) lead to an increase in the layer thickness. In fact, according to the 
classical scaling approach (proposed by among others Alexander34) the thickness of brush layers, 
L, can be directly related, equation (6), to the adsorbed mass (Γ). In relation (6) M signifies the 
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molecular weight of the brush chains, while NA denotes Avogadro’s number. However, this 
relation has been derived for ideal brush layers (Figure 1), in which all the brush-forming chains 
are at one end attached to the surface and protrude to the same extent into the solution. This 
representation may be accurate for bottle-brush polyelectrolytes with high charge densities (low 
SCR), which can adsorb with the backbone flat at the interface. But this is an unrealistic feature 
for the case of comb polyelectrolytes with high SCR-values as these, governed by the steric and 
entropic interactions stated in the previous section, will favour a highly extended backbone 
conformation. Hence, a direct relation like equation (6) between the adsorbed mass and 
properties like layer extension seems unlikely to exist when the polymer architecture is varied as 
in our investigation. This hypothesis was confirmed by the SFA measurements (Paper III) 
which showed that e.g. PEO45MEMA:METAC-10 having a lower adsorbed mass than for 
example PEO45MEMA:METAC-50 forms a thicker layer than the polyelectrolyte with the higher 
charge density.  
 

3/1

~ 





 Γ

M
NL A     (6) 

 
Following the set definition for polymer brushes (see section 2.2), bottle-brush polyelectrolytes 
like those formed by PEO45MEMA:METAC-10 which do not have the ability to concentrate 
their backbone segments in the close vicinity of the surface, cannot be regarded as brush forming 
polyelectrolytes. According to the same definition, comb polyelectrolytes must have highly 
stretched, protruding side chains, to be regarded as brush forming polymers. In Paper III, the 
degree of stretching of the investigated comb polyelectrolyte side chains was determined by 
taking the square of the ratio between the radius of gyration (Rg) of the undisturbed side chain 
coil and the distance (s) between two side chains at the interface. In this context, the square of 
the ratio between Rg and the distance between the chains along the polymer backbone (in fully 
stretched conformation) was also found to be informative. The mentioned comparisons, together 
with the above-mentioned SFA-measurements, revealed that only the polymer layers of comb 
polyelectrolytes with SCR values of 0.33-1 can be considered as brush-like. It ought to be 
pointed out that even though polymer layers of the later mentioned polyelectrolytes can be 
regarded as brush like, their features do not resemble that of an ideal brush (Figure 1). This 
conclusion can be drawn by for example comparing the fitted parameter s in relation (4) with 
that (s) obtained from the adsorbed mass (see the above discussions). If all side chains are 
protruding to the same extent and direction relative to the surface then the values obtained 
through the different methods should all be the same. However, the results presented in Paper 
III pointed to the opposite. This was interpreted as the side chains, as a means to decrease the 
repulsive forces between them (when confined to a limited space), protrude to different extents 
and to different directions relative the surface; this has been schematically illustrated in Figure 
12. 
 
 
 
 
 
 
 
 
 
 
Figure 12. Schematic presentation of the layer structure of bottle-brush polyelectrolytes as suggested by the data 
presented in Paper III. 
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6.2.3 Modification of Surface Interactions through Adsorption of Bottle- Brush Polyelectrolytes 
 

6.2.3.1 Bridging Forces 
 
Linear polyelectrolytes are infamous for their bridging ability, something that has found them 
applications in areas such as water treatment and mineral recovery in the mining industry. 
Reports14 indicate that linear polyelectrolytes with charge densities as low as 10% have the 
ability to bridge in low ionic strength conditions. It has also been shown that the ability to bridge 
remains77 at high ionic strength conditions, at least for the polyelectrolytes with the highest 
charge densities. However, SFA-measurements (Paper III) showed that none of the investigated 
comb polyelectrolytes form bridges between mica surfaces (at low ionic strength conditions). It 
can be argued that in these systems, bridging becomes hampered due to the thick layers formed 
by the side chains. However, the investigations at high ionic strength conditions (0.1 M NaNO3, 
Paper V) in which a large extent of desorption of the polymer layers was reported (when SCR = 
3-9) also pointed to the absence of bridging interactions. In section 3.5, some of the factors 
affecting the range and strength of the bridging interaction were covered; among them, the effect 
of the chain stiffness was pointed out. This factor together with the difficulty of the bridging 
chain (due to e.g. steric hindrance) to change its conformation to expose its charged segments to 
the opposite surface, are believed to be the explanations for the absence of bridging interactions 
in comb polyelectrolyte systems. It is pointed out however, that in Paper IV comb 
polyelectrolytes with SCR < 3 exhibited bridging abilities in the asymmetric mica-silica system. 
In this case, the bridging force is attributed to the interaction between the readily exposed 
poly(ethylene oxide) side chains attached to the mica surface and the silanol groups of the silica 
interface. 
 

6.2.3.2 Frictional Forces 
 
In earlier sections of this thesis, the importance of the surface coverage of the polymer layer for 
the frictional properties of two shearing surfaces was highlighted. It was argued that a thick and 
stable bottle-brush polymer layer is needed to support high loads and to decrease the shear force 
between the surfaces. However, in the case of the comb polyelectrolytes of this work, an 
effective coverage of the surfaces with the side chains is imperative due to the ability of 
poly(ethylene oxide) side chains to adhere to e.g. silica surfaces – which increases the shear 
strength of the interfacial region and hence the frictional force (see equation (5)). These points 
were demonstrated by recording (using AFM) the surface interactions and frictional forces (FFric) 
of coated mica and silica substrates (Paper IV). The results indicated that in instances when 
comb polyelectrolyte adsorption leads to an effective coverage of both surfaces, extremely low 
coefficients of friction (µeff) are obtainable. For example, a µeff -value of 0.006, under pressures 
as high as 30 MPa for surfaces coated with PEO45MEMA:METAC-10 was obtained. It is 
interesting to compare this value with the theoretical predictions that are available. Klein59 has 
proposed relation (7) for the estimation of the µeff of compressed brush layers (formed on planar 
surfaces) under good solvent conditions. It is noted that the relation is valid (among others) 
under moderate compression when the normal force (Fn) law follows the Alexander-deGennes 
expression (4) for the steric force between brush layers. 
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In the relation s is the distance between the brush chains at the interface, ν the sliding velocity of 
the surfaces, and kB and T are the Boltzmann constant and temperature respectively. Further, β is 
the degree of the compression of the layers, defined as: 
 

D
L2

=β    (8) 

 
where L is the unperturbed brush layer thickness (in a symmetric system) and D is the distance 
between the interacting brush surfaces in the end of the compression process. Finally, ηeff is the 
effective viscosity in the interfacial zone. Following the same strategy as Raviv78 et al., relation 
(9) can be used to calculate ηeff, with Γmean, ρ and Mw denoting the mean adsorbed mass at the 
mica and silica surfaces, density and molecular weight of the side chains, respectively. 
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Using the combined results presented in Paper III and IV, with β ≈ 10 (Paper IV), Γmean = 1.9 
mg/m2 (Paper IV), a mean s-value of 1.4 nm, ρ = 1100kg/m3, ν = 4 µm/s, and D ≈ 4 nm, 
relation (7) returns a µeff-value of approximately 0.002. It ought to be mentioned that the D-value 
used in the above calculations is that obtained by SFA for two mica surfaces (Paper III). The 
reason for this is (as mentioned earlier) that AFM cannot provide the absolute distance between 
the interacting surfaces. The calculated µeff is in good agreement with the experimental value 
(0.006), considering the facts that equation (7) has been derived for a system consisting of brush 
layers adsorbed onto two flat surfaces (which contrast the AFM-measurements which were 
conducted in a flat surface-sphere geometry), and the uncertainty involved in the used D-value. 
Also, it should be recalled that the equation has been derived for “Alexander-deGennes brush 
layers”, which are not formed when PEO45MEMA:METAC-10 is adsorbed. However, the usage 
of relation (7) for estimation of the µeff for the bottle-brush polyelectrolyte is still valid, since the 
segment density of the system approaches that of an “Alexander-deGennes brush” when the 
adsorbed layers are compressed. 
 

6.3 Adsorption Kinetics 
 
Adsorption of polymers on solid surfaces has been shown79 to be the result of the succession of 
several processes. In the early stage of the adsorption process, when the surface coverage is very 
low, the adsorbed mass of the polymer is determined by the diffusion rate of the polymer to the 
surface. At this stage when the adsorbed mass is still very low, the adsorbing chains attach to the 
surface with much28 of their in-solution conformation intact (Figure 13a). However, as the 
surface coverage increases, excluded volume effects start to come into play, which force the 
arriving chains to attain80, 81 a more extended conformation relative to the adsorbing surface, as a 
mean to reach the still available areas at the interface (Figure 13 b). This process can be 
excellently demonstrated by QCM-D. In Figure 14, the change in the dissipation of the layer as a 
function of the sensed mass has been displayed. It is clearly seen that the dissipation of the layer 
increases quicker than the sensed mass when about 90% of the plateau-value of the sensed mass 
has been reached. This reveals that the chains that adsorb at this surface-coverage and beyond 
attain a more extended conformation (relative to the adsorbing interface).   
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Figure 13.  Schematic presentation of polymer adsorption and polymer layer structure at low surface coverage (a), 
and high surface coverage (b). 
 
In the later stages of the adsorption process, adsorption becomes limited by the diffusion79 of the 
polymer chains through the thick polymer layer already adsorbed at the interface. This is a very 
slow process, since it requires28 deformation and rearrangement of the already adsorbed chains 
for accommodation of the arriving chains. For example, Motschmann28 and Stamm who 
investigated the adsorption kinetics of diblock (poly(ethylene oxide)-polystyrene) copolymers 
showed in their report that at this stage of the adsorption process, the increase of the adsorbed 
mass as a function of time can be best described by an exponential relation. The authors further 
showed that the time to reach the final value of the adsorbed mass increases with the molecular 
weight of the protruding moiety of the copolymer, and with decreasing polymer concentration in 
the solution. It can therefore be expected, by utilizing the results of Motschmann28 et al., that  
maximum coverage of the polymer layer was not achieved in the investigations of this thesis, 
which involve one hour of adsorption time of high molecular weight (Mw ~ 500 kg/mol) and 
bulky comb polyelectrolytes from very dilute solutions (10 ppm).  
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Figure 14. The evolution of dissipation as a function of sensed mass during the adsorption process of 
PEO45MEMA:METAC-10. The comb polyelectrolyte was adsorbed from a 100 ppm solution at pH 10. The QCM-D 
data were obtained from the third overtone. 
 

6.4 Stability of Bottle-Brush Polyelectrolyte Layers in High Ionic Strength Solutions 
 
In Paper V the stability of bottle-brush polyelectrolyte layers under different ionic strength 
conditions was investigated. It was shown that the susceptibility of preadsorbed bottle-brush 
polyelectrolyte layers to the ionic strength of their environment is much higher than linear 
equivalents. This point has been illustrated in Figure 15, where the extent of desorption of bottle-
brush polyelectrolytes (obtained by ellipsometry) has been displayed together with those 
obtained14 for linear polyelectrolytes (AM-MAPTAC-X, X denotes mol% of charged MAPTAC 
segments in the copolymer) having similar charge densities as the investigated comb 
polyelectrolytes. The latter values have been obtained by analyzing the results reported by 
Rojas14 et al. (who used XPS in their investigations). The higher sensitivity of bottle-brush 

a) b)
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polyelectrolytes to the ionic strength of the solution was rationalized by their weaker anchoring 
to the interface due to the strong lateral repulsions between the side chains, when confined to a 
small area.  
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Figure 15. The extent of desorption of bottle-brush polyelectrolytes (Paper V) and linear polyelectrolytes (AM-
MAPTAC-X, obtained by analyzing the results presented in reference14) having comparable charge densities. The 
quantity is displayed as the relative amount of adsorbed mass removed at the different salt concentrations. ( ) 
PEO45MEMA:METAC-10, ( ) PEO45MEMA:METAC-25, ( ) AM-MAPTAC-10, ( ) AM-MAPTAC-30. 
 

6.5 Association of Bottle-Brush Polyelectrolytes and Oppositely Charged Surfactants 
 
In Paper V the effect of SDS on preadsorbed comb polyelectrolyte layers on mica was 
investigated, with the means of SFA. Studying the obtained force profiles, it was concluded that 
this class of polyelectrolytes shows a lower degree of association and desorption in the presence 
of SDS than linear polyelectrolytes with comparable charge densities and molecular weights. 
This observation was related to the protective effect of the poly(ethylene oxide) side chains, 
hindering the surfactant monomers to reach and interact with the charged groups of the bottle-
brush polyelectrolytes, which reside in the close vicinity of the mica substrate. This conclusion 
was supported by experimental results (in Paper V) which showed that the largest swelling (in 
highly concentrated SDS solutions) occurred for the layer of PEO45MEMA:METAC-75, which 
had the lowest SCR-ratio among the investigated bottle-brush polyelectrolytes.  

 

6.6 Stability of Brush Layers in Presence of Species with High Surface Affinity 
 
Coating of the inner surfaces of blood bags or the outer surfaces of contact lenses to inhibit 
particle (viz. protein) attachment are other examples of application areas where bottle-brush 
polyelectrolytes can potentially be used. The successfulness of the polyelectrolytes in the 
mentioned areas is measured by the stability of the protective coatings (and their effectiveness) 
in the harsh conditions in which they have to perform. In Paper V it was shown that bottle-brush 
layers can be destabilized, to different extents, in high ionic strength conditions (in which the 
electrostatic interactions between the surface and polyelectrolyte charges is screened) and when 
the layers are exposed to solutions containing oppositely charged surfactants, which compete 
with the surface sites for the charged polyelectrolyte segments. However, destabilization of 
bottle-brush layers can also occur when entities with higher surface affinity than bottle-brush 
polyelectrolytes compete for the adsorption sites. This destabilization mechanism is highly 
realistic in the mentioned application areas, as body fluids contain surface active species. 
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Destabilization through competitive adsorption is expected to be a major concern in systems with 
voids in the protective layer, and where the surface side chain density is too low. Reports on 
PLL-PEO bottle-brush polyelectrolytes, consisting of PEO side chains with molecular weights in 
the range of 1-5 kg/mol, have shown82 excellent protein repellency properties for systems with 
SCR-values in the range of 0.2-0.3 (the resulting surface side chain densities were approximately 
0.3-0.5 chains/nm2). Further, AFM-imaging on the resulting polymer layer of these comb 
polyelectrolytes have shown83 that they produce homogeneous layers with no detectable voids. 
These results in combination with those in Paper IV, demonstrating excellent lubrication 
properties for PEO45MEMA:METAC-10, made us to investigate if this polyelectrolyte also 
would have excellent stability against a model invasive species - the highly charged 
poly(MAPTAC). However, the studies conducted (by QCM-D) in Paper VI revealed that the 
brush layer was easily displaced by poly(MAPTAC). At this stage the reader is reminded of that 
the experiments were conducted at pH 10, a condition which is different from that in Paper IV. 
However, the side chain density of PEO45MEMA:METAC-10 (calculated from the 
reflectometric adsorbed mass) at the two different conditions is approximately the same (0.5-0.6 
chains/nm2). Apparently there are voids in the PEO45MEMA:METAC-10 layer enabling 
poly(MAPTAC) chains to reach the interface. This conclusion may seem odd when considering 
the results in Paper IV, which for the same system showed excellent lubrication properties and 
absence of bridging forces (indicating an effective surface coverage). These two contrasting 
results are believed to be reconcilable by the following reasoning. In section 6.3 it was argued 
that close packing of bottle-brush polyelectrolytes at an interface is a difficult process due to the 
bulkiness of the chains. Further, the formation of monolayers becomes hampered when 
adsorption times are short and when adsorption occurs from very dilute polyelectrolyte solutions. 
This results in a layer structure as that schematically presented in Figure 16a, through which 
poly(MAPTAC) chains can easily diffuse. However, during the compression process of the 
layers (e.g. when conducting the frictional measurements in Paper IV) a densification of the 
layers occurs which hinders interpenetration of opposite brush layers (Figure 16b). 
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Figure 16.  Schematic representation of the layer structure of PEO45MEMA:METAC-10. (a) Undisturbed polymer 
layer, enabling diffusion of poly(MAPTAC) through the bottle-brush layer. (b) The adsorbed layers of the same 
comb polyelectrolyte during a compression process. The more homogeneous distribution of the polymer segments in 
the interfacial region hampers interpenetration of opposing layers.  
 
In Paper VI the resilience of PEO45MEMA:METAC-75 in presence of poly(MAPTAC) was 
also investigated. However, this system displayed no desorption, nor an increase in the sensed 
mass which would have indicated attachment of poly(MAPTAC) chains at exposed surface 
areas. The inability of poly(MAPTAC) to replace PEO45MEMA:METAC-75 was proposed to be 
due to  the combined effect of several factors. For example, in accordance for what is known84 
for nonionic polymers it can be expected that the driving force for replacement will decrease 
with decreasing difference in surface affinity (read charge density) between the competing 
polyelectrolytes. Also, it has been shown for highly charged polyelectrolytes that once adsorbed 
they are generally very difficult to displace due to their strong surface affinity. This point has 
been demonstrated85 by investigating the competitive adsorption of poly(styrene sulfonate) with 
different molecular weights on hematite. Another explanation for the resistivity of the 
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PEO45MEMA:METAC-75 layers against desorption could be the formation of a homogenous 
brush layer with no or small voids and with the backbone segment in close vicinity of the 
interface. This hypothesis is in fact validated by surface force measurements that were conducted 
on mica surfaces (Paper III) coated with about the same quantity (1.5 mg/m2) of 
PEO45MEMA:METAC-75 as what is reported in Paper VI. The investigations demonstrated a 
purely reversible and repulsive force, with no adhesive component which would have been 
indicative of bridging or entanglement forces.  
 

6.7 Contrasting the Layer Properties of a Linear- and a Bottle-Brush PEO 
 
The adsorption of a stiff polymer chain onto an interface can be expected to be more favourable 
than that of a flexible one, as confinement of the latter polymer to an interface results in a greater 
loss of conformational entropy. However, at the same time, it may be energetically more 
favourable for a flexible chain to adsorb, as the chain can maximize its interactions with the 
surface by changing its conformation; this point was briefly touched upon when discussing 
bridging forces in previous sections of this thesis. Therefore, the driving force for adsorption and 
layer properties of polymers differing in polymer architecture e.g. linear vs. comb structure are 
far from clear. This was the main motivation behind the studies conducted in Paper VII, in 
which adsorption and layer properties of a linear and a bottle-brush poly(ethylene oxide) based 
polymer were investigated with the means of AFM and QCM-D. The investigations showed that 
it is the entropy factor that dictates the adsorption and surface properties of the investigated 
polymers. This was evident from the thicker polymer layer, but smaller adsorbed mass, of the 
linear PEO compared to the comb equivalent, indicating that the linear PEO chains strive to 
maximize their conformational entropy on the expense of their gain in adsorption energy. This 
was confirmed by exposing the preformed layers of the linear PEO to solutions containing the 
bottle-brush polymer. The results showed that the comb polymer could, due to its higher surface 
affinity (stemming from its higher number of contact points with the surface), readily displace 
the linear equivalent, whereas the linear PEO could not remove the preadsorbed layer of the 
bottle-brush polymer. 
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7 Conclusions 
 
This thesis holds the results of investigations conducted on the effect of mixing parameters such 
as mixing protocol and mixing method on the end properties of polyelectrolyte-oppositely 
charged surfactant mixtures, and the effect of polymer architecture on surface properties of 
bottle-brush polyelectrolytes. Listed below are some of the main findings. 
In the first part of the studies, the effects of the order of addition of polyelectrolyte and surfactant 
and the nature of the mixing procedure on the formed aggregates were investigated; the 
properties of interest were the size and the long-term stability of the aggregates. It was shown 
that depending on the ratio of the negatively and positively charged units, the initial size of the 
formed aggregates was highly dependent on the mixing parameters, and that the difference 
between the resulting aggregates persisted for long periods of time. It was shown however, that 
this variation could be entirely eliminated with a homogeneous distribution of the different 
components at the early stages of mixing. In the reported investigations, this was achieved 
through dilution and/or vigorous mixing of the solutions. 
In the second part of the studies the effect of the polymer architecture, in the form of the relative 
number of side chains to charged segments, of bottle-brush polyelectrolytes on their surface 
properties was investigated. The potential of the bottle-brush polyelectrolytes as lubricants was 
also investigated. It was shown that the minimum charge density needed to attach the 
polyelectrolytes onto a charged substrate is significantly higher than for linear polyelectrolytes. 
In accordance with what is also known for linear polyelectrolytes, the adsorbed mass went 
through a maximum as the charge density of the polyelectrolyte was increased. However, the 
maximum in adsorbed mass occurred at a higher polyelectrolyte charge density when compared 
to linear equivalents. Another interesting result was that in the brush layer the side chains 
protrude in different directions with respect to the surface. In another study, it was found that 
bottle-brush polyelectrolyte layers were more readily desorbed than linear equivalents when 
subjected to salt solutions. The presented results can be rationalized by considering the 
unfavourable excluded volume interactions between the side chains and the entropic penalty of 
confining them at an interface, which weaken the strength of the anchoring of the 
polyelectrolytes at the interface. However, it was shown that bottle-brush polyelectrolyte layers 
were more strongly attached than linear ones when immersed in solutions containing an 
oppositely charged model surfactant (sodium dodecyl sulphate). This observation was related to 
the protective effect of the side chains. Investigations of the lubrication properties of the bottle-
brush polyelectrolytes, in an asymmetric (mica-silica) system, also related the observed 
favourable frictional properties to the protective nature of the poly(ethylene oxide) side chains. 
The decisive factors for achieving very low frictional coefficients was found to be the 
concentration of the side chains in the gap between the surfaces, and efficient coverage of the 
silica surface as side chain segments have the ability to adsorb on silica. Investigation of the 
polymer layer of the bottle-brush polyelectrolyte with the best frictional properties showed 
however that the polyelectrolyte is incapable of forming an impenetrable brush layer, due to its 
weak anchoring to the interface leading to a “non-brush” conformation, and therefore can be 
easily displaced through competitive adsorption of a species with higher surface affinity. Finally, 
the interfacial properties of a linear- and a bottle-brush PEO-based polymer at an adsorbing 
interface were investigated. The results showed that the linear polymer forms a more extended 
layer than the comb polymer. The thinner layer of the bottle-brush polymer was attributed to the 
formation of a higher number of contact points between the polymer and the adsorbing interface, 
despite the fact that both polymers have the same chemical constituents (PEO). This was 
attributed to the lesser entropic penalty of confining the stiff comb polymer to the interface as 
compared to when the highly flexible linear equivalent is adsorbed. 
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8 Recommendations for Future Studies 
 
This thesis succeeded in finding answers for some of the set questions, but at the same time it 
managed to generate new ones. It is the belief of this author that these questions deserve further 
attention and therefore can make the basis for future investigations. The remainder of this section 
is devoted to justify these studies. 
The influence of non-equilibrium effects of polyelectrolyte-surfactant aggregates is still a quite 
uncharted territory (based on the few available contributions5, 86 on the subject), despite the fact 
that the existence of kinetically trapped states has been known for quite some time. The closely 
related area of non-equilibrium states in adsorbed polyelectrolyte-surfactant aggregates on solid 
interfaces is virtually an unthreaded ground. To the knowledge of this author, there are only two 
contributions that briefly have touched this area. The first work is that of Dediniate87 et al. in 
which the authors report on a change in the surface forces (with time) of a preformed 
polyelectrolyte-surfactant complex that had been adsorbed from solution. The second study 
belongs to Fleming88 and co-workers, in which the authors used AFM-imaging to study the 
change (with time) of the structures of a layer that had been formed by the simultaneous 
injection of a polyelectrolyte- and a surfactant solution into the measuring chamber. It is clear 
that there is a gap in knowledge that needs to be filled. To this end, and to satisfy his curiosity, 
this author proposes the following studies (to start with). It would be interesting to study for 
example the layer properties (with e.g. AFM-imaging or QCM-D) and surface forces (with e.g. 
SFA or AFM) of adsorbed STP and PTS aggregates at the highest and lowest SDS 
concentrations, immediately after their preparation and follow their properties with time (e.g. 
during days). Also, it would be interesting to study the mentioned properties of systems which 
were equilibrated for some time before their adsorption. It is envisaged that the gained 
information can be useful in applications where polyelectrolyte-surfactant complexes are used as 
templates89 at interfaces.   
Based on the presented results in e.g. Figure 10, it is superfluous to write that the conformational 
rearrangements in comb polyelectrolyte layers merit further investigations. To this end this 
author suggests the following set of studies. The effect of the charge density of bottle-brush 
polyelectrolytes must be thoroughly addressed. In this context the adsorption of the comb 
polyelectrolytes on surfaces with varying charge densities and chemistries, e.g. mica and silica 
are also of interest. The latter suggestion of study is justified by the fact that bottle-brush 
polyelectrolytes can potentially adsorb through both their charge- and side chain containing 
segments which alters the strength of the binding of the polymers to the interface. It is further 
suggested that adsorption parameters such as adsorption time and the polymer concentration 
from which adsorption occurs should also be investigated. This proposal has its basis in the 
observations90, 91 showing that an increase in the mentioned parameters increases the adsorbed 
mass of the polymer, which in turn resulted in a decrease in the relaxation rate of the layer. 
These findings can probably be rationalized by the crowding of the chains at the interface, which 
through entanglement- and/or excluded volume effects prolongs the relaxation time. Finally, the 
mechanism behind the rearrangement process of the polyelectrolytes should be determined, as a 
change in layer thickness can be related to a change in layer conformation and/or a change in the 
adsorbed mass of the polyelectrolyte. To this end, the combination of phase-modulated 
ellipsometry and SFA can be used for studies conducted on mica surfaces, while a combination 
of reflectometry and QCM-D measurements can be employed to investigate polymer layers on 
silica. 
Finally, this author recommends studies concerning the effect of the side chain architecture on 
e.g. the frictional properties; in this context interest should be paid to the effect of chain stiffness. 
This proposal has its basis in the report of McNamee92 et al., who for covalently bound PEO-
brush layers showed that the frictional force increases with increasing PEO-chain molecular 
weight. This observation was explained by the chain stiffness, which in the studied system 
occurred when the highest molecular PEO-chains became entangled. This study can however be 
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put in relation to the study of Yan83 and co-workers who studied bottle-brush polyelectrolytes 
having PEO side chains with different molecular weights; it is noted that the same molecular 
weights as in the work of McNamee were among the investigated systems. The outcome of the 
work of Yan et al. was opposite to that of McNamee and co-workers – the frictional force 
decreased with increasing molecular weight. These differing reports can probably be reconciled 
by the fact that in the work of McNamee et al., the surface chain density of the different chains 
were kept (almost) constant, while in the work of Yan et al. the difference in the surface side 
chain density82 was significant (it was lowest for the comb polyelectrolyte with the highest 
molecular weight side chains).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
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