
 
 

 

 

Surface Forces and Friction  

Effects of adsorbed layers and 
surface topography 

 XIAOYAN  LIU 

 

 

 

Doctoral Thesis 

KTH Royal Institute of Technology 

School of Chemistry Science and Engineering 

Division of Surface and Corrosion Science 

Dorrottning Kristinas Väg 51 

SE-100 44 Stockholm 

 
 
 
 
 
 



ii 

 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
TRITA-CHE Report 2014:57 
ISSN 1654-1081    
ISBN  978-91-7595-362-5 
 
Denna avhandling är skyddad enligt upphovsrättslagen. Alla rättigheter 
förbehålles. 
 
Copyright © 2014 Xiaoyan Liu. All rights reserved. No part of this thesis may be 
reproduced by any means without permission from the author. 
 
 
The following items are printed with permission: 
  
PAPER I:   © 2012 American Chemistry Society  
PAPER III: © 2013 The Royal Society of Chemistry 
 
 
Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan 
framlägges till offentlig granskning for avläggande av teknologie doktorsexamen 
torsdag den 18 December 2014 klockan 10:00 i Kollegiesalen, Kungliga 
Tekniska Högskolan, Brinellvägen 8, Stockholm. Avhandlingen presenteras på 
engelska. 



iii 

 

Abstract  

Interfacial features of polymers are a complex, fascinating topic, and 

industrially very important. There is clearly a need to understand interactions 

between polymer layers as they can be used for controlling surface properties, 

colloidal stability and lubrication. The aim of my Ph.D study was to investigate 

fundamental phenomena of polymers at interfaces, covering adsorption, 

interactions between polymer layers and surfactants, surface forces and friction 

between adsorbed layers. 

A branched brush layer with high water content was formed on silica surfaces 

by a diblock copolymer, (METAC)m-b-(PEO45MEMA)n, via physisorption. The 

adsorption properties were determined using several complementary methods. 

Interactions between pre-adsorbed branched brush layers and the anionic 

surfactant SDS were investigated as well. Surface forces and friction between 

polymer layers in aqueous media were investigated by employing the Atomic 

Force Microscopy (AFM) colloidal probe technique. Friction forces between the 

surfaces coated by (METAC)m-b-(PEO45MEMA)n in water are characterized by a 

low friction coefficient. Further, the layers remain intact under high load and 

shear, and no destruction of the layer was noted even under the highest 

pressure employed, about 50 MPa.  

Interactions between polymer layers formed by a temperature responsive 

diblock copolymer, PIPOZ60-b-PAMPTMA17 (phase transition temperature of 

46.1 °C), was investigated in the temperature interval 25-50 °C by using the 

AFM colloidal probe technique. Friction between the layers increases with 

increasing temperature (25-45 °C), while at 50 °C friction was found to be 

slightly lower than that at 45 °C. We suggest that this is due to decreased 

energy dissipation caused by PIPOZ chains crystallizing in water above the 

phase transition temperature. 

The structure of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

bilayers was determined by X-ray reflectometry. Surface forces and friction 

between DPPC bilayer-coated silica surfaces were measured utilizing the AFM 

colloidal probe technique. Our study showed that DPPC bilayers are able to 
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provide low friction forces both in the gel (below ≈ 41°C) and in the liquid 

crystalline state (above ≈ 41°C). However, the load bearing capacity is lower in 

the gel state. This is attributed to a higher rigidity and lower self-healing capacity 

of the DPPC bilayer in the gel state. 

Friction forces in single asperity contact acting between a micro-patterned 

silicon surface and an AFM tip was measured in air. We found that both 

nanoscale surface heterogeneities and the µm-sized depressions affect friction 

forces, and considerable reproducible variations were found along a particular 

scan line. Nevertheless, Amontons’ first rule described average friction forces 

reasonably well. Amontons’ third rule and Euler’s rule were found to be less 

applicable to our system. 

Keywords: Friction, nanotribology, surface forces, diblock copolymer, lipid, 
QCM-D, AFM, optical reflectometry, neutron reflectivity, X-ray reflectivity, micro-
patterned surface 
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Sammanfattning 

Polymerers egenskaper vid gränsytor är ett komplext och fascinerande 

forskningsområde av stor industriell relevans. Det finns ett behov av att förstå 

växelverkan mellan polymerskikt eftersom de kan användas för att kontrollera 

ytegenskaper, kolloidal stabilitet och smörjning. Syftet med mina doktorsstudier 

var att undersöka fundamentala fenomen relaterat till polymerer vid gränsytor, 

inkluderande adsorption, växelverkan mellan polymerskikt och tensider, 

ytkrafter och friktion mellan adsorberade skikt. 

Ett så kallat grenat borst skikt med hög vattenhalt bildades genom adsorption 

av en diblockpolymer, (METAC)m-b-(PEO45MEMA)n, på silikaytor. 

Adsorptionsegenskaperna bestämdes med hjälp av flera komplementära 

tekniker. Interaktionen mellan för-adsorberade grenade borst skikt och den 

anjoniska tensiden SDS studerades också. Ytkrafter och friktion mellan 

polymerskikten i vattenmedium undersöktes med atomkraftsmikroskopi (AFM). 

Friktionen mellan ytor täckta med (METAC)m-b-(PEO45MEMA)n i vatten 

karakteriseras av en låg friktionskoefficient, och dessutom behöll lagren sin 

integritet även vid den högst pålagda trycket, 50 MPa, som prövades under 

mätningarna. 

Växelverkan mellan polymerskikt bildade av en temperatur-responsiv 

diblockpolymer, PIPOZ60-b-PAMPTMA17 (fasövergångstemperatur 46.1 °C), 

undersöktes i temperaturintervallet 25-50 °C med AFM kolloidal prob teknik. 

Friktionen mellan skikten ökade med temperaturen i intervallet 25-45 °C, medan 

vid 50 °C var friktionen något lägre än vid 45 °C. Vi föreslår att det beror på att 

PIPOZ-kedjor har en tendens att kristallisera i vattenlösningar vid höga 

temperaturer, vilket leder till minskad energidissipation.  

Strukturen hos bilager av 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) på silikaytor bestämdes med hjälp av röntgen reflectometri. Ytkrafter 

och friktion mellan DPPC bilager-täckta silikaytor mättes med AFM kolloidal 

prob teknik. Våra studier visade att DPPC biskikt ger låg friktion både när de är i 

gelfas (under ≈ 41 °C) och när de är i flytande kristallin fas (över ≈ 41 °C). 

Emellertid är den lastbärande förmågan lägre i geltillståndet. Detta förklaras av 
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en högre stelhet och mindre självläkande förmåga hos DPPC bilagren i gel 

tillstånd.  

Friktionskrafter mellan en spetsig AFM tip och en mikrostrukturerad kiselyta 

studerades i luft. Vi visade att ytojämnheter både på nanometer och µm-nivå 

påverkade friktionskraften, och stora reproducerbara variationer kunde 

uppmätas när samma linje på ytan studerades upprepande gånger. Trots det 

beskrev Amontons’ 1:a regel medelfriktionskraften relativt väl. Amotons’ tredje 

regel och Eulers regel stämde mindre väl för vårt system. 

Nyckelord: Friktion, nanotribologi, ytkrafter, diblockpolymer, lipid, QCM-D, 
AFM, optisk reflektometri, neutron reflektivitet, röntgen reflektivitet, mikro-
mönstrad yta 
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Summary of papers 

In Paper I I investigated adsorption properties of a diblock copolymer, 

(METAC)m-b-(PEO45MEMA)n, consisting of a linear cationic block and a non-

ionic bottle-brush block having 45 units long poly(ethylene oxide) side chains. I 

also studied adsorption of the individual blocks. The main techniques were 

QCM-D and optical reflectometry. The adsorption kinetics data highlight that the 

diblock copolymers initially adsorb preferentially parallel to the surface with both 

the cationic block and the uncharged bottle-brush block in contact with the 

surface. However, as the adsorption proceeds a structural change occurs within 

the layer and the PEO bottle-brush block extends towards solution, forming a 

branched brush layer on the surface. This branched brush layer is thick, 46-48 

nm as judged from QCM-D and optical reflectometry, and the water content in 

the layer is around 95%. The adsorbed amount decreases with increasing ionic 

strength of the solution from which the layer is formed. However, pre-adsorbed 

layers of (METAC)m-b-(PEO45MEMA)n formed from salt-free aqueous solutions 

have a low sensitivity to the ionic strength of the solution used for rinsing the 

surface. This suggests the importance of long-lived trapped states, caused by 

the strong electrostatic polymer surface attraction, and offers a practical means 

for achieving high adsorbed amounts in high ionic strength solutions.  

Zeta potential of silica surfaces were determined in Paper II, and the results 

demonstrated that silica surfaces cleaned with alkaline solutions are more 

negatively charged than those cleaned with acidic solutions. As a consequence 

cationic polyelectrolytes adsorb less on acid cleaned silica surfaces than on 

alkaline cleaned ones. The structure of the adsorbed layers of (METAC)m-b-

(PEO45MEMA)n on silica was characterized by neutron reflectometry. The mass 

of the adsorbed layers was found to be similar to that determined in Paper I, but 

neutron reflectivity measurements suggested an even larger layer thickness and 

higher water content than that determined in Paper I. This reflects that adsorbed 

mass is a well defined quantity whereas “layer thickness” for an adsorbed 

polymer layer is less well-defined since the segment density profile in the real 
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system is more complex than that commonly assumed when interpreting data. 

Different measuring techniques also have different sensitivity to the dilute outer 

part of the polymer layer. Interactions between pre-adsorbed diblock copolymer 

layers and the anionic surfactant sodium dodecylsulfate (SDS) were determined 

by neutron reflectometry and by optical reflectometry. We found that SDS is 

readily incorporated in the diblock copolymer layer at low SDS concentrations, 

and preferentially co-localized with the cationic block of the polymer close to the 

silica surface. At higher SDS concentrations some desorption of 

polyelectrolyte/surfactant complexes occurs. 

Polymer layers providing low friction and high load bearing capacity were 

achieved by means of adsorption of (METAC)m-b-(PEO45MEMA)n on silica 

surfaces as reported in Paper III. Surface forces and friction were measured 

between the adsorbed polymer layers by utilizing the AFM colloidal probe 

technique. The interactions between the polymer layers in water are purely 

repulsive, due to a combination of steric and electrostatic double-layer forces, 

and no hysteresis is observed between forces measured on approach and 

separation. The friction forces between the polymer layers are characterized by 

a low friction coefficient (µ ≈ 0.03~0.04). The layers remain intact under high 

load and shear due to the strong electrostatic anchoring, and no destruction of 

the layer was noted even under the highest pressure employed, about 50 MPa. 

There are three reasons for these favorable lubrication properties: i) the 

branched brush structure of the adsorbed layer counteracts interpenetration of 

the opposing polymer layers, ii) the high water content of the layer that 

facilitates the presence of a fluid layer between the surfaces. Both these 

features contribute to the low friction force. iii) The strong anchoring of the 

polymer to the surface, which is essential for achieving a high load bearing 

capacity. 

In Paper IV the AFM colloidal probe technique was employed to investigate 

surface forces and friction between polymer layers formed by a temperature 

responsive diblock copolymer, PIPOZ60-b-PAMPTMA17. Aqueous solutions of 

this diblock copolymer phase separate at a temperature of 46.1 °C. The short 
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range interaction between the polymer layers was found to become more 

attractive with increasing temperature, from 25 °C up to 50 °C. This is due to 

water becoming a worse solvent for the PIPOZ chain at higher temperatures. 

Consequently, the friction between the layers increases with increasing 

temperature up to 45 °C due to increased energy dissipation caused by 

breakage and reformation of attractive segment-segment interactions. However, 

the friction at 50 °C was found to be slightly lower than that at 45 °C. We 

suggest that this is due to a decreased energy dissipation caused by PIPOZ 

chains crystallizing in contact with water above the phase transition 

temperature. 

In Paper V a biolubricant was in focus. The structure of 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) bilayers at the silica-liquid interface was 

determined by X-ray reflectivity. The data demonstrates that the DPPC bilayer is 

in the gel phase at 25 °C and 39 °C and in the liquid crystalline state at 55 °C. 

Friction forces and the load bearing capacity of DPPC bilayers on silica surfaces 

were investigated by the AFM colloidal probe technique in the temperature 

range 25-55 °C. Our results show that DPPC bilayers are able to provide low 

friction forces both in the gel and liquid crystalline states due to the presence of 

a fluid water layer between the headgroups stabilized by short-range repulsive 

hydration and protrusion forces. It was further noted that the load bearing 

capacity is lower in the gel state than in the liquid crystalline state. This is 

attributed to an increased rigidity and reduced self-healing capacity of the DPPC 

bilayer in the gel state. 

Paper VI. A micro-patterned silicon surface, consisting of depressions with 

walls having a tilt angle of 30°, was created by photolithography followed by 

etching. Friction forces between this micro-patterned silicon surface and an 

AFM tip was measured in air. We found that friction forces are affected by both 

nano-scale surface heterogeneities and the µm-sized depressions. Thus, the 

magnitude of the friction force varies considerably, and reproducibly, along a 

given scan line. An Amontonian friction behavior was observed at spots 

showing typical friction forces, but not on spots displaying unusually large 
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friction forces. However Amontons’ first rule, stating that the friction force should 

be proportional to the load, described average friction forces reasonably well 

provided attractive surface-tip interactions were considered. In contrast, 

Amontons’ third rule and Euler’s rule were found to be less applicable to our 

system. 
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1 Introduction 

The importance of lubrication has been noticed since early civilizations, and 

this issue is equally important today. One rapidly growing area of lubrication is 

concerned with biological lubrication that employs water-soluble lubricants, in 

contrast to the conventional oil based lubricants. Efficient lubricants should be 

able to build surface layers that result in low friction and high load bearing 

capacity. In my thesis work, water-soluble polymers were adsorbed on silica 

surfaces to explore the friction/lubrication properties of these polymers. 

Specifically, the boundary lubrication regime where the friction force is 

dominated by the surface properties, such as adsorbed films or surface 

asperities, was considered in this thesis work. 

The friction/lubrication performance of a polymer layer is not only dependent 

on the chemical structure of the polymer. It is also largely affected by the 

structure and water content of the polymer layer, and this in turn is affected by 

polymer architecture, solvent quality and polymer-surface affinity. In this thesis 

work I utilized block copolymers having one cationic adsorbing block and one 

non-ionic block with a weak surface affinity. Even though the two types of 

polymers that I utilized are similar in this respect, they differ considerably in 

architecture, layer structure and lubrication performance. A very water-rich, thick 

branched brush polymer layer was formed on silica surfaces by the polymer 

(METAC)m-b-(PEO45MEMA)n, consisting of one positively charged block and 

one non-ionic bottle brush block. With this polymer it was possible to achieve 

low friction and high load bearing capacity. In contrast, the other diblock 

copolymer PIPOZ60-b-PAMPTMA17, formed a less water-rich layer and it was 

found to have less lubricating efficiency. The interaction between the PIPOZ 

block and water is temperature-dependent, and this was utilized in order to 

elucidate how a change in solvent quality affected surface interactions and 

friction properties. 

One key to achieve low friction forces in aqueous media is to have a 

hydrophilic water-rich interfacial layer, such as was achieved by physisorption of 

(METAC)m-b-(PEO45MEMA)n. However, to achieve this one does not 
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necessarily need to use a polymer. As I showed during my thesis work, this can 

also be achieved using phospholipids that are small biolubricants. It is the highly 

hydrophilic nature of the phospholipid headgroup that allows a water layer to 

remain present between surface supported phospholipid bilayers under load 

and shear, thus providing smooth friction with little energy dissipation. 

It is of interest to compare the friction forces of the polymer layers to 

Amontons’ first rule that states that there is a linear relationship between friction 

force and load. In this thesis work, the friction forces observed between 

polymer-coated surfaces were found not to agree with Amontons’ first rule 

under high applied loads. We suggest that this is due to new energy dissipative 

mechanisms appearing at high applied loads, e.g. dragging of polymer chains 

along the surface and/or increased interpenetration of the opposing polymer 

layers. This inconsistency between the friction force measured between some 

polymer layers and Amontons’ first rule attracted me to study the validity of 

Amontons’ rule using a bare silicon surface with well defined topography in air 

to future understand different friction phenomena. The results show that 

average friction forces along lines, or over areas, on the surface follow 

Amontons’ first rule well on flat parts of the surface, but less well on the parts of 

the surface that contains microscopic surface features, and not at all on 

individual spots where high friction peaks are observed.  

1.1 Structure of adsorbed polymer layers 

1.1.1 Homopolymer adsorption 

A polymer is a large molecule, or macromolecule, composed of many 

repeated subunits. Polymers containing only one single type of repeat unit are 

known as homopolymers. Polymer adsorption plays a key role in many technical 

applications such as pharmaceutical preparations, coatings and inks for 

controlling the stability of dispersions to just mention a few. The adsorption of 

polymers depends on a large number of factors such as its primary structure 

and molecular weight, the solvent quality and the polymer-surface affinity. It is 

well known that the average shape of a polymer changes as it adsorbs, but, due 

to the many factors that affect polymer adsorption, it is impossible to provide a 
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simple and general description of the structure of a polymer layer. However, 

much progress has been made by simulations and lattice mean field 

calculations that allow evaluation of how the layer structure is affected by 

variations in the different parameters mentioned above.[1] The usual qualitative 

description of polymer conformations at an adsorbing interface, proposed by 

Jenkel and Rumbach [2] and sketched in Figure 1.1, is provided in terms of 

three types of subchains: trains that have all their segments in contact with the 

substrate, loops that have no contacts with the surface but are flanked by trains 

on each side, and tails that are non-adsorbed chain ends anchored to the 

surface by a train. The segment density in the outer part of the tail region is 

often found to decay exponentially with distance from the surface.[1] 

 

Figure 1.1 Schematic illustration of subchains of a polymer adsorbed at a surface. 

1.1.2 Block copolymer adsorption 

Polymer chains composed of two, A and B, (or more) different monomer units 

are named copolymers. In block copolymers the different types of segments are 

segregated along the chain (…AAAAABBBBB…). The structure is referred to as 

a diblock copolymer when the polymer contains only two blocks (AAAAA and 

BBBBB). It is common that the two blocks have different affinity to a surface, 

meaning that one block (the anchor block) will be preferentially accumulated 

close to the surface whereas the other block (the buoy block) will extend further 

away. When the anchor block has a very large affinity to the surface, and when 

it is not too large compared to the buoy block, adsorption of block copolymers 

will result in large adsorbed amounts.[1] If only one block has affinity to the 

surface the evolution of the adsorbed layer with increasing adsorption will follow 

the trend shown in Figure 1.2, describing what is commonly referred to as 
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pancake, mushroom, and brush regimes. In my work with diblock copolymers 

both blocks had affinity to the surface. This means that the degree of 

segregation is less than indicated by the ideal situation shown in Figure 1.2. 

 

Figure 1.2 Schematic illustrations of the pancake state for homopolymer, and 
mushroom or and brush regimes for a diblock copolymer where one block has affinity 
to the surface and the other has no surface affinity. 

The polymer brush regime is encountered when the polymer molecules are 

attached with one or a few anchoring points to a surface, either by chemical 

grafting or by adsorption of e.g. a diblock copolymer, in such a high density that 

the surface-attached chains become crowded and are stretched away from the 

surface, as shown in Figure 1.2. This requires that the buoy blocks repel each 

other, i.e. that they experience sufficiently good solvent conditions. 

The first description of polymer brush layers was provided by Alexander for 

monodisperse chains consisting of N segments, which were attached to a flat, 

non-adsorbing surface with an average distance of the anchor points d much 

smaller than the radius of gyration of the polymer, Rg.[3]  

1.1.3 Brush layers 

To achieve a polymer brush layer, where polymer molecules are attached by 

one end to a surface while the rest of the chain extends into solution, has 

become a paradigm for modification of surfaces.[4] This is because such a 

structure can deliver functionality to the surface in a relatively straightforward 

fashion. As mentioned in the previous section, a polymer brush layer has high 

grafting density, and steric repulsion leads to the absence of bridging effects 

when two brush-coated surfaces interact.[5] This property is of particular 

relevance when polymer brushes in good solvents are used as steric stabilizers 

or as boundary lubricants.[6] For instance, friction measurements between 
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PMPC (poly(2-methacryloyloxyethyl phosphorylcholine)) brush layers revealed 

very low friction coefficients, which was attributed to osmotic repulsion between 

the high-density grafted polymer chains that counteracted interpenetration of the 

two opposing polymer layers.[7] In Paper IV I used a diblock copolymer 

consisting of a cationic anchor block and a non-ionic temperature-sensitive 

block. However, I never reached a very high adsorption density and therefore 

the friction coefficient between such layers was relatively high even when the 

buoy block experienced good solvency conditions. 

1.1.4 Branched brush layers 

Polymer brush layers can be classified according to the nature of the 

attached chains as linear homopolymer or mixed polymer (chemically different 

types of attached chains). It can also be a block copolymer brush layer or a 

branched brush layer where the polymer contains side chains.[8] This 

classification is schematically illustrated in Figure 1.3. 

 

Figure 1.3 Schematic illustration of different types of brush layers. 

In this thesis work, a bottle brush diblock copolymer, (METAC)m-b-

(PEO45MEMA)n, was used to form branched brush layers on silica surfaces. The 

formation of the branched brush layer (Paper I), interaction between this layer 

and surfactants (Paper II), and lubrication properties of this layer (Paper III) 

were investigated. However, in my case both blocks had an affinity to the 

surface so the degree of segregation is likely less than indicated in Figure 1.3. 

This was also the case for the thermal responsive diblock copolymer that I 

investigated in Paper IV. 
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1.2 Surface forces 

1.2.1 van der Waals forces 

A van der Waals force exists between all atoms, molecules and macroscopic 

bodies. It arises from interactions between electromagnetic fields generated by 

the motion of electrons around the atomic nucleus, and for molecules the 

thermal motion of permanent dipoles also contributes to the fluctuating electric 

field. Such fields extend beyond any interface and are the origin of the van der 

Waals force between macroscopic bodies. The van der Waals force between 

molecules is the sum of three main forces, the orientation force (rotating dipole-

rotating dipole interaction) the induction force (rotating dipole–induced dipole), 

and the dispersion or London force (induced dipole-induced dipole interaction), 

all proportional to 1/r7, where r is the distance between the atoms or 

molecules.[9] 

The van der Waals force between macroscopic bodies was first calculated by 

Hamaker,[10] by summing all pair interactions over the bodies. This was 

achieved by an integration process that resulted in a simple expression for the 

van der Waals force containing one factor that depends on the chemistry of the 

bodies, the Hamaker constant, and a geometrical factor that depends on the 

shape of the bodies. However, Hamaker’s approach did not consider many-

body effects and the influence of a medium between the interacting bodies. This 

was considered by Lifshitz in 1956, where he treated each body as a continuum 

characterized by its dielectric properties.[11] The Hamaker constant, A, for two 

macroscopic media 1 and 2 interacting across medium 3 is approximately given 

by: [9] 

	 ≅
3
4

3

8√2
											 1.1 	

where kB is the Boltzmann’s constant, T the absolute temperature, ɛ the 

dielectric constant, h the Planck’s constant, νe the main absorption frequency in 

the UV region, n the refractive index. 



7 

 

Eq. 1.1 reveals two important results, (1) the van der Waals force is always 

attractive between two identical bodies in a medium, whereas the force may be 

attractive or repulsive between two different bodies; (2) the van der Waals force 

between any two condensed bodies is always attractive in vacuum or in air. 

In this thesis work, a water rich branched brush layer was formed on a silica 

surface in water. The Hamaker constant (A) characterizing the van der Waals 

interaction between two homogeneous polymer layers across water was 

calculated by using Eq 1.1. The results are shown in Figure 1.4 for different 

water contents in the polymer layer. Here the refractive index, nlayer, and 

dielectric constant, ɛlayer, of the mixed polymer/water layer was calculated as: 

nlayer=xnwater+(1-x)npoly, ɛlayer=xɛwater+(1-x)ɛpoly, where x is the volume fraction of 

water in the layer. In my calculations I used npoly=1.39 and ɛpoly=1.93. 

 

Figure 1.4 The Hamaker constant between polymer/water layers interacting across 
water as a function of water content of the adsorbed layer. The inset shows a 
schematic picture of the branched brush layers on silica surfaces. 

The water content of the branched brush layer on silica was found to be 

about 95% in Paper I and 97% in Paper II. This leads to a very small Hamaker 

constant in the range 4.2×10-24-1.5×10-24 J. In my thesis work, interactions 
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between a sphere and a planar surface were investigated. The van der Waals 

interaction free energy per unit area (W) in this geometry is given by:[9] 

																																																																						
6

																																																												 1.2  

where R is the radius of the sphere, D the distance between the apex of the 

sphere and the planar surface. The corresponding van der Waals force, F, is 

calculated as: 

																																																																					 																																																													 1.3  

																																																																						
6

																																																											 1.4  

The van der Waals force between our branched brush polymer layers at a 

separation D=1 nm as calculated by Eq 1.4 is shown in Figure 1.5 as a function 

of the water content of the layer. 

 

Figure 1.5 The van der Waals force between branched brush polymer layers as a 
function of water content, calculated for a separation of 1 nm. The inset is a schematic 
illustration of the system considered. 

Comparing the force curve (Figure 4 in Paper III) to the van der Waals force 

calculated above (0.01 mN/m at 95% water content) shows that the van der 
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Waals force is negligible. Further, in the calculations we assumed that the 

adsorbed layer was homogeneous, whereas in reality the segment density 

varies with separation from the surface (see Paper II). This will further reduce 

the van der Waals force between the outermost parts of the layers since the 

water content is even higher in this region. Thus, we can safely state that the 

van der Waals force is small compared to other force contributions (double layer 

forces and steric forces) encountered in the study. Hence, in Paper III the van 

der Waals forces acting between the branched brush layers were neglected. 

1.2.2 Electrostatic double layer forces 

Dissociation of chemical groups present on surfaces in contact with water is 

common due to waters high dielectric constant that reduces the electrostatic 

free energy cost of separating opposite charges from each other. These surface 

charges are compensated by oppositely charged counterions that are 

accumulated close to the surface, but not condensed on the surface due to 

entropic effects. The diffuse layer of conunterions together with the surface 

charge layer is known as the electrical double layer.[12] A measure of the 

thickness of the diffuse layer is provided by the Debye-length, κ-1, 

 

																																																												
∑

																																																								 1.5  

where e is the electronic charge, ρi the number density of ion species i and zi its 

valence, kB the Boltzmann’s constant, T the temperature, ɛ0 and ɛr the 

permittivity of vacuum and relative dielectric constant of the medium, 

respectively. From this equation we can see that the thickness of the diffuse 

layer decreases with increasing ion concentration and with increasing ion 

charge. This is the basis for the common notion that addition of salt screens 

electrostatic effects. 

The electrostatic double layer force arises from the presence of surface 

charges, and the accompanied layer of bound and diffuse ions. When two 

identically charged surfaces come close together, their diffuse layers start to 

overlap, which results in a higher ion concentration between these surfaces 
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than in bulk solution. This creates an osmotic pressure that is known as the 

double layer force. When the two surfaces have the same sign on their charge, 

the force is repulsive and at large separations it decays exponentially with 

separation, and the decay length equals the Debye-length.[9] 

The distribution of the ions away from the surface is described by the 

Boltzmann distribution. Equating the electrical potentials in the Poisson and 

Boltzmann equations leads to the Poisson–Boltzmann equation, whose solution 

reveals that the electrical potential ψ(z) decays exponentially away from the 

surface, with the decay length equaling to the Debye-length, κ-1. We note that 

the Poisson Boltzmann, PB, model, which is very commonly used for evaluating 

double layer forces is an approximation.[13] It is a mean field model, meaning 

that the concentration of ions only depends on the distance from the surface 

whereas correlations between positions of negative and positive ions are not 

considered. Such correlations are in the literature known as ion-ion correlation 

effects and can be important, particularly for highly charged surfaces and 

multivalent ions.[14] Other approximations in the PB model are that the 

molecular nature of the medium is neglected and it is thus only described by its 

dielectric constant. The sizes of the ions are also neglected. Comparison 

between double-layer forces calculated in the PB approximation and in more 

advanced models suggests that for monovalent electrolytes the decay length of 

the force is well described by the PB-model, as also observed 

experimentally.[15] However, the best fit values of surface charge densities and 

surface potentials that are obtained when comparing experimental results with 

PB calculations should be used with care and should strictly speaking be seen 

as approximant values.[16] 

Double layer forces calculated using the weak overlap approximation 

As two identically charged colloidal particles are brought close to each other, 

their diffuse layers will overlap, which results in repulsion due to the increasing 

concentration of ions between the surfaces. The, in the PB model, exact 

expression for the repulsion can be obtained in terms of elliptical integrals,[17-

18] but it can also conveniently be calculated numerically.[19] The elliptical 

integral formalism was used in the computer program utilized in my thesis work. 
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A useful approximate expression can be obtained by a linearization and this 

gives an expression that is known as the weak overlap approximation, which is 

a good approximation for large surface separations (D), D>κ-1, when the surface 

potential is not too large. The weak overlap expression for the free interaction 

energy per unit area, W, for two planar surfaces in a symmetric z : z electrolytes 

as[9]:  

																															 64
4

																															 1.6  

where i is the number density of ion of type i in bulk solution, ψ0 is the surface 

potential, which, for non-interacting surfaces, is related to the surface charge 

density, σ0, via: 

																																															 8
2

																																			 1.7  

Using the Derjaguin approximation,[9] the force, F, between a sphere with 

radius R and a planar surface (as employed in my colloidal atomic force 

microscopy measurements) can be obtained as:  

																																																																			 2 																																																														 1.8  

For this relation to be valid the radius of the colloid probe, orders of µm in my 

case, must be much larger than the separation between the probe and the 

planar surface, D, at which the forces first become measurable. This was less 

than 100 nm in my studies. Thus for the measurements presented in my thesis 

the Derjaguin approximation is valid. 

Relation between surface charge density and surface potential 

From Eq. 1.7 we note that there is no 1:1 correspondence between surface 

charge density and surface potential, but also the ion concentration enters into 

the equation. Consider aqueous solutions of NaCl, where z is 1, at 298 K. In the 

plot in Figure 1.6a below we see how the surface charge density depends on 
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the NaCl concentration for the case when the surface potential remains 

independent of salt concentration. The reverse situation, i.e. salt-independent 

surface charge density, is considered in Figure 1.6b.  

 

 

 

Figure 1.6 (a) Surface charge density as a function of NaCl concentration at constant 
surface potential, (b) surface potential as a function of NaCl concentration at constant 
surface charge density. 

Double layer forces calculated using the Poisson-Boltzmann model 

In my project I used computer programs developed by others to calculate 

double-layer forces exactly within the PB model. These programs solve the 

problem using elliptical integrals,[20-23] which is important, especially at small 

distances, D<κ-1. When performing these calculations I have to choose a 

boundary condition. Either I assume that the surface charge density is constant 

as the two surfaces come close together, or I chose to calculate the forces 

assuming that the surface potential is constant when the surface separation is 

changed. Forces calculated based on exact solutions to the PB model are 

compared with those calculated in the weak overlap approximation, Eqs 1.6 and 

1.8, in Figure 1.7. 
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Figure 1.7 Double layer forces calculated between a sphere and a planar surface using 
exact solutions of the PB model at constant potential (dots) or at constant charge 
(broken line), or using the weak overlap approximation (line). The temperature was set 
to 25 oC, the Debye-length to 10 nm, and the surface potential at large separations to 
25 mV.  

We note that at large separations similar results are obtained independent of 

whether constant potential or constant surface charge density is assumed, and 

the approximate formula is also good at these conditions (small surface 

potential, large separation). However, at small separations there is a large 

difference between forces calculated assuming constant potential and those 

calculated under constant surface charge density conditions.  

The surface charge density varies with separation when there is an 

equilibrium between adsorbed ions and ions in solution. For instance, for silica 

surfaces, which I often used in my experiments, one such equilibrium is due to 

protonation/deprotonation of surface silanol groups. 

SiOHSiO H  

As the distance decreases, the counterion concentration (including [H+]) at 

the surface increases, which shifts the equilibrium shown above towards the left 

and the surface charge density decreases. The constant surface potential 

boundary condition is approached when the number of possible ionization sites 
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approaches infinity.[24] For most real surfaces one expects double layer forces 

to fall in between the constant surface charge density and the constant surface 

potential cases, and this was also observed in my studies. 

Variation in surface charge density and surface potential with surface 
separation in a symmetric electrolyte 

It is of some interest to visualize the changes that occur at the surface due to 

interactions at constant surface potential or at constant surface charge density. 

If the interaction occurs at constant surface charge density between equal 

surfaces, then the surface potential increases with decreasing separation. This 

is quantitatively illustrated in Figure 1.8a for the constant potential force curve 

shown in Figure 1.7. Similarly, the variation in surface charge density with 

separation under constant surface potential conditions is shown in Figure 1.8b. 

The fact that my surfaces displayed double layer interactions in between that 

calculated using constant surface charge density and constant surface potential 

(see for instance Figure 1.9) means that the surface charge density decreased 

and the surface potential increased as the surface separation was decreased. 

 

Figure 1.8 (a) Surface potential as a function of separation at constant surface charge 
density of 1.9×10-3 C/m2, 25 oC, Debye-length 10 nm, (b) surface charge density as a 
function of separation at constant surface potential of 25 mV, 25 oC, Debye-length 10 
nm.  

To arrive at the data shown in Figure 1.8 we first has to consider the general 

relation between surface potential and surface charge density[25]: 

																																																		
,

																																							 1.9  
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Thus, the surface charge density is directly proportional to the change in 

potential with distance, x, from the surface evaluated at the surface. Both 

surface potential and surface charge density can also depend on the surface 

separation, D. Integration of the Poisson-Boltzmann equation (with respect to x) 

gives an expression for an isodynamic curve (isodynamic = equal force), which 

describes the rate of change of the diffuse layer potential with distance, x, from 

the surface as a function of the potential itself at that position. The isodynamic 

curve depends on the pressure acting between the surfaces as described by the 

integration constant C, which directly carries the information about double layer 

pressure between the surfaces. The potential, its gradient and the force all 

depend on the surface separation, D. For a given value of the force between 

two interacting flat surfaces in a symmetric electrolyte, the equation for the 

isodynamic curve is[26]: 

																										
, 2

2
, 	

																 1.10  

where ρb is number density of ions in bulk solution. Note that C(D) depends on 

the surface separation, D, but not on which position, x, between the surfaces 

that is considered. This constant directly carries the information about the 

double layer pressure and it is exactly (in the PB model) given by[25]: 

																																																∆ 2 																																												 1.11  

If we evaluate Eq. 1.10 at the surface, i.e. for x = 0 we obtain. 

																						
, 2

2
0, 	

									 1.12 	 

The left hand side of Eq. 1.12 is proportional to the surface charge density as 

described by Eq. 1.9. Thus, Eq. 1.12 relates the surface potential to the surface 

charge density at a given force (given value of C(D)). 

The computer program that calculates the double layer force determines the 

distance that corresponds to a given pressure (or force if curved surfaces are 
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considered). In principle this is done by using Eq. 1.11 that gives the 

correspondence between the value of C(D) and the pressure. Next, Eq. 1.10 is 

used to determine the value of the surface separation that corresponds to this 

pressure (this value of C(D)) under the boundary condition of either constant 

surface potential or constant surface charge density when C(D), and thus the 

force and the separation, is changed. The mathematical description is quite 

complicated, and the interested reader can find good descriptions in a paper 

from 1954 by Boris Derjaguin.[26] 

The procedure outlined above does not only allow us to calculate the double 

layer force, but since we have established the relation between the value of 

C(D) and the surface separation, we can use Eq. 1.12 and 1.9 to calculate how 

the surface charge density varies with separation when the surface potential 

remains constant (1:st term on the right hand side in Eq. 1.12 is independent of 

separation, D). Alternatively, when we use the constant charge boundary 

condition, the left hand side on Eq. 1.12 is independent of D, and we can 

determine how the surface potential varies with separation. Results from such 

calculations are shown in Figure 1.8. 

The same “isodynamic” approach for calculating double layer forces between 

two identical surfaces that was described above can also be utilized for 

calculating the force between two surfaces having different surface potentials 

(surface charge densities) at large separations, and how the surface potential 

and surface charge density varies with separation in such cases. For an 

example, the interested reader is referred to a recent paper from our research 

group.[27] 

1.2.3 DLVO theory 

The DLVO theory of colloidal stability was developed by Derjaguin, Landau, 

Verwey and Overbeek in the 1940s.[28-29] It is based on the assumption that 

the total force between colloidal particles is the sum of the van der Waals force 

and the electrical double layer force. DLVO theory is often employed to explain 

colloidal stability in aqueous media, and how it is affected by the addition of 

salt.[30] This theory is, however, incomplete since it ignores other force 
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contributions. In my thesis work I encountered forces due to the presence of 

adsorbed polymers. These forces cannot be described by DLVO theory. 

1.2.4 Steric forces 

Steric forces play an important role in many industrial processes, for example 

the coagulation of colloidal particles in a solvent can often be eliminated by 

adding a small amount of polymer.[9] Polymer molecules that are attached on a 

surface and have chains that extend into the solvent are thermally mobile. 

When two polymer-coated surfaces approach each other the entropy of 

confining the polymer molecules results in a repulsive force, known as the 

“steric” or “overlap” repulsion. In addition, the concentration of segments in the 

gap increases, which is another contribution to the increased osmotic pressure. 

The steric repulsion can be expressed as the difference in osmotic pressure 

between the surfaces a distance D apart and the osmotic pressure of the bulk 

solution[31]: 

 

					 / 1 / ⋯ 1 ⋯                  

																											 / / ⋯																									 1.13                    

where ρ is the number density of segments, D the separation,	 B2 the second 

virial coefficient, which describes the pair interaction between the segments. In 

good solvents B2>0, in theta solvent B2=0, and in poor solvent B2<0. The steric 

force is always repulsive between polymer layers in good or theta solvents. 

However, in a poor solvent it is attractive at large separations due to favorable 

segment-segment interactions and repulsive a short separations due to 

reduction in conformational entropy of the polymer chains. In Paper IV I 

followed how the surface and friction forces changed as the solvent quality for 

the buoy block in a diblock copolymer was decreased. I compared my results 

with lattice mean field calculations performed by Professor Linse at Lund 

University. The calculations were most valuable for clarifying the experimental 



18 

 

trends. However, they came very late in my thesis studies and this prevented 

me from learning the technicalities of the lattice mean field calculations. 

Steric forces calculated using the weak overlap approximation 

Just as one can perform a weak overlap calculation for double layer forces 

(Eq. 1.6) one can make a weak overlap approximation to calculate the steric 

force. The weak overlap approximation for the steric force is, however, less 

general than that for the double layer force since it relies on assumptions that 

are not always valid. I mentioned in section 1.1 that the segment density in the 

dilute tail region often decays exponentially with distance from the surface. That 

this is the case is the first assumption. The second assumption is that the 

segment density is so small that the conformation of the polymer layer is not 

affected by the presence of a second polymer layer in its close proximity. This 

assumption can only be reasonable at large separations where the segment 

density is low. If we now consider two adsorbed polymer layers a distance D 

apart fulfilling the assumptions above, when we can write the number density of 

polymer segments at the midpoint, ρD/2 between these two layers as: 

																																																									 / 2 /2 																																														 1.14  

where λ is the decay length of the segment density profile in the dilute tail 

region, D the separation,	 C an artificial segment concentration at the surface, 

obtained by extrapolating the segment density distribution in the tail region to 

zero separation, and the factor of 2 comes from that we add two equal segment 

density distributions together (one originating from each surface). 

In a dilute polymer solution, ρbulk ≈ 0, and we can also ignore the quaderatic 

terms in Eq. 1.13 when ρD/2 is small. Under these conditions we get: 

																																								 / 	2 /2 																						 1.15  

The gradient of the steric force between a sphere and a planar surface in a 

dilute polymer solution is: 
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/

2 4 /2 2 / 								 1.16  

In this thesis work, an exponentially decaying steric force was detected at 

large separations between the branched brush layers formed on silica surfaces 

(Figure 1.9).  

 

Figure 1.9 Force normalized by radius as a function of separation between silica 
surfaces coated with (METAC)m-b-(PEO45MEMA)n in presence of 50 ppm of the diblock 
copolymer in solution. Filled and unfilled symbols represent data points obtained on 
approach and retraction, respectively. The region of steric forces dominating is 
highlighted by red dashed line. Upper and lower lines are fitted DLVO forces using 
constant charge and constant potential boundary conditions, respectively. 

The polymer solution was dilute, 50 ppm, and therefore the number density 

of segments of this branched brush layer at the midplane could be estimated via 

Eq. 1.16, and the results are shown in Figure 1.10. We see that a segment 

concentration of less than 1 mM can be detected as a significant steric force. 

 

Figure 1.10 Number density of segments at the midplane as a function of separation. 
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1.2.5 Bridging attraction 

Any polymer that spontaneously adsorbs to one surface from a given solution 

has the potential to form bridges between two such surfaces. A bridging force 

arises when polymer segments find an adsorption site on the opposite surface, 

usually leading to an attractive force at larger separations.[9] Bridging attraction 

may occur when the coverage of polymer on the surfaces is not too high, and 

the force can be significant if the coverage is not too low. The bridging force 

depends on many factors, such as segment-surface interactions, the availability 

of adsorption sites on the opposing surface, and the solvent condition. Besides 

the unspecific bridging force between polymer-coated surfaces, specific bridging 

forces also arise in biological systems, for instance in case of multivalent ‘lock-

and-key’ or ligand-receptor interactions.  

1.2.6 Capillary forces 

Capillary forces arise from water capillary condensation around two 

hydrophilic surfaces in close proximity to each other in humid air, for instance 

between an AFM tip and a surface (or particle and planar surface). The 

sketched capillary condensation between a sphere and a planar surface is 

shown in Figure 1.11.   

 

Figure 1.11 Capillary condensation between a sphere and a planar surface. 
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The force is caused by the pressure difference between the liquid and the 

surrounding atmosphere.[30] The equilibrium curvature of the capillary 

condensate is described by the Kelvin equation (Eq. 1.17).  

																																																										
2

																																																			 1.17  

where H is the Kelvin radius, R the gas constant, T the absolute temperature, γ 

the surface tension of water, Vl the molar volume of liquid water and Pv/Psat the 

relative humidity. From Eq 1.17 we can see that H increases with increasing 

Pv/Psat, H will approach infinity as Pv/Psat approaches 1, i.e. water will condense 

on a flat surface when the humidity is 100% as we all know from everyday 

experience. 

A simple derivation of the capillary force between contacting surfaces is to 

consider the Laplace pressure (∆P) between a macroscopic sphere and a 

planar surface as illustrated in Figure 1.11:  

																																																																				 																																																												 1.18  

The Laplace pressure acts on an area x2 ≈ 2Rd between the sphere and 

the planar surface, therefore the force F ≈ 2Rd(-γ/H). For small ϕ, d≈2Hcos, 

and the adhesion force due to the Laplace pressure is: 

																																																															 4 																																																						 1.19  
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1.3 Tribology 

The word tribology is derived from the Greek tribos, which means “rubbing”. 

Tribology is defined as “the science of study of interacting surfaces in relative 

motion and of associated subjects and practices”.[32] The history of tribology 

can be tracked to the prehistoric era, when people tried to make fire by using 

the heat released due to the friction caused by rubbing two pieces of wood or 

flint stones against each other. Studies of tribology include interfacial 

phenomena such as friction, lubrication, and wear.[33] 

1.3.1 Friction 

Friction is the force that resists the relative motion when two bodies are 

brought in contact. Friction exists between solid surfaces, fluid layers, and 

material elements. The earliest attempts to understand friction are summarized 

in Amontons’ rules, which states that i) there is a linear relationship between 

friction force and load, and that ii) the friction force is independent of the contact 

area and iii) independent of the sliding velocity.[34] Amontons’ first rule is 

written as: 

																																																																			 																																																																 1.20  

that states the friction force, Ff, should be proportional to the applied load, Fn, 

with the proportionality constant, µ, being the friction coefficient.  

Sometimes the friction force at zero applied load is not zero due to the 

presence of attractive surface interactions. In this case the friction force can be 

described with a common modification of Amontons’ rule that states that the 

total load is the sum of the applied load and the load due to attractive surface 

interactions.[35] It is written as: 

																																																																 																																																										 1.21  

where Sc is known as the critical shear stress. The first term is referred to as an 

adhesion-controlled contribution; the second term is referred to as a load-

controlled contribution. 
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Amontons’ rule is very often followed, so frequently in fact that the rule of 

Amontons often is referred to as Amontons’ law even though it is based on 

empirical observations. On the molecular level, where I have investigated 

friction forces between polymer coated surfaces, it is often found that Amontons’ 

rule does not apply. This can for instance be due to the polymer layer being 

partly worn off at a high enough load or that the polymers start to be dragged 

along the surface as the surfaces slide past each other, creating a new energy 

dissipative mechanism. When such behavior is observed it is appropriate to 

discuss in terms of a load-dependent effective friction coefficient, µeff, defined 

as: 

																																																																	μ 																																																																 1.22  

It is still not clarified why Amontons’ rule so often describe friction between 

surfaces.[36] This topic intrigued me, and when I got the opportunity to work 

with well-defined microstructured surfaces I could not resist to take a deviation 

from my original research plan and explore this topic. The results of this detour 

are described in Paper VI. 

Friction between adsorbed polymer layers 

The friction force between polymer layers have been discussed in detail by 

Klein.[37] The friction needed to slide a body over a surface is related to the 

energy dissipated, W, as: 

																																																																						 																																																														 1.23 	 

where d is the sliding distance. 

Thus, any process that results in energy dissipation will contribute to the 

measured friction force, and one can visualize many different contributions 

being operative between sliding polymer-coated surfaces. The main energy 

dissipative mechanism between sliding surfaces coated by polymers is often 

regarded as being due to dragging of polymer chains through the 

interpenetration zone, i.e. the region of space between the two surfaces where 

polymer chains from both surfaces can be found.[37] One reason that the 
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branched brush layers studied in Paper III were able to provide low friction, I 

suggest, is due to the difficulty of such layers to form an extended 

interpenetration zone. Other energy dissipative mechanisms are associated with 

the flow of solvent trough the polymer layer, and the formation and breakage of 

attractive interactions between polymer segments of the opposing layers and 

within the layers. The importance of this mechanism increases as the solvent 

quality becomes worse, and explains much of the temperature-dependence of 

the friction force observed in Paper IV, where friction between surfaces coated 

with a temperature-responsive diblock copolymer was investigated. Still another 

energy dissipative mechanism is due to dragging of polymer chains, or part of 

polymer chains, along the surface during shearing. In Paper III I noted that the 

friction force between the branched brush layers increased as salt was added to 

the aqueous solution. This is suggested to be due to a weakening of the 

electrostatic attraction between the anchor block and the surface, facilitating 

polymer sliding along the surface and whereby increased energy dissipation. 

1.3.2 Lubrication 

One rapidly growing area of tribology research is concerned with biological 

lubrication that employs water-soluble lubricants, in contrast to the conventional 

oil based lubricants. This bio-tribology research includes most biological 

systems, covering a wide range of interests from live cell interfaces, artificial 

implants, and joint lubrication.[38-40] 

Lubrication refers to a process, or technique, used to reduce friction or avoid 

wear of surfaces that move relative to each other, by adding a lubricant between 

the opposing surfaces. The first lubricants used by humans came from 

vegetable and animal oils. In the human body natural lubricants that function in 

aqueous environments are used in joints, eyes and mouth. One example of a 

biolubricant is the family of large glycoproteins with bottle-brush structure known 

asmucins.[41] 

Lubrication by thin films is a complex phenomenon, which in principle is 

described in the Stribeck curve.[42] There are three regimes in the Stribeck 

curve[43]: 



25 

 

 Boundary lubrication regime where the friction force is dominated by the 

surface properties, such as adsorbed films or surface asperities. I 

exclusively considered this regime in my thesis work. 

 Mixed lubrication regime is normally accompanied by an increase in 

viscosity and non-Newtonian flow behavior. The rheological properties of 

a film in this regime are between that of the bulk and that found in the 

boundary regime. 

 Hydrodynamic lubrication regime where the sliding surfaces are 

separated by a thick film. This situation is also referred to as “full film” 

lubrication. 

The Stribeck curves is a plot of the friction coefficient as a function of a 

specific film parameter, ηω/P, where η is viscosity, ω is velocity and P is 

pressure, see Figure 1.12. 

 

Figure 1.12 A typical Stribeck curve showing the variation of friction coefficient as a 
function of the film parameter, ηω/P. 

 Boundary lubrication has been investigated widely,[44-45] often with the aim 

to have a thin film that can withstand a high applied load, i.e. having a high load 

bearing capacity, and prevent direct contact of solid surfaces by forming 

protective layers on the sliding surfaces. The lubrication efficiency depends on 

the type of lubricant, the nature of the solid surfaces, and the affinity of the 

lubricant to the surface. In my thesis work, boundary lubrication in aqueous 

media was investigated using adsorbed polymer layers (Paper III and IV) and 

adsorbed layers of a phospholipid (Paper V).  
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2 Materials and methods 

2.1 Materials 

2.1.1 Silica surface 

Silica particles or surfaces are often employed as “model” surfaces when 

surface chemistry phenomena are investigated. It is well known that silica is 

negatively charged in aqueous solution due to ionization of some of the Si-OH 

groups.[46]  This is described by the following equilibrium: 

SiOH H O ⇆ SiO H O  

Studies using magic angle spinning (NMR)[47] and nonlinear optical methods 

[48] have identified two types of silanol groups at the planar silica/water 

interface, see Figure 2.1. The isolated silanol group has a pKa value of 4.5, 

whereas geminal silanol groups have a pKa value of 8.5.[48] Studies report that 

a fully hydroxylated silica surface contains 4-5 Si-OH per nm2.[49] 

 

Figure 2.1 Schematic presentation of two types of silanol groups occurring on the silica 
surface: isolated silanol and geminal silanol. 

In this thesis work, physical adsorption of polymer layers on silica surfaces 

was investigated. I showed that the way the silica surface is prepared affects its 

surface charge density at a given pH and ionic strength (see Paper II). This, in 

turn, affects adsorption of cationic polyelectrolytes that adsorb to a larger 

amount on silica cleaned by alkaline solutions than on silica washed treaded 

with acidic solutions.  
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2.1.2 Micro-patterned silicon surface 

A micro-patterned silicon surface with a naturally formed silica layer on the 

top, consisting of depressions with walls having a tilt angle of 30°, was created 

by my coworker using photolithography followed by etching. An AFM image of 

the surface is shown in Figure 2.2. This surface was utilized for investigating the 

validity of Amontons’ rules for the friction forces measured between this surface 

and an AFM tip. The results are reported in Paper VI. 

 

Figure 2.2 AFM image of the micro-patterned silicon surface used in Paper VI. 

2.1.3 Diblock copolymers 

(METAC)m-b-(PEO45MEMA)n 

A diblock copolymer abbreviated as (METAC)m-b-(PEO45MEMA)n was 

studied in this work. It consists of a cationic block of methacryloxyethyl 

trimethylammonium chloride, METAC, and an uncharged bottle-brush block of 

poly(ethylene oxide)methylether methacrylate, PEO45MEMA. The molecular 

structure of (METAC)m-b-(PEO45MEMA)n is shown in Figure 2.3. (METAC)m-b-

(PEO45MEMA)n has a Mn of 235 kDa with Mw/Mn=3. The large polydispersity 

originates from the uncharged block. This dibock copolymer was designed 

based on previous studies of random copolymers, PEO45MEMA:METAC-X,[50-
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51] and theoretical lattice mean-field modeling of adsorption of such bottle brush 

polymers.[52] 

 

Figure 2.3 Molecular structure of (METAC)m-b-(PEO45MEMA)n 

The large number of positive charges in the cationic block of (METAC)m-b-

(PEO45MEMA)n, results in strong adsorption to negatively charged surfaces 

such as silica. The side chains, which consist of 45 unit long PEO chains, are 

able to generate strongly repulsive forces as shown in Paper III. Adsorption of 

this diblock copolymer resulted in formation of a branched brush layer (see 

Figure 1.3) on silica. In Paper III we showed that such layers provide high load 

bearing capacity and low friction forces in aqueous media.   

PIPOZ60-b-PAMPTMA17 

PIPOZ60-b-PAMPTMA17 consists of one cationic block, poly(3-

acrylamidopropyl-methylammonium)17, (PAMPTMA)17, and one non-ionic 

thermo-responsive block, poly(2-isopropyl-2-oxazoline)60, (PIPOZ)60. The 

average number of segments in the PIPOZ and PAMPTMA blocks was 

determined by GPC and 1H NMR, respectively. The size and size distribution of 

the copolymer could not be determined by GPC due to irreversible adsorption of 

the copolymer on the GPC packing materials. The molecular structure of 

PIPOZ60-b-PAMPTMA17 is shown in Figure 2.4. 
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Figure 2.4 Molecular structure of PIPOZ60-b-PAMPTMA17. 

The PIPOZ block interacts favorably with water at low temperatures, but as 

the temperature increases water becomes a progressively worse solvent, which 

results in a phase separation in aqueous solutions of this diblock copolymer at 

46.1 °C.[53]  

2.1.4 Surfactants and lipids 

Sodium dodecylsulfate (SDS) 

Surfactants are amphiphilic molecules, which means that they contain both 

hydrophobic and hydrophilic domains. Thus, surfactants are soluble to some 

degree in both organic media and water. The critical micelle concentration 

(CMC) is the concentration of surfactants above which surfactants will form 

thermodynamically stable aggregates, for example, micelles. The surface 

tension of aqueous solutions varies with surfactant concentration below CMC, 

while it remains relatively constant above CMC.[54] 

SDS is an anionic surfactant that has a hydrophobic straight saturated alkyl 

tail with 12 carbon atoms, attached to a hydrophilic and negatively charged 

sulfate group. The counterion is sodium. SDS is used for numerous applications 

in a variety of products like cosmetics and personal care, coatings and 

formulations for active ingredients, such as drugs and pesticides. The CMC of 

SDS strongly depends on the electrolyte concentration, the CMC is 8 mM in 1 

mM NaCl, decreasing to 6 mM in 10 mM NaCl.[55] 
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1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

Phospholipids are amphiphilic molecules and they are prone to self-assemble 

in aqueous solutions and on solid surfaces. DPPC is the most abundant 

saturated phospholipid in the synovial joint.[56] It consists of a hydrophilic 

choline group and two non-polar saturated and straight acyl chains with 16 

carbon atoms. Due to the presence of two acyl chains DPPC tend to form 

bilayer aggregates in aqueous solutions, like mono- or multilamellar vesicles.  In 

this thesis work bilayers of DPPC were built on silica surfaces by adsorption 

from vesicle solutions at high temperature. The molecular structure of DPPC is 

shown in Figure 2.5. DPPC in free bilayer structures can be found in several 

phases. The two main ones are the gel phase, found below 41 °C, where the 

alkyl chains are frozen in crystalline order, and the liquid crystalline phase found 

above this temperature where the acyl chains are disordered and in a fluid 

state. I encountered these two phases in my studies of supported lipid bilayers 

on silica surfaces in Paper V, and, perhaps counter intuitively, we found a 

higher load bearing capacity in the liquid crystalline state than in the gel state. 

We interpret this as being due to high brittleness of the gel state due to the 

chain crystallinity that gives a high rigidity and strongly restricted molecular 

mobility. 

 

Figure 2.5 Molecular structure of DPPC. 
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2.2 Methods  

2.2.1 QCM-D 

QCM-D stands for quartz crystal microbalance with dissipation monitoring. It 

is a widely used surface analytical technique that allows determination of 

sensed mass, i.e. the mass of the adsorbed layer plus the mass of the solvent 

hydrodynamically coupled to the layer. It also provides some information on the 

structure of adsorbed layers, particularly when combining QCM-D data with data 

obtained from other techniques. In my QCM-D measurements, AT-cut silica 

crystals were used. The fundamental resonance frequency (f ≈ 5 MHz) and the 

energy dissipation (D) are accurately determined as described by Rodahl et 

al.[57] Both the frequency change (∆f) and the dissipation change (∆D) are 

influenced by the mass change and the viscoelasticity of the adsorbed layer. 

The dissipation is measured by switching off the driving power and monitoring 

the amplitude decay profile of the oscillator. This signal decays as an 

exponentially damped sinusoidal function with a characteristic decay time (τ). 

The decay time is related to the dissipation by: 
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																																																																 2.1  
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where ω is the angular frequency, Q is the quality factor, ED is the energy 

dissipated, and ES is the energy stored in one oscillation, respectively. 	

The frequency change (∆f) and the dissipation change (∆D) were recorded 

using the Q-tools program (Q-sense, Gothenburg). To convert the measured 

quantities to e.g. sensed mass theoretical models have to be invoked. 

The Sauerbrey model  

The Sauerbrey model is proper for determining the sensed mass when the 

adsorbed layer is thin and rigid,[58] and this model could be used for 

characterizing adsorbed layers formed by DPPC (see Paper V). This model 



32 

 

assumes that ∆f merely depends on the mass attached to the crystal (ΓQCM-D) as 

described by: 

																																																										
∆

																																																					 2.3  

where n is the overtone number (1, 3, 5, 7...), ∆fn is the frequency change for 

overtone n, and C is a constant that is a characteristic for a specific type of 

QCM-D crystal. In this study, the value of C is 0.177 mg m-2 Hz-1. This model is 

not applicable for more viscoelastic layers, and for this reason the Voigt model 

was employed when analyzing data for adsorbed polymer layers, see Paper I 

and IV. 

The Voigt model  

In the Voigt model, the adsorbed film is treated as consisting of an elastic 

spring and a viscous dashpot coupled in parallel. In this case the total stress, 

xy acting on the material is given as: 

																																															
,


 ,

																																								 2.4  

The first term describes the elastic response using Hooke’s law, where f 

denotes the shear elasticity modulus of the adsorbed film and ux stands for 

displacement in the x direction. The second term describes the viscous 

response in terms of Newton’s law in which f denotes the shear viscosity of the 

adsorbed layer andx refers to the velocity in the x direction. 

In the Voigt model, the adsorbed film of thickness df and density f is 

characterized by a complex shear modulus :  

																																					 ∗ 2  1 2 																								 2.5  

where µʹ is storage modulus, µʺ loss modulus (2πff), and τ=f/f the 

characteristic relaxation time of the adsorbed layer. 

The expression of ∆f and ∆D for a single viscoelastic layer in a liquid medium 

is:  
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where the subscript b denotes the bulk liquid, tq and ρq are the thickness and 

density of quartz, respectively. All other symbols have the same meaning as 

before,  is the viscous penetration depth defined as: 

																																																															
2

																																																																		 2.8  

In the analysis of the data, the frequency and dissipation changes are fitted 

by Eqs.2.6 and 2.7, respectively. 

2.2.2 Optical reflectometry 

The adsorption of  polymers on thermally oxidized silicon wafers was 

investigated by optical reflectometry. The theoretical considerations of optical 

reflectometry have been described by Dijt et al.[59] A scheme of an optical 

reflectometer is drawn in Figure 2.6. In short, to determine the adsorbed mass 

(Γrefl), a linearly polarized light is directed through a prism and reflected at the 

SiO2/water interface at an angle close to the Brewster angle. The reflected light 

is split into its parallel and perpendicular polarization components by a 

beamsplitter, Ip and Is, and the respective intensities are recorded by two 

photodiodes. The ratio Ip/Is, that is defined as the signal (S) is continuously 

recorded during the experiment. The change in the signal (∆S) upon adsorption 

is related to Γrefl, via: 

																																																																
1 ∆
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where As is the sensitivity factor (relative change in S per unit adsorbed amount) 

that can be determined by treating the system as a four-layer optical model 
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where each layer is characterized by its thickness (t), and refractive index (n): Si 

(nSi, tSi)-SiO2 (nSiO2, tSiO2)-adsorbing layer (nlayer, tlayer)-aqueous medium (nwater) 

within the framework of the Fresnel reflectivity theory.[60] 

 

Figure 2.6 Schematic diagram of an optical reflectometer. 

Water content of the adsorbed layer 

The water content of an adsorbed layer can be calculated by combining the 

sensed mass measured by QCM-D and the adsorbed mass determined by 

optical reflectometry as: 

																																													%
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The effective hydrodynamic thickness (deff) of the adsorbed layer can be 

calculated by[61]: 

																					
 




1





							 2.11  

 

where ρeff is the bulk density of the polymer layer. 
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2.2.3 Neutron and X-ray reflectometry 

Neutron reflectometry 

Neutron reflectometry is a technique that utilizes a highly collimated beam 

of neutrons that impinge on a flat surface at a very small angle. The instrument 

records the reflectivity as a function of angle or neutron wavelength. The 

reflectivity is usually described in terms of a neutron momentum transfer Q, 

which is defined as [1]: 

																																																																		
4

																																																											 2.12  

where λ is the wavelength in vacuum,  the angle of incidence. 

The contrast in a neutron reflectivity experiment is provided by the different 

nuclei that interact differently with neutrons. An average scattering length 

density, ρ, can be obtained by combining the nuclear scattering lengths (bi), as 

[1] : 

																																																																	 																																																					 2.13  

where ni is the number of atoms of type i per molecule (or monomer unit), ρm 

the mass density of the material, and m the molecular mass, or in the case of 

polymers the monomer mass. 

The scattering length is a nuclear property and it varies irregularly with 

atomic number and also depends on the isotope, e.g. D2O(ρD2O is 6.35×10-6 Å-2) 

is different from that of H2O (ρH2O is -0.56×10-6 Å-2). In a neutron reflectivity 

measurement one can utilize the contrast-match condition to selectively make a 

component “invisible”. For example, water can be made “invisible” to neutrons 

by using 8 vol% D2O and 92 vol% of H2O. The scattering length density of this 

mixture is zero and it is contrast matched to air. The possibility to contrast 

match different components is a major advantage of neutron scattering 

methods.  

Neutron reflectivity provides information about adsorbed mass, layer 

thickness, and, through contrast variation it is capable of determining the 

composition of an adsorbed layer containing several components. This was 

utilized in Paper II to distinguish a polymer and a surfactant in a mixed 

adsorbed layer. 
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X-ray reflectometry 

X-ray reflectometry was used in Paper V to elucidate the structure of DPPC 

bilayers on silica surfaces at different temperatures. Since I did not join the X-

ray reflectivity measurements and did not perform the data analysis, I only very 

briefly introduce the technique. In principle, X-ray reflectometry works in a 

similar way as neutron reflectometry, but X-rays are used instead of a neutron 

beam. The contrast in X-ray reflectivity measurements is provided by 

differences in electron density, and thus contrast matching by using mixtures of 

isotopes is not a possibility.[1] 

 2.2.4 SurPASS 

The SurPASS electrokinetic analyzer (Anton Paar GmbH, Graz, Austria) 

determines the zeta potential at the solid/liquid interface of macroscopic 

surfaces based on the measurement of streaming potential and streaming 

current, respectively.[62-63] In SurPASS, an aqueous electrolyte solution flow is 

generated by a dual syringe pump system, which causes an electrical charge 

separation in the flow direction. The gap between the flat solid surfaces (the 

samples under investigation) is adjusted to allow the flow to generate a 

pressure difference (∆P) between the inlet and outlet of the cell. This generated 

pressure difference causes moving of charges that results in a potential 

difference between the two electrodes (streaming potential, ∆U) and an 

electrical current (streaming current, I), which is detected by measuring 

electrodes. 

When measuring streaming current the ζ-potential is calculated according to 

the Helmholtz-Smoluchowski relation:[64] 
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where  is the specific conductivity of the electrolyte solution in the channel, η 

the viscosity, ∆P the measured pressure difference, εr and ε0 are the dielectric 

constant and the vacuum permittivity, L and H are channel length and width, 

respectively. 
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2.2.5 AFM 

Atomic force microscopy (AFM) is a scanning probe technique, that was 

invented by Binnig et al. in 1986.[65] AFM can be used for imaging the 

topography of a wide range of different types of samples, for example, and in 

some cases with atomic resolution. Although AFM originally was developed as a 

tool for characterizing surface topography, it has also proven to be an excellent 

tool for measuring surface forces and friction. 

A scheme of an AFM is provided in Figure 2.7. Typically, in the AFM a 

sample is placed on the base of the AFM. The sample is scanned by a very 

sharp tip that is mounted on a cantilever placed in a hold that faces to the 

sample. A piezoelectric crystal scanner, located either in the head or in the base 

of the AFM, moves the sample and tip relative to each other in x, y and z 

directions. A laser is focused on the backside of the cantilever and reflected 

onto a split photodiode, which has four separate regions that allows recording of 

the deflection and the twist of the cantilever. The deflection response provides 

information on topography and surface forces, while the twist response gives 

friction information. A feedback system is allowed to adjust the position of the 

piezoelectric crystal scanner to keep e.g. the deflection or the tapping amplitude 

constant during imaging. 

 

Figure 2.7 A scheme of the basic units of an AFM. The sharp tip is used for imaging, 
while a colloidal probe normally is employed for determining interaction between a 
colloidal sized particle and a flat surface. 
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AFM imaging  

Contact mode and tapping mode are commonly used for obtaining 

topographical information about surfaces by means of AFM. In contact mode, 

the tip stays in contact with the sample as it scans across it. The feedback 

system moves the scanner up and down to keep a constant deflection, and the 

variation in the scanner position provides the topography of the sample. In 

tapping mode, the tip lightly taps on the sample during scanning. The cantilever 

is driven by the scanner to oscillate up and down at near its resonance 

frequency, and in this case the feedback system keeps the oscillation amplitude 

constant. The topography of the sample is also in this case given by the 

scanner position. 

PeakForce QNM (Quantitative NanoMechanics) is a new mode developed by 

Bruker.[66] Figure 2.8 illustrates how mechanical properties, such as 

deformation, adhesion and dissipation, are extracted from calibrated force-

separation curves. The peak force is the difference between the operator 

defined setpoint and the zero force. The height information is obtained by the 

corrective movement of the scanner to maintain the peak force setpoint. The 

adhesion is the difference between the zero force and the minimum value of the 

force measured on retraction. Deformation is the distance moved by the tip 

between the instant it reaches a pre-determined force on approach and the 

instant it reaches the peak force setpoint. This deformation region of the force is 

specified as a percentage of the peak force. The energy dissipation is the 

integral of the force curve over one period of oscillation. 

 

Figure 2.8 Hypothetical force curve between tip and sample as a function of 
separation, solid and dash curves represent approach and retraction curves, 
respectively. 

I used the PeakForce QNM method in Paper III and V to gain information on 

adsorbed layers of polymers and phospholipids. 
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Surface forces  

Surface forces acting in the normal direction between a tip (or a colloidal 

probe) and a sample can be measured by AFM, usually the tip is first pushed 

towards the sample and then removed from it at a constant speed. The raw data 

obtained is detector voltage change vs. scanner displacement. To obtain a plot 

of force vs. separation, some further calculations need to be done. The raw data 

obtained detector voltage change vs. piezo scanner displacement, is first 

transferred to cantilever deflection vs. separation. This requires a calibration of 

the deflection sensitivity of the split photodiode (nm/voltage). The details are 

described in a comprehensive review by Butt et al.[30] The force is calculated 

from the cantilever deflection, z, using Hooke’s law: 

																																																																				 																																																										 2.15  

where Fn is the normal force and kz the normal spring. 

It should be noted that zero separation most often is defined as the position 

the surfaces come to under the largest force employed during the force 

measurement. This means that the AFM measurements do not carry any 

information on the absolute thickness of adsorbed layers. 

Friction Forces 

The friction force between the tip (or colloidal probe) and the sample is 

measured by letting the tip slide over the sample in contact mode.[67] Any 

friction will cause the cantilever to twist, which is detected by the photodetector. 

In a typical AFM friction experiment the friction force is measured under various 

applied loads by letting the tip slide over the sample forth and back (trace and 

retrace). The friction force is calculated as[68]:  

																																																																			
2

																																																			 2.16  

where δV is the difference between the trace and the retrace shear signals, kt 

the torsional spring constant, Heff the effective height of the tip (height of the tip 

plus half thickness of the cantilever), δ the lateral photodetector sensitivity. 
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The normal and torsional spring constants (kz and kt) were determined using 

a method based on thermal noise with hydrodynamic damping of the 

cantilever.[69-70] 

Colloidal probe AFM 

In AFM colloidal probe mode, a spherical particle, which typically is 2-20 

µm in diameter, is glued onto the end of the cantilever that is used for force 

measurements. In this work, a silica particle was employed as colloidal 

probe to measure surface forces and friction between polymer and 

phospholipid layers. The main advantages of using a colloidal probe rather 

than a sharp tip for studying surfaces forces are: 

1. The geometry of the colloidal particle is well-defined compared to the 

geometry of the tip. 

2. The radius of the particle is much larger than the range of the surface 

forces, whereas the radius of the tip is small compared to the range of 

some forces that commonly are encountered. 

3. From point 1 and 2 we see that the Derjaguin approximation is valid 

when a colloidal particle is used, but not when a tip is used. 

4. From the Derjaguin approximation we know that the force scales with 

the radius of the particle. Thus, using a large colloidal particle makes it 

possible to measure weak long-range surface forces that could not be 

detected using a sharp tip. 
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3 Results and discussions 

3.1 Branched brush layers on silica surfaces 

In this section I will discuss interfacial properties of the diblock copolymer, 

(METAC)m-b-(PEO45MEMA)n, adsorbed on silica surfaces in aqueous media. 

This includes formation of the adsorbed layer, interactions between pre-

adsorbed layers of this diblock copolymer and the anionic surfactant SDS, as 

well as surface forces and friction between such layers. These interface 

properties were explored by means of QCM-D, optical and neutron 

reflectometry, and the AFM colloidal probe technique. 

3.1.1 Formation and structure 

Adsorption properties of (METAC)m-b-(PEO45MEMA)n, (METAC)m and 

(PEO45MEMA)n 

In Paper I, I have discussed the adsorption properties of the diblock 

copolymer, (METAC)m-b-(PEO45MEMA)n, and those of the individual blocks. For 

this diblock copolymer the charged block, (METAC)m, attaches on the silica 

surface by electrostatic interaction, whereas adsorption of the uncharged bottle-

brush block, (PEO45MEMA)n, is driven by an affinity between PEO and silanol 

groups present on the silica surface. The adsorbed mass (refl) and sensed 

mass (QCM-D) were measured by optical reflectometry and QCM-D, 

respectively. It should be noted that the sensed mass includes the mass of the 

adsorbed polymer as well as that of hydrodynamically coupled water in the 

polymer layer. The information of the adsorbed layers of (METAC)m, 

(PEO45MEMA)n and (METAC)m-b-(PEO45MEMA)n as determined by these two 

techniques are given in Table 3.1. The water content was calculated by using 

Eq. 2.12, and the effective thickness, deff, was determined from Eq. 2.13. The 

shear viscosity, shear elasticity and another measure of the layer thickness, 

dvoigt, were obtained from fitting the QCM-D data using the Voigt model.  
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Table 3.1 Adsorbed layer characteristics of (METAC)m, (PEO45MEMA)n and (METAC)m-
b-(PEO45MEMA)n 

 

The results show that the diblock copolymer layer contains a very high 

content of water, 95% of the mass determined by QCM-D is due to water. The 

layer is also very thick, 46-48 nm. Comparing the shear viscosity and shear 

elasticity data to that of the random block copolymers reported in a previous 

study,[71] this layer has a higher shear viscosity and a lower shear elasticity, 

which is attributed to the higher water content and the larger thickness of the 

diblock copolymer layer.[72] 

To gain further insight on how the layer is formed one can look closely at the 

kinetic information provided by QCM-D. Here we visualize this by plotting 

dissipation change (∆D) vs. frequency change (-∆f) for (PEO45MEMA)n and 

(METAC)m-b-(PEO45MEMA)n in Figure 3.1 The time line goes from left to right in 

this plot. 

 

Figure 3.1 ∆D as a function of -∆f during adsorption of (METAC)m-b-(PEO45MEMA)n 
(filled dots) and (PEO45MEMA)n (unfilled dots) on silica from a 50 ppm polymer solution 
in pure water. The inset shows the data in the range of -∆f up to 40 Hz in more detail. 
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The ∆D-∆f curve for (METAC)m-b-(PEO45MEMA)n initially follows that 

observed for the uncharged block. Previous studies have shown that the 

uncharged block adsorbs to form a layer that is 2-3 nm,[71, 73] which agrees 

with my data (Table 3.1) and demonstrates that (PEO45MEMA)n orients 

preferentially parallel to the surface in order to maximize the interaction with the 

surface. The fact that the initial adsorption of the diblock copolymer is similar to 

that of (PEO45MEMA)n suggests that initially also (METAC)m-b-(PEO45MEMA)n 

adsorbs parallel to the surface. However, for the diblock copolymer the 

dissipation increases rapidly again once the magnitude of the frequency change 

exceeds about 25 Hz. The sudden change corresponds to the transition point 

between an initial fast and the following slower adsorption regime (see Figure 1 

in Paper I). Both these observations suggest that the transition observed in 

Figure 3.1 is due to a change in polymer orientation from initially parallel to the 

surface at low coverage to significantly more extended conformations at high 

coverage. 

The adsorption densities of the polymer segments were calculated from the 

adsorbed mass, and these data are given in Table 3.2 

Table 3.2 Segment densities of (METAC)m, (PEO45MEMA)n and (METAC)90-b-
(PEO45MEMA)102 

 (METAC)m (PEO45MEMA)n (METAC)90-b-(PEO45MEMA)102 

Density (per m2) 7.9×1017 2.7×1017 6.9×1017 of METAC 

7.4×1017 of PEO45MEMA 

The adsorption of the cationic block alone corresponds, 7.9×1017 charges/m2. 

Since only a weak double layer force is observed after adsorption (see Paper 

III), this is close to the number of deprotonized silanol groups on the surface in 

the presence of the adsorbed polyelectrolyte. The corresponding area/charged 

segment is about 1.3 nm2, suggesting close to full coverage of the silica 

surface. Comparing the segment densities obtained for the diblock copolymer to 

that of the individual blocks, the following conclusions can be drawn: (1) The 

number of charges brought to the surface region by adsorption of (METAC)m-b-

(PEO45MEMA)n is rather similar but somewhat lower than that found for 

(METAC)m, indicating that steric repulsion between the PEO side chains, rather 

than electrostatic interactions, limits the adsorption. (2) The number of PEO45 
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side chains in the surface region is significantly larger for (METAC)m-b-

(PEO45MEMA)n than for (PEO45MEMA)n, which is due to the strong affinity of 

the cationic block to the surfaces. 

From the kinetic studies (Figure 3.1) and the calculated segments densities 

of the polymers, we conclude that the polymer initially adsorbs parallel to the 

surface. However, as the adsorption proceeds cationic segments displace 

uncharged segments at the surface. As a result the PEO bottle-brush chains are 

extended away from the surface to form a branched brush layer. Indeed, this 

structure has been predicted by lattice mean field calculations.[52] A schematic 

illustration of the formation of the branched brush layer is provided in Figure 3.2. 

 

Figure 3.2 Schematic illustration of the time evolution of the structure of (METAC)m-b-
(PEO45MEMA)n during the adsorption process. 

Effect of ionic strength on adsorption 

The adsorption of the diblock copolymer is affected by ionic strength as 
observed by optical reflectometry and QCM-D, the adsorbed and sensed 
masses are shown in Figure 3.3.  

 

Figure 3.3 Adsorbed amount (Γrefl(■)) and sensed mass (ΓQCM-D()) of (METAC)m-b-
(PEO45MEMA)n on silica as a function of NaCl concentration. The points marked with 
“*” are obtained with no added salt. 
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The results show that the adsorbed mass decreases with increasing ionic 

strength, from 2.75 mg/m2 in water to 2.1 mg/m2 in 100 mM NaCl. The sensed 

mass decreases similarly with increasing ionic strength. The water content of 

the polymer layer decreases with ionic strength from 94% to 91%, and the 

thickness of the layer decreases from 46-44 to 28-22 nm. Desorption results in 

decreased repulsion between the non-ionic branched blocks, and it is likely that 

this allows the non-ionic block to be less stretched and accumulate closer to the 

surface, explaining the decrease in layer thickness at high ionic strength. 

It is well known that an increase in ionic strength causes screening of 

electrostatic forces, which leads to: i) a decreased electrostatic affinity between 

the cationic block and the silica surface, ii) a decreased repulsion between the 

cationic blocks, iii) an increased silica surface charge density,[74] iv) a 

decreased affinity between the PEO bottle-brush block and silica as a 

consequence of the increased surface charge density, [74] and v) a change in 

conformation of the cationic block in solution towards a more coiled state. 

Based on the observation that an increase in ionic strength leads to a decrease 

in the adsorbed amount we conclude that factors i) and iv) are more important 

than factor ii) and iii) in this case. 

Desorption of pre-adsorbed layers 

To explore the desorption of pre-adsorbed diblock copolymer layers, NaCl 

solutions with subsequently increasing ionic strength (0.1-100 mM) were 

injected above pre-adsorbed (METAC)m-b-(PEO45MEMA)n layers. The adsorbed 

and sensed mass were measured, and the results are given in Figure 3.4. 
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Figure 3.4 Adsorbed amount and sensed mass of (METAC)m-b-(PEO45MEMA)n layers 
after rinsing with NaCl solutions of different concentrations. The points marked with “*” 
are obtained with no added salt. 

The results show that both adsorbed mass and sensed mass decreases 

slightly, which means that the pre-adsorbed diblock copolymer layer is not very 

sensitive to the NaCl concentration. This limited desorption can be explained by 

considering the desorption process, which includes two steps. First, the 

molecules have to detach from the surface, i.e. all cationic groups have to leave 

the surface, which is an unlikely event considering the strong electrostatic 

attraction. Next, the molecules have to be transported away from the surface 

toward the bulk solution by diffusion driven by the concentration gradient. Here 

the concentration gradient is very small, therefore this process is also very 

slow.[1]  
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3.1.2 Interactions with surfactants  

Structure of (METAC)m-b-(PEO45MEMA)n layers on silica 
 
The (METAC)m-b-(PEO45MEMA)n diblock copolymer was adsorbed on silica 

surfaces (cleaned in alkaline solution, see Paper II) from 10 mM NaCl solution. 

Interactions between the pre-adsorbed (METAC)m-b-(PEO45MEMA)n layer and 

SDS were determined by optical reflectometry and neutron reflectometry. Some 

results are provided in Table 3.3. The thickness determined by the combination 

of QCM-D and optical reflectometry is less than that determined by neutron 

reflectivity. This is not very surprising considering that the “thickness” of a 

polymer layer is not well-defined due to: i) that data most often is evaluated 

assuming homogeneous layer(s) whereas the segment density varies with 

distance from the surface as discussed in section 1.2.4, ii) different techniques 

are differently sensitive to the dilute tail fraction. In contrast, adsorbed mass is a 

more reliable quantity than thickness, and here optical and neutron reflectivity 

data agree well with each other. Both methods also agree on that the water 

content in the layer is extraordinary high, and this is a consequence of the 

branched brush layer structure. 

Table 3.3 Properties of layers of (METAC)m-b-(PEO45MEMA)n adsorbed on silica in 10 
mM NaCl, determined by optical reflectometry and QCM-D, and by neutron 
reflectometry. 
 Optical reflectometry 

Combined with QCM-D

Neutron reflectometry 

Adsorbed mass (mg/m2) 2.3 ± 0.1 2.6 ± 0.1 

Layer thickness (Å) 310 ±10  700 ± 20 

Water content (wt%) 93 ± 0.2 97 ± 1 

 

Interaction between pre-adsorbed polymer layers and SDS   

Optical reflectometry 

The pre-adsorbed (METAC)m-b-(PEO45MEMA)n layers were exposed to 10 

mM NaCl solutions with increasing SDS concentrations. The results obtained for 

silica surfaces cleaned in alkaline solution are shown in Figure 3.5. 
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Figure 3.5 Optical response ∆S/S0 as a function of SDS concentration in 10 mM NaCl 
(1 CMC is 6 mM in 10 mM NaCl) outside a pre-adsorbed (METAC)m-b-(PEO45MEMA)n 
layer on silica. The open point denotes the value obtained after a final rinsing step with 
10 mM NaCl. 

The optical response, i.e. the total adsorbed amount, increases in the 

presence of 0.3 CMC SDS, demonstrating that SDS is incorporated in the layer. 

No further increase in the optical response can be detected as the SDS 

concentration is increased to 0.6 CMC, whereas a further increase in SDS 

concentration to 1.2 CMC results in some desorption of polyelectrolyte-

surfactant complexes as evidenced by the decrease in the optical response. 

Next, the layer was rinsed by 10 mM NaCl, which resulted in further decrease in 

adsorbed amount as SDS desorbs from the layer.  

Two competing effects exist here, (1) incorporation of SDS in the layer 

results in increased adsorbed amount and formation of 

polyelectrolyte/surfactant complexes at the interface, (2) SDS also brings 

negative charges into the layer and the formed polyelectrolyte/surfactant 

complexes have less electrostatic affinity to the surface than the polyelectrolyte 

itself. The results indicate that the former process dominates at low surfactant 

concentrations (≤ 0.6 CMC), whereas desorption predominates at higher SDS 

concentrations.  
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Neutron reflectivity, NR 

NR experiments were conducted in order to separate the adsorbed amount 

of SDS from that of the polymer, which is difficult to do with optical 

reflectometry, and to provide information on where SDS is located within the 

adsorbed layer. A sequential addition of SDS at two concentrations, 0.3 and 0.6 

times the CMC of SDS were used in the experiment.  

A four layers model consisting of a silicon oxide layer, two layers close to the 

surface that contain both polymer and SDS, as well as an outer polymer layer, 

was found to be the simplest model that could fit the experimental data. The 

silicon oxide layer was fixed from fitting the reflectivity from the bare surface 

(Figure 3 in Paper II). The outer three layers were fitted and the results are 

summarized in Table 3.4. 

Table 3.4 Structural parameters obtained from fitting of the neutron reflectivity profiles 
for adsorbed (METAC)m-b-(PEO45MEMA)n layers on silicon before and after sequential 
addition of SDS.   

Layer Parameter Polymer +  

SDS (0.3 CMC) 

Polymer + 

 SDS (0.6 CMC) 

1. METAC90+SDS 
 (the layer closest to the surface) 

  

Thickness (Å) 13±2 13±2 

Solvent content (Φsolvent, %)  2±1 2±1 

Roughness (Å) 4±1 4±1 

Adsorbed amount of polymer (mg/m2) 0.64±0.04 0.67 

Adsorbed amount of SDS (mg/m2) 0.84±0.06 0.81±0.06 

2. METAC90/(PEO45MEMA)100+SDS   

Thickness (Å) 25±2 16±2 

Solvent content (Φsolvent, %)  89±1 96±1 

Roughness (Å) 5±1 4±1 

Adsorbed amount of polymer(mg/m2) 0.18±0.02 0.08±0.01 

Adsorbed amount of SDS (mg/m2) 0.14±0.02 0 

3. (PEO45MEMA)100  
(the layer closest to the solution) 

  

Thickness (Å) 700±15 100±10 

Solvent content (Φsolvent, %)  97±1 97±1 

Roughness (Å) 4±1 4±1 

Adsorbed amount of polymer (mg/m2) 2.5±0.1 0.35±0.04 
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The results show that the layer closest to the surface represents the 

anchoring block METAC90, This layer is thin and contains little solvent. The 

second layer represents a more hydrated region of polymer and surfactant while 

in the third layer we find mostly very hydrated polymer. In the presence of 0.3 

CMC SDS, most of the surfactant is confined within the first two thin layers, 

while the third layer is best modeled as a thick region of hydrated polymer. 

Upon addition of more SDS (0.6 CMC) the polymer-only layer shrinks and the 

total content of polymer in layer 2 is reduced. Consequently the binding of SDS 

is significantly lower in this layer. Here we note that the SLD for the two blocks 

METAC90 and (PEO45MEMA)100 are rather similar, 0.48 and 0.71 10-6 Å-2, 

respectively. It is therefore not possible to unambiguously determine the 

location of these segments. However, it is likely that the cationic block, 

METAC90, is located closest to the surface as suggested above.  

Interaction between pre-adsorbed individual polymer blocks and SDS 

Interactions between a pre-adsorbed (METAC)m layer and SDS studied by 

optical reflectometry demonstrates that SDS adsorbs to reach a plateau value at 

low concentrations due to electrostatic interactions between the polymer chain 

and SDS. The polyelectrolyte-surfactant complexes formed in this case are 

water-insoluble and therefore limited desorption of SDS occurs during rinsing.  

The interactions between the uncharged polymer block (PEO45MEMA)n and 

SDS were also probed by optical reflectometry. Adsorbed layers of the 

uncharged block displayed a very limited incorporation of SDS, and therefore 

also limited SDS-induced desorption of the polymer were found. This is 

explained by two effects: i) electrostatic repulsion between SDS and the 

negatively charged silica surface that makes the SDS concentration close to the 

surface lower than in bulk, ii) the limited flexibility of the PEO side chains that 

are adsorbed to the surface that makes it more difficult for these chains to adopt 

conformations that provide favourable interactions with the surfactant. 
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3.1.3 Lubrication properties and surface forces 

Boundary lubrication of the branched brush layer formed by (METAC)m-b-

(PEO45MEMA)n was investigated by the AFM colloidal probe technique. Friction 

forces between the diblock copolymer layers were characterized by a low 

friction coefficient. The layers remain intact under high load and shear, and no 

destruction of the layer was noted even under the highest pressure employed, 

about 50 MPa. 

Forces between silica surfaces coated with (METAC)m-b-(PEO45MEMA)n 

The forces measured between the silica probe and the silica surface in 

presence of the (METAC)m-b-(PEO45MEMA)n diblock copolymer in solution are 

shown in Figure 3.6, together with calculated DLVO force curves. The most long 

range part of the force curve is consistent with a double layer force. However, at 

separations below 40 nm the force increases more steeply, demonstrating the 

presence of a steric force. The apparent double-layer potential was found to 

have a magnitude of 33 mV at the onset of the steric interaction at a separation 

of 40 nm. There is no detectable sign of hysteresis between forces measured 

on approach and retraction, suggesting that the polymer layer reacts reversibly 

to the changing force. The effect of rinsing away the diblock copolymer from 

bulk solution is limited, which is consistent with the very limited desorption noted 

by optical reflectometry (Figure 1 in Paper I). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Force normalized by radius as a function of separation between silica 
surfaces coated with (METAC)m-b-(PEO45MEMA)n in presence of 50 ppm of the diblock 
copolymer in solution. Filled and unfilled symbols represent data points obtained on 
approach and retraction, respectively. The upper and lower lines are fitted double layer 
forces using constant charge and constant potential boundary conditions, respectively. 
The inset shows the forces acting between the polymer layers before (black squares) 
and after (red circles) rinsing with water.  
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It is possible to determine the sign of the double-layer potential of the 

polymer-coated surface by investigating the interaction between this layer and a 

bare silica colloidal probe. The measured forces are shown in Figure 3.7, where 

the inset also shows forces calculated by DLVO theory. The long range 

repulsion encountered on approach is consistent with a double layer force. In 

the calculated DLVO force curves, the silica surface potential was fixed at -70 

mV (force between a bare silica probe and a bare silica surface was measured, 

see Figure 3 in Paper III). With this choice of calculation parameters the 

apparent double layer potential at the diblock copolymer coated surface was 

found to be -23 mV. The fact that the surface potential of the diblock copolymer 

coated silica surface is negative demonstrates that excluded volume repulsion, 

and not electrostatic forces, limits the adsorption of (METAC)m-b-

(PEO45MEMA)n on silica in pure water. 

The measured force reaches a maximum at a separation of 20 nm, and 

closer in a force minimum is observed at a separation of 9 nm. This is due to a 

bridging attraction, where PEO chains from the diblock copolymer coated 

surface adsorb to the bare silica substrate. A significant hysteresis can be seen 

between compression and decompression, and this is attributed to the bridging 

force.  

 

Figure 3.7 Force normalized by radius as a function of separation between a bare 
silica probe and a silica surface coated with (METAC)m-b-(PEO45MEMA)n in water. The 
filled and unfilled symbols correspond to forces measured on approach and separation, 
respectively. The inset shows the approach force curve and the corresponding forces 
calculated within the PB framework using constant charge (upper line) and constant 
potential (lower line) boundary conditions, respectively. 
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Friction forces between silica surfaces coated with (METAC)m-b-
(PEO45MEMA)n branched brush layers 

Figure 3.8 shows that the friction forces measured between a bare silica 

probe and a bare silica surface is consistent with Amontons’ rule, Ff = µFn, and 

the coefficient of friction is found to be 0.25. (The friction force between silica 

surfaces in aqueous solutions are sensitive to the solution condition and the 

surface roughness, see supplementary information to Paper V). Two sequential 

measurements where the friction force as function of load were determined 

between silica surfaces coated with (METAC)m-b-(PEO45MEMA)n in a 50 ppm 

solution of this diblock copolymer solution are also illustrated in Figure 3.8. The 

two curves are very similar, and the friction force at any explored load is 

significantly smaller than between the bare silica surfaces. This suggests that 

the reduction of the friction force is attributed to the steric repulsion between the 

extended and water-rich branched brush layers formed by the diblock 

copolymer. The friction coefficient between the (METAC)m-b-(PEO45MEMA)n 

coated surfaces is much lower than that of the bare silica-silica system, about 

0.04, and a close to Amontons-like behaviour is observed. 

 

Figure 3.8 Friction force vs. load (Fn and Fn/R) curves observed for a silica probe and a 
silica surface in water (triangles) and after adsorption of (METAC)m-b-(PEO45MEMA)n 
from an aqueous 50 ppm solution. The first measurement cycle (squares), and the 
subsequent one (circles) are shown. Filled and unfilled symbols represent data 
obtained on loading and unloading, respectively. 
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Load bearing capacity 

The load bearing capacity of a polymer layer is best defined in terms of the 

pressure, P, (rather than applied load) to allow comparison between different 

experiments using probes with different radii and surfaces with different Young’s 

moduli. To convert the measured load to a pressure requires the use of a 

contact mechanics model, and for a small particle in absence of strong attractive 

forces the Hertz model is appropriate. The details of this calculation are 

described in Paper III.  

The maximum pressure in this study was found to be about 50 MPa, 

corresponding to the maximum load, Fn, of 150 nN. This pressure is about two 

times higher than the maximum pressure that has been recorded in healthy 

joints ( ≈ 25MPa). Clearly, the layers formed by (METAC)m-b-(PEO45MEMA)n 

have a high load bearing capacity. A high load bearing capacity has also been 

achieved for other electrostatically anchored polyelectrolyte layers and for 

mucin (See Table 4 in Paper III), but for none has the pressure been increased 

to such high values as in the present investigation. It seems clear that both low 

friction and high load bearing capacity is achieved due to the combination of 

strong electrostatic anchoring and the branched brush structure of the 

hydrophilic PEO-block. The structure counteracts interpenetration of the two 

polymer layers under pressure and stabilizes an easily sheared water layer 

between the surfaces. 
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3.2 Interaction and friction between temperature-
responsive polymer layers 

In the previous section I showed how high load bearing capacity could be 

achieved by electrostatic attachment of the anchor block to silica. I also 

demonstrated that a very low friction coefficient could be obtained using a 

hydrophilic and branched buoy block. From other studies we know that very low 

friction forces also can be achieved by tethered linear polyelectrolytes, provided 

the graft density is sufficiently high.[39] In the work described below, I continue 

to use an anchor block that will attach by electrostatic forces to my substrate, 

but I now use a non-ionic block that interacts differently with water at different 

temperatures. This way I hoped to gain information on how the solvent quality of 

water would affect short-range interactions and friction forces. To this end 

surface forces and friction force were investigated using the temperature 

responsive diblock copolymer, PIPOZ60-b-PAMPTMA17. The interactions were 

explored in the temperature interval 25-50 °C, which spans the phase 

separation temperature, 46.1 °C, for aqueous solutions of this diblock 

copolymer.[53] 

Effect of temperature on surface forces 

A previous study has shown that PIPOZ60-b-PAMPTMA17 adsorb to silica 

surfaces at pH 9.[75] The adsorbed amount was found to be 0.73 mg/m2, the 

sensed mass 4.9 mg/m2, giving a water content of the layer of 85%. The 

layer thickness was estimated to 5 nm. The adsorbed amount is not 

sufficiently large to qualify this layer as a brush layer, but the PIPOZ chains 

from the individually adsorbed molecules only overlap weakly. Surface forces 

between two silica surfaces carrying an adsorbed layer of PIPOZ60-b-

PAMPTMA17 across a 0.1 mM NaCl were measured in presence and absence 

of PIPOZ60-b-PAMPTMA17 in solution, at pH 9, 25°C (Figure 3 in Paper IV). The 

results showed that the most long-range part of the force curve was due to the 
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presence of a repulsive double-layer force, whereas at short separations the 

measured force became significantly steeper due to predominance of steric 

interactions. 

Surface forces acting between pre-adsorbed PIPOZ60-b-PAMPTMA17 layers 

across 0.1 mM NaCl (pH 9) were determined at different temperatures between 

25 °C and 50 °C, see Figure 3.9. A double-layer force was observed at all 

temperatures and the double-layer potential was found to vary in the range 44-

31 mV, corresponding to a charge density range of 1.6-1.1 mC/m2 and an area 

per excess charge of 100-150 nm2. Thus, even though we do observe a 

significant double-layer force, the excess charge density remains small 

throughout the experiment. The most striking feature of the forces reported in 

Figure 3.9 is the significant temperature-dependence of the surface interactions 

at small separations that are dominated by interactions between polymer 

segments. 

At temperature below 45 °C, forces measured on trace and retrace are 

repulsive, but a hysteresis between forces measured on approach and 

retraction becomes larger with increasing temperature. At 35 °C a notable force 

minimum, still on the repulsive side, is noted when the surfaces are separated 

from contact. The force minimum becomes deeper at higher temperatures and 

at 45 °C and above the force in the minimum is net attractive. At 45 and 50 °C, 

the attractive force component is sufficiently strong to be observed also on 

approach. 

The depth of the force minimum increases with increasing temperature from 

30 °C up to 50 °C. This observation is consistent with water becoming a worse 

solvent for PIPOZ at higher temperatures, which facilitates development of 

attractive segment-segment interactions between (and within) the adsorbed 

layers.  
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Figure 3.9 Force normalized by radius as a function of separation measured on 
approach (filled circles) and retraction (open circles). The measurements were 
performed at different temperatures, as shown in the figures. The forces were 
measured between silica surfaces coated with PIPOZ60-b-PAMPTMA17 layers across a 
0.1 mM NaCl solution at pH 9. The upper and lower solid lines are calculated double-
layer forces using constant charge and constant potential boundary conditions, 
respectively. The force minimum is defined in the figure showing data obtained at 40 
°C. 
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Friction forces 

The friction forces measured between silica surfaces coated with a pre-

adsorbed layer of PIPOZ60-b-PAMPTMA17at various temperatures are shown in 

Figure 3.10. We directly note that Amontons’ rule, stating that the friction force 

should be proportional to the normal load, does not describe this data set. Thus 

we utilize an effective friction coefficient, µeff = Ff/Fn, to describe the friction vs. 

load relationship. 

 

Figure 3.10 Friction force (a) and effective friction coefficient (b) as a function of load 
between silica surfaces carrying a pre-adsorbed layer of PIPOZ60-b-PAMPTMA17 
measured at various temperatures. 

The friction force is close to zero at applied loads below 2 nN and 

temperatures below 45 °C, which is due to the presence of a thick and fluid 

aqueous layer between the surfaces as long as the double layer force carries 

the load. However, as the applied load increases to about 2 nN, the friction 

force increases due to contacts between polymer segments in the steric force 

regime. In this regime the friction also increases with increasing temperature, up 

to 45 °C. The increased friction at loads above 2 nN is due to the 

interpenetration of segments from polymers adsorbed on the two surfaces. This 

leads to a new energy dissipative mechanism due to formation and breakage of 

segment-segment contacts as the polymer layers slide against each other. 

The friction force at 50 °C was found to be slightly lower than that at 45 °C. 

This result initially surprised me. However, it has been shown that PIPOZ chains 
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in water above the phase transition temperature (46.1 °C) crystallize.[76] Based 

on this I suggest that also the PIPOZ chains in the adsorbed layer crystallize at 

50 °C. This would decrease their mobility and counteract interpenetration 

whereby the energy dissipation would decrease leading to lower friction forces. 

This hypothesis is as yet not proven. 

When comparing the friction forces reported for PIPOZ60-b-PAMPTMA17 

reported in Figure 3.10, with those reported for (METAC)m-b-(PEO45MEMA)n in 

Figure 3.8, we find significantly lower friction forces in the latter case. I mean 

that this is largely due to small interpenetration of chains from opposing 

surfaces in the case of (METAC)m-b-(PEO45MEMA)n, a situation that is 

promoted by the extended branched brush structure. In contrast, PIPOZ60-b-

PAMPTMA17 does not form an extended brush layer since the adsorption is not 

sufficiently large (not even at pH 9 when silica is highly charged). I speculate 

that if the adsorption density of PIPOZ60-b-PAMPTMA17 could be increased a 

lower friction force would be observed at low temperatures when water is a 

good solvent for PIPOZ.  
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3.3 Structure and lubrication performance of 

phospholipid bilayers  

In previous sections I have shown that adsorbed polymer layers can provide 

low friction forces as long as the solvent quality of the buoy block is good, the 

anchoring to the surface is strong, and interpenetration between polymer layers 

is low (as favoured by the branched-brush structure and by high adsorption). 

Under these conditions a fluid water layer can be maintained between the 

sliding surfaces, resulting in low friction. If the key feature for achieving low 

friction is the presence of a fluid water layer, does one really need a polymer 

layer or can one use another highly hydrophilic substance? This is the question 

that I tried to answer in the study reported below, which is more fully described 

in Paper V. Here I used a common phospholipid, 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), that readily is deposited from vesicle solutions to form 

bilayers on silica surfaces.[40, 77] These bilayers expose the hydrophilic choline 

group towards the aqueous phase, and it is well known that repulsive hydration 

and protrusion forces act to keep phospholipid bilayers separated in the lamellar 

and gel phase.[78] It is conceivable that this would be sufficient to achieve low 

friction. This is explored in the study summarized below, where I also pay 

attention to how the load bearing capacity is affected by temperature, i.e. by the 

state of the adsorbed DPPC bilayer. 

Structure of DPPC bilayers determined by X-ray Reflectometry 

The structure of DPPC bilayers on the silica-liquid interface was investigated 

by X-ray reflectometry at temperatures of 25, 39 and 55 °C. A model with 6 

layers: silicon dioxide, headgroup, tailgroup, CH3 terminal group, tailgroup, 

headgroup, was used to fit the data. The resulting electron density profiles that 

best fit the data at the different temperatures are shown in Figure 3.11. 
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Figure 3.11 Electron density profiles of DPPC bilayers at the silica liquid interface at 
temperatures of 25, 39 and 55 °C. The profiles were obtained by fitting a model of 6 
layers. z denotes the distance from the silicon surface. A small sketch of the bilayer 
structure is shown as inset. 

The model shows that the DPPC bilayer at 25 °C has a total thickness of 5.6 

nm, which agrees with AFM data (see Paper V). The density profile reveals the 

bilayer structure with one headgroup oriented towards the water phase and the 

other one attached to the silicon wafer. The tailgroups with the terminal CH3 

region are located between these two headgroup layers. At a temperature of 39 

°C some slight changes in the bilayer structure occur. The electron density of 

the CH3 region and the roughness of the DPPC-water interface both increase. 

This is a consequence of the increased thermal energy of the chains that 

increases the chain mobility. However, the layer thickness is the same at 25 °C 

and 39 °C meaning that the bilayer remains in the gel state (frozen acyl chains) 

at both temperatures. A further increase in temperature to 55 °C changes the 

structure of the DPPC bilayer more significantly. The thickness of the bilayer 

decreases to 4.8 nm and the roughness increases. The decrease of the layer 

thickness shows that the bilayer at 55 °C is in the liquid crystalline state (fluid 

acyl chains). 

Lubrication properties of DPPC bilayers 

The surface forces reported in Paper V show the expected behaviour with a 

short-range repulsion due to dehydration (a hydration force) of the headgroup 
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and confinement of the molecular mobility normal to the surface (a protrusion 

force). This force increases somewhat with increasing temperature due an 

increase in the protrusion force contribution. The friction forces measured 

between DPPC bilayers on silica surfaces are illustrated in Figure 3.12 as a 

function of load at different temperatures. In all cases the friction force is very 

low. Good lubrication performance is achieved as long as the DPPC bilayers 

remain intact during the combined action of load and shear, with the friction 

coefficient being less than 0.03 when the temperature is at and below 47 °C. At 

52 °C the data is less reliable due to temperature-induced instabilities in the 

AFM. Hence, we do not report a friction coefficient for this temperature even 

though the friction force remains low. Thus, indeed, it is possible to achieve low 

friction forces in aqueous solutions even without using a polymer. In this case 

the repulsive hydration/protrusion force was sufficient to maintain a fluid water 

layer between the surfaces under load and shear, and thus providing low 

friction. It is interesting to note that phospholipid multilayers are present on the 

surfaces of cartilage,[39] and they constitute a key type of biolubricant that 

maintains the close to frictionless motion of healthy articular joints. 

 

Figure 3.12 Friction force between DPPC bilayer coated silica surfaces at different 
temperatures in 150 mM PBS as a function of applied load.  



63 

 

Load bearing capacity 

The maximum load, 20 nN, used in these experiments can be converted to 

average pressure by using the JKR model.[79] It is found that the maximum 

average pressure is about 42 MPa, which is close to 2 times higher than the 

axial load that the cartilage can sustain. However, in some cases we note that 

the bilayer structure is destroyed during shearing as illustrated in Figure 9 in 

Paper V. 

To investigate the load bearing capacity of the bilayer at given temperatures 

a statistical evaluation has been done, the results are shown in Figure 3.13. At 

the investigated temperatures the bilayer has a higher chance to remain intact 

during the combined action of load and shear at higher temperature, which 

indicates that the fluidity of the bilayer above the chain melting temperature 

improves the load bearing capacity. There are two possible reasons for this. 

First, the reduced rigidity of the layer makes the bilayer less brittle. Second, the 

increased molecular mobility facilitates self-healing where small defects can be 

healed by motion of molecules to such areas by surface pressure gradients. 

 

Figure 3.13 The percentage of friction experiments performed at a given temperature 
where the load bearing capacity was found to be less than 20 nN. The number shown 
in each column is the total number of experiments performed at a given temperature. 
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3.4 Friction between a micro-patterned silicon surface 
and an AFM tip 

As we have seen in the previous sections, Amontons’ famous first rule stating 

that the friction force should be proportional to the load holds in many cases, but 

not in all. In fact this rule is so commonly observed to be applicable that it is 

most often referred to as Amontons’ law, even though it does not have any strict 

theoretical foundation. In Paper VI, and in the summary below, I set out to 

investigate the validity of Amontons’ rule for the case of an AFM tip sliding 

against a micro-patterned silica surface. 

Surface topography 

A micro-patterned silicon surface, consisting of depressions with walls having 

a tilt angle of 30°, was created by photolithography followed by etching. The 

SEM and AFM images of this surface are provided in Figure 3.14. The structural 

parameters extracted from these images are summarized in Table 3.5. 

 

Figure 3.14 (a) SEM image of the surface pattern with the repeat distance highlighted 
by the white line, the scale bar is 2 µm. (b) A higher magnification SEM image of one 
repeating unit. The lines define the deepest flat part (1), the slope (2), and top flat part 
(3) of the structure. The scale bar is 300 nm. (c) SEM side profile of the surface cut 
through the deepest part. The scale bar is 300 nm. (d) AFM tapping mode 
topographical image recorded in air.  
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Table 3.5 Characteristics of the surface structure as determined by SEM and AFM. 

 Repeat 
Distance 
(µm) 

Line 1 

(Figure 1b) 

(µm) 

Line 2 

(Figure 1b) 

(µm) 

Line 3 

(Figure 1b) 

(µm) 

Depth 

(µm) 

Slope 
Angle 

(°) 

SEM 4.05 0.37 1.56 0.55 0.92 30 

AFM 4.15 0.35 1.62 0.55 0.90 29 

 

From analysis of the AFM images we can also determine the roughness of 

the different parts of the patterned surface, and the values for the root mean 

square, Rq, and arithmetic mean, Ra, roughness are provided in Table 3.6. 

Clearly, the patterned surface consists of regular µm-sized surface depressions 

and all areas of the patterned surface have nanoscopic roughness features.  

Table 3.6 Roughness characteristics determined by tapping mode AFM. 

 Bottom 

(1 in Figure 1b) 

Side 

(2 in Figure 1 b) 

Top 

(3 in Figure 1b) 

Rq (nm) 1.1±0.3 1.6±0.8 1.7±0.6 

Ra (nm) 0.8±0.2 1.2±0.5 1.3±0.5 

 

Topography effects on friction  

Friction along a line over the top area 

The data shown in Figure 3.15 illustrate the shear signal, V, recorded while 

sliding the tip over the surface along a 20 µm long line. This line goes along the 

top region of the structured surface and does not cross any of the regularly 

spaced µm-sized depressions. The variation along the line looks very much like 

noise, but is in fact related to nanoscopic roughness features of the top part of 

the surface (Table 3.6). This is clearly seen when the same line is traced 

repeatedly while the friction force is recorded. This allows construction of a 

friction image, which is illustrated in Figure 3.15b. We can see that the 

dominating friction peaks occur consistently at the same surface position, and 

that they thus are related to surface features rather than due to noise. 
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Figure 3.15 (a) The shear signal as a function of sliding distance along one line on the 
top surface. (b) Data from several scans, of the type shown in panel a, over the same 
line was used to create an image where the scan direction is from left to right, the scan 
number increases from top to bottom, and the shear voltage is color-coded. The arrow 
with numbers show the spots analysed in Figure 3.16. 

To analyze how the friction force depends on load we considered four 

different spots on the line scan; two spots that correspond to friction peaks and 

two spots where no friction peaks were observed (See Figure 3.15). The data 

obtained is shown in Figure 3.16a and demonstrate that Amontons’ rule, 

predicting a linear dependence between shear signal and load, is reasonably 

followed on the spots where no friction peaks are observed and energy 

dissipation is dominated by sliding friction. In contrast, the shear signal at the 

spots corresponding to the friction peaks does not display any clear 

dependence on the applied load, i.e. Amontons’ rule is not followed. This 

suggests that energy dissipation at these spots is not dominated by sliding 

friction, but rather reflects that the tip temporarily sticks when encountering 

specific nanoscopic surface features. The average friction force encountered 

during scanning across this line is shown in Figure 3.16b. Clearly, the data is 

roughly consistent with Amontons’ rule even though this rule is not followed on 

all spots that define the line. 
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Figure 3.16 (a) The shear signal as a function of load evaluated at four different spots, 
marked with arrows numbered 1, 2, 3 and 4 in Figure 3.15b. Filled and unfilled symbols 
represent data collected on spots with and without a friction peak, respectively. (b) The 
average friction force over the 20 µm long scan line as a function of load. The dashed 
line is a best fit to the data according to Eq. 1.21. 

Friction along a line that includes the µm-sized depression 

We carry out a similar analysis over a line that goes across the deepest parts 

of the surface depressions. Thus, this line includes both nanometer sized 

roughness features and etched µm-sized surface features, which provide well-

defined surface slopes of about 30° over part of the line traced by the tip. 

Figure 3.17 shows that the regular topographic µm-sized surface features are 

reflected in regular variations in the shear voltage (friction force). The friction 

force is low at the bottom of the surface feature, and it increases sharply as the 

tip encounters the uphill slope. After the initial rapid increase, the shear signal 

drops again as the tip continues to travel uphill. At the top surface the friction 

reaches a similar magnitude as observed at the bottom of the surface 

depression. An even lower friction force is encountered as the tip slides downhill 

again. The same friction pattern is repeated as the tip travels across the other 

etched µm-sized features. 
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Figure 3.17 (a) The shear signal as a function of sliding distance along one line that 
goes through the deepest part of the surface depressions. (b) Data from several scans, 
of the type shown in panel a, over the same line is used to create an image where the 
scan direction is from left to right, the scan number increases from top to bottom, and 
the shear voltage is color-coded. (c) A height image constructed in a similar way as the 
friction image in panel b. 

The friction force evaluated at surface spots displaying low friction shows a 

roughly linear dependence on the load, as expected according to Amontons’ 

rule (See Figure 3.18). However, this is not the case when data collected at high 

friction spots are examined. Here, the magnitude of the friction appears to be 

close to independent of load. The average friction force encountered along the 

line going across the deepest part of the µm-sized surface features is shown as 

a function of load in Figure 3.18b. The agreement between Amontons’ rule and 

data is fair if the first data point obtained at the lowest load is neglected.  
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Figure 3.18 (a) The friction force as a function of load evaluated at four different spots 
marked with arrows numbered 1, 2, 3 and 4 in Figures 3.17a and b. (b) The average 
friction force over the 20 µm long scan line as a function of load. The dashed line is a 
best fit to the data according to Eq.1.21. The data in both panels were collected along 
one line that passes through the deepest part of the surface depressions.  

Friction force averaged over the micro-patterned area 

We now evaluate the average friction response over an area of the micro-

patterned sample. This average contains contributions from lines going over the 

topmost area, from lines going through the deepest surface depressions and 

lines going between these extrema. The average friction force as a function of 

load is presented in Figure 3.19a. We note that the friction image, Figure 3.19b, 

reflects the surface topography, Figure 3.19c, and that the friction force varies 

considerably with the location on the surface. Nevertheless, despite the 

complexity of the surface structure Amontons’ rule describe the data well, again 

if we neglect the data point obtained at the lowest load.  
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Figure 3.19 (a) Average friction force over the micro-patterned area as a function of 
load. The dashed line is a best fit to the data according to Eq. 1.21. The sliding speed 
was 10 µm/s. (b) The corresponding friction image of the measured surface area under 
an applied load of 33nN at a sliding velocity of 10 µm/s, captured from left to right, the 
scan number increases from top to bottom during the friction measurements. (c) A 
height image constructed in a similar way as the friction image in panel b. 

From the friction study of this micro-patterned surface we conclude that 

friction was affected both by nanoscopic surface roughness features and by the 

etched µm-sized surface structures. The friction force measured repeatedly 

along a single line that avoids the µm-sized depressions illustrated significant 

variations along the line, which we attribute to the nanoscopic surface features. 

At individual spots where high friction peaks are observed, the friction force 

does not depend linearly on the applied load. We attributed this to the extra 

energy dissipation that occurs as the tip temporarily sticks and then slips on 

specific nanoscopic surface features. Despite these complications Amontons’ 

first rule was found to describe the average friction force as a function of load 

well, provided tip-surface adhesion was considered. The variation in friction 

force along a line passing through the deepest part of the depressions was 

significantly larger than observed along a line avoiding the depressions. Again, 

Amontons’ first rule was found to describe the variation in average friction 

coefficient with load reasonably well. Likewise, the average friction force on the 

micro-patterned area is in a good agreement with Amontons’ first rule.  
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4 Summary 

Efficient aqueous lubrication systems have been developed by Nature, 

utilizing molecules such as lubricin, and hyaluronan-aggrecan association 

structure. These molecular constructs contain bottle-brush regions that are 

believed to play important roles, for example, in joint lubrication. We wanted to 

simplify these structures, and yet capture the essence that allows good 

lubrication performance. Earlier modeling using lattice mean field models had 

shown that block copolymers having a cationic block and a non-ionic bottle-

brush block would adsorb to larger extent and form thicker layers than the 

corresponding random co-polymers. Thus, my co-workers at Vilnius University 

synthesized such a polymer structure. The results was the diblock copolymer 

(METAC)m-b-(PEO45MEMA)n. We used this polymer to build a thick and water 

rich branched brush layer on silica surfaces in aqueous media via 

electrostatically driven adsorption. Friction properties between surfaces coated 

by (METAC)m-b-(PEO45MEMA)n layers were investigated, and it was found that 

this polymer layer achieves low friction and remains intact under high load and 

shear.Thus, indeed this polymer construct appears to capture some essential 

features of the bottle-brush biolubricants. 

The high load bearing capacity of (METAC)m-b-(PEO45MEMA)n is due to the 

strong electrostatic anchoring formed between the silica surface and the 

METAC block, and the limited interpenetration between branched brush layers 

of the hydrophilic PEO-block is important for the low friction force. This 

structure, combining strong anchoring and a hydrophilic water-rich layer, 

stabilizes an easily sheared interfacial water layer. 

An easily sheared water layer could also be achieved by utilizing small 

lubricants, such as phospholipids. In this case an interfacial water layer remains 

between the phospholipids headgroups, which are highly hydrophilic, even 

under a large load. It is the presence of this water layer that provides low 

friction. 

The polymer layer formed by PIPOZ60-b-PAMPTMA17 had, in contrast to the 

layers discussed above, rather poor lubricating capacity even under good 
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solvent conditions. This is likely attributed to the rather low adsorbed amount 

and less extended polymer layer, which allowed significant interpenetration 

between the opposing polymer layers. Dragging polymer chains through the 

interpenetration region has been suggested to be an important energy 

dissipative mechanism, and I suggest that this is the origin of the relatively high 

friction force observed for this system. At higher temperatures, under poor 

solvent conditions, forming/breaking attractive physical bonds between polymer 

segments will also contribute to the friction force. 

In my study of micro-patterned surfaces, and of polymer coated flat surfaces, 

the validity of Amontons’ first rule was challenged, and it was not uncommon to 

find deviations. In case of the micro-patterned surfaces we suggest that the one 

important reason for the deviation is the extra energy dissipation caused by 

temporary sticking on some spots. The deviations observed for polymer-coated 

surfaces are interpreted as being due to changes in the main energy dissipative 

mechanism with increasing load.  

To continue this study, I would like to optimize the lubricating efficiency of the 

adsorbed polymer layers even though they already perform excellently. Based 

on the background we provide in this thesis I suggest the following; (1) the ratio 

of the blocks (the anchor/the buoy) of the copolymer could be varied to achieve 

a higher adsorption density, (2) the length and density of the side chains ought 

to be varied in the bottle-brush structure, (3) for applications in high salt 

solutions an ionic anchor block is not ideal so alternatives should be sought. 
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